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1. Structural characterization

Supplementary Table 1 | X-ray diffraction (XRD) parameter summary for the studied thin films. In line
with crystallographic convention, the numbers in brackets represent the error on the last significant
digits of each value.

space
group

1112/b 1 5.1935(3) 5.0898(3)  11.6972(1) 90 90

reference a b c a B

BiVO.4
standard
BiVO.4
sample
Cdo
standard
Cdo
sample
Co0304
standard
Co0304
sample
Cr203
standard
Cr20;
sample
Fe203
standard
Fe203
sample
NiO
standard
NiO
sample

5.1809(10)  5.0904(7)  11.6571(13) 90 90

Fm-3m 2 4.6953(1)  4.6953(1)  4.6953(1) 90 90
4.6808(1)  4.6808(1) = 4.6808(1) 90 90

Fm-3m 3 8.0720(30)  8.0720(30)  8.0720(30) 90 90
8.0588(3)  8.0588(3)  8.0588(3) 90 90

R-3cH 4 4.9572(1)  4.9572(1)  13.5917(10) 90 90
4.9316(2)  4.9316(2)  13.5093(8) 90 90

R-3cH 5 5.0353(5)  5.0353(5)  13.7495(5) 90 90
5.01666(10) 5.01666(10) 13.6741(29) 90 90

Fm-3m 6 41718(9)  4.1718(9)  4.1718(9) 90 90

4.1664(9) 4.1664(9) = 4.1664(9) 90 90

Y \' V change (%) T (nm) wRp X2
BiVO,
standard
BiVO,
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Cdo
standard
Cdo
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Co0304
standard
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Cr203
standard
Cr203
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Fe20s
standard
Fe203
sample
NiO
standard
NiO
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90.387(4) 309.20(3) - ; ) )

90.342(14) 307.43(5) -0.57 29.96 0.0133 1.82
90 103.51(1) - - - -
90 102.56(1) -0.92 47.89 0.0216 3.48
90 525.95(34) - - ] ]
90 523.37(6) -0.49 38.55 0.0187 1.35
120 289.25(1) : : : :
120 284.54(2) -1.63 22.72 0.0278 3.07
120 301.90(4) - - ] ]
120 298.03(8) -1.28 25.42 0.018 1.22
90 72.61(3) - ; ) )

90 72.32(4) -0.39 7.15 0.0088 1.51
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Supplementary Fig. 1 | XRD pattern of our Co30, thin films, compared to reference data retrieved
from the PSDS database as reported in Ref. 3.
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Supplementary Fig. 2 | XRD pattern of our Fe,Os thin films compared to reference data retrieved
from the PSDS database as reported in Ref. 5.
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Supplementary Fig. 3 | XRD pattern of our Cr,Os; thin films compared to reference data retrieved
from the PSDS database as reported in Ref. 4.
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Supplementary Fig. 4 | XRD pattern of our BiVO, thin films compared reference data retrieved from
the PSDS database as reported in Ref. 1.
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Supplementary Fig. 5 | XRD pattern of our NiO thin films compared to reference data retrieved from
the PSDS database as reported in Ref. 6.
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Supplementary Fig. 6 | XRD pattern of our CdO thin films compared to reference data retrieved from
the PSDS database as reported in Ref. 2.
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Supplementary Fig. 7 | Raman spectra of (a) our Cos;04 thin films recorded using a 633 nm laser,
(b) the instrument background, recorded using a blank quartz substrate, and (c) CozO. reference
data recorded using a 532 nm laser, digitized and replotted here from Ref. 7.
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Supplementary Fig. 8 | Raman spectra of (a) our Fe,Os; thin films recorded using a 633 nm laser,
(b) the instrument background, recorded using a blank quartz substrate, and (¢) Fe.Os reference
data recorded using a 633 nm laser, digitized and replotted here from Ref. 8.
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Supplementary Fig. 9 | Raman spectra of our BiVO;, thin films (top) recorded using a 532 nm laser,
compared to BiVO, reference data digitized and replotted here from Ref. 9 (bottom), recorded using
a 530 nm laser.
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Supplementary Fig. 10 | Raman spectrum of our CdO thin films (top) compared to CdO reference
data, digitized and replotted here from Ref. 10 (bottom). Both datasets were recorded using a 532
nm laser.



2. SEM images

To calculate the volumetric charge carrier densities shown in Fig. 3a-d in the main text, we estimate
the thicknesses of the relevant films from cross-section SEM images.

Supplementary Fig. 11 | Cross section SEM image of one of our Cr.Os3 thin films, with an estimated
average film thickness of 30 nm.

Supplementary Fig. 12 | Cross section SEM image of one of our Fe,Os; thin films, with an estimated
average film thickness of 130 nm.



Supplementary Fig. 13 | Cross section SEM image of one of our Coz0, thin films, with an estimated
average film thickness of 70 nm.

Supplementary Fig. 14 | Cross section SEM image of one of our BiVO, thin films, with an estimated
average film thickness of 100 nm.



3. Steady state absorption

Direct bandgap energies, indicated by dashed red lines in Fig. 1 in the main text, were determined via
Tauc plots, yielding values of 1.51 eV for Cos0,, 3.16 eV for Cr.0s, and 2.2 eV for Fe;0O3, in good
agreement with literature reports.''-'6

The temperature dependence of the optical gap can be modelled using the following relation
proposed by O’Donnell and Chen,'” based on the early work of Manoogian and Leclerc':

Eg(T) = Eg(0) = § * Eyp, * (coth (Zi';hT) - 1) (Eq. 1)
where Eq (0) is the bandgap at 0 K, S is a dimensionless constant which characterizes the electron-
phonon coupling strength, and Eg, is an average phonon energy. The full red lines in Supplementary
Fig. 15b, Supplementary Fig. 16b, and Supplementary Fig. 17b show the fits to the data and the
extracted parameters are summarised in Supplementary Table 2. Fe,O; exhibits a substantially
smaller S than Cr,Os; or Cos04, which suggests lower electron-phonon coupling. This reduced
electron-phonon coupling in Fe;Os is in line with its more pronounced bimolecular behaviour as the
interaction with the lattice required for monomolecular polaron formation is reduced. We also note
that Fe,O; has the smallest E,» of 28 meV, which matches its lowest energy Raman active transition
at 225 cm™ (Supplementary Fig. 8).

Supplementary Table 2 | Fit parameters obtained from Eq. 1: bandgap energy Eq at zero Kelvin,
coupling constant S, average phonon energy Egn.

E4(0 K) (eV) S Eon (MmeV)
Fe:03 2.20 0.59 28
Cr20; 3.16 1.02 34
Co030, 1.51 0.90 43
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Supplementary Fig. 15 | Temperature dependent absorption onset for Cos;0.. (a) Direct bandgap
Tauc plot and (b) fit of the bandgap as a function of temperature, extrapolating to 1.51 eV at OK.
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Supplementary Fig. 16 | Temperature dependent absorption onset for Cr,0;. (a) Direct bandgap
Tauc plot and (b) fit of the bandgap as a function of temperature, extrapolating to 3.16 eV at OK.
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Supplementary Fig. 17 | Temperature dependent absorption onset for Fe,Os. (a) Direct bandgap
Tauc plot and (b) fit of the bandgap as a function of temperature, extrapolating to 2.2 eV at OK.
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4. Transient absorption spectroscopy (TAS)
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Supplementary Fig. 18 | Transient absorption spectra for (a) Fe,Os3, (b) Co304, (¢) Cr.O; upon LMCT
excitation (3.10 eV, 1.68 eV, and 3.40 eV, respectively). (d) Transient absorption spectra for Cr.O3
upon LF excitation (2.7 eV). The filled yellow and purple regions illustrate the shape of the broad and
structured components discussed in the main text, originating from direct carrier absorption and the
Stark effect, respectively. Note that the same number of photons absorbed were used for comparing
LF and LMCT in Cr.Os. The data shown here is identical to the NIR data shown in Figure 2 but leaves
out the visible part to facilitate an evaluation of spectral changes in the NIR range.
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Supplementary Fig. 19 | Transient spectra of Coz;0, for different excitation energies, probed at 0.3
ps. The observation of near identical spectral shape suggests that the same species are generated in

all cases. Laser fluences were adjusted to yield ~2e19 absorbed photons per cm? for all excitation
energies.
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Assignment of the structured component to trapped charges

There are three typically types of possible perturbations for each of the individual optical transitions
that make up the overall steady state absorbance shown in Fig. 1 in the main text: an absorption peak
may change in amplitude due to a change in transition strength, shift in energy, or change its width.
A change in transition strength leaves the general shape of the peak unchanged, a peak shift will result
in a shape which matches the first derivative of the original peak, and peak broadening will yield a
second-derivative-like shape. A comparison of the transient spectra at 5.7 ns reveals an appreciable
agreement with the second derivative of their steady state absorbance spectra as shown in
Supplementary Fig. 21, suggesting that the structured component primarily arises from a broadening
of the underlying optical transitions upon photoexcitation. A certain degree of mismatch can be
expected, as the second derivative of the entire absorbance spectrum implies that all transitions
broaden to the same extent, which is unlikely to be the case in practice.

One possible reason for such a second derivative like transient spectrum is a Stark effect, meaning
that the electric field between photogenerated charges perturbs the optical absorption of the excited
semiconductor. A second-derivative-like Stark effect is indicative of a change in dipole moment
between the excited state and the ground state, consistent with the presence of trapped charges
which act like permanent dipoles on the timescale of their own lifetime. Experiments at microsecond
and longer delay times show that the structured signal persists until much longer timescales and
decays with power law dynamics (Supplementary Fig. 20), which further supports an assignment to
trapped charges.

Normalised AA

10 10 10° 10 10
Time (s)

Supplementary Fig. 20 | Transient kinetics probed for the structured component (see main text)
following 355 nm excitation (2.0 mJ/cm? for Cr,0O3 and 0.8 mJ/cm? for Cos0. and Fe,Os3). The kinetics
were probed near the absorption maxima of the structured component: 1.91 eV (650 nm) for Cr,0s,
and 2.25 eV (550 nm) for Cos04 and Fe,Os. Slopes were found to be independent of the used laser
fluence. The dashed lines represent linear fits to the log-log transformed data (slopes: -0.29 for Cr,Os,
-0.53 for Co304, -0.47 for Fe,0s), suggesting that the decay of the structured component follows a
power law decay, consistent with trap-mediated charge recombination. Different slopes are indicative
of different trap state energies that control the mobility and recombination dynamics of these charge
carriers.”®
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Supplementary Fig. 21 | Comparison of transient absorption spectrum, probed at 5.7 ns (blue traces),

and the second derivative of the steady state absorbance spectrum (red traces) for (a) Cr.Os, (b)
Fe,Os, and (c) Cos0..
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Supplementary Fig. 22 | Transient absorption spectra for Fe,O; and Co3O4, averaged over a 1 - 6 ns
range, showing the structured component recorded (a-b) as a function of temperature at a fluence
corresponding to ~2e19 absorbed photons per cm?, and (c-d) as a function of laser fluence at 295 K.
The spectral shape predominantly changes as a function of temperature, demonstrating that the signal
is controlled by the environmental temperature rather than laser heating (if laser heating was the
controlling factor, the spectral shape would be expected to change predominantly with laser fluence).

Assignment of transient features to photogenerated charges

In the following section we justify the assignment of our transient absorption features to
photogenerated charges, as opposed to an assignment to laser heating in some recent studies.?'3

When recording transient spectra at increasingly higher ambient temperature we observe spectral
shifts towards lower energy (Supplementary Fig. 22a-b), which we associate with temperature-
induced bandgap shrinking, even at the higher fluences used for the measurement of ~1 mJ cm=
This shift suggests that the transient absorption response is sensitive to the ambient temperature, and
any transient heating effects persisting on the ns timescale should therefore be much smaller than the
temperature steps of ~70 K. In contrast, the laser fluence, and thus the photogenerated carrier density,
has a negligible effect on the spectral shape (Supplementary Fig. 22c-d).

Deeply trapped charges, to which we assign the structured spectral features shown in
Supplementary Fig. 22, can be monitored via their associated Stark effect signals and eventually
recombine via trap-limited recombination on timescales up to milliseconds.?* The recombination of a
majority carrier polaron and a deeply trapped minority charge is often non-radiative, although it can
be radiative in some systems such as Zn0.%% Aside from trapping upon photoexcitation, trapped
minority charges can also be generated via thermal excitation of majority carriers out of these trap
states, which has caused considerable debate on whether these long-lived transient features are
caused by laser heating.?"? Our measurements as a function of excitation fluence and temperature
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suggest that transient spectra are primarily sensitive to the ambient temperature rather than the used
laser fluence (Supplementary Fig. 22). Spectral features associated with trapped charges have been
found to be absent in monocrystalline Fe,O; films?” and present in polycrystalline TMO films,*2®

suggesting a correlation to defect populations, consistent with our previous analysis of this point for
BiVO,.2*

Apart from photoexcitation, the structured signal can also be induced via other stimuli such as an
increase in temperature, as pointed out in recent studies.?’? We consider that an increase in
temperature or applied potential, as well as direct defect excitation, generates minority carriers in sub-
bandgap states, just like the minority carrier trapping from a band state.
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Supplementary Fig. 23 | Normalised transient absorption kinetics for (a) Co3;0., (b) Cr.03, and (c)
Fe.O; as a function of temperature, recorded at a fluence corresponding to ~2e19 absorbed photons
per cm? and probed at 1.13 eV (1100 nm). The d-orbital occupancy is indicated in brackets on top of
each plot. The kinetics have been normalised to compensate for the changes in amplitude shown in
Supplementary Fig. 22a-b to facilitate a comparison of the kinetic profile.
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Supplementary Fig. 24 | Background subtraction for the transient absorption kinetics shown in Fig.
3e in the main text for (@) Cos0s, (b) Cr.03, and (c) Fe 0. As is clearest for Coz0s, the background
from the structured component decays linearly on a log-lin plot. The background is therefore
approximated through a linear fit of the high fluence transient data (where the contribution from any
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biomolecular component is minimised) above 100 ps, carried out on a log-lin plot. This background is
then convolved with a gaussian instrument response and subtracted from the lower fluence data.

Transient response of NiO

NiO metal oxide has a d® configuration and its transient response follows the trend described for open
d-shell oxides: a rapidly decaying broad transient absorption feature is observed at energies smaller
than the bandgap, i.e. over the entire probe range shown in Supplementary Fig. 25b, which we
attribute to the depletion of a band-like state through LF relaxation (shaded in yellow like in Fig. 2 in
the main text). The transient kinetics shown in Supplementary Fig. 25c¢ further illustrate the presence
of the carrier density independent LF relaxation process on the sub-ps timescale. Like Cr.Oz; and
Fe.Os, NiO also exhibits a carrier density dependent recombination process at longer time, assigned
to the slower bimolecular recombination of polaronic charges.
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Supplementary Fig. 25 | Optical data for a polycrystalline NiO film. (a) Steady state absorbance
spectrum. (b) Transient absorption spectra as a function of time, recorded using a laser fluence of
0.37 mJ cm™. (c) Transient absorption kinetics as a function of laser fluence, probed at 1.13 eV (1100
nm) and normalised via division by the used laser fluence. All transient data was recorded upon
excitation at 4.13 eV (300 nm).
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Transient response of CdO

CdOis ad' TMO and exhibits photophysical signatures which are distinctly different from oxides with
d° or open d-shell configurations. While reactive charges appear as a broad excited state absorption
feature at sub-bandgap energies in TMOs with empty or open d-shells, they manifest in the form of a
near-band edge bleach in closed shell TMOs. Regardless of spectral signatures, we find that oxides
with d'® configuration are similar to d° oxides in the sense that they are able to generate long-lived
charges due to the absence of LF relaxation. As mentioned, the main transient feature representing
these long-lived charges is a bleach near the band edge (Supplementary Fig. 26b). A shift of this
bleach towards lower energy can be observed on the sub-ps timescale, consistent with an energy
loss of photogenerated charges as they undergo polaronic relaxation. The decay of these polaronic
charges is strongly fluence dependent (Supplementary Fig. 26c¢): at low fluence, photogenerated
charges undergo pseudo-first order recombination with intrinsic carriers, whereas bimolecular
recombination of photogenerated charges becomes dominant at higher fluences due to the
photogenerated carrier density outweighing the intrinsic carrier density.
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Supplementary Fig. 26 | Optical data for a polycrystalline CdO film. (a) Steady state absorbance
spectrum. (b) Transient absorption spectra as a function of time, recorded using a laser fluence of
0.034 mJ cm™. (c) Normalised transient absorption kinetics as a function of laser fluence, probed at
2.40 eV (516 nm). All transient data was recorded upon excitation at 3.54 eV (350 nm).
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