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Transient absorption spectroscopy reveals that
slow bimolecular recombination in SrTiO3

underpins its efficient photocatalytic
performance†

Anna A. Wilson, a Lucy Hart, a Thomas Shalvey,b Michael Sachs, a

Weidong Xu,a Benjamin Moss,a Eva Mazzolini,a Asim Mumtazc and

James R. Durrant *ad

The charge carrier dynamics of SrTiO3 are measured by ultrafast

transient absorption spectroscopy, revealing bimolecular recombina-

tion kinetics that are at least two magnitudes slower than alternative

metal oxides. This slow recombination is associated with its high

dielectric constant, and suggested to be central to SrTiO3’s high

performance in photocatalytic systems.

SrTiO3 is a central component of several state-of-the-art parti-

culate systems for unassisted photocatalytic water splitting,

offering impressive activity alongside scalability and stability

when modified by doping or co-catalyst addition.1–4 Recently,

Domen and co-workers fabricated photocatalysts comprised of

Al3+ doped SrTiO3 particles modified with a RhCrOx co-catalyst,

to safely and stably split water for over 1000 hours.3,4 With the

selective photodeposition of metal oxide based co-catalysts, to

catalyse the hydrogen/oxygen evolution reactions and enhance

stability,4,5 an apparent quantum yield (AQY) of 93% was

achieved at 365 nm.2 This near-unity AQY is indicative of

remarkably efficient preservation and utilisation of photogen-

erated charges to drive the desired catalytic reactions.

Charge carrier dynamics are a key determinant of efficiency

in most photocatalysts, with bulk recombination often being the

dominant loss pathway. Considering the imbalance between the

timescales of fast recombination processes (ps–ms) that result in

significant losses to photogenerated charge carriers,6–9 and slow

interfacial water splitting reactions (ms–s), materials that sup-

press fast recombination are essential to achieve high water

splitting activity. The near-unity AQY achieved by SrTiO3-based

photocatalysts, without applied bias or scavengers, suggests that

the intrinsic properties of SrTiO3 suppress recombination losses

and enable the lifetime gain required. Several studies have focused

on SrTiO3 recombination kinetics on slower (ms–s) timescales, or

on the tracking of water oxidation reaction intermediates.10–13

Previous ultrafast studies of SrTiO3 have reported charge lifetimes

on ns timescales,14–16 with Yamada et al.18 highlighting the

dominance of Auger, and absence of bimolecular, recombination

in SrTiO3 single crystals under high intensity laser excitation.

However, apart from a study by Kato et al. comparing single crystal

and powder SrTiO3 (highlighting the role of defect states in

slowing recombination),16 they lack a comprehensive investigation

of the wavelength and intensity dependence of the decay

kinetics.14,15 More importantly for understanding the success of

SrTiO3 as a photocatalyst, there have been no direct comparisons

of the charge carrier recombination kinetics between SrTiO3 and

alternative photocatalytic materials.

Herein, we employ transient absorption spectroscopy (TAS), to

investigate the ultrafast charge carrier dynamics of thin SrTiO3

films on ps–ns timescales (see ESI† for details of fabrication and

characterisation). Through spectral deconvolution and kinetic

analysis, the wavelength dependent decay kinetics and the tem-

poral spectral evolution is investigated, with the relaxation of

charges and recombination of the resulting localised states

assigned to distinct spectral components. Most notably, intensity

dependent bimolecular decays are measured and compared to

other metal oxides for the first time, to reveal significantly slower

bimolecular recombination in SrTiO3 and aid explanation of its

state-of-the-art performance.

The ultrafast TAS spectrum is comprised of features in the

visible and NIR regions (Fig. 1), assigned to hole and electron

species respectively.11,12,16–19 Two features are present in the NIR,

where one grows over the first 10 ps as the other decays. The decay

kinetics are highly wavelength dependent and decelerate with

decreasing probe wavelengths (Fig. S5, ESI†). Consequently, the

spectrum blue shifts on ps timescales following photoexcitation.
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This is in agreement with previous observations for SrTiO3,
14

but its origins have not been explored previously. At r1100 nm

probe wavelengths, a slow rise is observed over the firstB10 ps.

In contrast, the signal decays immediately after photoexcitation

at higher probe wavelengths. To understand the contributions

of this decay and the slow rise to the spectra, and the relation-

ship between them, we performed spectral deconvolution and a

subsequent kinetic analysis on the TAS data.

Spectral deconvolution in the NIR (900–1350 nm) extracts

two components (C1 and C2 hereafter, Fig. 2). C1 and C2 are

dominant above and below B1100 nm respectively and their

spectral contributions are consistent across the range of excita-

tion intensities used (Fig. S6a, ESI†). C1 exhibits an immediate

decay following excitation (Fig. 2 inset), with intensity indepen-

dent kinetics that are indicative of a monomolecular first-order

process (Fig. S6b, ESI†)18 and in agreement with the intensity

independence of the as-measured kinetics 41100 nm (Fig. S7,

ESI†). Using a simple kinetic model (details in ESI†), the rise

kinetics of C2 are found to be directly proportional to the decay

kinetics of C1 (Fig. 2, inset), across all the excitation intensities

analysed (Fig. S8, ESI†). This indicates that the decay of C1

results in the formation of C2, as discussed below.

The initial decay of C1 is assigned to charge localisation,17,20,21

most likely associated with shallow charge trapping.17,20,21 This is

consistent with its monomolecular kinetics, and with the conco-

mitant rise of C2, which we assigned to the resultant localised

charges. Charge trapping of free carriers into defects has been

reported to occur in 20 ps in SrTiO3,
16 and into shallow trap states

in 10 ps in TiO2,
22,23 which is consistent with our assignment.

Meanwhile, polaron formation in metal oxides is expected to occur

on faster timescales (0.1–1 ps),17,24 thus polaron formation is

the less likely origin of the slow rise herein. Both C1 and C2 are

dominant in the NIR, associated with electrons in metal

oxides.11,12,17–19 Thus, the charges undergoing this trapping

process are assigned primarily to electrons.

Following the slow rise of C2, decay kinetics accelerate with

increasing excitation intensities exceedingB0.22mJ cm�2 (Fig. S6c,

ESI†). An analogous intensity dependence is observed for the as-

measured kinetics probed from 500–1100 nm (Fig. S7, ESI†).

This is characteristic of bimolecular recombination being the

dominant decay process,21,25 noting that at the excitation den-

sities employed herein, Auger recombination is unlikely to be

significant loss pathway.14 The intensity independence observed

at excitation intensities below B0.22 mJ cm�2 is assigned to

pseudo-first order recombination, due to the photogenerated

charge density being below the dark intrinsic doping density, as

explored further below.18 The intensity dependent kinetics

exhibit power law decays (Fig. S9, ESI†) that continue to

ms timescales (Fig. S10, ESI†). The C2 power law exponent of

B0.17 (Fig. S9, ESI†) is indicative of trapping–detrapping lim-

ited bimolecular recombination, due to a degree of disorder in

the material that is common in metal oxides.23,26–28 This further

supports the assignment of the rise of C2 (and decay of C1) to

shallow charge trapping. Fig. 3 illustrates the charge localisation

into shallow trap states over the first B10 ps and their sub-

sequent recombination on ns timescales.

A direct comparison of the SrTiO3 bimolecular recombination

kinetics observed herein to metal oxides commonly employed in

photocatalytic applications (TiO2, BiVO4 and a-Fe2O3) is shown in

Fig. 1 Ultrafast TAS spectrum of SrTiO3 measured across the visible and

NIR, measured in Ar using a laser excitation intensity of 0.40 mJ cm�2.

Fig. 2 Spectral deconvolution of the NIR region to extract two compo-

nents. Inset shows a comparison of the normalised C1 and C2 kinetics at

0.40 mJ cm�2 by kinetic analysis, including fitting the optical signal of C1

(DOD1) to C2 (DOD2).

Fig. 3 Illustration of the charge localisation (C1) and bimolecular recom-

bination (C2) processes observed in SrTiO3.
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Fig. 4. This reveals significantly slower kinetics in SrTiO3 that are

similar to that of MAPbI3 (as explored later in the discussion), with

the slow recombination kinetics observed herein supported by the

observation of even longer lifetimes in single crystal SrTiO3

morphologies.14 The slower recombination of SrTiO3 was quanti-

fied by calculating approximate bimolecular rate constants

(Table 1), using the charge lifetimes (t50%) and photogenerated

charge densities at a given excitation intensity (Fig. S11 and Table S1,

ESI†). The bimolecular rate constant of SrTiO3 estimated from C2 and

the as-measured decays are notably slow (10�11 cm3 s�1), being

two magnitudes slower than that calculated for TiO2 and BiVO4

(10�9 cm3 s�1) and three magnitudes slower than a-Fe2O3

(10�8 cm3 s�1) (we note that potential contributions from Auger

recombination would be unlikely to significantly alter this order of

magnitude comparison). Although we are only comparing a single

morphology of each metal oxide in this case, the bimolecular

recombination rate has been shown to be largely independent of

morphology.18 The slower bimolecular recombination in SrTiO3

indicates a lower loss of photogenerated charges on fast timescales

and therefore, a greater yield of charges available to participate in

the interfacial water splitting reactions on slower timescales.

In addition to the bimolecular rate constant, the intrinsic

doping density was estimated from the intensity dependent

decays of C2 (Fig. S6c (ESI†) and Table 1), with the parameters

used included in Table S2 (ESI†). At photogenerated charge

densities lower than the intrinsic doping density, photogenerated

charges predominantly recombine with the intrinsic charge

carriers, leading to intensity independent pseudo-first order

recombination. When the photogenerated charge density exceeds

the intrinsic doping density, photogenerated charges predomi-

nantly recombine with each other via non-linear processes such

as bimolecular recombination. Therefore, the photogenerated

charge density from which clear intensity dependence is observed

is taken as an approximate indicator of the intrinsic doping

density, with contributions from the electronic doping density

(i.e. the majority carrier density) and shallow chemical dopants

that can mediate bimolecular recombination. The intrinsic doping

densities thus estimated for all four metal oxides are of equivalent

magnitude (B1018 cm�3, Table 1), and in the range of doping

densities reported previously for anatase TiO2 and BiVO4 (1016–

1019 cm�3),29,30 and a-Fe2O3 (1017–1020 cm�3).31,32 The similar

order of magnitude doping density of SrTiO3 compared to other

metal oxides, indicates that its notably slow recombination does

not result from a unique doping density. A possible explanation for

the remarkably low bimolecular rate constant of SrTiO3, is its high

dielectric constant. As the dielectric constant increases, Coulomb

interactions are screened and the probability of photogenerated

charges recombining is decreased.33 Consequently, an increase in

dielectric constant can decrease bimolecular recombination rates

and increase lifetimes, as has been observed in perovskite and

organic photovoltaics.33–35 With the dielectric constant of SrTiO3

(B300)36–39 being significantly higher than that of anatase TiO2

(13–45),40 BiVO4 (32–86)41–43 and a-Fe2O3 (18–26),44 increased

dielectric screening effects in SrTiO3 may play a key role in

suppressing recombination and enhancing charge lifetimes, thus

explaining the slower rate of bimolecular recombination. Alterna-

tively, defects in SrTiO3 have also been shown to have a critical role

in enabling long lifetimes on ns–ms timescales.12,16 However, as

defects are prevalent in metal oxides and not unique to SrTiO3,
20

their presence alone is insufficient explanation of the notably

slower recombination kinetics.

Intriguingly, MAPbI3 (a high performance photovoltaic mate-

rial that shares the perovskite crystal structure of SrTiO3)
45–47

exhibits similar bimolecular decay kinetics to SrTiO3 (Fig. 4),

with a reported bimolecular rate constant in the range of 10�11–

10�10 cm3 s�1 that is similar to that calculated for SrTiO3.
9,48–50

With both SrTiO3 and MAPbI3 employed in state-of-the-art

devices for their respective applications, it is interesting to note

that compared to their counterparts they both exhibit notably

higher dielectric constants and thus charge screening effects.45

These effects are recognised as an influential factor in perovs-

kite photovoltaics,33,45 but are often overlooked in photocata-

lysts despite the important role they could play.

In summary, we have measured the charge carrier dynamics

of SrTiO3 on fast (ps–ns) timescales, to reveal significantly slower

bimolecular decay kinetics than other metal oxides commonly

employed in photocatalytic applications. This is quantified by

estimating a bimolecular rate constant for SrTiO3, which is at least

two magnitudes lower than the other metal oxides studied. As

significant losses to the yield of useful photogenerated charges

occurs via fast recombination processes, the slow bimolecular

recombination of SrTiO3 maximises the yield of photogenerated

charges available to catalyse slow interfacial water splitting reac-

tions. Due to the recognised effects of dielectric screening, the

Fig. 4 Comparison of the decay kinetics of SrTiO3 to other metal oxides

(anatase TiO2, BiVO4 and a-Fe2O3, at photogenerated charge densities of

1018 cm�3) and MAPbI3 (at a photogenerated charge density of 1017 cm�3).

Table 1 Comparison of the bimolecular rate constants obtained in this

work, for SrTiO3, anatase TiO2, BiVO4 and a-Fe2O3. In addition to the range

of intrinsic doping densities reported in the literature and calculated herein

Bimolecular rate
constant (cm3 s�1)

Intrinsic doping
density (cm�3) Ref.

SrTiO3 10�11 1018

TiO2 10�9 1016–1019 29
BiVO4 10�9 1018 30
a-Fe2O3 10�8 1017–1020 31 and 32
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high dielectric constant of SrTiO3 is proposed as an explanation for

its low bimolecular rate constant. It is evident herein that the

intrinsic properties of SrTiO3 enable suppressed recombination

and enhanced lifetimes, without applied bias or scavengers. This is

an integral feature of overall photocatalytic water splitting materi-

als, and together with the chemical flexibility and tunability of its

perovskite structure, aids explanation of the prevalence of SrTiO3

in state-of-the-art systems.
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