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Perovskite titanates such as SrTiO3 (STO) exhibit a wide range of important functional properties,

including ferroelectricity and excellent photocatalytic performance. The wide optical band gap of

titanates limits their use in these applications; however, making them ill-suited for integration into

solar energy harvesting technologies. Our recent work has shown that by doping STO with equal

concentrations of La and Cr, we can enhance visible light absorption in epitaxial thin films while

avoiding any compensating defects. In this work, we explore the optical properties of photoexcited

carriers in these films. Using spectroscopic ellipsometry, we show that the Cr3þ dopants, which

produce electronic states immediately above the top of the O 2p valence band in STO reduce the

direct band gap of the material from 3.75 eV to 2.4–2.7 eV depending on doping levels. Transient

reflectance spectroscopy measurements are in agreement with the observations from ellipsometry

and confirm that optically generated carriers are present for longer than 2 ns. Finally, through

photoelectrochemical methylene blue degradation measurements, we show that these co-doped

films exhibit enhanced visible light photocatalysis when compared to pure STO. VC 2015
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4913930]

Titanate perovskites such as SrTiO3 (STO) and BaTiO3

offer a variety of properties that are of interest for future

electronic and energy applications. For example, electron-

doped SrTiO3 epitaxial thin films have been shown to exhibit

the highest carrier mobility of any perovskite oxide.1 STO

and BaTiO3 also exhibit enhanced ferroelectric behavior

when grown with epitaxial strain on various substrates.2,3

The presence of ferroelectricity, along with the good electron

mobility, makes these materials good candidates for ferro-

electric photovoltaics.4 However, the wide band gap of both

materials (3.25 eV indirect and 3.75 eV direct)5 limits their

applications in this regard. This large band gap also limits

their use in solar hydrolysis where they would otherwise be

ideal catalysts, given that the Ti 3d conduction band in STO

is well aligned with the half-cell reaction energy to split H2O

to H2.6

Given the existing limitations of perovskite titanate

materials, research on ferroelectric photovoltaics has

focused on materials with band gaps in the visible light re-

gime. BiFeO3 thin films, with a band gap of 2.67 eV, have

been shown to exhibit photoconductivity and photovoltaic

behavior under visible light.7,8 However, BiFeO3 is a mate-

rial known to produce leakage currents due to oxygen

vacancies and other common defects.9 Alternative routes to

achieve visible light absorption in ferroelectrics have

focused on substitution of a transition metal cation with a

partially filled 3d orbital in place of the d0 transition metal

B site cation, such as Ti or Nb. In these systems, the dopant

3d electrons lie at higher energies than the top of the O 2p
band, raising the valence band maximum (VBM) of the ma-

terial. Such an approach has been applied in Aurivillius

Bi4Ti3O12 films, with La3þ dopants substituting for Bi3þ

and Co2þ dopants substituting for Ti4þ while also creating

an oxygen vacancy to maintain charge neutrality.10 This

produced optical absorption at energies as low as 2.65 eV,

similar to that of BFO. Recent work to dope bulk ferroelec-

tric KNbO3 has also been successful in reducing the band

gap to 1.18 eV through alloying with BaNi0.5Nb0.5O3�d

where d would be 0.5 in the case of the expected Ni2þ and

Nb5þ oxidation states.11 In each of these cases, however, an

oxygen vacancy is created to maintain charge neutrality in

the material, which could reduce mobility through defect

scattering.

Work exploring photocatalytic applications of titanates

offers a viable route to prevent the defects produced when a

transition metal cation with a different oxidation state is

doped into the material. Through the addition of a compensat-

ing A-site dopant, it is possible to maintain charge neutrality

in the material without creating an oxygen vacancy. This has

been demonstrated in Cr3þ-doped STO, where the substitutiona)ryan.comes@pnnl.gov
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of equal concentrations of La3þ donors onto the Sr2þ site pro-

duces stoichiometric Sr1�xLaxTi1�xCrxO3 (SLTCO).12,13 In

powder samples, visible light absorption and enhanced solar

hydrolysis were observed in SLTCO, with a reported optical

band gap of 2.12 eV.14 We recently demonstrated that epitax-

ial SLTCO thin films could be prepared using oxide molecular

beam epitaxy and showed that these films have ideal oxygen

stoichiometry, thereby exhibiting visible light absorption at

energies as low as 2.3 eV.15 This approach offers a viable

route to synthesize ferroelectric titanate photovoltaic thin

films free of compensating defects. Here, we characterize the

optical generation of electron-hole pairs in SLTCO films and

show that these materials exhibit enhanced photocatalytic

behavior.

Epitaxial SLTCO films were grown on (LaAlO3)0.3

(Sr2AlTaO6)0.7 (LSAT) substrates using oxide molecular

beam epitaxy via a shuttered growth technique described in

the supplementary information,16 with film stoichiometries

controlled to within 1–3 at. % for Sr and Ti, and La:Cr ratio

to �5%. Homogeneous SLTCO films with doping levels, x,

of 0.03 (20 nm thick) and 0.10 (25 nm) were grown at 700 �C
in 3� 10�6 Torr molecular O2 at a rate of 2.7 Å/min, and

were capped with 2 unit cells (u.c.) of STO to prevent over-

oxidation of Cr during the cooling process.17 STO control

films were grown using an electron cyclotron resonance

microwave oxygen plasma source to ensure full oxidation,

though this is not absolutely necessary for the growth condi-

tions.18 An additional 20 nm thick 10% SLTCO film was

fabricated for photoelectrochemical (PEC) experiments with

a 5 nm thick 3% La-doped STO bottom electrode and a 5 nm

thick STO capping layer. A 20 nm thick STO film with the

same bottom electrode was also fabricated for comparison.

Representative x-ray diffraction scans are shown in the sup-

plementary information.16 All films were coherently strained

to the substrate with out-of-plane lattice parameters consist-

ent with stoichiometric STO films on LSAT.19

Films were characterized via variable angle spectro-

scopic ellipsometry to determine the optical properties as a

function of photon energy. Ultrafast pump-probe transient

reflectance (TR) spectroscopy was performed to measure

photoexcited carrier dynamics in the films using a technique

described previously.20 PEC experiments were performed

using a setup and measurement process that have been

described previously.21,22 Photocatalytic activities of the

samples were examined by measuring the degradation rate of

methylene blue solution, which is an effective method to

evaluate the visible light absorption ability of the thin film

material. Typically, the STO control sample and 10% doped

SLTCO with 5 nm STO protection layer were measured

under an AM1.5G spectrum light filtered by a k¼ 444 nm

long-pass filter for 12 h. The filter cuts off light with wave-

length shorter than 444 nm (�2.8 eV), thus eliminating

effects of the primary O 2p to Ti 3d absorption in STO.

Fitted values for the extinction coefficient, k, and index

of refraction, n, from the ellipsometry measurements are

shown in Figure 1(a), while fits to the Tauc models for the

direct allowed and direct forbidden band gap23 are shown in

Figures 1(b) and 1(c). The extinction coefficient was con-

verted to the absorption coefficient, a, as a¼ 4pk/k, where k
is wavelength of the incident light. For the direct allowed

band gap, the primary optical transition for the doped and

undoped films is expected to be an excitation from the O 2p
valence band states to the Ti 3d conduction band. The calcu-

lated gap for this transition is determined by extrapolating

the linear portion of the graph of (ah�)2 as a function of inci-

dent photon energy, h�, and measuring the intercept with the

energy axis. For the direct forbidden transition from the Cr

3d dopant valence electrons to the Ti 3d conduction band,

the same method is used but the intercept of (ah�)3/2 is cal-

culated. We find that the gap for the O 2p! Ti 3d transition

increases with La and Cr doping levels, from 3.83(2) eV in

STO to 3.89(2) eV and 4.06(2) eV for 3% and 10% doped

films. Meanwhile, the direct gaps for the Cr 3d to Ti 3d tran-

sition are 2.47(2) eV and 2.66(2) eV for 3% and 10% doping,

respectively. There was no evidence of indirect transitions at

lower energies in the data, but the relatively weak absorption

of an indirect forbidden transition makes it difficult to

exclude the possibility of a lower indirect band gap. The

values of k and a at energies below the band gap of STO

increase with increased doping levels, indicating an

increased Cr 3d-derived density of states above the O 2p
band.

The increase in the direct O 2p! Ti 3d gap with doping

can be attributed to a reduction in the density of states at the

bottom of the Ti 3d-derived conduction band with increasing

doping levels. This behavior has been predicted theoretically

FIG. 1. Ellipsometry data for SrTiO3 and SLTCO. (a) Extinction coefficient,

k, and index of refraction, n; (b) Fits measuring the direct band gap for O

2p!Ti 3d transitions for all three films; and (c) Fits measuring the direct

band gap for Cr 3d!Ti 3d transitions for doped films.

092901-2 Comes et al. Appl. Phys. Lett. 106, 092901 (2015)
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using a density functional theory model of the SLTCO

system for various doping levels, which showed that the den-

sity of states at the bottom of the conduction band was

reduced.24 The measured increase in the gap is qualitatively

similar to the Burstein-Moss effect that occurs due to band

filling of low-lying conduction band states,25 which has been

observed previously in La-doped STO.26 However, we

believe that a change in the conduction band density of states

better explains the observations for two reasons: (1) the films

are highly insulating; and (2) there is no evidence of a low-

energy Drude peak in the ellipsometry data, suggesting the

absence of free carriers in the conduction band. The magni-

tude of the change in the Cr 3d ! Ti 3d direct gap energy

from the 3% doped film to the 10% doped film was nearly

identical to the change in the gap for the O 2p! Ti 3d tran-

sition, suggesting that the raised conduction band minimum

contributes to the increased gap for this transition as well.

The Cr 3d band is expected to have minimal dispersion due

to the localized nature of the dopants at low concentrations,24

so it is reasonable to expect that the dopants will produce ei-

ther a direct or nearly direct gap material.

To further examine the nature of the optical excitations

in SLTCO, ultrafast pump-probe transient reflectance spec-

troscopy was performed to measure the lifetimes and spectral

response of photoexcited carriers. A detailed overview of the

experimental setup has been described previously.20 A

4.0 eV pump pulse was used to photoexcite electrons into the

conduction band, and a white light probe pulse with a spec-

trum of 1.8–3.8 eV was used to monitor populations of pho-

toexcited carriers with time resolution of 50 fs and range of

several nanoseconds. Every other pump pulse was blocked

with an optical chopper so that the photoexcited properties

could be measured relative to anon-photoexcited reference.

The change in reflectance of the film upon photoexcitation is

proportional to the change in the refractive index due to pho-

toexcited carriers.27

A color map of the change in reflectivity as a function of

probe energy and delay time is shown in Figure 2(a) for the

3% doped film. Similar figures for STO and the 10% doped

film are shown in supplementary materials.16 Cuts from

these maps are shown in Figures 2(b) and 2(c) to facilitate

comparison of spectral and kinetic responses of the three

samples. The SLTCO films show distinct transient reflec-

tance features between 2.5 and 3.0 eV that is consistent with

the ellipsometric data in Figure 1(c), supporting the onset of

the Cr 3d! Ti 3d transition in that range. The local minima

are �2.8 eV and �3.0 eV for the 3% and 10% samples,

respectively, corresponding to a slightly larger band gap for

the Cr 3d! Ti 3d transition in films with increased doping.

Photoexcitation at 4 eV generates carriers in higher-lying

states, which appear to cool to this defect band within hun-

dreds of femtoseconds, as indicated by the time scale of the

Figure 2(c), inset. As expected, the undoped STO film did

not exhibit this distinct band. Instead, the STO film exhibits

a broad reflectance transient that spans the width of

our detection range. Similar features have been reported pre-

viously for STO28–31 and attributed to a range of causes

including defect bands,29 intraband transitions,30 and hole

polarons.31 Features consistent with oxygen vacancies or

free carriers that have been observed in other pump-probe

measurements were not observed for either the STO film or

the doped films, in agreement with the ellipsometry data that

showed no Drude response.30

Carrier dynamics were evaluated by tracking the tran-

sient reflectivity of each sample at the probe energy corre-

sponding to its minimum, DR. Figure 2(c) plots DR
normalized by its maximum value near t¼ 0. In this regime,

jDR/DRmaxj is equivalent to n/ni, where n and ni are the pho-

toexcited carrier density and initial carrier density, respec-

tively. The decay kinetics show two main features: a strong

decay in which the majority of carriers recombine within

10 ps, and a slower decay that extends into the nanosecond

range. Roughly 10% of carriers are still present after 2 ns.

FIG. 2. (a) Map of reflectivity change with time and probe energy;

(b) Spectral response at �5 ps; (c) Normalized transient reflectivity at energy

corresponding to the minimum DR and model fit. All films were pumped at

4 eV with 1.06 6 0.04mJ/cm2-pulse.

092901-3 Comes et al. Appl. Phys. Lett. 106, 092901 (2015)
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The kinetics were fit well using the Auger and

Shockley-Read-Hall (SRH) recombination models

DR

DRmax

����
���� ¼ A1 1þ k1tð Þ�

1
2 þ A2 exp � t

s2

� �
: (1)

The first term arises from Auger recombination and captures

the dynamics within the first few picoseconds when carrier

densities are very high. The second term arises from first-

order recombination processes such as Shockley-Read-Hall

recombination and captures the dynamics at longer times.

The Ai parameters represent the relative weights, k1 is the

rate constant of Auger recombination and is dependent upon

the initial carrier density, and s2 is time constant of SRH

recombination. The fits are shown in Figure 2(c), fit parame-

ters are given in Table I, and additional details regarding the

model are provided in the supplementary materials.16

While other models might also be consistent with the

data, this model is based on physically reasonable recombi-

nation mechanisms. According to previous work,32 and

given the high excitation intensity of 1.06 mJ/cm2-pulse, the

fast decay in the first few ps is likely due to Auger recombi-

nation. Indeed, when monitoring kinetics within only this

time window, the rate of decay was best represented by only

the Auger recombination term, as shown in the supplemen-

tary materials.16 Auger recombination lifetimes correlate

inversely with carrier density of photoexcited holes in the Cr

3d band. The 10%-doped film is likely to have a higher

density of Cr 3d states than the 3%-doped film, which is con-

sistent with the faster early-time kinetics observed in the

more highly doped film.

The exponential decay had time constant, s2, on the

order of nanoseconds for both samples. The exponential

decay model is consistent with SRH recombination. The

more highly doped SLTCO sample showed a shorter SRH

time constant, which could be due to higher concentrations

of mid-gap defect states with increased doping. This expo-

nential decay could also arise from surface recombination or

other mechanisms. Regardless, the slow decay process ena-

bles a significant fraction of long-lived carriers that may be

harnessed for photovoltaic or photocatalytic applications.

PEC measurements were also performed on STO and

SLTCO samples prepared with La-doped STO bottom elec-

trodes. The normalized absorbance of the methylene blue

(MB) dye is plotted with respect to the elapsed measuring

time in Figure 3, with a 5-point boxcar average to reduce

noise. The gray curve represents the spontaneous degrada-

tion of MB solution under the visible portion of the AM1.5G

simulated solar light beam with a glass coupon in place of

the sample. By fitting the curve and subtracting the spontane-

ous degradation rate constant, we obtain the absolute rate

constants of the STO and SLTCO samples. Both film sam-

ples showed positive photocatalytic activities relative to the

glass control and that La, Cr doped STO exhibits greater

photocatalytic performance compared to the un-doped STO

when exposed to visible light. This is likely a result of the

reduced band-gap in the doped samples, as has been seen in

experiments performed on SLTCO powders previously.13,14

After approximately 9 h, the absorbance for the STO,

SLTCO, and glass slides begin to converge over the next

�3 h until they are equal. The convergence of the film sam-

ples with the control may be explained by damage to the sur-

face of the STO film and the 5 nm STO capping layer for the

SLTCO sample. Surface damage in the form of oxygen

reduction in the STO cap or gradual etching and removal of

the films would likely irreversibly reduce catalytic perform-

ance. Repeated measurements of the SLTCO film showed

that it did not exhibit photocatalytic behavior beyond that of

the glass slide, supporting this hypothesis.

In summary, we have explored optical carrier generation

in La, Cr co-doped SrTiO3 epitaxial thin films using a variety

of characterization techniques. Spectroscopic ellipsometry

confirmed that the direct band gap of the doped films is

reduced by the addition of stable Cr3þ dopants, and that the

reduction in the band gap varies inversely with doping lev-

els. This is attributed to the removal of the lowest-lying Ti

conduction band states as more Cr ions are substituted for Ti

ions on the B site, and is supported by measurements of the

direct gap for the O 2p ! Ti 3d transition. Transient reflec-

tivity measurements showed an absorption band in the

energy range expected for Cr 3d ! Ti 3d transitions and

agreed with the ellipsometry measurements. We find that

increases in Cr doping concentration enhance the photoex-

cited carrier density based on the reduction in the Auger

recombination lifetime with doping. Other carrier lifetimes

were comparable between the doped films, suggesting long-

lived photoexcited carriers due to the presence of stable Cr3þ

dopants. Photoelectrochemical yield measurements con-

firmed that the addition of the Cr dopants enhanced visible

light photocatalysis in the films when compared to STO.
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FIG. 3. MB Absorbance versus time, and degradation rate constants, for

films and reference glass sample.
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