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The optical losses in a photoelectrochemical (PEC) cell account for substantial part of the solar-to-hydrogen conversion losses,
but their quantitative analysis is sparse partially because the optical losses cannot be measured directly in the experiment and
their quantification requires accurate knowledge of optical constants of all individual layers. In this work, we present detailed
analysis of the optical losses of typical PEC cell based on the combination of spectroscopic measurements and an optical model
of both coherent and incoherent layers. We determined wavelength-dependent reflection, transmission and absorption outside
of the semiconductor, maximum incident photon-to-current efficiency and charge generation rate. The optical model has been
verified for hematite by atomic layer deposition (ALD). Our optical model is a valuable tool for detailed optical loss analysis of
a PEC cell and prerequisite for coupled optoelectronic model of a PEC cell.

1 Introduction

Photoelectrochemical (PEC) water splitting is a promising
pathway for storing solar energy in form of hydrogen.1–3 The
shortcomings of the existing materials lie in the stability, ef-
ficiency and cost. To make this approach competitive with
other techniques for hydrogen production, PEC water split-
ting should be achieved without any external voltage bias also
known as unassisted water splitting. For this purpose, dual
light absorber designs are of great interest,4–6 since to date
no single semiconductor is able to perform unassisted water
splitting. In such a design, matching light absorption of the
two semiconductors as well as minimal parasitic optical losses
outside of the semiconductors are required to achieve the high-
est internal quantum efficiency. As experimental methods do
not provide direct access to the absorptances in the individual
layers of a PEC cell, optical modeling (OM) is a powerful tool
to make detailed analysis of the wavelength-dependent layer
absorptances.

Contrary to other solar cell technologies, modeling and
quantification of the optical losses in a typical PEC cell has
not yet been addressed extensively7,8 and only few reports ex-
ist in the literature. Han et al. optimized quantum efficiencies
amorphous silicon double junction solar cells for water split-
ting with BiVO4 photoanode.9 A study on the effect of light
absorption in aqueous electrolytes on the solar-to-hydrogen
(STH) efficiency limitations was presented.10 Therein, the au-
thors show the dependence of STH efficiency on electrolyte
thickness in the PEC cell, however, they do not account for
light absorption in other layers of the PEC cell. Another ex-

ample is the reported increase in light absorption in hematite
by light trapping11 or coating on a nanocone array.12 Recent
literature on modeling of fluid flow, electrochemistry or charge
transport is based only on simple Lambert-Beer light absorp-
tion, thereby neglecting coherence in thin films13–16 or disre-
garding optical processes completely.17,18

Hematite (Fe2O3) is an abundant, cheap, non-toxic PEC
semiconductor for water splitting.19 Although hematite shows
slow water oxidation kinetics20,21 and late photocurrent on-
set potential,22,23 hematite water oxidation kinetics contin-
ues to be an active research topic.24 Due to the mismatch of
hematite small hole diffusion length (< 10 nm) and light pen-
etration depth (several hundred nanometers), nanostructures
with high aspect ratio are frequently employed to achieve ef-
ficient charge collection.19,25 One type of the hematite nanos-
tructures is achieved by conformally coating high aspect ra-
tio structures with hematite.26,27 The atomic layer deposited
(ALD) thin film hematite26 served as a model system for stud-
ies with facile one-electron redox couples? as compared to
aqueous electrolyte (four-electron redox couple)21 and con-
tinues to raise interest with respect to nanostructuring but also
forming pn-junctions for enlarged charge collection.28,29

To address this lack of optical model-based characteriza-
tion, we present herein a model of optical light propagation
which is capable of quantifying optical losses in all layers
of the PEC cell. We describe light propagation in coherent
layers (thickness comparable to wavelength of light) with the
transfer-matrix method30 and in incoherent layers (thickness
larger than wavelength of light) by ray-tracing geometrical op-
tics.31,32 Furthermore, we are able to verify our model by ap-
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plying it to ALD hematite thin film photoanodes. To obtain
a good overlap of the simulated and measured results with
our optical model, an accurate and detailed optical charac-
terization of the individual layers - based on their refractive
index and extinction coefficient - is essential. Therefore, we
first extracted all wavelength-dependent refractive indices and
extinction coefficients from spectroscopic ellipsometry and
ultraviolet-visible (UV-Vis) spectroscopy measurements and
then implemented them in our OM. The proper parametriza-
tion of the optical constants is confirmed with the ability of
the optical model to reproduce UV-Vis measurements on var-
ious test cells. We used validated optical model to calculate
spectrally resolved optical losses in the PEC cell and to obtain
total integrated optical losses by reflection, transmission and
absorption outside of the semiconductor. The charge genera-
tion rate from the OM shows limitations of the Lambert-Beer
law and can be used in coupled optoelectronic PEC models.

2 Theory

In a typical PEC cell configuration as shown in Figure 1 light
is interacting with multiple layers (indexed l) of different opti-
cal properties. Each of the layers needs to be included during
optical modeling with accurate complex index of refraction
ñl(λ ) = nl(λ )+ ikl(λ ), where n is the refractive index, k is
the extinction coefficient and λ is the wavelength of light. The
wavelength dependent absorption coefficient α(λ ) of layer l is
computed from the extinction coefficient by αl(λ ) =

4πkl(λ )
λ

.
Light propagation and absorption in coherent layers are

treated with the transfer-matrix method,30 calculating the
propagation of the electric field in the multilayer stack by ma-
trix operations derived from Fresnel equations of all interfaces
in the cell. Optical propagation in incoherent layers is de-
scribed by following geometric light rays and their reflections
and transmissions (including attenuation in absorbing media)
in the multilayer cell recursively until their intensity drops be-
low a certain threshold.32 The energy conservation is fulfilled
during optical modeling and it holds

Rtot(λ )+∑
l

Al(λ )+Ttot(λ ) = 1, (1)

where Rtot is the total reflectance, Al denotes absorptance of
layer l and Ttot is the total transmittance.30,33
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Fig. 1 Sketch of the PEC cell layer sequence used for UV-Vis
measurements and simulations. Thicknesses of the layers are scaled
for the purpose of presentation.
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The rough/porous layer is described with Bruggemann ef-
fective medium approximation
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e
= 0, (2)

where medium a is enclosed in medium b with fraction P
(porosity) and resulting effective medium has an effective re-
fractive index ne.

The presented optical losses can be quantified also in terms
of photocurrent, if we assume ideal conversion of every pho-
ton to separated electron-hole pair. The photocurrent loss by
reflection, transmission and absorption is calculated by inte-
grating the product of Rtot , Ttot and Al with the incident spec-
tral photon flux φ(λ ) of AM15G illumination34

{ jR, jAl , jT}= q
∫

λ

{Rtot(λ ),Al(λ ),Ttot(λ )}φ(λ )dλ , (3)

where q = 1.602 ·10−19 C is the electronic charge.
Proper understanding of the optical absorption in the PEC

cell from our optical model allows us to calculate the num-
ber of absorbed photons in any position in the semiconductor
per unit volume and time. We further assume that every ab-
sorbed photon generates a single electron-hole pair. Hence,
the charge generation rate in the semiconductor calculated
from OM is given by

GOM(x) =
∫

λ

α(λ )I(λ ,x)
E(λ )

dλ , (4)

where I(λ ,x) is the energy flux at position x calculated from
the optical model, E(λ ) = hc

λ
is the photon energy, h = 6.626 ·

10−34 kg·m2/s is the Planck constant and c = 299792458 m/s
is the speed of light in vacuum. The x coordinate has its
origin at the hematite/water interface and is positive towards
hematite. The charge generation rate is frequently assumed to
obey the simple Lambert-Beer law and neglects reflection and
parasitic absorption in layers above the semiconductor (wa-
ter, quartz). Full AM15G spectral photon flux is assumed to
impinge on the semiconductor

GLB(x) =
∫

λ

α(λ )φ(λ )e−α(λ )xdλ . (5)

Clearly, Lambert-Beer law is insufficient to describe multi-
layer cells where the amount of light entering the buried layer
is much lower than the light impinging on the whole cell.

We assume optical properties of the actual electrolyte
are equal to those of water. Both illuminations from the
electrolyte-electrode (EE) or substrate-electrode (SE) are con-
sidered.

3 Experimental

3.1 Atomic-layer deposition

Fe2O3 was deposited by atomic layer deposition (ALD) in
a home-built ALD reactor at 230 ◦C (0.025 nm/cycle) using
dimethylaminomethylferrocene (Alfa Aesar, 98+% pure, bub-
bler heated to 90 ◦C) and ozone (x% O3 in O2 (99.9999%
pure) produced by an ozone generator (xx)) as described else-
where.35

For the different optical measurements, three different sub-
strates have been used: F:SnO2 (TCO22-15, Solaronix SA,
Switzerland), Quartz (Ted Pella, USA) or n-Si wafers coated
with a thin ALD layer of TiO2 (1.5 nm) to provide a com-
mon substrate interface between the three substrates used. At
the same time the thin underlayer induces n-doping into the
thin hematite film and mitigates the known problem of photo-
inactive thin films in hematite called the dead layer effect.36

The TiO2 layer was deposited in the home-built reactor at
170 ◦C with a growth rate per cycle of 0.06 nm/cycle us-
ing (TDMAT) (bubbler heated to 75 ◦C) and water as precur-
sors. The TCO22-15 substrates were cleaned by successive
ultra-sonication for 15 min with acetone, soap, water and 2-
propanol as previously reported.37

3.2 Spectroscopic ellipsometry

For the optical characterization of the TCO22-15 (Solaronix
SA, Switzerland) ellipsometry was measured on two TCO22-
15 clean samples. Sample 1 was covered with Zn powder
and immersed into a 2 M HCl solution to etch the F:SnO2
from the float glass. The glass was rinsed with water and 2-
propanol and dried in air. Sample 2 remained unchanged. El-
lipsometry data was measured with a GES 5e (Sopra, France)
and analyzed with WinEli software applying Cauchy-Lorentz
and standard dielectric function dispersion laws. The inter-
nal structure of the TCO22-15 glass was analyzed by means
of ellipsometry with the help of cross-sectional transmission
electron micrographs (Fig. S2†). For the extraction of the
optical constants of each layer, the thicknesses were fixed to
the ones observed by TEM and listed in the following: glass
(2.2 mm), SnO2 (18 nm), SiO2 (18 nm), F:SnO2 (303 nm),
Void/SnO2 mixture with 94.08% void (32 nm) to account for
surface roughness and porosity. For the extraction of the op-
tical constants of hematite and the TiO2 underlayer, ellipsom-
etry measurements were carried out on n-Si wafers as well as
on quartz.

3.3 UV-Vis measurements

Spectrally resolved total reflectance Rtot , total transmittance
Ttot and diffuse reflectance were measured with a UV-3600
spectrometer (Shimadzu Scientific Instruments, USA). Before
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the measurement the sample was rinsed with water and dried
in air to remove any dust particles, and placed in a sandwich
type configuration between two quartz slides in water before
inserting in the beam path of the integrating sphere of the spec-
trometer. All measurements were carried out in EE and SE
orientation in a wavelength range of 300 nm to 800 nm.

4 Results

We will use following notation to simplify description of our
different test multilayers: TCO22-15 (T), quartz (Q), water
(W), hematite (H). The layer sequence on Fig. 1 with EE
light illumination direction will be denoted by QWHTiT, the
light in our notation always impinges from the left. Hence,
in our notation THWQ denotes SE illumination of QWHTiT.
We also note that the internal layer structure of the TCO22-15
(T) consists of rough layer SnO2/void(94%) (Ro), F:SnO2 (F),
SiO2 (Si), SnO2 (Sn) and float glass (G).

First, the optical constants of the individual layers of the
photoelectrode (Q, H, F, Si, Sn, G) were determined by combi-
nation of literature values and parameter extraction from spec-
troscopic ellipsometry and UV-Vis spectroscopy (Supporting
Information text and Figures S1-S9 †). The extracted optical
constants of ALD hematite from spectroscopic ellipsometry
with HQ layers are shown on Figure 2. The extinction coef-
ficient for our ALD hematite is larger than reported by Mar-
tinson et al. 26 pointing to the film deposition differences even
between two different ALD fabrication setups. The refractive
index our ALD hematite was compared with literature profile
from ... as Ref. 26 did not contain refractive index data.

4.1 Verification of the optical model

We assembled multilayers QWHTiQ and QWHTiT in order to
confirm predictive abilities of our OM and we obtained good
overlap of the reflectance and transmittance measurements and
simulations for EE illumination, Figure 3 (comparison for SE
illumination is available in Supporting Information †). The
transmittance of QWHTiQ is ≈0.4 for 300 nm < λ < 400
nm wavelengths and increases then to ≈0.9 at λ =700 nm as
a consequence of light absorption in hematite in this wave-
length range. The reflectance of QWHTiQ is ≈0.2 for 300
nm < λ < 600 nm and then decreases to ≈0.1 at λ =800 nm
due to the large mismatch of refractive index of water/hematite
interface ( nW

nH
≈ 1.35

2.9 ). The transmittance of QWHTiT and
QWHTiQ show similar profile and the QWHTiT reflectance
for 300 nm < λ < 400 nm reproduces correct valley and peak
positions and magnitude of the measured specular Rspec re-
flectance. The total reflectance consists of the specular and
diffusive reflectance Rtot = Rspec +Rdi f f .
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Fig. 2 Optical constant of hematite extracted from ellipsometry of
two layers HQ, a) refractive index and b) extinction coefficient.
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and transmittance of 12 nm ALD hematite, EE illumination for a)
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Fig. 4 Detailed optical loss analysis of a PEC cell with a) EE and b)
SE illumination. The calculated total reflectance, the absorptance in
each layer and the total transmittance are stacked and colored in the
graphs.

4.2 Optical loss analysis

Having validated our optical model with measurements, we
investigated optical propagation in the ?cappuccino? PEC cell
as used for photocurrent measurements at LPI EPFL.22,36,38

The thickness of ALD hematite is 12 nm and thickness (width)
of electrolyte in this cell is 0.4 cm. Valuable insight into the
optical losses in the individual layers is presented on Figure 4.
The calculated reflectance Rtot , absorptances in the individual
layers Al and transmittance Ttot for EE and SE illumination
are shown in stacked diagram and satisfy the energy conser-
vation eq. 1. For every wavelength λ , different ratio of illu-
mination energy is reflected, absorbed in individual layers or
transmitted through the PEC cell and strongly depends on the
illumination direction.

For EE illumination, Figure 4a, the absorptance in hematite
is ≈0.4-0.5 for 300 nm < λ < 400 nm, afterwards decreasing
to zero near λ =600 nm (corresponding to wavelength of its
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bandgap energy). Nearly constant absorption loss of≈0.1 can
be seen for SnO2:F over whole wavelength range and glass
absorption is largest for λ < 350 nm (up to ≈0.2) and for λ >
600 nm (which is uncritical given the cease of hematite ab-
sorption for λ > 600 nm). The absorption in water and quartz
is negligible in the presented data.

For SE illumination, Figure 4b, the absorptance in hematite
for λ <400 nm is smaller compared to EE illumination due
to much stronger absorption in float glass which stands in the
SE light path before hematite. Absorption in SnO2:F for SE
illumination is slightly larger than for EE illumination. Re-
flectance for both EE and SE illumination makes≈0.1-0.2 but
the interference fringes of SnO2:F are more pronounced for
the SE illumination. Decrease in reflectance losses from ≈0.2
to ≈0.04 could be achieved by using anti-reflective coatings
with established techniques.30

Table 1 shows the integrated losses in terms of photocur-
rents eq. 3 corresponding to different physical processes in
the PEC cell. The sum of these respective channels gives the
maximum possible photocurrent for hematite ≈12.5 mA/cm2.

Optical loss EE [mA/cm2] EE [%] SE [mA/cm2] SE [%]
Reflection 2.1 17 2.0 16
Abs. Quartz 0 0 0 0
Abs. Water 0 0 0 0
Abs. Hematite 3.5 28 3.0 24
Abs. SnO2:F 0.3 3 0.9 7
Abs. Glass 0.1 1 0.3 3
Transmission 6.4 51 6.2 50

Table 1 Optical loss channels for 12 nm ALD hematite in terms of
photocurrent.

4.3 Absorptance in hematite

The absorptance in the hematite layer AFe2O3 is in close rela-
tion to the incident photon-to-current efficiency (IPCE) which
gives ratio of number of electrons in external circuit divided
by the number of incident photons on the device. If we as-
sume that every absorbed photon in hematite layer contributes
electron in the external circuit (absorbed photon-to-current ef-
ficiency APCE = 1) then the absorptance in the hematite is
equal to the maximum theoretically achievable IPCE accord-
ing to

IPCEmax = AFe2O3, (6)

which follows from eq. 7 IPCEmax from our optical simula-
tions is larger than our measured IPCE data at 1.43 V vs. RHE
due to the inefficient collection of photogenerated charges
(most of them recombine before contributing to photocurrent),
Figure 5. The values of IPCEmax are only upper limit of
achievable IPCE in ideally collecting hematite photoelectrode
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Fig. 5 Calculated IPCEmax of hematite films for thicknesses 8 nm,
12 nm, 16 nm and our measured IPCE data at 1.43 V vs. RHE. a)
EE and b) SE illumination.
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which is readily not the case of our photoelectrode. For in-
creasing thickness of hematite 8, 12, 16 nm, the IPCEmax in-
creases only slightly, but for much larger hematite thickness (¿
50 nm) there are substantial gains in the hematite absorptance
in the visible absorption (Supporting Information Fig. S13 †).
However, keeping in mind the hole diffusion length of 2-4 nm
reported for hematite,39 thicknesses larger than 4 nm suffer
from inefficient charge transport, thereby, decreasing the pho-
toelectrochemical performance.

The calculated absorptance in hematite AH can be used to
calculate APCE from IPCE data, but without the usual sim-
plifying assumption APCE = IPCE I0

I0−I with I0 the initial in-
put light intensity and I is the output light intensity of UV-
Vis measurement.5,25,40 For monochromatic illumination, the
APCE is calculated from absorbed power Pabs in analogy to
IPCE (which uses incident light power Pin)7

APCE(λ ) =
hc
q

jph(λ )

Pabs(λ )λ
= IPCE(λ )

Pin(λ )

Pabs(λ )
=

IPCE(λ )
AH

,

(7)
where jph is the measured photocurrent. Calculation of APCE
will be investigated in the future together with optoelectronic
model of IPCE measurement.

4.4 Charge generation rate

The optical model is now used to calculate GOM(x) charge
generation profile and compare it with the Lambert-Beer
charge generation profile GLB(x) for EE illumination, Figure
6. Since thickness of the ALD hematite used in this study
(12 nm) is small compared to the wavelength of light, the
hematite layer is described as coherent. The charge genera-
tion rate from the OM is smaller than from the LB because
the absorption of light is less effective in coherent than in in-
coherent layers. The LB formula is valid only for incoherent
layers,41,42 which we recovered by our OM calculations. The
charge generation rate GOM(x) will be used as direct input for
electrical model of the photoelectrode and thus enable coupled
optoelectronic modeling of the photoelectrode.

5 Conclusions

We presented an optical model of light absorption in all lay-
ers of a typical PEC cell setup. Light propagation in the in-
coherent layers was described by geometrical ray tracing and
in the coherent layers by transfer-matrix method. The optical
model was validated with UV-Vis and ellipsometry measure-
ments. We calculated wavelength-dependent losses in indi-
vidual layers of the PEC cell which is not possible with direct
measurements. The optical losses were given also as total inte-
grated lost photocurrent for both illumination directions. The

à
à

à
à

à
à

à
à

à
à

à
à

à
à

à
à

à
à

à
à

à

ò
ò

ò ò ò ò ò ò ò ò ò ò ò

à Lambert-Beer

ò Optical modeling

0 2 4 6 8 10 12

1.0

1.5

Position x @nmD

L
o

g
HG

L@
1

0
2

8
m

-
3
s

-
1

D

Fig. 6 Comparison of charge generation rate in the semiconductor
(logarithmic scale) calculated from Lambert-Beer GLB(x) (linear)
and from optical modeling GOM(x).

poor measured IPCE performance of ALD hematite compared
to absorptance in ALD hematite indicates the large room for
improvement. The accurate optoelectronic modeling of thin
PEC photoelectrode cannot include simple Lambert-Beer law
assumption for charge generation rate but rather needs charge
generation rate to be determined from optical modeling. The
wavelength-dependent quantification of optical losses in PEC
cells will allow detailed optimization of optical absorption and
electrical collection in dual-absorber PEC cells and systems.

6 Acknowledgements

We thank G. Rothenberger and N. Téetreault (both LPI EPFL)
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Figure S1: (top) Optical constants used for quartz. (bottom) Comparison of measured
and simulated T and R spectra of quartz.

Water (W)

Optical constants of water in 300-800 nm wavelength range are nearly constant with

nW ≈ 1.35 and kW ≈ 0, Figure S2.
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Figure S2: Optical constants of water taken from Ref. S1.

Figure S3: Cross-section TEM image of glass substrate TEC15 showing its internal struc-
ture with approximate thicknesses determined by eye.

TEC15 substrate (T)

The glass substrate used for PEC cells (TCO22-15 from Solaronix) consists the rough

layer SnO2/void(94%) (Ro), SnO2:F (F), SiO2 (Si), SnO2 (Sn) and float glass (G) as

described in the main text with short notation RoFSiSnG. The internal structure of the

TEC15 was revealed by scanning electron microscopy, Figure S3.
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Float Glass (G)

The optical constant of the float glass were determined as follows. First, the top F layer

was etched away to measure reflectance Rexp and transmittance Texp of the actual float

glass with planar surfacesS2 in the integrating sphere. The complex refractive index

of the float glass ñ(λ) = n(λ) + ik(λ) is connected with the total reflectance Rtot and

transmittance Ttot with relationsS2

R =
(n− 1)2 + k2

(n− 1)2 + k2
, (1)

α =
4πk

λ
, (2)

Rtot =
R(1 + (1− 2R)e−2αd)

1−R2e−2αd
, (3)

Ttot =
(1−R)2e−αd

1−R2e−2αd
. (4)

We obtained n(λ), k(λ) separately for every wavelength by solving system of two

equations Rexp = Rtot and Texp = Ttot, Fig. S4.
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Figure S4: a) Extracted optical constants of the float glass. b) Comparison of measured
(black) and simulated (red) T and R spectra of the float glass.

SnO2 (Sn)

Optical constants of SnO2 are shown on Figure S5.

S5



àààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà
ààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà

ààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà
àààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààààà

ààààààààààààààààààààààààààààààà

òòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòòò
òòòòòòòòòòòòòòòòò

à nSn

ò ksn

300 400 500 600 700 800

0.0

0.5

1.0

1.5

2.0

Wavelength @nmD

n
,k

Figure S5: Optical constants of SnO2 extracted from spectroscopic ellipsometry.

TiO2 (Ti)

Optical constants of TiO4 are shown on Figure S6.
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Figure S6: Optical constants of TiO2 extracted from spectroscopic ellipsometry.
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SnO2:F (F)

Having determined the n, k of the glass contained in TEC15 Glass in the previous sec-

tion, we extracted the optical constants of SnO2/void (94percent), SiO2 and SnO2 from

spectroscopic ellipsometry, Figure S7.

We fitted the optical constants of F so as to obtain overlap of transmittance measure-

ments and simulations, Figure S8.
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Hematite stacks

We first tested the optical constants of hematite deposited by ALD on a TiO2 coated

quartz substrate (HTiQ). The good agreement of the UV-vis measurements and simula-

tions confirms accuracy of our optical constant for Fe2O3, Figure S9.

As a following step, we deposited hematite on TEC15 and compared Uv-Vis measure-

ments and simulations, Figure S9. We could not obtain good overlap with the thickness

of hematite estimated from deposition on quartz (12 nm, 500 cycles), as there was 10-15%

less transmittance in the simulated data. The reason might lie in the conformal nature of

ALD deposition of hematite on the effectively larger rough surface of TEC15 (cf. Fig. S3

) as compared to flat surface of quartz. Since the amount of deposited material is the

same but the effective area is larger, we assumed ’effective thickness’ of hematite on rough

TEC15 surface to be 8 nm instead of 12 nm (500 cycles) and we obtained more reasonable

overlap of the measured and simulated UV-Vis data, Figure S9. Also, F is difficult to

coat most probably because of it’s fluorine content and therefore the growth rate in the

first layers is not the same as on Si or quartz.

The absorptance in individual layers of the QWHTiT cell are shown on Figure S10.

Reasons why we didn’t included IPCE measurements of Ludmilla’s hematite: - doped

TiO2 underlayer makes the disagreement between magnitude of photocurrent-voltage

(EE¡SE) and IPCE for (EE¿SE). Since one should show both IV and IPCE together in

a paper, this is not suitable. Ability of the photoelectrode to convert light of various

wavelengths to electrical current is quantified in the incident photon-to-current efficiency

(IPCE), which is synonym to external quantum efficiency (EQE). IPCE couples effect

of three processes in PEC: 1) the fraction of electron–hole pairs generated per incident

photon flux (ηe−/h+), 2) charge transport to the solid–liquid interface (ηtransport), and 3)

the efficiency of interfacial charge transfer (ηinterface)
S3

IPCE(λ) = ηe−/h+ηtransportηinterface. (5)

The IPCE is typically obtained from chronoamperometry by measuring the photocur-
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Figure S9: (top) Comparison of measured (black) and fitted (red) reflectance and trans-
mittance of 12 nm ALD hematite on quartz (HTiQ). (bottom) Comparison of measured
(black) and fitted (red) reflectance and transmittance of 8 nm ALD hematite on TEC15
(HTiT).
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Figure S10: The absorptance in individual layers of the QWHTiT cell for (top) EE and
(bottom) SE illumination.
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rent jph extracted from the photoelectrode while illuminating with light power Pin

IPCE(λ) =
hc

q

jph(λ)

Pin(λ)λ
, (6)

where h = 6.626 · 10−34 J·s denotes Planck’s constant, c = 299792458 m/s is speed of

light in vacuum and q = 1.602 · 10−19 C is the electronic charge.

By isolating the optical reflection and transmission of the photoelectrode stack ηe−/h+

from the IPCE, one obtains absorbed photon-to-current efficiency (APCE), which is syn-

onym to internal quantum efficiency (IQE). APCE relates the collected photocurrent per

number of absorbed photons and gives the inherent performance of the photoelectrode

materialS3

APCE(λ) =
IPCE(λ)

ηe−/h+
= ηtransportηinterface. (7)

The traditional assumption when calculating APCE in the literature on hematiteS4–S9

is that number of electron-hole pairs generated equals number of photons absorbed and

leads to expressionS10,S11

A = − log
(
I

I0

)
, (8)

ηe−/h+ =
I0 − I
I0

= 1− 10−A, (9)

APCE(λ) =
IPCE(λ)

1− 10−A , (10)

where A is the absorbance of the electrode, I0 is the initial input light intensity and I is

the output light intensity of UV-Vis measurement. However, the internal layer structure

of the photoelectrode is disregarded during this assumption and parasitic absorption (in

the other layers of photoelectrode then hematite) is neglected. Hence, the estimated

absorbance A of the semiconductor is overestimated.

Therefore more detailed model of absorptance in the individual layers is necessary in

order to obtain accurate APCE values. Calculated APCE will shed light into largest loss

channels in the photoelectrode.

To relax the assumptions for APCE calculation above, we present here optical model
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which disentangles the parasitic absorption within the cell.

Figure S11: IPCE for SE is smaller than for EE below 350 nm because of absorption
of TEC15 (same as for BiVO4, krol p.100). Matt+Ludmilla don’t know why the IPCE
of EE(fs) is higher than SE(bs) when the current is actually higher for SE than for EE
(opposite situation). 500cycles Fe2O3=8(12) nm hematite. First compute APCE after
formula from SI,S7 second compute APCE from optical model.

Measurement of IPCE of ALD hematite.S8
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Figure S12: APCE spectra for EE or SE calculated after eq. ?? have similar profile.
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Figure S13: IPCE spectra for EE and 0.8 V vs. RHE (top) 1.0 V vs. RHE (middle) and
1.23 V vs. RHE (bottom).
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Optical loss analysis
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Figure S14: Calculated IPCEmax of hematite films for large thicknesses 10 nm to 170
nm and SE illumination.
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Figure S15: Penetration depth α−1 in hematite calculated from the extinction coefficient
in Figure 2 of the main text. For wavelengths around 300-400 nm, the penetration
depth is between ≈ 10-20 nm, which explains good absorptance of 10 nm hematite film
around 300-400 nm wavelengths, Fig. S15. For wavelengths around above 500 nm, the
penetration depth rises fast to ≈100 nm, hence we find better absorptance of hematite
above 400 nm wavelength for films thicker than 100 nm, Fig. S15.

References

(S1) Hale, G. M.; Querry, M. R. Applied Optics 1973, 12, 555.

(S2) Wenger, S.; Schmid, M.; Rothenberger, G.; Gentsch, A.; Gra?tzel, M.; Schumacher, J. O. J. Phys.

Chem. C 2011, 115, 10218–10229.

(S3) Chen, Z.; Deutsch, T. G.; Dinh, H. N.; Domen, K.; Emery, K.; Forman, A. J.; Gaillard, N.;

Garland, R.; Heske, C.; Jaramillo, T. F.; Kleiman-Shwarsctein, A.; Miller, E.; Takanabe, K.;

Turner, J. Photoelectrochemical Water Splitting ; SpringerBriefs in Energy; Springer New York,

2013; pp 7–16.

(S4) Cesar, I.; Sivula, K.; Kay, A.; Zboril, R.; Grätzel, M. J. Phys. Chem. C 2008, 113, 772–782.

(S5) Sivula, K.; Formal, F. L.; Grätzel, M. Chemistry of Materials 2009, 21, 2862–2867.

(S6) Le Formal, F.; Grätzel, M.; Sivula, K. Advanced Functional Materials 2010, 20, 1099–1107.

(S7) Hisatomi, T.; Dotan, H.; Stefik, M.; Sivula, K.; Rothschild, A.; Grätzel, M.; Mathews, N. Advanced

Materials 2012, 24, 2699–2702.

(S8) Lin, Y.; Zhou, S.; Sheehan, S. W.; Wang, D. Journal of the American Chemical Society 2011,

133, 2398–2401.

S17
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