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ABSTRACT: Mg-doped hematite (α-Fe2O3) was synthe-
sized by atomic layer deposition (ALD). The resulting
material was identified as p-type with a hole concentration
of ca. 1.7 × 1015 cm−3. When grown on n-type hematite,
the p-type layer was found to create a built-in field that
could be used to assist photoelectrochemical water
splitting reactions. A nominal 200 mV turn-on voltage
shift toward the cathodic direction was measured, which is
comparable to what has been measured using water
oxidation catalysts. This result suggests that it is possible to
achieve desired energetics for solar water splitting directly
on metal oxides through advanced material preparations.
Similar approaches may be used to mitigate problems
caused by energy mismatch between water redox
potentials and the band edges of hematite and many
other low-cost metal oxides, enabling practical solar water
splitting as a means for solar energy storage.

Solar water splitting harvests the energy in sunlight and
stores it in chemical forms, promising a solution to the

challenge associated with the diurnal nature of solar energy.1

For the technology to be economically competitive, we need
nontoxic materials that are earth abundant and capable of
performing the reactions at high efficiencies.2 Among examined
candidates, hematite (α-Fe2O3) stands out for its suitable band
gap, stability, and abundance.3 Notwithstanding its appeals,
hematite presents significant challenges as well. For example, its
hole diffusion distance is on the order of a few nanometers
(nm), greatly limiting the efficiency of charge collection.4 To
address this issue, researchers have proposed and demonstrated
methods such as doping or introducing additional charge
transport components.5 Slow charge transfer kinetics at the
solid−electrolyte interface is another challenge one needs to
overcome for high efficiencies. Catalysts of various natures have
been shown as potential solutions to this issue if deposited
properly on the surface of hematite.6 Yet, a fundamental
challenge of hematite, the significant mismatch between the
band edge positions and the water reduction and oxidation
potentials, has received little attention.7 This mismatch will
have at least two important implications. First, with the
conduction band edge more positive than the potential at
which H2O is reduced to H2, complete water splitting cannot
be achieved without applied biases. Second, the valence band
edge is too positive to permit the measurement of high

photovoltage for the oxidation of H2O to O2, limiting the
practical power conversion efficiencies.
In principle, the energy mismatch problem can be solved by

forming junctions within the semiconductors.8 For instance,
Turner et al. have measured record-high solar water splitting
efficiency on devices made of GaAs and GaInP2 junctions;8b

more recently, Nocera et al. achieved complete water splitting
using triple junctions of amorphous Si.8c Being able to apply
similar approaches to hematite or other low-cost semi-
conducting metal oxides should have significant value because
it has the potential to solve a key challenge of these otherwise
attractive materials. Energy diagrams of such a system are
schematically illustrated in Figure 1a,b on a simplistic planar
geometry (with illumination). For a system in vacuum, one can
measure a photovoltage up to Vph when an n−p junction exists.
In the absence of p-type coating, no photovoltage is expected
from n-type hematite. When in contact with H2O, however, a
significant surface potential due to surface adsorption can build
up on the surface of n-type hematite. This potential allows for
the measurement of a photovoltage of Vph′. As such, for
hematite in contact with H2O, the difference between Vph and
Vph′ (ΔVph = Vph − Vph′) would be what one gains by forming a
buried n−p junction. Here, we show that even without
optimization, this difference is substantial, on the order of
hundreds of millivolts (mV), comparable to the effect exhibited
by catalysts.
Although p-type hematite has been studied previously,9 a

synthesis to enable the construction of high quality n−p
junctions was absent in the literature. Our first task was
therefore to correct this deficiency. We sought to realize this
goal using atomic layer deposition (ALD) for two reasons.
First, ALD is known to permit the growth of hetero- or homo-
junctions with low defect densities.10 Second, the excellent
conformability offered by ALD makes it possible to form
nanostructures of hematite, which can be further exploited for
charge transport management, as has been recently demon-
strated by us.11 We used bis(ethylcyclopentadienyl) magnesium
as the Mg precursor,12 and the precursor for Fe was iron tert-
butoxide.13 For a typical growth, the Mg precursor was
introduced once every 5 cycles of repeated pulses of Fe
precursors and H2O. A 20 nm thick film was produced by 400
cycles of deposition (measured by Fe precursor pulses),
resulting in a Mg concentration of ca. 3% (Figure 1c). Other
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variants of parameters have been studied as well, and the details
are provided in the Supporting Information (SI). Importantly,
the introduction of Mg to the growth did not alter the crystal
structure or morphology of ALD-grown Fe2O3 (Figure S1 in
SI), ruling out possibilities that these factors may play a role in
the photoelectrochemical effects to be discussed below.
We performed a series of experiments, including photo-

electrochemical (PEC) characterizations and electrochemical
impedance measurements, to verify that the Mg-doped
hematite was indeed p-type. The optical absorption was
characteristic of hematite without intentional doping (inher-
ently n-type), proving that the inclusion of Mg did not change
the optical properties of hematite measurably (Figure S3 in SI).
A cathodic current was measured when Mg-doped hematite
was measured under illumination (Figure 2a). In the absence of
electron scavengers, the cathodic current was due to O2
reduction. By contrast, cathodic currents were not observed
under similar measurement conditions by n-type Fe2O3. The
most direct evidence that the film is p-type comes from the
negative slope obtained when the capacitance was plotted
against the applied potentials (Mott−Schottky plot, Figure 2b),
from which a hole concentration of 1.7 × 1015 cm−3 was
calculated. Extrapolation of the Mott−Schottky plot also
yielded a flat band potential (Vfb) of 1.24 V versus RHE

(reversible hydrogen electrode; all potentials henceforward are
relative to RHE unless noted), which is significantly more
positive than that of nonintentionally doped hematite
synthesized by ALD in our lab (0.67 V),11d indicating a
considerable shift of the Fermi level toward the valence band
edge.
Next we sought to form n−p junctions by directly growing

Mg-doped Fe2O3 (5 nm) on iron oxide without intentional
doping (20 nm), which is inherently n-type due to O vacancies.
Microstructure studies proved that the resulting film was of a
polycrystalline nature. It is important to note that no grain
boundary was observed between p- and n-type Fe2O3 (Figure
1c). We therefore conclude that the growth of p-type Fe2O3
does not introduce additional structural defects. PEC measure-
ments revealed a stark difference in the turn-on characteristics
between Fe2O3 with and without the p-type coating, as shown
in Figure 3a. While no significant photocurrent was detected

below 1 V for n-type Fe2O3, with Mg−Fe2O3 coating it
exhibited a turn-on voltage of ca. 0.8 V, representing a −0.2 V
shift. The incident photon to charge conversion efficiencies
(IPCE) were also recorded at 1 V applied potential to verify
this effect (Figure 3b). The reduction of required bias is
significant because it is comparable to what has been achieved
by improving charge transfer through additions of catalysts.6b,d

Several other competing mechanisms might be used to
explain the observed difference. For instance, Gratzel and Sivula
et al. have recently shown that deposition of oxides on the
surface of Fe2O3 could introduce a “passivation” effect.14 We
ruled out this possibility by control experiments where the

Figure 1. Energy band diagrams and microstructures of hematite with
a p-type coating. (a) The introduction of a p-type layer creates a built-
in field that does not depend on surface adsorptions, allowing for the
measurement of a more substantial photovoltage (Vph). The device
structure is schematically illustrated on top. (b) In comparison,
although a built-in field can also be achieved on n-type hematite, its
depth and magnitude are sensitive to the nature of the electrolyte. (c)
Cross-sectional transmission electron micrograph (TEM) of the n−p
junction. Inset: line-scan of energy dispersive spectra (EDS) of various
elements across the film. See SI for an overall EDS survey scan on p-
type only Fe2O3.

Figure 2. Characterizations of Mg-doped hematite (20 nm in
thickness). (a) A cathodic current was measured under illumination.
The measurements were carried out in 1 M KOH solution; (b) Mott−
Schottky plot (in 1 M KOH).

Figure 3. Photoelectrochemical characterizations of n-type Fe2O3 with
and without p-type coating (total thickness: 25 nm). (a) A significant
reduction of the turn-on voltage was observed on the sample with p-
Fe2O3. Data measured under 1 Sun conditions (100 mW/cm2, AM 1.5
G). Dark currents shown in dashed lines. (b) IPCE characteristics of
these samples at 1 V.
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surface of Fe2O3 was coated with a thin layer of MgO. The
resulting material showed poorer PEC performance than bare
Fe2O3 (Figure S5). Another factor to consider was the total film
thickness (20 nm for bare Fe2O3 and 25 nm for that with Mg-
doped Fe2O3), which may influence PEC behavior. To examine
this possibility, we grew an additional 5 nm n-Fe2O3 on top of a
20 nm thick pregrown n-type sample, producing a total
thickness of 25 nm. The growth procedure was identical to the
two-step growth of n−p junction samples. Different from
samples with n−p junctions, however, the 25 nm-thick film did
not exhibit the cathodic shift (Figure S6). Lastly, one can
envision that if the sequence of the p- and n-Fe2O3 layers was
reversed, that is, coating n-type Fe2O3 on top of the p-type one,
a trap would be created by the p-type layer to compete with
surface H2O in receiving photogenerated holes. Indeed, this
hypothesis was in agreement with our experimental observa-
tions, wherein anodic photocurrent was greatly reduced (Figure
S7). Taken as a whole, this evidence supports that the
mechanism we hypothesized in Figure 1 is reasonable and
explains the measured turn-on voltage shift.
Because of the thinness of films studied here, the band

diagrams presented in Figure 1 may need refinements for more
quantitative discussions. However, any modifications will
unlikely change the consideration about improved solar water
splitting on a fundamental level. In essence, the concept we
proved was that the existence of the n−p junction within Fe2O3
leads to changes of photocurrents toward the cathodic
direction. At least two experiments can be used to help
visualize the existence of this junction. The first one is based on
the assumption that the capacitance of the junction can be
measured by electrochemical impedance spectroscopy (EIS). In
the Nyquist plots shown in Figure 4a, a semicircle was obtained

on n-Fe2O3. We attributed its origin to the depletion of Fe2O3
due to the contact with the electrolyte but not the Helmholtz
double layer because of the frequency range (peaking at ca. 46
Hz) within which it was measured. In contrast, two semicircles
were observed on Fe2O3 with the n−p junction, one in the
frequency range (peaking at ca. 31 Hz) similar to that of n-
Fe2O3, the other in the high frequency range (peaking at ca. 10
kHz), which we attributed to the n−p junction. Because the
measurements were performed in dark, the system impedance
was dominated by charge transfer at potentials below 1.6 V, and
that was why we obtained the plots in Figure 4a at 1.7 V.

The second technique to help us see the existence of the
built-in field relies on how the field affects charge behaviors.
Under illumination, this field facilitates charge separation;
conversely, under transient conditions when the illumination is
stopped, the junction should be a preferable site for
photogenerated electrons and holes to recombine. As such,
one would expect accelerated open circuit voltage (Voc) decay
when illumination is removed. This was indeed observed.
Shown in Figure 4b are the comparison between p-, n-, and n−
p Fe2O3. That a negative change of the open circuit voltage was
observed upon removing illumination from Mg-doped Fe2O3
further supports that we have successfully obtained p-type
Fe2O3. Also note that the nature of the n-p Fe2O3 behavior is
similar to n-Fe2O3 for two reasons: the film is predominantly n-
type with a thin p-type coating, and the measurement
conditions favor hole transfer to the solution. Using the
methodology developed by Bisquert et al.,15 we see in the inset
the open circuit voltage decay for n−p Fe2O3 is faster than n-
Fe2O3 by at least an order of magnitude. The fast decay kinetics
is indicative of insignificant charge trapping when illuminated
and, hence, effective charge separation under water splitting
conditions. We also emphasize that the lower bound of the time
constant (∼100 ms) is limited by our apparatus. The process
likely takes place on a faster time scale.
Building internal fields by the introduction of homojunctions

buried in a semiconductor through doping control has been a
classical approach for the construction of electronic devices and
solar cells. However, this concept has not been previously
demonstrated on semiconducting metal oxides consisting of
earth abundant elements such as hematite. An important reason
for this deficiency is the lack of growth control. The advantage
as illustrated in Figure 1 will diminish if the synthesis method is
prone to produce defects between the p- and n-type layers. We
have shown that ALD is a technique that has the potential to
correct the deficiency. Through growth control, we successfully
produced n−p junctions within Fe2O3. Importantly, no obvious
structural defects between p- and n-type Fe2O3 were observed.
As a result, a ca. 200 mV turn-on voltage shift toward the
cathodic direction was observed. The magnitude is comparable
to what has been reported by using water oxidation catalysts,
although the latter functions through a fundamentally different
mechanism of overpotential reduction.
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