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Abstract

Ti-doped, undoped, and Zn-doped hematite (a-Fe2Os3) thick (~1 um) films were found to be n-type, weak
n-type, and p-type, respectively. Heterogeneous doping profiles were generated in 30 nm thick hematite
stacks on F:SnO; coated glass substrates with 25 nm thick SnO; underlayers in order to investigate the
effect of different doping profiles on photoelectrochemical performance and compare with
homogenously-doped counterpart photoelectrodes. Among the homogenously-doped photoelectrodes, the
Ti-doped sample displayed the highest plateau photocurrent but also the highest onset potential, whereas
the Zn-doped one had the lowest onset potential and the lowest plateau photocurrent. Heterogeneously-
doped photoelectrodes displayed both high plateau photocurrent and low onset potential, with the highest
performance achieved for the specimen with Ti-doped, undoped and Zn-doped layers at the bottom,
center and top parts of the stack, respectively. This demonstrates the potential of heterogeneous doping

to improve the performance of hematite photoelectrodes for solar water splitting.
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The most critical bottleneck towards the technological advancement of photoelectrochemical (PEC) cells
for use in solar water splitting is the photoelectrode material, which must meet the requirements of being
inexpensive, efficient, robust, and stable for water photoelectrolysis. One of the most promising materials for
use as a photoanode for water splitting is hematite (o-Fe-Os) due to its vast abundance, low cost, light absorption
characteristics and stability in the conditions needed for water oxidation.! Indeed, a reported working stability

of at least 1000 hours has very recently been reported.? But hematite photoanodes also display some prominent
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disadvantages that are thought to arise from low electron mobility (~0.1 cm?V1s?)3*4 and short lifetime (~100
ps)® and diffusion length (~2-5 nm)*® of photo-generated minority charge carriers, i.e., holes. This results in massive
bulk recombination that reduces the photocurrent. Undoped hematite is highly resistive’ and therefore hematite
photoanodes are usually doped with donors such as Sn, Si or Ti in order to increase their conductivity.® Another
reason for doping hematite photoanodes is in order to enhance the photovoltage. However, a high doping level
often reduces the lifetime of minority charge carriers due to enhanced recombination with majority charge
carriers.® This gives rise to a dilemma as to the optimal doping strategy for high performance hematite
photoanodes.

This work explores heterogeneous doping as a means to improve the performance of hematite
photoelectrodes. Our approach is inspired by PV devices such as amorphous Si solar cells,*® wherein p-i-n
stacks are often employed in order to achieve optimal light harvesting and charge generation with minimal
recombination in the low-doped (i) layer, and charge separation through selective collection of electrons in the
donor-doped (n) layer and holes in the acceptor-doped (p) layer.!* Another approach is to employ graded doping
profiles which has shown promising results in W-doped BiVO4 photoanodes.'? For hematite-based water
splitting, n-Fe,O3/p-NiO and n-Fe,Os/p-CaFe;O4 heterojunction photoelectrodes have exhibited improved
efficiencies.’®* Lin et al. investigated homojunction hematite photoelectrodes, where p-type Mg-doped Fe,Os;
was deposited on top of n-type Fe,O3; by atomic layer deposition (ALD), resulting in a reduction of the the onset
potential by approximately 200 mV.® Here, we study heterogeneous doping profiles in thin film hematite
photoelectrodes on F:SnO; (FTO) coated glass substrates with an SnO; underlayer. All the films were deposited
by pulsed laser deposition (PLD), which is known for precise stoichiometry transfer from target to film as well
as excellent structural and thickness control and high reproducibility.® Thus, PLD is a powerful tool for this
study, as demonstrated in another study in which we compared different dopants in thin film hematite
photoanodes.® First, homogenous Ti-doped, undoped, and Zn-doped thick (~1 um) films were identified with
conclusive evidence to be n-type, weak n-type, and p-type semiconductors, respectively, and are thus termed
n, i (intrinsic), and p throughout this work. Subsequently, thin (30 nm) film photoelectrodes with homogeneous
or heterogeneous doping profiles were investigated, are shown in Figure 1. We show that using a combination
of these layers in order to create heterogeneous doping profiles, especially a p-i-n stack, can significantly

improve the photoelectrochemical performance.
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Figure 1. Thin film hematite photoelectrode configurations investigated in this work: (a) Homogeneously Ti-doped
(~1 cation%) hematite film; (b) Undoped hematite film; (c) Homogeneously Zn-doped (~1 cation%) hematite film;

(d) Heterogeneously doped i-n stack; (e) Heterogeneously doped p-i stack; and (f) Heterogeneously doped p-i-n stack.

All 6 photoelectrodes that were studied here were comprised of a 30 nm thick stack of hematite films with
either homogeneous or heterogeneous doping profiles, as illustrated in Figure 1. The hematite stacks were
deposited on FTO-coated glass substrates with 25 nm thick undoped SnO; underlayers. The hematite and SnO,
films were deposited by PLD. Figure S1 presents a photograph of the photoelectrodes. The microstructure and
crystallinity of the films was examined by HRSEM and XRD, and all of the photoelectrodes displayed
polycrystalline morphology, with hematite Bragg reflections superimposed on the SnO; reflections from the
substrate (see Figures S2 and S3). Transmittance (T) and reflectance (R) spectra of the photoelectrodes were
measured using a spectrophotometer equipped with an integrating sphere, and the absorptance (A) was
calculated using A =1 — T — R. Figure 2 presents the absorptance spectra of all of the photoelectrodes. There
are some differences in the absorptance spectra of different photoelectrodes but they are too small to account
for the differences in the PEC performance of the respective photoelectrodes.
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Figure 2. Absorptance spectra of all of the thin film photoelectrodes.

The absorbed photocurrent density, Jans, was calculated using:

590nm
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where g is the electron charge, @ is the irradiance spectrum (expressed in units of photon flux,

photons/cm?/s/nm) of the light source that was used for the PEC measurements (see Figure S4), and Aw is the

absorptance spectrum of the respective specimen (from Figure 2). Equation (1) assumes that all the photons in
this wavelength range were absorbed in the hematite stack, ignoring wasted absorption elsewhere in the
specimen. Thus, it provides an upper limit estimation of Jass. Table 1 lists the calculated values of Japs for the

photoelectrodes from Figure 2. They are within +12% of the average Japs for all of the specimens.
Table 1. Calculated Japs for the thin film photoelectrodes in Figure 1.

Ti-doped  Undoped Zn-doped

Sample ) Q) ®) p-i-n p-i i-n
(mi??;st) 4.1 3.4 4.3 3.7 3.9 3.9

As a preliminary step towards the investigation of heterogeneous doping profiles in thin film photoelectrodes,
the effect of different dopants in homogenously-doped thick films was examined. According to the defect chemistry
of Fe(l11),03, Zn(I1) is expected to be an acceptor and Ti(1V) a donor.}” Undoped hematite is expected to be slightly

n-type due to oxygen vacancies. In order to confirm these expectations, surface photovoltage (SPV) measurements
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were performed to determine the conductivity type (n- or p-type) of Ti-doped, Zn-doped and undoped thick (~1 um)
hematite films deposited on FTO without an SnO, underlayer. Figure 3(a) shows the contact potential difference
(CPD), i.e., the difference between the work functions of the sample and the probe tip, in the dark and under
illumination. The work function of semiconductors depends on their electron affinity, the position of the Fermi
energy within the band gap, and the band bending at the surface. The surface band bending is typically positive
(upward) for n-type semiconductors and negative (downward) of p-type semiconductors, thereby increasing or
decreasing the work function, respectively.® Without knowledge of the band bending values, CPD measurements
in the dark cannot indicate the relative doping levels of different specimens. The response of the CPD to illumination,
i.e., the surface photovoltage (SPV), can be understood by referring to Figure 3(b), which shows hypothetical band
diagrams of weak n-type, n-type and p-type semiconductors. Upon illumination, photo-generated charge carriers
will redistribute towards or away from the surface, in such a way as to reduce the magnitude of the surface charge,
and hence the band bending. Therefore, since the undoped and Ti-doped hematite specimens display a negative
change in the CPD under illumination, they are n-type semiconductors, whilst the Zn-doped sample displays the
opposite effect, indicating p-type behavior.!® The magnitude of the SPV must be interpreted with caution.!® Higher
doping levels exhibit smaller band bending for the same amount of surface charge,??! which would seem to be
consistent with the much larger SPV observed for the undoped sample as compared to the Ti-doped sample. On the
other hand, doped samples are predicted to have a higher adsorption of charged molecules on the surface,?? which
would impact the band bending in the opposite way. Resistance measurements indicate low carrier concentration
for the undoped sample, so we can conclude that it is weak n-type, and will henceforth refer to it as an intrinsic (i)
semiconductor, in analogy to p-i-n thin film solar cells.
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Figure 3. (a) Surface photovoltage measurements of homogeneously-doped and undoped hematite thick films upon

illumination with white light between t = 0 and 60 min. (b) Hypothetical band diagram for weak n-type (left), n-type

(middle), and p-type (right) semiconductors in dark (solid lines) and under illumination (dashed lines). The solid and

dashed vertical arrows represent the work function in the dark and under illumination, respectively. For simplicity the

SPV was arbitrarily assumed to be 60% of the band bending in all cases, and possible surface dipoles are not accounted

for. Ei, Ec, Er, and Ev denote the local vacuum level, conduction band edge, Fermi energy and valence band edge,
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respectively.

To complement the SPV measurements and measure the majority carrier concentration and mobility, Hall effect
measurements were carried out for ~140 nm thick hematite epilayers deposited on single crystal (0001) sapphire
substrates in order to avoid spurious grain boundary effects.?® The films were deposited from the same targets from
which the respective photoelectrodes were prepared, therefore it is safe to assume that the intrinsic bulk behavior of
the hematite films would be similar in both cases. In agreement with the SPV results, the Hall effect measurements
show that the Zn-doped hematite film displays p-type behavior whereas the Ti-doped film exhibits an n-type
behavior. The charge carrier (hole) concentration and Hall mobility in the Zn-doped hematite film were 2.0x10%
cm? and 6.1 cm?Vis?t respectively, whereas the Ti-doped hematite film had a charge carrier (electron)
concentration of 4.6x10® cm and Hall mobility of 0.1 cm?V-!s, The resistance of the undoped hematite film was
too high for a Hall effect measurement. The charge carrier concentration and Hall mobility of our Ti-doped hematite
film are similar to values reported previously for Ti-doped hematite films deposited by molecular beam epitaxy
(MBE).?* As far as we know, no Hall effect data were reported for p-type hematite. The carrier concentration in our
films is 4 orders of magnitude lower for the p-type Zn-doped hematite film as compared to the n-type Ti-doped film,
and the hole mobility is found to be almost two orders of magnitude larger than the electron mobility. The hole
concentration in our Zn-doped thick film is lower by one or two orders of magnitude compared to previous reports
on Mg-doped hematite photoelectrodes.’> It is noteworthy that there is some dispute as to whether the mobility
and carrier concentration values extracted from Hall effect measurements are accurate for small-polaron
conductors.?® Nevertheless, the Hall effect measurements confirm the assignment of n- and p-type behavior to the
Ti- and Zn-doped hematite films, respectively. Further evidence for the assignment of weak n-type, n-type and p-
type conductivities to the undoped, Ti-doped and Zn-doped thick (~1 um) hematite films on FTO-coated glass
substrates was obtained by Mott-Schottky analysis of capacitance vs. potential measurements, see Figure S5. The
Ti-doped specimen displays linear Mott-Schottky plots at different frequencies, but the Zn-doped and undoped
specimens display curved plots that cannot be analyzed quantitatively without an elaborate physical model.
Nevertheless, the sign of the slopes corresponds to n-type, p-type and n-type semiconductors for the Ti-doped, Zn-

doped and undoped specimens, respectively.

The photoelectrochemical performance of all of the thin (30 nm) film photoelectrodes was examined by
voltammetry measurements in the dark and under solar-simulated light. The results are shown in Figure 4. Figure
4a shows the photocurrent, Johoto, Obtained by subtracting the dark current from the current measured under solar-
simulated light (see Figure S6), as a function of the applied potential. The photocurrent in Figure 4a was measured
in alkaline aqueous electrolyte solution (1 M NaOH in deionized water) with no sacrificial reagents. Figure 4b shows
the photocurrent obtained with a hole scavenger (H2O2, 0.5 M) in the alkaline solution (1 M NaOH in deionized
water). Interestingly, the Zn-doped hematite photoelectrode displayed an ambipolar response with relatively high
photoanodic currents at potentials above 0.8 Vrye and low photocathodic currents below 0.8 Vrhe, See Figure S7.
A thick (=1 um) film counterpart photoelectrode of the same structure and composition displayed only
photocathodic currents, without photoanodic currents (see Figure S8), as expected for a p-type photoelectrode. Thus,
the photoanodic response of the thin film Zn-doped hematite photoelectrode suggests that the conductivity type was
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inverted from p-type to n-type, probably due to electron injection from the FTO current collector electrode. A similar
p-type to n-type inversion was observed in Fe-doped SrTiOs thin films on Nb-doped SrTiOs (n-type) substrates, as
reported elsewhere.?” Domen et al. reported a similar effect in LasTi,CuSsO; photoelectrodes that displayed
ambipolar photocurrents depending on the current collector electrode on which they were deposited.?
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Figure 4. Photocurrent-potential (Jonoto-U) voltammograms measured in aqueous alkaline electrolyte solution (1M

NaOH in deionized water); (a) without sacrificial reagents, and (b) with a hole scavenger (0.5M H20,).

Of all the photoelectrodes in this study, the Zn-doped one (red curve) displayed the lowest onset potential,
but also the lowest plateau photocurrent at high potentials (> 1.4 Vgue). For the homogenously-doped
photoelectrodes the trends are clear: going from Zn-doped, to undoped to Ti-doped films increases the onset
potential and increases the plateau photocurrent. Keeping in mind that it is desired to have both low onset
potential and high photocurrent, the results in Figure 4(a) show that both of these merits are difficult to achieve
simultaneously in homogenously-doped hematite photoelectrodes because one comes at the expense of the
other. However, the dilemma between low potential and high photocurrent can be resolved by going from
homogenous to heterogeneous doping. Thus, the p-i-n stack (green curve) reaches high photocurrent (> 1
mA/cm? at 1.6 Vrue) and has a rather low onset potential of 1.05 Vrwe, Which is in between the lowest onset
potential that was achieved by the Zn-doped photoelectrode (0.95 Vrue) and the highest onset potential that
was achieved by the Ti-doped photoelectrode (1.15 Vrwe). On top of having the best compromise between high
photocurrent and low potential, the p-i-n stack also displays a high fill factor which is shown by the steep rise
of the photocurrent. The absorbed photon to current efficiency (APCE = Jpnoto / Jans) Was calculated using the
Jphoto Values at 1.48 Vrye (Figure 4a) and Jans vValues from Table 1, and the results are presented in Table 2. The
p-i-n stack reached an APCE of 26% at 1.48 Vrue, placing it among the most efficient thin film hematite
photoelectrodes reported to date?® with respect to the internal quantum efficiency (IQE), i.e., the ability to
convert absorbed photons to photocurrent. This shows, indirectly, the superior charge separation and collection

efficiency of the heterogeneously-doped stacks, especially the p-i-n one.



Table 2. APCE at 1.48 V RHE.

Sample Ti-doped  Undoped Zn-doped p-i-n p-i i-n
APCE 18.3% 18.5% 12.5% 26% 14.8% 21.6%

To confirm this indirect observation more directly, we carried out complementary voltammetry
measurements in the presence of a hole scavenger (H.0O>) in the electrolyte solution. As reported elsewhere,
these measurements enable probing the photoelectrochemical properties of hematite photoelectrodes without
the added complexity of the four-electron water oxidation reaction.®® The results are presented in Figure 4(b),
showing the photocurrent vs. potential curves in the presence of the hole scavenger (0.5 M H,0, and 1 M NaOH
in deionized water). One can see two types of behavior: one for all the stacks containing a Ti-doped (n-type)
hematite layer (green, grey and blue curves), and another one for all the other stacks without it (red, yellow and
black curves). The former group of photoelectrodes displays a steep rise in the H,O photocurrent as a function
of the applied bias, and the latter one shows slow rise that saturates at high potentials. This is an interesting
observation that requires further investigation in order to understand the underlying physics. As expected, the
p-i-n stack displays the highest H,O, photocurrent from all the photoelectrodes. This is also the case after
normalizing the H,O, photocurrent by Jas (from Table 1, see Figure S9). This result confirms the superior
charge separation and collection efficiency of the p-i-n stack with respect to all the other photoelectrodes that

were studied here.

To compare the PEC performance benchmarks from Figure 4(a), the photoelectrodes are ranked in the
following order from best to worst in terms of the onset potential: Zn-doped film > p-i stack > p-i-n stack >
undoped film > i-n stack > Ti-doped film. The results suggest that having a Zn-doped hematite layer at the
front interface with the agqueous electrolyte solution significantly reduces the onset potential. This suggests that
this layer suppresses the surface recombination between electrons and holes. However, in terms of the plateau
photocurrent achieved at 1.48 Vrwe, the photoelectrodes are ranked as follows: p-i-n stack > i-n stack > Ti-
doped film > undoped film > p-i stack > Zn-doped film, suggesting that having a Ti-doped hematite layer at
the back interface increases the photocurrent at high potentials where the barrier for charge transfer from the
photoelectrode to the electrolyte is small. This implies a good contact between Ti-doped (n-type) hematite and
the SnO./FTO current collector. Indeed, Ti-doped hematite was previously found to exhibit ohmic behavior
with FTO whereas the contact with undoped hematite displayed non-ohmic behavior.3® Another beneficial
effect of having an n-type layer at the backside of the stack is that it serves as a selective filter for electrons,
thereby enhancing the charge carrier separation within the stack.** Likewise, a p-type layer at the front side of
the stack serves as a selective filter for holes. Thus, the p-i-n stack achieved the highest plateau photocurrent
of all the photoelectrodes examined in this study by inducing an assymetry for charge transport through the

stack.

In summary, Ti-doped, undoped and Zn-doped hematite thick films were found to display characteristics
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of n-type, weak n-type and p-type semiconductors, respectivly. The Ti-doped thin film hematite photoelectrode
dispalyed the highest plateau photocurrent at high potentials but also the highest onset potential, whereas the
Zn-doped counterpart photoelectrode dispalyed the opposite behavior with the lowest onset potential but also
the lowest plateau photocurrent of all the photoanodes examined here. This shows that for homogenously-
doped hematite photoelectrodes there is a trade-off between photocurrent and potential. This trade-off can be
resolved by going from homogenous to heterogenous doping profiles, as demonstrated by the Zn-doped /
undoped / Ti-doped (p-i-n) stack, that achived the highest plateau photocurrent and one of the lowest onset
potential of all the photoelectrodes examined in this study. This work shows that heterogeneous doping profiles
can significantly improve the performance of thin film hematite photoelectrodes, similarly to other thin film

photovoltaic devices such as amorphous Si PV cells with p-i-n structure.

ASSOCIATED CONTENT

Experimental Methods
Photoelectrode fabrication. Thin film hematite photoelectrodes were prepared by depositing 30 nm thick

hematite stacks and 25 nm thick SnO. underlays on fluorinated tin oxide (FTO) coated soda-lime glass
substrates (TEC 15, Pilkington, Tokyo, Japan). The hematite and SnO- films were deposited by pulsed laser
deposition (PLD) system using a turn-key 2" PLD Workstation (Surface Systems & Technology, GmbH)
equipped with a KrF (A = 248 nm) excimer laser (COMPexPro 102, Coherent). The SnO, underlayer was
deposited prior to the hematite deposition using 400 laser pulses (~25 nm) and a substrate to target distance of
75 mm. Subsequently, the hematite films were deposited using 5000 laser pulses and a substrate to target
distance of 70 mm. The laser repetition rate was 3 Hz and the heater set point was 500°C which corresponds to
a substrate temperature of approximately 450°C. At this temperature Sn diffusion from the substrate into the
hematite film is negligible, as reported elsewhere.®? All depositions were carried out in an O, gas atmosphere
at a constant pressure of 25 mTorr. The TEC15 substrates were cut to 15 mm x 30 mm pieces and cleaned with
isopropanol and deionized water prior to the deposition process. The films were deposited from targets
produced by solid state reaction route using high purity (99.99% Alfa Aesar) powders of the base (binary)
oxides: Fe;0s, TiO2, and ZnO. The based powders were weighted and mixed to achieve the desired
stoichiometry (undoped Fe;O3; and Fe,O3; doped with 1 cation% of Ti or Zn). The mixture was ball-milled,
pressed, and sintered in air at 1200°C, yielding 1” disk-shaped pellets. The chemical composition of the targets
were examined by EDS, confirming the expected composition with nearly 1 cation% Ti or Zn, as reported

elsewhere.

Microstructural characterizations. The crystallinity and phase composition of the photoelectrodes was
examined by grazing incident X-ray diffraction (GIXRD), using a Rigaku SmartLab diffractometer. The
acquisition conditions were parallel beam configuration with Cu Ka radiation in the 26 range of 20-75° at a
scan rate of 0.01° s™X. The results, presented in Figure S2, show Bragg reflections of the a-Fe.Oz hematite and

SnO; rutile phases, with no other phases detected. The crystalline domain size was evaluated by applying the



Scherrer equation to the peak broadening of the hematite (110) Bragg reflections (Table S1). The surface
morphology of the photoanodes was examined by high-resolution scanning electron microscopy (HRSEM)
using a Zeiss Ultra Plus filed-emission HRSEM. Exemplary micrographs taken at a magnification of 100000,
working distance of 3.3 mm and electron acceleration voltage of 4 kV as presented in Figure S3, showing
similar surface morphology for all the specimens.

Electrical, electrochemical and optical characterizations. In order to determine the conductivity type of the
doped and undoped hematite films, surface photovoltage measurements were carried out (in ambient
conditions) using a Kelvin probe (KP Technologies) with a 5 mm Ti tip and white light source. To that end,
Ti-doped, Zn-doped and undoped hematite thick films were deposited directly on TEC15 substrates without
SnO; underlayers and using 200,000 pulses instead of 5000 pulses for the thin film photoelectrodes. This was
done in order to reduce the effect of the back contact. To measure the majority carrier concentration and
mobility, Hall effect measurements were carried out for heteroepitaxial hematite films (doped with Ti or Zn, 1
cation%) that were deposited directly on c-plane sapphire substrates, as reported elsewhere.?® This was done to
avoid spurious grain boundary effects. The undoped specimen could not be measured due to its high resistance.
The films were fitted with indium point contacts at the corners, and 4-point-probe (4PP) conductivity
measurements were carried out using KEITHLEY 2635 SourceMeter and KEITHLEY 6514 electrometer and
a 1 T magnet. Capacitance vs. potential measurements were carried out on Ti-doped, Zn-doped and undoped
thick (~1 um) film photoelectrodes. The measurements were carried out in alkaline aqueous electrolyte
solutions (1 M NaOH in deionized water) without sacrificial reagents. The results are presented in Figure S5.
Optical reflection and transmission spectra were measured using a spectrophotometer (Agilent Cary 5000)

equipped with an integrating sphere.

Photoelectrochemical measurements. The photoelectrochemical performance of the thin film photoelectrodes
was examined by three electrode voltammetry measurements with the photoanode serving as the working
electrode and a platinum wire as the counter electrode. An Ag/AgCl electrode in saturated KCI solution served
as the reference electrode. The photoelectrochemical measurements were carried out in alkaline aqueous
electrolyte solutions (1 M NaOH in deionized water) without sacrificial reagents (Figure 4a). Complementary
measurements (Figure 4b) were carried out with a hole scavenger (0.5 M H,0) added to the 1 M NaOH
solution. Current versus potential (J-U) linear sweep voltammograms were acquired both in the dark and in
front light illumination (from the film side) using a solar simulator (ABET Technologies Sun 3000 class AAA

solar simulator). The irradiance spectrum of the solar simulator is presented in Figure S4.
Supporting Information

Photograph of the thin film hematite photoelectrodes; Grazing incident X-ray diffraction (GIXRD) patterns and
HRSEM micrographs of the photoelectrodes; Irradiance spectrum of the solar simulator; Mott-Schottky plots
of thick (~1 um) film hematite photoelectrodes; Dark, light and chopped-light voltammograms of thin (30 nm)
and thick (~1 um) film Zn-doped hematite photoelectrodes; Dark and light voltammograms and (APCE) vs.

potential curves of thin (30 nm) film hematite photoelectrodes with different doping profiles; Crystalline
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domain size of the thin film hematite photoelectrodes; and Hall effect data for ~140 nm thick epitaxial hematite

films doped with Ti or Zn.
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