APPLIED PHYSICS LETTERS 105, 022103 (2014)

@CrossMark

Ultrafast transient reflectance of epitaxial semiconducting perovskite

thin films

S. Y. Smolin," M. D. Scafetta,® G. W. Guglietta,’ J. B. Baxter,"® and S. J. May>?®
'Department of Chemical and Biological Engineering, Drexel University, Philadelphia,
Pennsylvania 19104, USA

“Department of Materials Science and Engineering, Drexel University, Philadelphia,
Pennsylvania 19104, USA

(Received 7 June 2014; accepted 2 July 2014; published online 14 July 2014)

Ultrafast pump-probe transient reflectance (TR) spectroscopy was used to study carrier dynamics
in an epitaxial perovskite oxide thin film of LaFeO5; (LFO) with a thickness of 40 unit cells (16 nm)
grown by molecular beam epitaxy on (LaAlO3)3(St,AlTaOg)o7 (LSAT). TR spectroscopy shows
two negative transients in reflectance with local maxima at ~2.5eV and ~3.5eV which correspond
to two optical transitions in LFO as determined by ellipsometry. The kinetics at these transients
were best fit with an exponential decay model with fast (540 ps), medium (~200 ps), and slow
(~ 3 ns) components that we attribute mainly to recombination of photoexcited carriers. Moreover,
these reflectance transients did not completely decay within the observable time window, indicating
that ~10% of photoexcited carriers exist for at least 3 ns. This work illustrates that TR spectroscopy
can be performed on thin (<20 nm) epitaxial oxide films to provide a quantitative understanding of
recombination lifetimes, which are important parameters for the potential utilization of perovskite

films in photovoltaic and photocatalytic applications. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890241]

Perovskite oxides are a class of transition metal oxides
with the chemical structure ABOj3. They have garnered much
interest because of the diverse range of their physical and
magnetic properties, including ferroelectricity, insulator-to-
metal transitions, ferromagnetism, and superconductivity.'
Many perovskite oxides exhibit band gaps in the visible
range, leading to growing research interest in utilizing perov-
skite oxides for photovoltaic (PV) and photocatalytic (PC)
applications.”™ However, understanding of the underlying
ultrafast carrier dynamics in these materials is limited to a
few studies,'™'? despite the critical role that carrier lifetimes
play in the design of materials for PV and PC applications.'?

Here, we present a study of the carrier dynamics and
recombination lifetimes in an epitaxial LaFeO; (LFO) thin
film using ultrafast pump-probe spectroscopy. LFO is an
interesting material system for PV and PC applications
because its band gap is in the visible range (2.1-2.6eV).'*!?
The relative chemical simplicity of LFO, compared to qua-
ternary oxides, makes it an appealing system with which to
begin investigations focused on identifying strategies to
enhance carrier lifetimes in perovskites. Ultrafast spectros-
copy is an ideal technique to study recombination lifetimes
and has already been used for this purpose in other perov-
skite oxides.'*'?1%17 Much of the previous work, however,
was carried out on bulk crystals or polycrystalline films, as
opposed to strained epitaxial thin films as reported here. The
ability to measure carrier dynamics in ultrathin perovskites
is a critical step in understanding how heterostructure-based
approaches can be used to control lifetimes. To mitigate con-
tributions from the substrate, the ultrafast pump-probe meas-
urements were performed in a reflective geometry, using
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transient reflectance (TR) spectroscopy. The TR mea-
surements of LFO reveal three distinct time regimes, which
are primarily attributed to recombination of photoexcited
carriers.

The epitaxial LFO thin film used in this study was
deposited using molecular beam epitaxy with the La and Fe
cations evaporated and sublimed, respectively, from pure
elemental sources using standard effusion cells. The cation
flux was calibrated using a quartz crystal monitor in conjunc-
tion with Rutherford backscattering spectroscopy (RBS) for
relative cation concentration and x-ray reflectivity (XRR) for
absolute atomic thickness determination. The film was
deposited onto a (LaAlO3)g3(SrpAlTa0g)o7 (LSAT) (001)
substrate (MTI Corp.) to a thickness of 40 unit cells. Prior to
deposition, the substrate was heated to 200 °C, cleaned with
isopropyl alcohol, and measured with ellipsometry to charac-
terize optical properties. The film was grown at 625°C in a
chamber pressure of 5 x 107’ Torr O, oxidizing gas. After
deposition, the structural properties of the film were meas-
ured using X-ray diffraction (XRD) and XRR (Rigaku
SmartLab). Static optical properties were measured using
variable angle spectroscopic ellipsometry (J.A. Woolam M-
2000U). More details about film growth and ellipsometric
characterization are reported in Ref. 15.

High-resolution XRD measurements of the LFO film on
LSAT substrate, shown in Figure 1, reveal a c-axis parameter
of 3.981 A, as obtained from the (002) pseudocubic reflec-
tion. This lattice constant is larger than bulk LFO (3.94 Ain
pseudocubic notation)18 and LSAT (3.87 10%), indicating that
the substrate induces a compressively strained state in the
film. The coherence length of the film, obtained from the
FWHM of the (002) peak, is approximately equal to the film
thickness, signifying that the film is crystalline and coherent
throughout its thickness. The thickness fringes around the
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FIG. 1. X-ray diffraction obtained from the (002) peak of the LFO film on a
LSAT substrate.

film peak indicate smooth interfaces. RBS was used to con-
firm that LaFeO; films grown under identical conditions
have the correct nominal cation stoichiometry.

Carrier dynamics in LFO were studied with ultrafast TR
spectroscopy. In this technique, an ultrafast optical pump
pulse excites valence band electrons into the conduction
band and, after a time delay, a weaker probe pulse monitors
the reflectance of the sample. The time delay between the
pump and probe was varied from 50 fs to 3 ns, giving infor-
mation related to carrier dynamics on several time scales.
The TR experiments were performed using an Ultrafast
Systems (Helios) spectrometer and a regeneratively ampli-
fied Ti:sapphire laser (Coherent Libra HE). The laser outputs
50-fs pulses centered at 800 nm, with pulse energy of 3.5 mJ
and a repetition rate of 1kHz. A non-collinear optical para-
metric amplifier (OPA, Coherent OPerA Solo) was used to
tune the pump energy to either 2.9eV or 4.0eV. The probe
pulse was a white light continuum (1.8-3.8 eV) generated by
focusing the 800 nm pulses onto a CaF, crystal and detected
with a Si CCD array. Every other pump pulse was blocked
with an optical chopper. The spectrometer measures the

change in reflectance, AR(E, t) = In (11’;”;5;))

and Ip . are the intensities of probe light reflected by the
sample with and without the pump pulse, respectively.

The intensity of light reflected by the samples is related
to the refractive index of the sample, which is modulated by
changes in free carrier density. Therefore, changes in free
carrier densities can be observed by monitoring the AR sig-
nal.'*?° Although there are several mechanisms for carrier-
induced modification of the refractive index, the dominant
contribution comes from bandfilling because this effect is
roughly linearly proportional to carrier density. 19 Also known
as the Burstein-Moss effect, bandfilling results in decreased
absorption at energies equal to and slightly greater than the
transition energy due to the filling of conduction or valence
bands with electrons or holes, respectively. According to the
Kramers-Kronig relationship, the decrease in absorption man-
ifests itself as a decrease in the refractive index at and around
the absorption edge,'® which would appear as a negative AR
signal at that position. In this work, the LFO film was
pumped at either 2.9eV or 4.0eV, which is above the band
gap of LFO but below the band gap of LSAT so that carriers
are photoexcited in the film but not the substrate.

) , where I .,
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A characteristic 2D contour plot of the change in reflec-
tance, AR(E, 1), for the LFO film pumped at 4.0eV is shown
in Figure 2(a). The two key features are a negative reflec-
tance transient at ~3.5eV and a broad negative reflectance
transient with a local maximum at ~2.5eV. The positive re-
flectance features at ~2.7 and ~2.9¢eV are due to the reflec-
tive nature of the measurement and are consistent with the
bandfilling theory.'® Ultrafast spectroscopic measurements
performed in transmission geometry show similar negative
transients, but the positive features are absent, as shown in
supplementary material Figure S1.' Films photoexcited
with 2.9 eV pump pulses instead of 4.0eV pump pulses show
very similar TR profiles, although the spectral region bound-
ing the pump is obscured, as shown in Figure S2.

The spectral features can be observed more quantita-
tively using a spectral slice of the AR data at a specific
pump-probe delay time, as shown in Figure 2(b) for a delay
of 10 ps. The negative reflectance peaks at ~2.5 and ~3.5eV
correspond to the absorption onsets seen in the ellipsometry
data, also shown in Figure 2(b), indicating that the features
arise from optical transitions. The observation of two transi-
tions matches other experimental and theoretical work on the
electronic structure of LFO.”’> The LFO band gap of
~2.6eV, determined by a Tauc plot of the ellipsometry
data,'’ corresponds well to our transient peak at ~2.5eV.
Therefore, we attribute the bleach at ~2.5eV to photoexcited
electrons and holes with energies near the band edge and the
recovery of this bleach to electron-hole recombination or
trapping. The bleach feature at ~3.5eV is attributed to a
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FIG. 2. (a) 2-D contour plot showing AR as a function of probe energy and
pump-probe delay time. The pump energy was 4.0eV at a power of 6.9 uJ/
pulse. (b) A 1-D slice from the contour plot showing AR versus probe energy
at a delay time of 10 ps, along with the absorption coefficient obtained from
spectroscopic ellipsometry.
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higher energy transition between a lower-lying valence band
and the lowest conduction band or between the highest va-
lence band and a higher-lying conduction band. Because
electrons and holes must have the same recombination life-
time, if a fitted lifetime is similar at different probe energies
of ~2.5eV and ~3.5eV, there is evidence that the fitted
time constant represents recombination lifetime.>***
Photoexcited carrier dynamics were studied by analyz-
ing kinetics of the ~2.5eV and ~3.5eV reflectance transi-
ents. The kinetics were fit with a multi-exponential decay
model convoluted with the instrument response

[ e ()] e
peal

where ﬁ is the signal normalized by the peak magnitude

of the signal and Ggp is the Gaussian instrument response
function. Kinetics at ~3.5eV were fit with a three exponen-
tial model and the kinetics at ~2.5eV required a four expo-
nential model, where 1, 72, 73, and 7, correspond to the
time constants of the fast (3—40 ps), medium (~200 ps),
slow (~3ns), and ultrafast (0.3-0.7 ps) part of the decay,
respectively. The A; parameters are the weights. Fewer
exponential decay terms did not adequately fit the data,
resulting in non-random residuals, as shown in Fig. S3.
Because the spectral peaks shift slightly in energy with
pump-probe delay time, fitting kinetics at a single energy
introduces distortions into the kinetic trace. To mitigate these
distortions, kinetics were monitored at the spectral peak
instead of at a monochromatic energy. The fits of the two
transients at ~2.5eV and ~3.5eV are shown in Figure 3.
The model fits the data very well over three temporal orders
of magnitude. The fitting parameters obtained for the differ-
ent probe energies are given in supplementary material
Tables SI and SII, and typical residuals for each probe
energy are given in Figure S4.

Kinetics were measured at different pump fluences to
further investigate the recombination mechanisms associated
with different time scales. The power-dependence of

AR (norm.)

0.1 1 10 100
Time Delay (ps)

1000

FIG. 3. TR kinetics for probe energies of ~3.5eV and ~2.5¢eV, with log
and linear (inset) time axes, after photoexcitation at 4.0eV with 6.9 uJ/pulse.
Symbols are experimental data and lines are the fitted model.
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normalized kinetic data and the fitted time constants at probe
energies of ~2.5eV and ~3.5eV are shown in Figure 4.
Pump power was varied between 0.9 and 11 uJ/pulse, with
excitation at 2.9 eV. This range of power corresponds to pho-
toexcited carrier densities of 0.6-7.2 x 10%° cm73, calculated
using the absorption coefficient of 9 x 10 cm ™' determined
by ellipsometry. Although these carrier densities are large,
the peak AR signal remained linearly proportional to the
pump power, Figure S5. In this high injection regime, recom-
bination rates scale as n for Shockley-Read-Hall (SRH)
recombination, n* for radiative recombination, and n> for
Auger recombination.”>?® Associated carrier lifetimes scale
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FIG. 4. (a) Normalized kinetic traces and (b)—(d) fitted time constants as a
function of pump power. The pump energy is 2.9 eV and probe energies are
indicated in each panel.
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as n° for SRH recombination, n~' for radiative recombina-
tion, and n~2 for Auger recombination.*®

The ultrafast time constant 7, (0.3-0.7 ps) only appears
in the reflectance transient at ~2.5eV and is attributed to the
cooling of hot photoexcited carriers via phonon interactions.
Similar ultrafast relaxation was previously reported for
BiFeO; (BFO).”"'

The fast time constant t; (540 ps) was observed for
both probe energies and decreases significantly with increas-
ing pump power, Figure 4(a). This power dependence indi-
cates that carrier-carrier interactions are important, as is the
case with Auger and radiative recombination. The slight dif-
ferences in time constants between the ~2.5eV and ~3.5eV
probe energies indicate that interband scattering or trapping
into mid-gap states may also contribute to the dynamics.
Similar dynamics have been reported previously for BFO,
although the underlying mechanism has not been conclu-
sively identified. Yamada et al. found a fluence-dependent
time constant between 0 and 200 ps in BFO thin films, which
they attributed to Auger recombination.'? In a BFO single
crystal (220 um thick), Sheu er al. assigned decays on
~10-50 ps scale to radiative recombination.'' And in BFO
polycrystalline films (150 nm), Jin et al. assigned dynamics
on the order of tens of picoseconds to spin-phonon relaxa-
tion.'"® We do not expect spin-phonon relaxation to influence
carrier dynamics in LFO, as a previous study of the magneti-
cally similar BFO found no evidence of coupling between
carrier dynamics and spin order."!

The medium time constant, 75, was on the order of
~200 ps for both probe energies, Figure 4(b), and is only
weakly dependent on pump power. Moreover, good agree-
ment between the fitted time constants at both probe energies
over the entire range of pump power indicates that this repre-
sents a recombination process. Lifetimes independent of car-
rier density suggest that the time constant could represent
either SRH or surface recombination. With a film thickness
of only 16nm, surface recombination may be significant
because carriers have very short distances to diffuse to reach
interfaces.

The longest time constant, 73, was on the order of 3 ns,
Fig. 4(c), and is essentially independent of both pump power
and probe energy. As with 7,, SRH and surface recombina-
tion are consistent with the observed trends. Bleach recovery
may also be attributed to trapping of carriers in localized
states, as previously reported for BFO on nanosecond time
scales.'? Other reports in the literature have attributed nano-
second scale transients in BFO to a combination of lattice
heating and radiative recombination.'' They found signifi-
cant changes in dynamics when varying pump energy
because the excess energy resulted in changes in the lattice
temperature. In our work, TR traces were similar for pump
energies of 2.9 and 4.0eV, as shown in Figure S6 and Table
SIII, so we conclude that lattice heating does not signifi-
cantly contribute to the observed dynamics. Regardless of
the decay mechanisms, we note that more than 10% of pho-
toexcited carriers remain for longer than 3 ns.

In conclusion, this work demonstrates that ultrafast TR
measurements can be performed on epitaxially strained crys-
talline thin films of perovskite oxides with a thickness of less
than 20nm. The ultrafast reflectance transients at ~2.5eV
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and ~3.5eV correspond to the absorption spectrum of the
LFO film. Kinetics at those transients were fit well by a
multi-exponential decay model with fast (5-40 ps), medium
(~200 ps), and long (~3ns) time constants that we assign
primarily to recombination of photoexcited carriers. By
establishing the approach of using TR to quantify carrier
dynamics, this work will enable future studies that can quan-
titatively probe the effects of strain, thickness, and the pres-
ence of interfaces on carrier lifetimes and recombination
mechanisms in epitaxial perovskite films. The ability to use
these strategies accessible in oxide heterostructures to engi-
neer ultrafast carrier dynamics in perovskites films may pro-
vide promising means for enhancing their applicability as
photovoltaic and photocatalytic materials.
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