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Resonant light trapping in ultrathin films for
water splitting

Hen Dotan’, Ofer Kfir?, Elad Sharlin', Oshri Blank!, Moran Gross’, Irina Dumchin', Guy Ankonina3
and Avner Rothschild'™

Semiconductor photoelectrodes for solar hydrogen production by water photoelectrolysis must employ stable, non-toxic,
abundant and inexpensive visible-light absorbers. Iron oxide (a-Fe,03) is one of few materials meeting these requirements,
but its poor transport properties present challenges for efficient charge-carrier generation, separation, collection and injection.
Here we show that these challenges can be addressed by means of resonant light trapping in ultrathin films designed as optical
cavities. Interference between forward- and backward-propagating waves enhances the light absorption in quarter-wave or, in
some cases, deeper subwavelength films, amplifying the intensity close to the surface wherein photogenerated minority charge
carriers (holes) can reach the surface and oxidize water before recombination takes place. Combining this effect with photon
retrapping schemes, such as using V-shaped cells, provides efficient light harvesting in ultrathin films of high internal quantum
efficiency, overcoming the trade-off between light absorption and charge collection. A water photo-oxidation current density of
4 mA cm~2 was achieved using a V-shaped cell comprising ~26-nm-thick Ti-doped o.-Fe, 05 films on back-reflector substrates

coated with silver-gold alloy.

means of water photoelectrolysis is a long-standing challenge

with promise for solar energy conversion and storage in
the form of synthetic fuels (so-called solar fuels)“?. Important
advances in studying water photoelectrolysis by semiconductor
photoelectrodes® have been achieved in the past four decades,
since the seminal report* on photoinduced water splitting using
TiO, photoanodes. Despite these advances and intensive research
and development efforts worldwide no photoelectrochemical
system for solar hydrogen production has met the required
performance benchmarks for efficiency, durability and cost.
Numerous photoelectrodes were examined, but most of them were
ruled out owing to poor stability or low efficiency™®. a-Fe,O;
(haematite) is one of few materials with a favourable combination
of stability in aqueous solutions, visible-light absorption, non-
toxicity, abundance and low cost’”. With an energy bandgap of
2.1eV, a-Fe, 05 photoanodes can theoretically reach water photo-
oxidation current densities as high as 12.6mAcm™ under air
mass 1.5 global (AM1.5G) solar irradiation conditions'’, potentially
enabling a maximum solar to hydrogen conversion efficiency of
15.5% to be reached in an ideal tandem cell configuration'.
However, because of the low internal quantum efficiency (IQE),
only a quarter of the theoretical limit has been achieved by the best
a-Fe,0; photoanode reported so far'?.

The low IQE of a-Fe,O; photoanodes has been attributed to
the slow water oxidation kinetics" and short diffusion length of
the photogenerated minority charge carriers (holes)* resulting
in significant loss due to electron-hole recombination. Extensive
efforts have been directed towards enhancing the water oxidation
kinetics using catalysts”®!?, and reducing bulk recombination by
developing nanostructured architectures that decouple the charge
transport and optical path lengths’'>. Nanostructuring thick

_|_he efficient conversion of solar energy to hydrogen by

layers has been the main route to balance the trade-off between light
absorption and collection of photogenerated holes®*'>. This trade-
off limits the solar energy conversion efficiency of semiconductors
with poor transport properties wherein the minority charge-
carrier collection length is smaller than the light penetration
depth'®. Despite these efforts, state-of-the-art nanostructured
a-Fe, 05 photoanodes still exhibit excessive bulk recombination
that consumes three quarters, or more, of the photogenerated
charge carriers. On the other hand, the injection yield of holes that
have reached the surface exceeds 90% under sufficiently high anodic
potentials'”. Recent studies on thick layers'®!"” as well as ultrathin
films® confirm that the efficiency of a-Fe,O; photoanodes is
mainly limited by the collection of photogenerated holes at the
surface. Thus, reducing bulk recombination is the key to improving
the IQE of a-Fe,O; photoanodes—an important step towards
efficient, sustainable, durable and potentially inexpensive solar
hydrogen production.

Whereas the conventional approach for balancing photogen-
eration and collection of minority charge carriers at the surface
of a-Fe,0; photoanodes centres around nanostructured porous
thick layers (>0.5um) of high surface area, here we show a
radically different approach in which compact flat ultrathin films
are designed as light trapping structures. Such films can be easily
produced using thin-film deposition methods, and they do not
have a high surface area that enhances surface recombination and
may lower the surface photovoltage—the driving force for pho-
toelectrochemical processes on semiconductor photoelectrodes?'.
Instead of decoupling the optical and charge transport path lengths
we exploit the wave-nature of light propagation in subwavelength
structures to tailor the light intensity distribution inside the film,
amplifying the intensity close to the electrode/electrolyte interface.
This enables maximization of the absorption in regions where the

"Department of Materials Science and Engineering, Technion—Israel Institute of Technology, Haifa 32000, Israel, 2Physics Department, Technion—Israel
Institute of Technology, Haifa 32000, Israel, 3Photovoltaics Laboratory, Technion—Israel Institute of Technology, Haifa 32000, Israel.

*e-mail: avnerrot@technion.ac.il.

158

NATURE MATERIALS | VOL 12 | FEBRUARY 2013 | www.nature.com/naturematerials

© 2013 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nmat3477
mailto:avnerrot@technion.ac.il
http://www.nature.com/naturematerials

NATURE MATERIALS bo1:10.1038/NMAT3477

photogenerated minority charge carriers can reach the surface and
minimization of the wasted absorption in regions where they are
lost to recombination.

Ultrathin film a-Fe,03 photoanodes

The rationale for using ultrathin (<50 nm) film a-Fe,O; photoan-
odes stems from their high IQE compared with their thick-layer
counterparts?. This is demonstrated in Supplementary Fig. S1,
which shows that the charge separation and collection yield of
photogenerated holes at the surface of Ti-doped a-Fe,O; thin films
(Supplementary Fig. S2) increases with decreasing film thickness,
reaching 58 +6% for the thinnest film (16 5 nm). This exceeds the
collection yield found in state-of-the-art nanostructured Si-doped
a-Fe, 05 thick layers'” by a factor of three, approximately, demon-
strating the potential advantage of ultrathin films of high crystalline
quality (see Supplementary Figs S4-S8). The salient problem is that
their optical density is too small. The thinnest film, that is the one
with the highest collection yield, is nearly translucent (see Supple-
mentary Fig. S2-C). Thus, effective utilization of ultrathin a-Fe, 05
films requires special means to enhance the probability of light—
matter interaction in subwavelength structures. The standard ap-
proach for trapping light in thin film solar cells works only for films
much thicker than a half wavelength?. This is too thick for a.-Fe,O;
because of the small collection length of the photogenerated holes in
this material®!*!*. To address this challenge we employ a resonant
light trapping strategy that surpasses the classical limits of statistical
ray optics®*, enabling efficient photon harvesting well below the
minimum film thickness required for the standard approach.

Resonant light trapping in ultrathin films

Our strategy employs optical cavities comprising ultrathin absorb-
ing films on reflective substrates serving as current collectors and
back reflectors that give rise to interference between the forward-
and backward-propagating waves, as illustrated schematically in
Fig. 1. This enhances the absorption by increasing the photon
lifetime in the film, reaching maximum absorption in the cavity
resonance modes. For normal incidence on an ideal cavity the first
resonance mode occurs in quarter-wave films, that is, when the film
thickness (d) is a quarter of the wavelength (1) of the light inside
the film. We note that A = Ayn,', where A, is the wavelength in
vacuum and 1, is the refractive index of the film. The quarter-wave
condition takes into account the 7 phase shifts on reflection from
the surface of the film (x = 0) and from the film/substrate interface
(x =d), and another 7 phase shift on traversing the film forth and
back. Consequently, the first-order reflection is in anti-phase with
the higher-order reflections, as shown in Fig. 1, thereby suppressing
the intensity of the back-reflected light. Moreover, the light inten-
sity increases near the surface owing to constructive interference
between the forward- and backward-propagating waves. For other
conditions such as oblique light or optical cavities employing
metallized substrates with complex refractive indices the optimal
film thickness is smaller than a quarter-wave, providing another
degree of freedom for optimization.

The quarter-wave resonance condition is well defined for
monochromatic light, but our goal is to harvest as many photons
as possible from the incident sunlight in a broad spectral range
between the absorption edge of the absorber (Ag™ =590 nm for
a-Fe,05) and the fall-off of the sunlight spectrum (A;"" = 300 nm).
Therefore, we should find the optimal film thickness for trapping
sunlight in this spectral range. Moreover, owing to the strong
dependence of the collection efficiency of photogenerated minority
charge carriers on the distance from the surface’® we must take into
account not only how many photons are absorbed but also where
they are absorbed. The photocurrent density can then be calculated
by integrating the product of the photogeneration distribution,
which scales with the squared optical electric field strength®®, and
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Figure 1| Resonant light trapping in quarter-wave films. Schematic
illustration of the light propagation in a quarter-wave (d = A/4, for normal
incidence) absorbing film on a back-reflector substrate. The different
colours represent the light intensity distribution across the film (red, high;
blue, low).

the IQE distribution across the film over the entire film thickness
and over the solar irradiance spectrum.

To calculate the light intensity distribution inside the film we
take the plane-wave solution of Maxwell’s electromagnetic wave
equation and tailor it to fit the boundary conditions of our system
with incident solar radiation, at AM1.5G conditions, striking the
optical stack illustrated in Fig. 1. From these solutions we obtain
analytical expressions (see Supplementary Equations S1-S3) for the
spectral photon flux profiles (the number of photons of wavelength
Ao reaching a distance x from the surface per unit time, unit area and
unit wavelength) I, (19, x) for normal incidence on a-Fe,O; films
on ideally reflective, transparent or partially reflective metallized
substrates with complex refractive indices 7; = n; + ik;, where
n3 and k3 are the refractive and attenuation indices, respectively.
The metallized substrates give rise to complex reflection coeffi-
cients at the film/substrate interface?, .3 = (A, — fi3) (A, +5) L.
By integrating I), (Ao, x) we obtain the photon flux profiles,

I(x)= f;ﬂ,ﬁ I),(Ag,x) dAg, as a function of depth (x) inside the film.

Photon flux profiles predicted for Ti-doped a-Fe, 05 films on ideally
reflective (#,; = —1), transparent (f,; =0) and metallized substrates
coated with silver or platinum are shown in Fig. 2. Further profiles
for films on aluminium- or gold-coated substrates are presented
in Supplementary Fig. S26. The optical constants of the Ti-doped
a-Fe,O; films were measured by spectroscopic ellipsometry (see
Supplementary Fig. S11) and the constants for the metallized
substrates were taken from the ellipsometer database.

The predicted photon flux profiles for films on reflective
substrates exhibit a periodic dependence on the film thickness.
The first resonance mode of the ideal cavity is predicted to occur
at a film thickness of 43 nm, reaching the maximal intensity at
the surface. Partially reflective metallized substrates give rise to
smaller photon fluxes, due to absorption in the metal coating, and
the resonance modes are shifted to smaller film thicknesses due
to phase shifts larger than 7 at the film/substrate interface (see
Supplementary Fig. S25). The optical loss due to absorption in
the metal coating is low for silver and aluminium, but quite high
for platinum and gold. The first resonance mode is predicted to
occur at a film thickness of 20, 20, 24 or 30 nm for silver, gold,
platinum or aluminium coatings, respectively. Thus, the selection of
the reflective coating material influences the optimal film thickness.
All in all, considerably larger photon fluxes are predicted in
films, of the optimal thickness, on reflective substrates compared
with their counterparts on transparent substrates wherein the
photons have only one pass through the film and their flux
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Figure 2 | Light intensity maps. a-d, Predicted photon flux profiles as a function of film thickness and depth from the surface into the film for Ti-doped
a-Fe; O3 films on ideally reflective (a), transparent (b) and metallized substrates coated with silver (¢) or platinum (d).

decreases exponentially with x according to Lambert’s law with no
dependence on the film thickness.

Figure 2 shows that in the first resonance mode high photon
fluxes are concentrated close to the surface. This is critical for
efficient collection of the photogenerated minority charge carriers,
enabling them to reach the surface and drive the water splitting
reaction before bulk recombination takes place. Furthermore, the
photon flux close to the film/substrate interface is suppressed in
films on ideally reflective substrates because of the 7 phase shift
on reflection from an ideal reflector?’. This is expected to reduce
the loss due to backward injection of minority charge carriers to
the substrate, which has been identified as a major source of loss in
ultrathin a-Fe,0; photoanodes?.

To verify our model calculations we deposited Ti-doped a-Fe, O
films of different thicknesses between 8 and 155 nm on platinized
and, for comparison, fluorinated tin oxide (FTO)-coated glass sub-
strates (see Supplementary Fig. S2). The absorptance spectra, a(A,),
of the specimens were obtained from reflection and transmission
measurements (Supplementary Fig. S12). The absorbed photon
flux was calculated using the formula® I;,, = f;,t,‘.’ ' (Ao)a(Ag) dAo,
where I fo"" is the solar irradiance spectrum at 1.5G conditions.
The results are shown in Fig. 3 in terms of I,,; and the photogen-
erated current density, J,; = ql.s, where q is the elementary charge.
The black squares show the absorption in the platinized specimens.
The model calculations, shown by the dashed line black curve,
nicely fit the experimental results. We note that the absorptance
obtained by these measurements includes contributions from both

160

the a-Fe,O; film and the platinized substrate, and we cannot extract
directly the net absorption in the a-Fe,O; film. Instead, we show
(full line black curve) the predicted absorption in the a-Fe,O; films,
obtained by integrating the product of the photon flux profiles in
Fig. 2d and the absorption coefficient of the films (Supplementary
Fig. S11) over the entire film thickness. Similar calculations for
films on ideally reflective (R =1, red curve), transparent (R =0,
blue curve) and metallized substrates coated with silver (green
curve), aluminium (grey curve) or gold (orange curve) are also
shown in Fig. 3. For the translucent FTO-coated specimens we
obtain the net absorptance in the Ti-doped a-Fe,O; films from
transmission and reflection measurements of coated and uncoated
specimens (see Supplementary Fig. S14). These results are shown by
the blue circles in Fig. 3.

The absorption in a-Fe,O; films on platinized substrates is
predicted to reach the first maximum at a film thickness of 36 nm
with a photogenerated current density of 5.1 mA cm™2, that is 40%
of the ultimate limit for a-Fe, O; (ref. 10). For comparison, the same
film would absorb approximately half the photons (2.8 mA cm™2) if
it were on a transparent substrate. Calculations for films on ideally
reflective substrates (red curve) show that a 47-nm-thick film would
reach a photogenerated current density of 8.9 mA cm ™, that is 71%
of the theoretical limit. This demonstrates the effectiveness of our
light trapping strategy, as the same film on a transparent substrate
yields only 3.4 mA cm 2. Thus, the photon harvesting yield can be
nearly tripled by replacing the ubiquitous transparent substrates
with suitable back reflectors. Similar calculations for films on silver,
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Figure 3 | Sunlight absorption in a-Fe; O3 films on back-reflector
substrates versus their counterparts on transparent substrates. Absorbed
photon flux and the corresponding photogenerated current density as a
function of film thickness for specimens comprising Ti-doped a-Fe; O3
films on platinized (black squares) or FTO-coated substrates (blue circles).
The error bars represent the range of (estimated) systematic errors in the
measurements. The dashed curves show the predicted absorption in the
entire specimen, comprising contributions from both film and substrate;
the solid line curves show the predicted net absorption in the a-Fe; O3
films. The inset shows the predicted optical gain, that is, the amount of
photons absorbed in a-Fe; O3 films on different substrates divided by the
absorption in films of the same thickness on FTO-coated substrates.

aluminium- and gold-coated substrates are predicted to yield high
optical gains (see Fig. 3, inset), with a maximum gain of 4.2 for a
16-nm-thick film on a silver-coated substrate (green curve). It is
noteworthy that the rest of the photons that are not absorbed in the
a-Fe,0; film are not necessarily lost. The back-reflected photons
that escape can be collected using photon retrapping schemes such
as using V-shaped cells®, thereby further boosting the absorption.

From light trapping to water photo-oxidation

The photocurrent density, Jyhot, is @ product of the photogeneration
rate per unit time and unit volume at distance x from the
surface, g(x), and the IQE distribution functlon, P(x), integrated
over the entire film thickness: Jyhow(d) = ¢ fo g(x)P(x)dx. The
photogeneration rate is a product of the spectral photon flux
distribution inside the film, I (10, x), and the absorption coefficient
of the absorber, a()y), integrated over the wavelength range
between the absorption edge and the fall-off of the sunlight
spectrum'®: g(x) = f;; I, (Ao, x)at(Ag)dAg. P(x) is the probability
for the photogenerated minority charge carriers to separate from
the majority carriers, reach the surface and drive the water splitting
reaction. Only those carriers that reach the front surface of the
film and are forward injected to the electrolyte contribute to
the water splitting process, whereas those reaching the backside
of the film and being backward injected to the substrate reduce
the photocurrent. Backward injection to the substrate may occur
by interfacial recombination with charge carriers of the opposite
charge arriving from the substrate (that is, the back electrode).
We designate by @ the probability for charge separation and
transport in the forward direction, that is, minority charge carriers
going towards the surface. The collection probability of minority
charge carriers generated at a distance x from the surface scales
exponentially with —x/L, where L is their collection length®.
Designating by Py the probability for forward injection to the
electrolyte, that is, the probability for minority charge carriers
that have reached the surface to drive the desired electrochemical
reaction, the fraction of photogenerated minority charge carriers
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Figure 4 | Internal quantum efficiency map. The predicted IQE distribution
inside the film asa functlon of film thickness and depth for a-Fe; O3 films
with @ =0.75, PF_ PB_O 9and L=20nm.

that end up with a positive contribution to the photocurrent is TJ)F
@e*/!, Likewise, the fraction of their counterparts ending up with
a negative contribution due to backward injection to the substrate
is Py (1 — @)e"@/L where PB is the probability for backward
injection. All in all, P(x) —Pp de /L — Py (1 — e @/L We
note that this expression can be derived from the constituent
equations of solar cells’’

Pr, Py, L and & depend on the doping level, preparation and
operation conditions of the photoelectrode. Figure 4 shows P(x) as
a function of d and x for ¢ =0.75, PF_FB_ 0.9 and L =20 nm.
These values were found to fit quite well the photocurrent densities
obtained with our Ti-doped a-Fe, 05 films on platinized substrates,
and they are within range of the expected values'>'"*2. P(x) reaches
more than 60% close to the surface but it decays exponentially to
near zero values deeper than ~20nm from the surface, reaching
negative values close to the interface with the substrate.

Taking the product of g(x), obtained using the calculated photon
flux profiles in Fig.2 and the measured absorption coefficient
of our films (Supplementary Fig. S11), and P(x) from Fig. 4 we
obtain the predicted photocurrent density per unit volume profiles,
dJphoto/dx = qg (x)P(x), for films on ideally reflective, transparent
or metallized substrates, as shown in Fig. 5. These profiles show
that mainly the front region down to ~20nm from the surface
contributes to the photocurrent. The rest of the film is inactive, for
the most part, owing to bulk recombination, whereas the backside
of the film has a negative contribution due to backward injection to
the substrate. The advantage of our optical cavity design is clearly
demonstrated by the hotspots of high photocurrent density close to
the surface of films whose thickness is close to the optimal thickness
for the first resonance mode. The highest photocurrent densities
are predicted for the ideal cavity, which is also effective in reducing
the backward injection to the substrate by suppressing the light
intensity close to the film/substrate interface (see Fig. 2a). Films on
partially reflective metallized substrates also exhibit hotspots of high
photocurrent densities, but the hotspots become weaker in going
from highly reflective metals such as silver to poorly reflective ones
such as platinum. We also note that the calculations suggest that the
metallized substrates do not reduce the backward-injection loss as
effectively as their ideally reflective counterparts.

The photocurrent density per unit area, Jyhow, is calculated by
integrating the photocurrent density per unit volume over the
entire film thickness. Figure 6a shows the predicted photocurrent
density as a function of film thickness for o-Fe,O; films on
different substrates, assuming ideal forward-injection conditions
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Figure 5 | Photocurrent distribution maps. a-d, Predicted photocurrent density distribution maps as a function of film thickness and depth for a-Fe;O3
films on ideally reflective (a), transparent (b) and metallized substrates coated with silver (¢) or platinum (d). Further profiles for aluminium- and

gold-coated substrates are presented in Supplementary Fig. S27.

(that is, =1 and TSF: 1). Such conditions may be realized
using sufficiently high potentials'” and selective transport layers to
block the backward injection to the substrate®. Films on reflective
substrates are predicted to yield maximum photocurrents close to
the first resonance modes of the respective optical cavities. The
maxima are quite narrow and therefore the film thickness must be
precisely tuned to achieve the optimal performance, as an offset
of just a few nanometres significantly decreases the photocurrent.
A maximum of 4.8mAcm™ is predicted for a 43-nm-thick
film on an ideally reflective substrate (red curve). This value
exceeds the record obtained with the best a-Fe,O; photoanode
reported so far'?, demonstrating the potential advantage of our
approach. Photocurrent densities of 4.6, 4.3, 3.1 and 2.9 mA cm™>
are predicted for 22-, 31-, 24- and 29-nm-thick a-Fe,O; films
on silver-, aluminium-, gold- and platinum-coated substrates,
respectively. The predicted photocurrent gain with respect to films
of the same thickness on transparent substrates is shown in the
inset of Fig.6a. Optical cavities comprising ultrathin o-Fe,O;
films are predicted to exhibit considerable gains reaching 3.6, 2.8,
2.3 and 2.0 for 14-, 28-, 18- and 24-nm-thick films on silver-,
aluminium-, gold- or platinum-coated substrates, respectively,
whereas the gain for films on ideally reflective substrates reaches 2.9
for a 42-nm-thick film.

To verify our model calculations the photocurrent density
of Ti-doped a-Fe,0; films on platinized or, for comparison,
FTO-coated substrates was measured in a 1M NaOH solution
under 100 mW cm™ white-light illumination. Figure 6b shows
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the photocurrent density, measured at an applied potential of
1.4V against the reversible hydrogen electrode (Viyg), plotted as
a function of the film thickness. Further results are shown in
Supplementary Figs S15-S17. The photocurrent density reached a
maximum of 1.3940.03 mA cm~? for a 26 +2-nm-thick Ti-doped
o-Fe,O; film on a platinized substrate, 2.6 times higher than
the photocurrent density obtained with a film of about the same
thickness (32 +8 nm) on an FTO-coated substrate. Moreover, this
ultrathin film outperformed any of its counterparts on FTO-coated
transparent substrates, including much thicker films. These results
clearly demonstrate the advantage of our light trapping scheme,
even though these proof-of-concept tests were carried out with
structures far from the optimal design because of the high optical
loss due to absorption in the platinum coating as well as other losses
as described in the following.

The experimental results in Fig. 6b were fitted with model
calculations assuming L = 20 & 2nm, consistent with other
reports'>?, and taking Pr x® and Py x(1 — @) as fitting
parameters. All the other parameters were obtained from optical
measurements of the specimens (Supplementary Fig. S11). An
excellent agreement was obtained with Py x ¢ =0.70 £ 0.05 and
T’B x(1— @) =0.25 % 0.05, validating our model calculations.
The fitting results are consistent with Pr= 0.95 4 0.05, close to
the injection efficiency of our films as measured by the method
described in ref. 17, Py= 1£{,, and & = 0.74 4 0.07. Thus,
a significant fraction of the potentially achievable photocurrent
predicted for these structures is lost for backward injection to the
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Figure 6 | Photocurrent as a function of film thickness. a, Predicted
photocurrent density as a function of film thickness for a-Fe; O3 films on
different substrates under ideal forward-injection conditions.
b, Photocurrent density, measured at 1.4 Vgye in 100 mW cm™2 white-light
illumination, as a function of film thickness for Ti-doped a-Fe; O3 films on
platinized (red stars) or FTO-coated substrates (blue circles). The error
bars represent the range of (estimated) systematic errors in the
measurements. The red curves show modeLgaIcuIations for films on
platinized substrates taking L=20+2nm, P x #=0.70+0.05 and
Pp x(1— #)=0.25+0.05.

substrate. This loss highlights the importance of separating the
photogenerated holes from the electrons by imposing asymmetric
charge transport conditions and blocking the backward injection
of holes to the substrate, which is especially critical for ultrathin
films wherein a sizeable portion of the photogeneration occurs at
the backside of the film****.

Ultrathin a-Fe,O5 films on silver-based back reflectors

To improve the results of our light trapping structures we replaced
the lossy platinum reflective coatings by silver-based back reflectors
and reduced the backward-injection loss by adding selective
electron transport layers between the Ti-doped a-Fe,05 films and
the substrates. The transition from platinum to silver required
developing means to stabilize the back reflectors against tarnishing
and thermal etching® during the high-temperature deposition of
the a-Fe,0; films, as well as against corrosion® during the water
splitting tests. The best-performing photoanodes were obtained
using ~1.2-pum-thick layers of silver—gold alloy with 90 at.% silver
and 10 at.% gold, sandwiched between ultrathin TiN diffusion
barrier layers and protected from thermal etching by ultrathin SnO,
over layers (see Supplementary Fig. S6-B). The SnO, intermediate
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Figure 7 | Water photo-oxidation current densities obtained with ultrathin
film a-Fe; O3 photoanodes on silver-based back reflectors. Steady-state
water photo-oxidation current densities obtained using ultrathin (~26 nm)
Ti-doped a-Fe; O3 films on silver-gold back reflectors, measured ina 1M
NaOH aqueous solution under exposure to 100 mW cm~2 white-light
illumination at potentials ranging from 1.23 to 1.63 Vrye. The results for a
pristine photoanode with no catalyst are shown as black circles; for a
cobalt-treated photoanode as blue squares; and for two cobalt-treated
photoanodes placed facing each other in a 90° V-shaped cell as red stars.

layers also served as selective electron transport layers owing to the
large valence-band offset*® between SnO, and a-Fe,0; that blocks
the injection of holes from the a-Fe,O; films to the substrates.
These structures were highly reflective (see Supplementary Fig. S3),
remaining so through the entire fabrication process (as can be seen
by the interference colours in Supplementary Fig. S2-D), and stable
against corrosion during the water splitting tests.

With these structures we obtained water photo-oxidation
current densities as high as 2.9040.01 mA cm ™2 (at 1.63 Viys, see
Supplementary Fig. S22) for a Ti-doped a-Fe,0; film deposited
using 2,000 laser pulses, yielding a film thickness of 22+ 3 nm (see
Supplementary Fig. S6-B). Slightly higher photocurrent densities
were obtained using a thicker Ti-doped a-Fe,O; film deposited
using 2,500 laser pulses (yielding a film thickness of ~26nm)
and treated with cobalt catalyst’ before the photoelectrochemical
measurements. This photoanode reached 3.02 & 0.06 mA cm ™2 at
1.63 Viyg (see Supplementary Fig. $23) and 1.974+0.01 mA cm™2 at
1.43 Vg (Supplementary Fig. S22). The best results were obtained
with two of these photoanodes placed facing each other in a
90° V-shaped cell®® designed to retrap the back-reflected photons
(see Supplementary Fig. S21). With this set-up we obtained a
photocurrent density of 3.98 +0.03mAcm™ at 1.63 Viug (see
Supplementary Fig. S24). The results are summarized in Fig. 7.

Resonant light trapping in optical cavities comprising
semiconductor ultrathin films on back-reflector substrates enables
efficient light absorption in quarter-wave or, in some cases,
deeper subwavelength films. This approach overcomes the trade-off
between light absorption and collection of photogenerated minority
charge carriers that limits the solar energy conversion efficiency of
semiconductors with poor transport properties. Taking a-Fe,O;
photoanodes for water splitting as a case study we predict that
as much as 71% of the solar photons of energy above the
bandgap energy of a-Fe,O; can be absorbed, at normal incidence,
in ultrathin films thinner than 50nm wherein most of the
photogenerated holes can reach the surface and oxidize water
before recombination takes place. The escaped back-reflected
photons can be harvested by photon retrapping schemes such as
using V-shaped cells, thereby further boosting the light-harvesting
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efficiency. Water photo-oxidation current densities as high as
4mAcm™> were obtained under exposure to 100 mW cm™>
white-light illumination using Ti-doped a-Fe,O; ultrathin films
on silver—gold-coated back reflectors.

The challenge that our light trapping strategy comes to solve
and the underlying physical principles are common to other pho-
toelectrode materials, besides o.-Fe, O3, and other types of solar cell
employing semiconductors with poor transport properties. It seems
that the enabling key for this strategy to work is strong absorption, as
in a.-Fe, O;. Although some semiconductors such as crystalline Si do
not meet this prerequisite, many others do. Therefore, the approach
can probably be extended to other materials and systems, opening
up new opportunities for employing earth-abundant materials that
can be produced potentially at a fraction of the cost of the con-
ventional semiconductors employed in photovoltaics technology at
present”. Furthermore, shrinking the semiconductor films without
compromising their light absorption, enabled by our light trapping
strategy, holds promising implications for second-generation
thin-film solar cells based on CdTe or Culn,_,Ga,Se, for which the
availability of rare-earth elements (Te or In) is a major limitation.

Methods

See Supplementary Information.
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Methods

Photoelectrode preparation and characterization

Thin film a-Fe,O3; photoelectrodes were prepared by pulsed laser deposition (PLD) from a Ti-doped
iron oxide target. The target was prepared by the conventional mixed-oxide solid state reaction route,
starting from commercial Fe,03 (99.99%) and TiO; (99.995%) powders (Alfa Aesar). The powders were
mixed in appropriate amounts to obtain a doping level of 1 at% Ti in Fe;Os3, ball-milled for 24 h using
YTZ milling balls (Tosoh, Japan), and subsequently pressed in a stainless steel mold and sintered in air

at 1200°C for 12 h, resulting in a target with relative density of 88%.

Thin films were deposited from this target on three different types of substrates: (1) fluorinated tin
oxide (FTO) coated glass substrates (TEC15, Pilkington, USA); (2) platinized fused silica substrates
(Inostek, South Korea) coated with 150 nm thick platinum layers on top of thin (~10 nm) titanium
bonding layers deposited by sputtering on fused silica substrates (ESCO Products, USA); and (3) silver-
gold coated glass substrates comprising thick layers of a silver-gold alloy with 90 at% silver and 10 at%
gold (unless otherwise mentioned) sandwiched between ultrathin TiN diffusion barrier layers with thin
Ti bonding layers deposited by sputtering on Boro-Aluminosilicate glass substrates (Corning Eagle-XG,
USA). The TiN films served as diffusion barriers for silver. Schematic cross section illustrations of these

structures and photographs of representative specimens are shown in Supplementary Figure S2.

The Ti-doped a-Fe,Os films were deposited using a PLD system equipped with a KrF (A = 248 nm)
excimer laser (COMPexPro 102, Coherent, GmbH). The films were deposited at a laser fluence of 1 J
cm™ and repetition rate of 5 Hz, at a target to substrate distance of 70 mm. The depositions on platinized
and FTO coated substrates were carried out at a heater setpoint temperature of 600°C, which

corresponds to a substrate temperature of approximately 450°C. The films were deposited under oxygen
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flow at a pressure of 30 mTorr. Following film deposition the chamber was filled with oxygen to a
pressure of 200 Torr, annealed 1 h and subsequently slowly cooled to room temperature. The number of
laser pulses was varied between 750 and 15000 pulses to obtain different film thicknesses ranging from

8 to 155 nm, respectively.

The structure of the Ti-doped a-Fe,Os3 photoanodes on silver-gold coated glass substrates comprised
of the following layers, from top to bottom: (1) Ti-doped a-Fe,Os film (deposited by PLD using 2000 or
2500 laser pluses, at a setpoint temperature of 525°C and under oxygen flow at a pressure of 25 mTorr);
(2) high-temperature undoped SnO, film (deposited by PLD using 250 laser pluses, at a setpoint
temperature of 500°C and under oxygen flow at a pressure of 55 mTorr); (3) low-temperature undoped
SnO, film (deposited by PLD using 100 laser pluses, at a setpoint temperature of 300° and under oxygen
flow at a pressure of 25 mTorr ); and (4) low-temperature 1 at% Nb-doped SnO; film (deposited by PLD
using 100 laser pluses, at a setpoint temperature of 300°C in vacuum, ~5x10° Torr). All films were
deposited sequentially, one after the other, without opening the PLD chamber between one deposition

and the next one.

The silver-gold coated substrates comprised of Boro-Aluminosilicate glass (Corning Eagle-XG)
pieces, approximately 15mmx25mm, on which the following films, from top to bottom, were deposited
by sputtering prior to the oxide films depositions (the latter were carried out by PLD in a different
chamber): (1) ultrathin (~1 nm) TiN diffusion barrier layer; (2) thick (~1.2 um) silver-gold reflective
layer; (3) thin (~10 nm) Ti bonding layer; (4) thin (~8 nm) TiN diffusion barrier layer; and (5) thin (~10
nm) Ti bonding layer. All metal films were deposited by sputtering, using a Von Ardenne LS320S
sputter system, at ambient temperature. The silver-gold layers were deposited by co-sputtering from
silver and gold targets (99.99% pure, Kurt J. Lesker, USA) using a DC power source (50 W) for the

silver target and an RF power source (15 W) for the gold target. The depositions of the silver-gold layers
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were carried out for 30 min in an Argon (99.999% Ar, Maxima Gases, Israel) flow of 20 sccm at a
pressure of 8 mTorr. The Ti bonding layers were deposited 3 min (each layer) from a titanium target
(99.99% pure, Kurt J. Lesker USA) in an Argon flow of 20 sccm (and pressure of 8 mTorr) using an RF
power source (138 W). The TiN diffusion barrier layers were deposited from the same titanium target in
a mixture of Argon and N> (99.999% N,, Maxima Gases, Israel) flows of 20 sccm for each gas, at a
pressure of 20 mTorr, using an RF power source (145 W). The deposition times of the top and bottom
TiN layers were 4 and 40 min, respectively. The chamber was evacuated to a base pressure of ~2x10”
Torr prior to the deposition of each layer. Supplementary Figure S3 shows pictures of silver-gold coated
substrates in the as-deposited state (i.e., after the sputtering of the metal layers and prior to the PLD of

the oxide layers).

The phase composition of the Ti-doped a-Fe;Os films was examined by X-ray diffraction (Philips
PW-1820 diffractometer). Exemplary X-ray diffractograms are presented in Supplementary Figure S4.
Bragg reflections of the a-Fe,O; (hematite) phase are observed with no other iron or iron oxide phases
detected. The chemical composition of three of the films was measured by Rutherford backscattering
spectrometry (RBS) using a 5 MV Pelletron accelerator (*He-ions at energy 2 MeV) at the Angstrom
Laboratory in Uppsala, Sweden. The films were found to have the expected composition with 1 at% Ti.
The chemical composition of the silver-gold reflective layers was examined by SEM-EDS and XPS. The
layers were found to have the planned (nominal) composition with 90 at% silver and 10 at% gold. Other
compositions were also prepared with 5 or 15 at% gold, but in the water photoelectrolysis measurements
reported in this work we tested only the 90 at% silver and 10 at% gold alloys. The microstructure of the
films was examined by scanning electron microscopy (SEM, FEI E-SEM Quanta 200) and transmission
electron microscopy (TEM, FEI Tecnai G* T20 S-Twin TEM). The films were flat, smooth and uniform,

as demonstrated in Supplementary Figures S5 (SEM, plan view) and S6 (TEM, cross section). No
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pinholes were observed. The surface roughness was measured by atomic force microscopy (AFM, XE-
100, PSIA Corporation). Films on platinized substrates displayed surface roughness smaller than 1 nm
(Ra=0.7 — 0.8 nm, see Supplementary Figure S7), while films on TEC15 substrates displayed surface

roughness of about 9 nm (see Supplementary Figure S8).

Film thickness and optical measurements

The film thickness and optical constants were measured by spectroscopic ellipsometry (VASE
Ellipsometer, J. A. Woolam Co., USA). Eight samples were measured; four (750, 1500, 6900 and 15000
laser pulses) on platinized substrates and four (1000, 3000, 5000 and 6900 laser pulses) on TEC15
substrates. The results were analyzed using the optical stack models presented in Supplementary Figure
S9. The model for the TEC15 substrates was taken from Ref. S1. The film thicknesses obtained by these
analyses are shown in Supplementary Figure S10, and the optical constants in Supplementary Figure
S11. From these results (Supplementary Figure S10) we obtained deposition rates of 0.104+0.006 A per
pulse for films deposited on platinized substrates and 0.1630.04 A per pulse for films deposited on
TEC15 substrates. The latter films displayed considerable surface roughness, in agreement with the
AFM results (see Supplementary Figure S8), resulting in some uncertainty in the ellipsometry analysis
and in the determination of the film thickness and optical constants. In contrast, films on platinized
substrates were smooth (surface roughness < 1 nm), resulting in perfect fittings and very accurate
analyses. The thicknesses of the films reported in the article are based on the calibration curves

presented in Supplementary Figure S10.

The optical constants of the Ti-doped a-Fe,O; films on platinized substrates were found to be, as
expected, independent of the film thickness (see Supplementary Figure S11-A). They are in very good

agreement with the values reported in Ref. S2. These values were used in all our optical calculations.
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The optical constants obtained for Ti-doped a-Fe, O3 films on TEC15 substrates are also in fairly good

agreement with the values reported in Ref. S2. They display small variance between different films at
wavelengths shorter than 450 nm. These unexpected deviations result, most likely, from difficulties in

obtaining accurate fittings to the ellipsometry spectra due to the roughness of the TEC15 substrates.

The transmittance (7) and reflectance (p) spectra of the Ti-doped a-Fe,Os; specimens on platinized and
FTO coated substrates, and one uncoated TECI5 substrate, were measured using a Perkin Elmer
Lambda 950 UV/VIS spectrometer equipped with a 150 mm integrating sphere. Exemplary spectra of
specimens comprising a 31£3 nm thick Ti-doped a-Fe,;Os film on a platinized substrate and a 47+5 nm
thick film on a TEC15 substrate are shown in Supplementary Figure S12. The absorptance of specimens
on platinized substrates was obtained using the relationships dspecimen= 1 — Pspecimen. It comprises
contributions from both the Ti-doped a-Fe,Os film and the platinum coating, and due to interference
effects we cannot extract from these measurements the net absorptance in the Ti-doped a-Fe,O; film.

This is done using the optical calculations described in the following.

The net absorptance in Ti-doped a-Fe;Os films on TEC15 substrates was obtained by the following
methods, using the transmittance and reflectance spectra measured for specimens with Ti-doped o-
Fe,0; films on TEC15 substrates and an uncoated TEC15 substrate (without Ti-doped a-Fe;O; film). In
the first method we consider the overall absorptance in the specimen as the sum of the absorptance in the
TEC15 substrate and the absorptance in the Ti-doped o-Fe,Os3 film: agecimen = Qsubsirate + afim = 1 —
Pspecimen — Tspecimens WhET€ Dgpecimen aNd Typecimen are the reflectance and transmittance spectra measured
for the specimen. Assuming that the substrate absorptance, @psiare, 1S the same as that of an uncoated
TECI1S5 substrate, i.€., dsupsnae = atECIs = | — Precis — Trecis, the net absorptance in the Ti-doped a-Fe,Os

film 1S amm = precis + Trecis — Pspecimen — Tspecimen- In the second method we use more elaborate
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calculations similar to the ones described in the supporting information of Ref. S3. The details are given

is Supplementary Figure S13. This method leads to the following formula for the net absorptance in the

Ti‘doped O(.—F6203 ﬁlm aﬁlm = 1 - pspecimen - Z-specimen/TTEC15-

The absorptance spectra of the films, asim(Ao), were used to calculate to absorbed photon fluxes
presented by the blue circles in Figure 3 of the article, wusing the formula

max
AO

Iops = f%nin I;f;m(lo)aﬁlm(ﬂo)d)lo wherein I,f;m(lo) = Ao(hc)_lEfg‘"(lo) and Ef;m(/lo) is the solar

irradiance spectrum (see Ref. S4). The latter was taken from the ASTM G173-03 standard (Ref. S5).
The results are presented in Supplementary Figure S14. The experimental results obtained by both
methods are quite close to each other, and both of them are in good agreement with the optical
calculations. The first method (squares) yields slightly better fitting for the thicker films while the
second method (triangles) yields slightly better fitting to the thinner ones. The blue circles in Figure 3 of

the article show the average between the values obtained by these methods.

Photoelectrochemical measurements of Ti-doped a-Fe;O; photoanodes on platinized or FTO

coated substrates

Photoelectrochemical measurements were carried out, for the most part, in “Cappuccino cells”
electrochemical test cells (for more details on the “Cappuccino cells” see Ref. S6) equipped with a
potentiostat/galvanostat (Novocontrol Alpha-AK equipped with a POT/GAL electrochemical interface).
All measurements were carried out in 1 M NaOH aqueous solution (pH = 13.6). The
photoelectrochemical measurements of photoanodes on platinized or FTO coated glass substrates were
carried out with pristine Ti-doped a-Fe,Os photoanodes with no catalysts. The current was measured as
a function of the electrode potential using a 3-electrode setup with an Ag/AgCl reference electrode and a

platinum wire counter electrode. The applied potential was converted to the RHE scale using the Nernst
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equation. The current density was obtained by dividing the measured current by the electrode area
immersed in the electrolyte (0.28 cm?). This area is also commensurate with the illuminated area of the

electrode upon exposure to light.

Current-voltage (/-V) measurements in dark and under exposure to white light illumination where
carried out at electrode potentials between 0.7 and 1.8 Volts against the reversible hydrogen electrode
(Vrug). The applied potential was scanned at a rate of 50 mV/s, cycled back and forth several times to
verify that the results are stable (see Supplementary Figure S15). The photocurrent density was obtained
by subtracting the dark current from the light current and dividing the result by the illuminated electrode
area (0.28 cm?), see Supplementary Figure S16. The steady state currents in dark and under illumination
were monitored using chopped light chronoamperometry measurements, as described in Ref. S7.
Exemplary results, measured at electrode potential of 1.4 Vgryg, of the champion Ti-doped a-Fe,O; film
on a platinized substrate, that is the film deposited using 2500 laser pulses (corresponding to a film

thickness of 26+£3 nm), are shown in Supplementary Figure S17.

White light illumination was obtained, in all our tests, with a metal halide lamp (150W HQI lamp,
Osram) with a color temperature of 4200 K and color rendering index of 85. The light intensity was set
to 100 mW cm™ at the position of the “Cappuccino cell” using a reference solar cell (Newport model
91150V reference solar cell and meter, 2 x 2 cm’, calibrated with fused silica window). We note that our
experimental setup is identical, except for the light source, to the setup used in Michael Grétzel lab at
EPFL. A reference specimen from EPFL with performance similar to the champion photoanodes
reported in Ref. S8 (without the IrO; catalyst) measured in our test setup achieved photocurrent densities
approximately 10% higher than the results measured, using the same specimen, at EPFL. The difference
1s, most likely, due to the different spectrum of our light source and the AM1.5G filtered light source at

EPFL. We also compared the performance of one of our photoanodes (achieving a photocurrent density
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of approximately 1 mA cm™ at 1.63 Vgyug) upon exposure to 100 mW cm™ white light illumination
obtained with the metal halide lamp used in all our tests and AM1.5G simulated sunlight obtained with a
class A solar simulator (ABET 10500 AM1.5G Solar Simulator). The photocurrent densities measured
with the metal halide lamp where higher by no more than 5% than their counterparts measured using the

solar simulator.

Stability and reflectivity of silver-gold layers

The stability of silver and silver-gold layers with 5, 10 or 15 at% gold was measured in alkaline
solutions with 1 M NaOH. Supplementary Figure S18 shows the current measured between electrodes
comprising glass substrates coated with silver (red curves) or silver-gold alloy with 5 at% gold (green
curves) and a counter electrode comprising platinum wire, measured in 3-electrode setup at electrode
potentials between -0.2 and +0.2 vs. an Ag/AgCl reference electrode. The measurements were carried
out in the “Cappuccino cell”, wherein the electrode area exposed to the electrolyte was 0.28 cm’. The
steady state currents are indicative of corrosion. They are quite significant for the silver electrode, but

negligibly small for the silver-gold electrode.

Supplementary Figure S19 shows specular reflectance measurements at an incidence angle of 70° (20°
to the surface normal) of fused silica or glass substrates coated with platinum, silver or silver-gold alloys
with 5 or 15 at% gold. The reflectance was measured using a spectroscopic ellipsometer (VASE
Ellipsometer, J. A. Woolam Co., USA) before (full line curves) and after deposition of Ti-doped a-
Fe,0; films using 2200 laser pulses. Measurements inside and outside the a-Fe,O3; covered area are
shown by short and long dashed curves, respectively. One can see that substrates coated with silver-gold
layers are considerably more reflective than platinized substrates at wavelengths larger than 380 or 460

nm for silver-gold alloys with 5 or 15 at% gold, respectively. The silver-gold alloys are much more
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stable against thermal etching and they do not tarnish as badly as pristine silver upon annealing in the

PLD chamber.

Photoelectrochemical measurements of Ti-doped a-Fe;O; photoanodes on silver-gold coated

substrates

Photoelectrochemical tests of Ti-doped a-Fe,O; ultrathin film photoanodes on silver-gold (90 at%
silver and 10 at% gold) coated glass substrates were carried out in the “Cappuccino cell” setup described
above, except for these tests were carried out using an Ivium CompactStat potentiostat/galvanostat rather
than the Novocontrol electrochemical system used in the previous measurements. In addition to the
standard measurements in the “Cappuchino cell” in which the light stroked the electrode directly at
normal incidence, another measurements were carried out in an electrochemical cell designed for testing
V-shaped cells designed for retrapping the back reflected photons, as illustrated in Supplementary
Figure S20. A picture of the electrochemical cell that was used for testing V-shaped cells is shown in
Supplementary Figure S21. In this setup the area of the photoelectrode exposed to the electrolyte
(Aelectroze) Was approximately 1.45 cm’ per electrode (that is ~2.9 cm? for the two electrodes together)
while the aperture area (A4gpernre) that defines the illumination cross section area was 0.196 cm?. The
photocurrent is obtained by dividing the difference between the light current and the dark current by the

aperture arca, i.e., Jphoto = (Ilight_ Idark) /Aaperture~

In addition to measurements of pristine Ti-doped a-Fe,Os photoanodes with no catalysts, we also
measured the same photoanodes following surface treatment with cobalt catalyst using the method
described in Refs. S9. Chopped light chronoamperometry measurements of pristine (black curves) and
cobalt-treated (red curves) Ti-doped a-Fe,Os photoanodes deposited using 2000 or 2500 laser pulses on

silver-gold (90 at% silver and 10 at% gold) coated substrates are shown in Supplementary Figures S22.
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The thickness of the Ti-doped a-Fe,Os films was 21£2 and 2613 nm, respectively. The cobalt treatment
improved the performance of the thicker Ti-doped a-Fe,Os film, but had little effect on the thinner one.
These measurements were carried out in the “Cappuccino cell” setup. Similar measurements were
carried out in the electrochemical cell for testing V-shaped cells under direct illumination at normal
incidence on the same photoanodes (treated with cobalt catalyst) whose results are shown in
Supplementary Figure S22. The results are shown in Supplementary Figure S23. The two setups gave
rise to similar results, as expected. Steady state water photo-oxidation current densities as high as 3.0 £
0.1 mA cm™ were obtained (at electrode potential of 1.63 Vrug) with the thicker Ti-doped o-Fe,Os
photoanode treated with cobalt catalyst. The photocurrent density at 1.43 Vgyg reached 1.97 £ 0.01 mA

2
cm .

In order to capture some of the back reflected photons which, based on our optical calculations,
amount to approximately 40% of the intensity of the incident light in case of ultrathin Ti-doped a-Fe,Os
films, of the optimal thickness, on silver coated substrates, we placed two photoanodes facing each other
in a 90° V-shaped cell, as illustrated schematically in Supplementary Figure S21. Pictures of the two
photoanodes and the test setup are given in Supplementary Figure S22. Both photoanodes comprised of
ultrathin Ti-doped a-Fe,O; films deposited using 2500 laser pulses on silver-gold coated substrates
(with 90 at% silver and 10 at% gold), and they were treated with cobalt catalyst to improve their
performance. Exemplary results of chopped light chronoamperometry measurements of these
photoanodes obtained at electrodes potentials of 1.43, 1.53 and 1.63 Vgug are shown in supplementary
Figure S24. Steady state water photo-oxidation current densities of 2.24 + 0.01, 3.51 + 0.03 and 3.98 +

0.03 mA cm™ were obtained at the respective potentials.
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The photoanodes remained perfectly stable during multiple tests, displaying reproducible results with
no observable changes in color. The champion photoanode was tested many times (more than 20 times)

during a period of more than a month, with no degradation in performance.

Optical calculations

In order to calculate the light intensity, that is the squared optical field strength, distribution profile
inside the film we take the plane-wave solution of Maxwell’s electromagnetic wave equation and tailor
it to fit the boundary conditions of the problem with incident solar radiation, at AM1.5G conditions,

striking the optical stack illustrated in Figure 1 of the article.

For the case of normal incidence on ideally reflective substrates (7,3 = —1) the following expression
is obtained for the spectral photon flux (defined as the number of photons per unit time, unit area and

unit wavelength) profile inside the film:

2ri 27i 2
n 7[”2(/10)“'"2(’10)])‘ 7["2(/10)“"2(10)](%*)‘)
L, (A x) = 1" ()T (4 )]e —e® , (Sla)
2
. n,(4,) 2n,(A))
T(A)=-2 ,
with T (4)) ) EETP—— (S1b)

m(A) + 1y (A) +isy () +[m (A) =y (A) =iy ()] ™

If;‘"(/lo) is the solar spectral photon flux at AM1.5G conditions, n and « are the refractive and
attenuation indices of the respective media (designated by subscript 1 for water and 2 for a-Fe,;0s3), and

the other symbols have their usual meaning.

For comparison we also calculate the spectral photon flux profiles across a-Fe,O; films on transparent

substrates (#,3 = 0), that is the conventional photoelectrode design. In this case:
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L, (A:x) = 13" (2 )T (% )e " (S2a)

n, (%) 2n, (%) i
m, (2 ) |m (Z) 4y (29) +inc, (4)

with T(4)= (S2b)

the transmissivity at the front surface (x = 0), where as(lo) = 4nx(Ao)Ado" is the absorption coefficient of

the a-Fe,O; film.
For the general case of partially-reflective metalized substrates with complex refractive indices we use
2
wave summation, [ J (Ay,x) oc Z‘E o (A ,x)‘ where E i is the optical electric field strength (at

wavelength Ay) of the wave in the i’th pass across the film, to obtain the following expression:

2

2ir 2ir
” 2y ) +iry (J)]x ) Ty (S )+ircy (A)](2d—x)
L, (2. %)= 1" (2)T (&)[e +7 (A ) e : (S3a)
2
ith 7(1)=") 2 (4) . . (S3b
e (%) n, (1) A g iRy (o) (830)

n (&) +n,(A) +iK,(4) — 7, (ﬂo)[nl(ﬂo)_”z(ﬂo)_ilfz(ﬂo)]e &

o3 = (A, — Ai3) (A, + Ai3) ! is the reflection coefficient at the film/substrate interface (i.e., at x = d).
The expressions for the extreme cases of ideally reflective or transparent substrates (Eqs. S1 or S2,

respectively) are obtained by substituting 7,3 = —1 or 0, respectively, in Eq. S3.

The reflection coefficients, 7,3, were calculated for different film/substrate interfaces between a-
Fe,0; and different metal coatings (silver, aluminum, gold and platinum) using the optical constants of
the Ti-doped a-Fe,O; films obtained by the spectroscopic ellipsometry measurements (see

Supplementary Figure S11) and the optical constants of the respective metals taken from the database of

NATURE MATERIALS | www.nature.com/naturematerials 13
© 2012 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/nmat3477

SUPPLEMENTARY INFORMATION DOI: 10.1038/NMAT3477

the ellipsometer. The absolute values of 7,5 and the phase changes are presented in Supplementary

Figure S25.
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Supplementary Figure S1. The charge separation and collection yield of photogenerated minority
charge carriers at the surface of Ti-doped a-Fe,O; thin films deposited by PLD on TECI15 substrates as
a function of the film thickness for different applied potentials between 0.8 and 1.4 Volts against the
reversible hydrogen electrode (Vrug). The charge separation and collection yield was measured using

the method described in Ref. S7.
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Supplementary Figure S2: Schematic cross section illustrations (A) and photographs of Ti-doped o-Fe,O; films
of different thicknesses deposited on platinized (B), TEC15 (C) and silver-gold (90:10) coated glass substrates
(D). The number of laser pulses shot at the target is written next to the specimens in Figs. (B) and (C). Sample (i)
in Fig. (D) comprises 3 SnO, underlayers (100 pulses of Nb-doped SnO, deposited in vacuum at 300°C followed
by 100 pulses of undoped SnO, deposited in 25 mTorr oxygen at 300°C and another 250 pulses deposited in 55
mTorr oxygen at 500°C) on top of which a Ti-doped a-Fe,O; film was deposited in 25 mTorr oxygen at 525°C
using 2000 laser pulses. The other specimens in Fig. (D) have other thicknesses of the SnO, and a-Fe,O; films.
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Supplementary Figure S3: Pictures of a silver-gold (90 at% silver and 10 at% gold) coated glass

substrate in the as-deposited (as-sputtered) state (prior to PLD deposition of the oxide layers)
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Supplementary Figure S4: XRD diffractograms of a Ti-doped a-Fe;O; film deposited using 20000

laser pulses on a TEC15 substrate (red curve), and an uncoated TEC15 substrate (blue curve). The most
prominent Bragg reflections of the a-Fe,O; Hematite structure are marked and their (hkil) Miller indices

are indicated.
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Supplementary Figure S5: Plan view SEM micrographs imaged with secondary electrons (SE) or

backscattered electrons (BSE) of Ti-doped a-Fe,O3 films deposited using 1000, 3000, 5000 or 6900

laser pulses on TEC15 substrates.
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Supplementary Figure S6: Cross section TEM micrographs of Ti-doped a-Fe,O; films deposited on a
platinized substrate using 1500 laser pulses (A), or on a silver-gold coated substrate using 2000 laser

pulses (B).
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Supplementary Figure S7: AFM micrograph, lines profiles, and line topography statistics of a Ti-

doped a-Fe,05 film deposited on a platinized substrate using 3500 laser pulses.
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Supplementary Figure S8: AFM micrograph, lines profiles, and line topography statistics of a Ti-

doped a-Fe,0s5 film deposited on a TEC15 substrate using 3000 laser pulses.
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Supplementary Figure S9: Optical stack models used for fitting and analyzing the ellipsometry spectra
of Ti-doped a-Fe,>Os3 films on platinized (A) and TEC15 substrates (B).
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Supplementary Figure S10: Ti-doped a-Fe,Os film thickness as a function of number of laser pulses

for films deposited on platinized (A) or TEC15 substrates (B).
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Supplementary Figure S11: The optical constants of Ti-doped a-Fe,O; films deposited on platinized
(A) or TEC15 substrates (B). The red and blue lines are the measured n and x values, respectively, and

the black dotted and dashed lines are the respective optical constants reported in Ref. S2.
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Supplementary Figure S12: Transmittance (7) and reflectance (p) spectra of specimens with a 3143

nm thick Ti-doped a-Fe;O; film on a platinized substrate or a 47+5 nm thick film on a TEC15 substrate.
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Supplementary Figure S13: Description of the second method used to extract the net absorptance in
the a-Fe,O; films from transmittance and reflectance measurements of specimens with Ti-doped a-

Fe,O; films on TEC15 substrates and an uncoated TEC15 substrate.
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Supplementary Figure S14: The absorbed photon flux, presented in terms of the photogenerated
current density, J,, = qlass, obtained by the first (squares) and second (triangles) calculation methods
from the transmittance and reflectance spectra of Ti-doped a-Fe,Os films on TEC15 substrates and an

uncoated TEC15 substrate. The blue line shows model optical calculations.
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Supplementary Figure S15: Current — voltage characteristics obtained with Ti-doped a-Fe,O; films
deposited using (a) 1000, (b) 2000, (c) 3000 or (d) 4000 laser pluses on platinized substrates, measured

in 1 M NaOH aqueous solution in dark or under direct illumination (at normal incidence) of white light

(100 mW cm™).
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Supplementary Figure S16: Photocurrent (Jyhoo = Jiight — Jaark) obtained with Ti-doped o-Fe O3 films

deposited using 1000, 2000, 3000 or 4000 laser pluses on platinized substrates.
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Supplementary Figure S17: Steady state current densities obtained with a 26+£3 nm thick Ti-doped a-
Fe,O; film deposited using 2500 laser pluses on a platinized substrate, measured at 1.4 Vgryg in dark or

under illumination during several cycles of chopped light chronoamperometry scans.
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Supplementary Figure S18: Stability tests of glass substrates coated with silver (red curves) or silver-
gold alloy with 95 at% silver and 5 at% gold (green curves), in 1 M NaOH solution. Current as a
function of time during ramping up the electrode potential from -0.2 to +0.2 V against the Ag/AgCl
reference electrode (A); and during applying a potential of +0.2 V against the Ag/AgCl reference
electrode (B).
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Supplementary Figure S19: Specular reflectance measurements of fused silica or glass substrates
coated with platinum (yellow curves), silver (red curves) or silver-gold alloys with 5 (purple curves) or
15 at% gold (grey curves), measured before (full line curves) and after deposition of Ti-doped a-Fe,Os
films inside (dashed curves) or outside (dotted curves) the a-Fe,Os; covered area. Note that the
oscillations in the silver coated substrate are due to the small thickness of the silver layer in this

particular specimen. All other specimens had much thicker metal layers.
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Supplementary Figure S20: Schematic illustration of photon retrapping using a 90° V-shaped cell.
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Supplementary Figure S21: Pictures of the electrochemical cell for testing V-shaped cells (A), and a
V-shaped cell comprising ultrathin Ti-doped a-Fe,Os films deposited using 2500 laser pulses on silver-

gold coated glass substrates faced at 90° against each other (B).
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Supplementary Figure S22: Chopped light chronoamperometry measurements obtained with Ti-doped
a-Fe;Os photoanodes deposited using 2000 (A) or 2500 (B) laser pulses on silver-gold coated substrates,
in the pristine state (i.e., without a catalyst, black curves) and after treatment with cobalt catalyst (red
curves). The applied potential is shown by the blue curves with reference to the right axis. The

measurements were carried out in a “Cappuccino cell” under cyclic exposure to dark / light cycles.
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Supplementary Figure S23: Chopped light chronoamperometry measurements obtained with Ti-doped
a-Fe;Os photoanodes deposited using 2000 (red curve) or 2500 (green curve) laser pulses on silver-gold
coated substrates and treated with cobalt catalyst. The applied potential is shown by the blue curve with
reference to the right axis. The measurements were carried out in the electrochemical test cell whose
picture is shown in Supplementary Figure S21-A, but in these tests the photoanodes were illuminated
directly (i.e., at normal incidence) without forming the V shape as in Supplementary Figure S21-B.
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Supplementary Figure S24: Chopped light chronoamperometry measurements obtained with Ti-doped
a-Fe,O3; photoanodes deposited using 2500 pulses on silver-gold coated substrates and treated with
cobalt catalyst, measured in a 90° V-shaped cell configuration at 1.43 (A), 1.53 (B) and 1.63 Vgyg (C).
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Supplementary Figure S25: The predicted absolute value of 7,3 (A) and phase change (B) for

reflection from Ti-doped a-Fe,Os/metal interfaces with silver (grey), aluminum (yellow), gold (orange)

and platinum (black).
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Supplementary Figure S26. Predicted photon flux profiles as a function of film thickness and depth
from the surface into the film for Ti-doped o-Fe,O3 films on ideally reflective (A), transparent (B), and
metalized substrates coated with silver (C), aluminum (D), gold (E) or platinum (F).
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Supplementary Figure S27. The predicted photocurrent density per unit volume profiles as a function

of film thickness and depth for Ti-doped a-Fe,O; films on ideally reflective (A), transparent (B), and
metalized substrates coated with silver (C), aluminum (D), gold (E) or platinum (F).
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