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Excitation-wavelength-dependent small polaron
trapping of photoexcited carriers in o-Fe,0;

Lucas M. Carneiro"?", Scott K. Cushing"?", Chong Liu™, Yude Su', Peidong Yang"345,

A. Paul Alivisatos'3*° and Stephen R. Leone’%%*

Small polaron formation is known to limit ground-state mobilities in metal oxide photocatalysts. However, the role of small
polaron formation in the photoexcited state and how this affects the photoconversion efficiency has yet to be determined.
Here, transient femtosecond extreme-ultraviolet measurements suggest that small polaron localization is responsible for
the ultrafast trapping of photoexcited carriers in haematite (0-Fe,0;). Small polaron formation is evidenced by a sub-100 fs
splitting of the Fe 3p core orbitals in the Fe M, ; edge. The small polaron formation kinetics reproduces the triple-exponential
relaxation frequently attributed to trap states. However, the measured spectral signature resembles only the spectral
predictions of a small polaron and not the pre-edge features expected for mid-gap trap states. The small polaron formation
probability, hopping radius and lifetime varies with excitation wavelength, decreasing with increasing energy in the t,,
conduction band. The excitation-wavelength-dependent localization of carriers by small polaron formation is potentially a

limiting factor in haematite's photoconversion efficiency.

etal oxide semiconductors are promising materials for
I\/\ use in solar water splitting and artificial photosynthesis.

In particular, haematite (0-Fe,O;) is an Earth-abundant
semiconductor that has a visible-light bandgap in the optimal 2 eV
range and is photostable, making it an ideal candidate' . However,
the lifetime of photoexcited carriers in haematite is picoseconds,
not the milliseconds needed to drive water oxidation* ™. Short
carrier recombination lifetimes in haematite are usually assigned
to surface and mid-gap trap states*'’. Doping, nanostructuring,
surface modifications and co-catalysts have been used to alleviate
the mobility, lifetime and kinetics issues'™>"'"". However, even
when trap states have been passivated, haematite’s overpotential
and poor fill factor issues are not fully overcome'“'>. Even the
best performing haematite electrodes are still at-one third of their
potential efficiency'.

This discrepancy in performance has recently been attributed to
haematite’s small polaron-limited, minority carrier conduction®**.
When an excess charge is added to an Fe centre, the electron—
optical phonon interaction causes the lattice to expand, self-
trapping the carrier''. For transport to occur, phonon motion
must bring two Fe centres in proximity, giving the charge carrier
a finite probability to hop between atoms. Similar to a mid-gap
or surface trap state, the small polaron acts to localize the carrier
to a specific site until sufficient thermal energy is present for
conduction”. Given that polaron formation is accelerated at
defect sites, small polaron formation also acts to trap mobile carriers
at recombination centres’'.

While it is known that injecting a photoexcited electron from
a dye to haematite creates a small polaron”, it is unknown
whether photoexcitation of haematite itself leads to small polaron
localization. Small polaron formation should be particularly

relevant for the photoexcited state in haematite because the
dominant optical transition shifts electron density from the O to
Fe centre®. This shift of charge density may accelerate localization
of the electrons into a small polaron, decreasing mobility compared
with a free carrier state and limiting photoconversion yields. While
ground-state polaron transport is accepted for most metal oxide
semiconductors”, the role of small polarons in the photoexcited
state remains unidentified.

In this paper, transient extreme-ultraviolet (XUV) spectroscopy
is used to investigate small polaron localization of photoexcited
carriers in haematite. Spectroscopic signatures characteristic of
electron localization by small polarons are measured within 100 fs
following photoexcitation. The small polaron state is found to
form directly following the first optical-phonon scattering events
and polaron formation continues for ~2-3 ps. The small polaron
formation rate versus excitation energy is found to be fastest
at a visible-light excitation of 2.5eV, but the small polaron
formation probability decreases with increasing energy within the
t,, conduction band. The observed spectral splitting of the Fe 3p core
level after photoexcitation suggests that trapping and localization
of minority carriers on ultrashort timescales can be attributed to
small polaron formation and not occupation of mid-gap or surface
states. Further, these trends suggest that the wavelength-dependent
photoconversion efficiency does not follow the increase in visible-
light absorption in the #,, conduction band'*"*'* because small
polaron formation alters the photoexcited electron mobilities to a
different extent depending on excitation energy.

Thin haematite films were prepared following ref. 26. The
XUV transient absorption at the Fe M,; edge before excitation,
immediately after excitation, and after polaron formation are shown
in Fig. 1. The XUV absorption corresponds to the transitions
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Figure 1| Change in core level transitions with photoexcitation. a, Initial excitation of Fe, O3 leads to a charge-transfer transition from oxygen (dark orange)
to iron (light orange). The initial excited carriers undergo optical-phonon scattering, during which the charge can be trapped in a small polaron, expanding
the lattice. b, The XUV transition reflects the core-hole-modified unoccupied density of states (second panel) instead of the ground state (first panel). The

optical charge-transfer transition changes the electronic symmetry and occupation of the Fe atom, changing the multiplet splitting measured in the

XUV transition. The polaron locally changes the lattice symmetry, breaking the degeneracy of the 3p core level, and replicating the ground-state plus
core-hole XUV transition to result in an overall broadened and redshifted absorption. ¢, The XUV absorption spectra of the polaron formation process. The
top panel is experimental data; the bottom two panels are simulations. The multiplet splitting caused by the core hole is visible in the experimental
ground-state plus core-hole absorption (first panel). The decrease in multiplet splitting after optical excitation is predicted following ref. 26 (second panel).
The small polaron spectrum is predicted by splitting the experimentally measured ground state plus core hole following ref. 30 (third panel). The three
contributions to the overall absorption in the polaron case are shown as dashed lines. d, The differential absorption predicted (dashed lines) from the
difference in the spectrum of ¢ is compared to the time = O ps and time = 2 ps differential absorption measurements following a 480 nm excitation pulse

(solid lines).

between the Fe 3p core level and the unoccupied Fe 3d density of
states as modified by the Fe 3p core hole, shown schematically in
the second panel of Fig. 1b. The core-hole potential makes the XUV
absorption a poor representation for the conduction band energy
structure of the first panel in Fig. 1b. In particular, for the localized
Fe 3d orbitals, the XUV absorbance reflects the multiplet splitting
between the 3p°3d° ground state and the 3p°3d® XUV excited state,
combined with the spin-orbit coupling of the core level, and all
broadened by the core-hole lifetime?.

Excitation of haematite with visible light leads to a charge-
transfer transition from majority O 2p hybridized orbitals to
majority Fe 3d hybridized orbitals (Fig. la, represented by the
dashed and solid blue circles)*. The shift of electron density from
the O to Fe atom hybridizes the oxygen ligand’s and metal centre’s
energy levels, with the resultant energy relaxation decreasing with
increasing separation between ligand and metal energy levels™.
Thus, when the charge-transfer hybridized state interacts with the
core hole in an XUV transition, the separation between multiplet
peaks in the XUV structure is decreased compared with the ground
state plus core-hole absorption (shown schematically in the second
to third panel of Fig. 1b).

The change in XUV multiplet splitting with optical excitation
is experimentally demonstrated by the differential absorption
measured immediately following above-bandgap excitation with
480 nm light (time = 0ps, Fig. 1d). The optical charge-transfer
hybridized state appears in the differential absorption as a double-
peaked, positive increase in absorption between 53 and 56 eV and

820

a decrease in absorption between 56 and 60eV (ref. 26). These
features correspond to the difference in multiplet peak splitting be-
tween the ground and charge-transfer hybridized state, which can be
seen in Fig. 1c by comparing the experimental core-hole-modified
ground-state XUV absorption to that predicted for the excited state
using a charge-transfer multiplet calculation”. The charge-transfer
state differential absorption in Fig. 1d is calculated as the difference
between the charge-transfer multiplet calculation and the ground-
state absorption (see Supplementary Information for additional
details regarding the charge-transfer multiplet calculation).

Small polaron formation should have two distinct effects on
the photoexcited XUV spectrum™. First, the small polaron creates
an anisotropic expansion in the lattice as the excess charge self-
traps, breaking the degeneracy of the Fe 3p levels and splitting their
energies by several electronvolts (final panel of Fig. 1b). This can
also be thought of as resulting from the larger radius of the Fe*" to
Fe*" ion. Second, the small polaron-induced localization of electron
density on the Fe atom decreases the charge-transfer hybridization
compared with the initial optically excited state, represented by
the blue circles in Fig. la. The small polaron therefore has a
conduction band density of states that more closely resembles the
ground-state Fe’* atom before optical excitation than after”. That
is, the small polaron state resembles the Fe’™ state, just with new
XUV transitions from the degeneracy-split core levels, leading to a
spectrum that appears broadened and redshifted compared with the
ground-state plus core-hole absorption (bottom panel of Fig. 1c).
The small polaron’s XUV spectrum can therefore be predicted by
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Figure 2 | Transient absorption after 480 nm excitation in Fe;O3. a, Following excitation, the differential absorption reveals regions of increased and

decreased absorption around 55 and 56 eV. The energy of the zero crossing between the areas of increased (blue) and decreased (red) absorption shifts on
a 500 fs timescale and is circled for clarity. b, Lineouts from the full differential absorption in the experimental data, averaged over the surrounding 6 time
points on a logarithmic scale to isolate the key time periods during relaxation. The shift of the zero crossing around 56-58 eV is circled and the calculated
charge-transfer state is shown as a grey dashed line for reference. ¢, The rate equation model used to predict the polaron formation kinetics. Following
excitation, the optically excited electrons in the charge-transfer state thermalize by scattering off of and exciting optical phonons. The optical phonon and
electron can then combine to create a polaron. d, The experimental time = O ps and time = 2 ps slices are used to extract the amplitude of the
charge-transfer and small polaron state using a multivariate regression of the experimental data. These amplitudes are fitted with a rate equation model for
small polaron formation (solid lines). The effective phonon population that results from the rate equation model fit is shown for comparison as a dashed

grey line. The phonon population is not directly measured in the experiment, so here it is scaled the same as the electron population, which would
represent one electron scattering to create one phonon, which then combine to create one polaron.

convolving the ground-state plus core-hole XUV absorption with a
threefold energy splitting of the 3p corelevel of 0 eV, 1 eV and 2.5¢V,
using the values predicted for Fe’* in FePO, in ref. 30.

The differential absorption at 2ps after optical excitation is
compared to the differential absorption predicted for the small
polaron in Fig. 1d, confirming the presence of small polaron
formation in haematite. The polaron state differential absorption
in Fig. 1d is calculated as the difference between the polaron state
and the ground-state absorption (see Supplementary Information
for additional details regarding the polaron calculation). In both
the experimental and predicted spectrum, the initial increase in
absorption between 53 and 56 eV is blueshifted and the decrease
in absorption at 56-60 eV is reduced, leading to a blueshift of the
zero crossing between the two features. This can be visualized by
comparing the predicted polaron XUV spectrum to the ground and
charge-transfer hybridized XUV absorption in Fig. 1c. The blueshift
of the zero crossing provides a convenient reference to monitor
the small polaron formation dynamics and is circled for clarity in
the full 0-3 ps experimental differential absorption in Fig. 2a and

NATURE MATERIALS | VOL 16 | AUGUST 2017 | www.nature.com/naturematerials

lineouts in Fig. 2b. The lineouts in Fig. 2b are averaged over the
six nearest time points on a logarithmic scale. The localization of
the excited charge density is further confirmed in Supplementary
Fig. 1 where the differential absorption predicted from a splitting of
the 3p core levels in the ground state, reflecting localized electrons,
is compared with that of the charge-transfer hybridized state,
reflecting the photoexcited electron and hole. Carrier-induced,
optical phonon®* or acoustic phonon® renormalizations cannot
account for the measured spectral evolution because the expected
energy shifts are only on the order of ~100 meV compared with
the several electronvolts expected for a small polaron®. Neither
can trap-state effects, which would lead to an additional bleach
or absorption at the pre-edge of the Fe 3p core level around 53 eV
(ref. 36), account for this. A visualization of these alternative
explanations is provided in Supplementary Fig. 2 for comparison
with the measured differential absorption.

The small polaron formation kinetics (Fig. 2¢) can be further
examined by using a multivariate regression to decompose
the experimental differential absorption into the charge-transfer
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hybridized and polaron states (Fig. 2d). The initial charge-transfer
hybridized state is taken as the time = 0 ps differential absorption,
while the final polaron state is taken as the time = 2 ps differential.
The amplitude versus time from the multivariate regression is
shown in Fig. 2d as circles and squares for the charge-transfer
hybridized and polaron state, respectively. The charge-transfer
hybridized state’s amplitude rises within the 50fs pulse width,
and then decays into the small polaron state amplitude within
several hundred femtoseconds. The transfer of amplitude from the
hybridized state to the small polaron state stops within ~2-3 ps,
indicating that small polaron formation has ceased. The residuals
from the multivariate regression are reflective of the 5 mOD noise
background of the experiment.

Since the small polaron formation kinetics reflect localization of
the photoexcited electrons, a two-temperature rate equation model”
can be adapted to simultaneously describe the hot electron-phonon
equilibration while also allowing a bimolecular recombination
between the hot electrons and phonons to create a small polaron
(Fig. 2c). For a complete discussion of the rate equation model,
the reader is referred to the Supplementary Information and
Supplementary Fig. 3. In brief, the rate equation model has two
rate constants that must be fitted to the experimental data for
electron-phonon scattering and small polaron formation (Fig. 2c).
Additionally, two amplitude coefficients must be fitted to the data
to relate the change in the average population of electrons and
small polarons to the amplitude in the measured transient XUV
spectrum. An average population is used since the relationship
between the temperature of the electrons, phonons and polarons
and the resulting XUV spectral amplitudes is unknown. Using an
average population ignores the momentum- and energy-specific
occupation of the density of states, as well as the dependence of the
electron-phonon scattering rate on energy and momentum. This
approximation is justified since the transient XUV traces represent
the average change in population across all occupied energy and
momentum states, so fitting the kinetics gives an equally averaged
electron-phonon scattering rate or polaron formation rate.

A fit to the experimental data using the rate equation model is
shown as the solid lines in Fig. 2d. The fit gives an electron-phonon
scattering rate of 20-30 ps~' (30-60 fs) and an initial small polaron
bimolecular formation rate of 11 £ 0.5ps™" (90 & 5fs), similar
to previous reports for polaron formation”**. The competition
between electron-phonon scattering to create phonons, then
subsequent removal of electrons and phonons in the generation
of polarons, leads to the fast rise in small polaron population
followed by a slowing down of polaron formation at ~3ps in
Fig. 2d. The large uncertainty of the electron-phonon scattering
rate originates in the 50 fs excitation pulse width, which represents
the instrument response time and is accounted for in the fit. The
extracted electron-phonon scattering rate of 20-30 ps~" (30-60 fs)
is consistent with inter- and intra-valley scattering in polar
semiconductors where longitudinal optical phonons dominate®*,
as well as with haematite’s highest energy optical-phonon frequency
(659 cm™'; refs 41,42).

The kinetics of Fig. 2d suggests that, after excitation, the optically
excited electrons in the charge-transfer hybridized state quickly
scatter off of optical phonons. This optical-phonon population then
begins creating small polarons on a 100 fs timescale by combining
with the excited electrons. As the electron and phonon populations
are consumed, the small polaron formation slows down, with the
majority of electrons and optical phonons combined within ~2-3 ps
following optical excitation. Although the phonon population is not
directly measured, for visualization it is shown as a dashed line in
Fig. 2d using the same fit amplitude as the electron population.
To determine the impact of multi-phonon effects arising from
excess carrier energy, the procedure of Fig. 2 was repeated for
four pump wavelengths covering the visible-light absorption of
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haematite (Fig. 3). The full transients, lineouts and multivariate
regression-based fits are shown in Supplementary Figs 4-6.

The small polaron formation and decay process is shown
schematically in Fig. 3a. The fitted small polaron formation rate
versus excitation wavelength is shown in Fig. 3b and found to be
fastest at 2.5 eV photoexcitation energy. The excitation wavelength
dependence of the small polaron formation rate reflects the energy
necessary to localize the conduction band electron and is expected
to go a822,43,44

_ 2
km:Ae (Ae+Erel)”/4Erel kg T (1)

where the prefactor A is related to the coupling between the mobile
and localized states, Ae is the exothermicity of excited carriers
(Epump — Eg)> Epa is the relaxation energy associated with carrier
self-trapping by polaron formation, and kT is the thermal energy.
Equation (1) reflects the predictions from Marcus theory, namely,
if the excited carrier has too little or too much excess energy, the
formation rate will increase®. Fitting equation (1) to the formation
rate within the lower t,, conduction band” gives a small polaron lo-
calization energy of —0.4=£0.05 €V, close to a previously measured
energy of —0.3eV (ref. 45). An elevated temperature of 600K,
roughly double the <350 K reached by optical excitation, is required
to fit the data. The elevated temperature arises because equation (1)
is classically derived for molecular systems and does not properly
account for the optical-phonon modes in the solid**. If the formation
energy is fitted considering the narrow t,, and e, conduction bands
as one band, outside the validity of equation (1), the localization
energy fit is doubled to —0.6 & 0.05eV and the temperature fit
more than quadrupled from the expected temperature to 1,600 K.

The small polaron formation probability is shown in Fig. 3¢, and
represented schematically in Fig. 3a in its relation to the formation
rate. The polaron formation probability is calculated as the ratio
between the amplitude fit coefficients, which relate the population
predicted by the rate equation model to the measured transient XUV
amplitudes. As the excitation energy is decreased, the amplitude fit
coefficients are adjusted to reflect the number of polarons produced
from the initial population of electrons. Given that the same number
of electrons are excited for each pump wavelength, it would be
expected that an increase in polaron formation rate would translate
to either an increase in the number of polarons or no change if
the electron population is rate limiting. Figure 3¢ demonstrates
that neither case is true, as can also be seen by comparing the
amplitudes of the time = 0 ps and time = 2 ps states in the kinet-
ics of Supplementary Fig. 6, at which time the polaron formation
has reached a steady state (Supplementary Figs 7 and 8). Instead,
the polaron formation probability decreases with increasing energy
above the t,, band edge, increasing again at the e, band edge. This
trend reflects the increasing number of optical phonons created per
excited electron with excess energy above the relevant conduction
band edge. This suggests that when there are more hot optical
phonons present, it becomes more likely that the phonon population
will re-excite or interfere with polaron formation, decreasing the
formation probability. Figure 3c therefore reflects the multi-phonon
effects not included in the rate equation model and suggests that
faster polaron formation rates (Fig. 3b) do not necessarily lead to
larger final polaron state amplitudes (Fig. 3¢).

The decays of the differential absorption on a 300 ps timescale
further suggest the impact of the non-thermal phonon bath. For
560 nm excitation, the differential absorption signal disappears
within the noise level of the experiment by 300 ps. For 520 nm,
480nm and 400nm excitation, the polaron signal still exists
at 300ps (Supplementary Fig. 7), although largely reduced in
amplitude, indicating decay of the polaron state. The polaron
state absorption represents the excited carrier-polaron pair. The
measured decay and disappearance of the polaron state, and the
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Figure 3 | Energy dependence of polaron formation and decay. a-e, Schematic explanation of the small polaron formation and decay (a), including
representations of the formation time (b), the excitation and de-excitation process that determines the formation probability (¢), and the hopping and
recombination process (d) that determines the measured excited-state lifetime (e). b, The small polaron formation rate is plotted versus pump photon
energy. The parabolas represent the small polaron formation energy (Ae) and effective lattice temperature within the conduction bands of a-Fe;Os. Fits

that consider the narrow t,; and eg conduction bands as separate (solid line) and consolidated (dashed line) are shown. ¢, The relative polaron formation
probability versus excitation wavelength from the rate equation model. Parts b and ¢ reveal that at the band edge of a-Fe; O3 the majority of excited
carriers are localized as small polarons. As the excess energy of excited carriers increases, the hot optical-phonon population increases, decreasing the
effects of small polaron localization. d, The best-fit exponential stretching parameter versus excitation wavelength, related to the hopping radius as
outlined in ref. 46. The grey area and top axis are a qualitative comparison to the predicted dependence of § on the ratio of hopping radius to localization
radius from ref. 46. The grey area and top axis are a guide to the eye and are not quantitative. e, The best-fit lifetime from the stretched exponential model
versus excitation wavelength. Parts d and e reveal that as the excitation energy is increased, the larger phonon bath promotes more hopping, resulting in a
longer excited-state lifetime. In each panel the error bars represent the standard error of the best-fit parameter. The positions of the conduction band edges

and the ultraviolet-visible absorption are shown for reference in c-e.

absence of any new spectral features such as a trap-state or charge-
transfer state absorption, confirms that the excited carriers are
recombining while self-trapped in the polaron.

The measured long-timescale dynamics are best-fitted using the
stretched exponential theory for polaron hopping between trap

states™"’,
£\ P
n(t)=exp | — <7>
T

where t is the time, 7 is the decay constant and B is the stretching
parameter. The stretched exponential fit is shown in Supplementary
Fig. 8 and the best-fit parameters are tabulated in Supplementary
Table 1. The decay dynamics are fitted starting at the 2-3ps
timescale during which polaron formation reaches a steady state. In
polaron-hopping-based decay, the stretching factor 8 corresponds
to the possible hopping radius relative to the localization radius of
the polaron (shown schematically in Fig. 3a). The stretching factor
B in the exponential represents the sum over all possible hopping
paths to a terminal defect site**””. When B is one, the stretched
exponential reduces to an exponential decay and the excited carrier
decays almost on-site with a defect-state-determined lifetime of 7.
As B becomes smaller than one, more hopping paths are sampled
before recombination, and the excited-state population lives longer
as compared with the single-site case. In other words, the farther the

(2)
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excited carrier can hop before recombination, the more the decay
dynamics change from a single exponential.

In agreement with polaron-hopping theory, as excitation energy
is increased in the measured data, increasing the non-thermal
phonon bath, the best-fit parameter S decreases (Fig. 3d),
representing increased hopping (Fig. 3a). In Fig. 3d, the grey shaded
area and top axis represent qualitatively how f changes with the
ratio of the hopping radius to the localization radius (adapted from
ref. 46). The grey area and top axis are shown only as a trend
line and are not a quantitative comparison. For 560 nm excitation,
B is best-fitted to one, conveying a fast recombination with little
hopping. For 400 nm excitation, the best fit of 8 decreases to ~0.4,
indicating an increased hopping radius before recombination. In
agreement with the increased hopping radius, the best-fit lifetime in
the stretched exponential also increases with increasing excitation
energy (Fig. 3e). Figure 3d,e suggests that as the excitation energy is
increased, more excess energy goes to the lattice, allowing hopping at
a frequency faster than the recombination time of the occupied site.
This leads to an increase of the excited-state lifetime with increasing
excitation energy.

The wavelength dependence of small polaron formation across
haematite’s visible-light absorption, and thus the expected impact
on photoconversion efficiency, can be summarized as shown in
Fig. 4. Near the haematite band edge, the majority of carriers are
localized as small polarons following photoexcitation. The excited
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Figure 4 | Effect of polaron formation across haematite's absorption. At excitation wavelengths near the band edge, polaron formation is efficient. Excited
carriers have little excess energy, so the non-thermal phonon bath is small, leading to less polaron hopping. This results in trapping of excited-state carriers,

preferentially at defect sites?"4®

, which leads to faster recombination times. As the excitation energy is increased, the excited-state polaron formation

becomes less efficient, and the non-thermal phonon bath increases. This leads to an increased polaron hopping, and on average, the excited-state carriers

should have a higher mobility and longer lifetime.

carriers mostly exist as polarons (Fig. 3c) and complete fewer
hops before recombining (Fig. 3d). This will lead to a lower
excited-state mobility and lifetime. As the excitation energy is
increased, more optical phonons are created per excited carrier, and
the equilibrium between mobile carriers and polarons shifts with
fewer polarons being formed. As more excess energy goes to the
lattice, the non-thermal phonon bath increases the hopping rate
of the polaron. This leads to an increased hopping radius for the
localized carrier (Fig. 3d), prolonging recombination (Fig. 3e), and
increasing the average excited-state mobility. As remarked further
in the discussion, these trends match the competition between
recombination and charge extraction in the internal quantum
efficiency for haematite*. The internal quantum efficiency is often
referred to as the absorbed photon-to-current efficiency (APCE).
The transient absorption spectra can be replicated for short
timescales using only a rate equation model that incorporates bi-
molecular formation of a small polaron. The transient absorption
spectra can be replicated for long timescales using only a stretched
exponential model that describes a random hopping terminated at
a defect site. If the decay timescales are extracted at a single XUV
probe energy, thus ignoring the structure of the XUV spectrum,
the data can be fitted with a triple-exponential model. For example,
the time constants obtained from a fit at an energy of 57.5eV
(peak of the bleach) following 480 nm excitation are 78 =16 fs,
1.6£0.1 ps and >100 ps. These time constants reflect those re-
ported in the visible-light transient absorption literature*'’, which
are commonly attributed to hot electron relaxation (~100sfs),
followed by trapping (~1ps), and finally relaxation back to the
ground state (~100s ps). However, within the experimental noise,
the measured differential XUV spectrum does not have the pre-
edge increase or decrease in absorption around 53 eV that would be
associated with trap or mid-gap states®, nor can it be reproduced by
triple-exponential recombination of the charge-transfer hybridized
state alone (Supplementary Fig. 2). The polaron state is measured to
persist through the decay of the differential absorption. While defect
states themselves undeniably affect the photoconversion efficiency,
most likely serving as the recombination sites in the random walk of
the hopping polaron**®, the results here suggest that small polarons
are primarily responsible for the ultrafast trapping processes and de-
creased mobility measured in haematite, and not the mid-gap or sur-
face states themselves. The critical difference is that even when trap
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states are passivated, small polaron localization will still exist, acting
as an upper bound on the photoconversion efficiency in haematite.

The results of this paper therefore support recent suggestions™**
that small polaron formation is what is limiting bulk transport
and recombination in even the highest efficiency haematite
photoelectrodes to date. If photoexcited carriers are not trapped as
a small polaron, their mobility is determined by the curvature of
the energy band and the resultant effective mass, just as in most
semiconductors. Once localized as a small polaron, however, the
effective mass greatly increases and transport occurs by thermally
activated hopping, most often terminating at defect sites*"*.

The limiting effect of small polarons may be further evidenced
in that the photoconversion efficiency of haematite'™>'""*""" does
not increase proportionately with the optical absorption near
2.1-2.5eV (500-600 nm) in the t,, conduction band, it then peaks
near 2.5 to 3eV (400-450) nm, and drops or levels off for higher
excitation in the e, band. This is best visualized by examining
the APCE for haematite such as shown in ref. 48. The APCE
represents the internal quantum efficiency, or the competition
between charge extraction and recombination for a photoexcited
carrier. For excitation wavelengths near haematite’s band edge,
small polaron formation is largest, and a smaller hopping radius is
measured before recombination. The average carrier lifetime and
mobility will therefore be smaller, decreasing the internal quantum
efficiency in agreement with the APCE®. As the excitation energy
is increased, small polaron formation decreases, and the hopping
and excited-state lifetime increases. The average carrier lifetimes
and mobility will therefore be improved compared with band-
edge excitation, increasing the internal quantum efficiency, again in
agreement with the APCE®. In other words, these results indicate
that the photoconversion efficiency will deviate from the optical
absorption trend at excitation wavelengths where small polaron
formation is high and the small polaron’s hopping rate is low.

Methods

Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods

Sample fabrication. The a-Fe,O; thin films were deposited onto 30 nm Si;N,
substrates by radiofrequency magnetron sputtering of ~10 nm of iron metal, and
subsequent oxidation in ambient atmosphere in a tube furnace at 500 °C for 1h,
followed by natural cooling to room temperature. The resonant M, ;-edge
absorption of the samples has two peaks at 55eV and 57 eV in agreement with
literature values for thin-film a-Fe,O,. Authors of ref. 26 prepared a-Fe,0;
thin-film samples using the same process and confirmed the o phase composition
through electron diffraction measurements from ref. 49.

Transient extreme-ultraviolet (XUV) spectroscopy. Transient XUV pulses were
created using a 1 kHz Ti:sapphire chirped pulse amplifier (Spitfire Pro, Spectra
Physics) generating 40 fs, 3.5 mJ pulses centred at 800 nm. The XUV spectrum is
produced using high harmonic generation in a 40-cm-long semi-infinite gas cell
filled with 80 torr of neon. The spot size of the focused beam is about 100 um,
giving a peak intensity of 5.7 X 10" W cm™~>. Twenty microjoules of 400 nm light
was mixed with the 800 nm fundamental to generate both odd- and even-order
harmonics. A 0.6-um-thick Al foil is employed to block any residual 800 nm and
400 nm light from reaching the sample. The XUV pulses were spectrally dispersed

by a variable line spacing grating onto a CCD (charge-coupled device) camera
(PIXIS-400, Princeton Instruments). The spectrometer has an energy range of
38-80 eV and a spectral resolution of ~150 meV. An optical parametric amplifier
(TOPAS-Prime, Light Conversion) was used to excite the sample. The pump beam
spot size at the sample is ~150 ym, and the pump power was adjusted to create a
carrier density of 8 X 10" cm™ at each excitation wavelength. To avoid thermally
induced damage, each 3 mm X 3 mm sample is raster scanned by 100 um step sizes
between each pump-probe time delay measurement. To avoid artefacts caused by
scattering of residual pump beam, spectra taken with the XUV pulse arriving 500 fs
before the pump pulse are subtracted from the spectra at each pump-probe time
delay. Detailed descriptions of the excited state XUV predictions are available in
the Supplementary Information.

Data availability. The source data necessary to support the findings of this paper
are available from the corresponding author upon request.
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