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ABSTRACT: Measuring time-resolved photoexcited proper-
ties in semiconductors is critical to the design and improve-
ment of light-harvesting devices. Although ultrafast pump—
probe spectroscopy offers a promising route to understand
carrier recombination mechanisms and quantify lifetimes,
thermal contributions to the transient optical response can
be significant and need to be properly accounted for to isolate
carrier-induced contributions. We demonstrate the use of
broadband ultrafast optical spectroscopy on type I hetero-
structures as a means to isolate transient effects that are solely
thermal in nature. Specifically, we use transient absorption and
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reflectance spectroscopy to measure the time-resolved optoelectronic changes in photoexcited epitaxial bilayers of LaFeO;/
LaMnOj; and monolithic thin films of these materials. Experiments and complementary numerical modeling reveal that thermal
effects dominate the transient absorption and reflectance spectra above the band gap. Fitting the dynamics with a thermal
diffusion model yields thermal conductivities of 6.4 W m™ K™ for LaFeO; and 22 W m™' K™' for LaMnOs. In LaFeO;, an
additional photoinduced absorption feature below the band gap at ~1.9 eV is assigned primarily to photoexcited carriers and
persists for over 3 ns. This work provides a direct demonstration of how thermal and electronic contributions can be separated in
transient optical spectroscopies, enabling new insights into dynamical optical properties of semiconductors.

I. INTRODUCTION

Ultrafast transient absorption and reflectance (TA/TR)
spectroscopies are foundational techniques for studying photo-
excited carrier lifetimes, interfacial transfer rates, and
recombination mechanisms." Because quantifying photoexcited
carrier dynamics is central to the design and improvement of
light harvesting devices, these transient optical techniques have
been applied to a wide range of semiconductors.'~'* However,
interpretation of transient absorption and reflectance data is not
always straightforward because the optical response can arise
from multiple electronic and thermal effects.

In a typical TA/TR experiment, the sample is photoexcited
with an ultrafast pump pulse and the differential transmission or
reflection is measured with reference to the nonphotoexcited
sample. Some features of the differential spectra have electronic
origins, such as ground state bleaching due to bandfilling,
stimulated emission, and photoinduced absorption.'> However,
heat released as photoexcited carriers thermalize can also have a
large influence on optical properties and hence the differential
spectra, even at very low fluences.®”'® These thermally induced
transients in the optical spectrum compete with carrier-induced
effects,'” as shown schematically in Figure 1. During thermal-
ization, electron—phonon scattering transfers heat to the lattice
within ~1 ps following excitation.”'®'” This heat typically
expands the lattice, broadens electronic bands,”’ and red-shifts
the absorption edge, creating complicated optical transients.'®
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In contrast, ground state bleaching due to bandfilling typically
blue-shifts the absorption edge near the band gap.'” Addition-
ally, photoexcited carriers can have new absorption pathways at
photon energies that are smaller than the band gap due to free
carrier absorption. Heating also confounds the interpretation of
the dynamics of the optical response. Diffusion of heat across
thin films occurs on the same picosecond to nanosecond time
scales that are often characteristic of carrier recombination.
Furthermore, carriers and heating are coupled through
nonradiative recombination.

Previous research has highlighted the inherent difficulty in
decoupling thermal and electronic phenomena and demon-
strated several strategies to address this challenge. Sabbah et al.
investigated silicon single crystals using degenerate transient
optical spectroscopy to pump and probe at 1.55 eV, above the
indirect band gap.” They modeled time-resolved transient
reflectance data with coupled thermal and carrier diffusion
equations, taking advantage of the fact that surface recombi-
nation was the only recombination mechanism on the 100 ps
time scales measured. They found that heat injected into the
lattice following surface recombination had a significant
contribution to the transient optical response, especially at
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Figure 1. Schematic comparing thermal and several electronic
contributions to the (a) band structure, (b) absorption profile, and
(c) resulting differential transmission spectrum. The position of the
band gap, E,, is marked with a dashed line in (b) and (c). Thermal
expansion (red curves) typically leads to red-shifting of the band gap,
labeled Eg},y, and broadening of the electronic band structure which
manifest as decreased light transmission close to the band gap. Band
filling (blue curves) with photoexcited carriers has a contrasting effect,
effectively blue-shifting the band gap, E,s and leading to a ground
state bleach (GSB) (increased light transmission) just above the band
gap. Intraband free carrier absorption (orange curves) traditionally
follows a Drude 1/E? dependence, while interband free carrier
absorption (green curves) can be observed below the band gap
through new absorption pathways. The actual spectral positions and
shapes are highly dependent on the band structure of the
semiconductor. Schematics not drawn to scale.

high surface recombination velocities. More recently, Sheu et al.
investigated thermal effects in single crystals of multiferroic
BiFeO; by varying the amount of excess energy of pump
photons.® Probing above the 2.7 eV band gap at 3.12—3.23 eV,
they found that the temperature rise in the film had a strong
influence on the optical response within picoseconds and
persisted for longer than 1 ns.’

Decoupling thermal and carrier effects can be even more
challenging in materials where thermal diffusion and carrier
recombination occur on similar picosecond to nanosecond time
scales, as is the case for many thin films. However, a broadband
probe can facilitate decoupling by identifying spectral signatures
that arise mainly from heating or from carriers. For example,
Hayes et al. used a combination of broadband transient
absorption spectroscopy and temperature-dependent ellipsom-
etry to clarify the physical origins of TA dynamics in hematite
(Fe,0,) thin films.'® Previous literature over two decades had
predominantly assigned spectral features to photoexcited
carriers, regardless of hematite morphology or environ-
ment.'**'™** However, Hayes et al. demonstrated that for
thin films in air TA signals beyond the first picosecond in the
visible range were mainly due to heating. The critical piece of
evidence was their comparison of transient absorption spectra
to ex situ thermal difference spectra obtain from spectroscopic
ellipsometry. Only a small spectral shoulder below the 2.4 eV
band gap at 1.8 eV was assigned to photoexcited carriers, which
persisted for less than 100 ps. While reports of carrier lifetimes
of nanoseconds or more are reasonable for in situ measure-
ments of hematite photoanodes under bias,”* such long
dynamics in thin films should be attributed to lattice cooling,
rather than carrier recombination as previously assigned.”"”
Such work highlights the use of broadband probes and the
importance of decoupling thermal and electronic contributions
to the transient spectra to accurately describe ultrafast
processes.

In this work, we demonstrate the use of semiconductor
heterostructures to distinguish thermal and carrier effects by
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taking advantage of band alignments that enable heat flow—but
not electron or hole transfer—between materials. As shown
schematically in the inset of Figure 2, by exciting the smaller
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Figure 2. Optical absorption for LaMnO; (21.9 nm), LaFeO, (16.5
nm), and a (LaFeO,;)s,/(LaMnO;)s; (20.9 nm/20.2 nm) hetero-
structure, each grown on LSAT. Inset shows the type I band alignment
of LaFeO; and LaMnO; with a valence band offset of 1.2 eV and a
conduction band offset of 0.6 eV, as determined previously.”” A type I
heterojunction allows heat flow but not carrier transfer to the larger
band gap material following photoexcitation of the smaller band gap
material.

band gap material in the type I heterostructure, only heat can
flow to the larger band gap material, allowing thermal diffusion
to be monitored in the larger band gap material using transient
optical spectroscopy. Thermal effects can be isolated by
comparing transient optical spectra and kinetics derived solely
from heat to those derived from a combination of heat and
photoexcited carriers that arise upon direct photoexcitation.
The advantage of using electronically engineered bilayers is that
the same experimental technique (broadband TA or TR
spectroscopy) can be used to monitor both the diffusion of heat
and the recombination of photoexcited carriers. Furthermore,
because the thermal difference spectra are time-resolved,
thermal conductivities can be quantified by modeling heat
transfer.

We illustrate our approach combining transient optical
spectroscopy and temperature-dependent ellipsometry on
single-layer and thin film heterostructures of LaFeO; and
LaMnO;—two perovskite oxide semiconductors that have well-
studied electronic structure and diverse physical properties”®™>*
and that have a type I band alignment.” Traditionally,
inorganic perovskite oxides with the chemical formula ABO;
have been studied for their magnetic, ionic, and electronic
properties,”*>* but they are increasingly investigated for their
light-harvesting potential.33_38 Indeed, this chemically flexible
class of oxides has band gaps that are tunable from ultraviolet to
near-infrared” "' as well as other unique properties such as
ferroelectricity that make them promisin% candidates for
photovoltaic and photocatalytic applications.””** LaFeO; and
LaMnO; are stable, nontoxic, and strong absorbers of light,
with band gaps of ~2.4 eV" and ~0.6 eV.” LaFeO, has
already been utilized for photocatalytic applications.'™*¥***
We have previously reported on ultrafast dynamics of LaFeO;
thin films™® but did not adequately account for thermal effects,
and this work provides a chance to revisit that material. We are
unaware of any previous study of subnanosecond-scale transient
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optoelectronic properties in LaMnO; Here we find that
thermal contributions dominate the transient absorption and
reflectance spectra in the visible light range from 2.2 to 3.8 eV
for both materials, and a thermal diffusion model reveals
thermal conductivities of 6.4 W m™ K™ for LaFeO, and 2.2 W
m™' K™! for LaMnO;. Additionally, carriers in LaFeO; produce
a photoinduced absorption feature below the band gap at ~1.9
eV that persists for nanoseconds.

Il. EXPERIMENTAL METHODS AND MODELING

Epitaxial thin films of LaFeO,;, LaMnOs and (LaFeO,),/
(LaMnO;,),, bilayers were grown on double-side polished
Lag Sty ALy ¢sTag350;5 (LSAT) (001) substrates via molecular
beam epitaxy,” where the subscripts n and m indicate the
number of unit cells of each layer. The c-axis lattice parameter
for the films is 4.00 + 0.02 A per unit cell; further details were
reported previously.29 Scanning transmission electron micros-
copy and X-ray scattering showed the high crystalline quality
and sharp (<2 nm) interfaces,”” making these heterostructured
films well-suited for ultrafast spectroscopic investigation. The
samples measured in this work are the same as those in ref 29,
where a more detailed discussion of their growth and
characterization is given. Static optoelectronic properties in
the visible range, 1.2—5 eV, were measured by variable angle
spectroscopic ellipsometry (J.A. Woolam M-2000U). The
measured ¥ and A were fit using WVASE32 software to
extract the index of refraction (n) and extinction coefficient (k)
of the films at several temperatures from 25 to 300 °C. The
absorption coefficient, a, was calculated by a = 47k/A, where A
is the incident photon wavelength.

Broadband ultrafast transient absorption and reflectance
spectroscopy were used to measure dynamic optoelectronic
properties. The output of a regeneratively amplified Ti:sapphire
laser (Coherent Libra, 50 fs, 1 kHz, 3.5 W) was split to generate
a tunable pump pulse using an optical parametric amplifier
(Coherent OPerA Solo) and a broadband probe pulse using
white light continuum generation in sapphire and CaF, crystals
in the transient absorption spectrometer (Ultrafast Systems
Helios). The pump photoexcites carriers in the material, and
the probe pulse interrogates the sample’s optoelectronic
properties after a time delay controlled by an optical delay
line. Every other pump pulse is blocked with a chopper,
allowing photoexcited properties to be isolated from ground
state properties. The experimental method relies on monitoring
the time-resolved differential reflectance or transmission. In
transient absorption spectroscopy, the change in transmitted
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lll. RESULTS AND DISCUSSION

Probing Heating Effects with Monolithic and Hetero-
structured Thin Films. Static optical absorption spectra
provide insight into the band structure of the semiconductors
and guidance on interpretation of ultrafast spectral transients.
The optical absorption spectra for LaFeO; LaMnO;, and a

(LaFeOs)s,/(LaMnOsy)s; bilayer film are shown in Figure 2.
Consistent with previous work, LaFeOj; exhibits a band gap of
~2.4 ¢V and a higher energy transition at ~3.5 eV."> LaMnO,
exhibits a band gap of ~0.6 eV* and a higher energy
absorption edge at ~3.0 eV. Using hard X-ray photoelectron
spectroscopy,” we previously found a type I band alignment
with a valence band offset of 1.2 eV and a conduction band
offset of 0.6 eV.

The broadband transient absorption data for LaFeO;,
LaMnO,, and the (LaFeO;);,/(LaMnOQ;)s, bilayer films
grown on LSAT are shown in Figure 3. The LaFeO; data
exhibit three distinct regions of decreased light transmission at
1.9, 2.5, and 3.5 eV. The latter two correspond to the band gap
and higher energy transition in LaFeO;. Likewise, LaMnOj; has
two distinct spectral transients: decreased light transmission at
~3 eV that matches the higher energy transition in the
absorption data and a region of increased light transmission at
~2 eV. Analogous spectral features can be seen in the transient
reflectance spectra shown in the Supporting Information,
Figure S1.

Figure 3e,f shows the TA data for a (LaFeOs;)s,/(LaMnOs)s,
bilayer photoexcited with 1.55 eV photons. This photon energy
is sufficient to excite carriers only in LaMnO;. Therefore,
immediately following excitation, the TA spectra strongly
resemble the spectra from monolithic LaMnOj; excited at 1.55
eV as shown in Figure 3c,d. However, the spectral weight in the
bilayer film shifts over the next 3 ns to strongly resemble the
TA spectra of LaFeOj; excited at 4 €V, as shown in Figure 3a,b.
Although 1.55 eV photons can excite carriers from the LaMnOj;
valence band to the LaFeO; conduction band, this excitation
pathway would be confined to the interface and is expected to
be minimal compared to the bulk excitation in LaMnOs.

Photoexciting the LaMnO; layer within the bilayer at 1.55 eV
and 1.0 mJ/cm? initially increases the average temperature of
LaMnO; by 11 K, assuming that all the excitation energy above
the band gap is converted into heat as carriers relax to the band
minimum (see Supporting Information). Because LaFeO,/
LaMnO; forms a type I heterostructure, the majority of
photoexcited carriers are confined to LaMnOj; following their
rapid thermalization (~1 ps). Therefore, the LaFeOs-like
features in the bilayer spectral response are thermal in origin,
arising as the heat released from carrier cooling in LaMnO;
diffuses into LaFeO;. The thermally derived spectral peaks for
LaFeQ; are marked with dashed lines at ~2.5 and ~3.6 eV in
Figure 3a,c and can also be seen in the 1 ns spectral slices.
Monolithic LaMnOj; does not display these features at ~2.5 or
~3.6 eV.

To confirm the effect of heating on optical properties in
LaFeQO;, we measured the ex situ thermal difference spectra
with temperature-dependent, variable-angle spectroscopic
ellipsometry from the monolithic LaFeO; film. The thermally

derived % and % spectra were calculated from the measured n
and k using eqs S1 and S2 in the Supporting Information. The
% spectrum for LaFeO; for a temperature difference of 175 °C

is shown in Figure 4a (red line) and for several other
temperature differences up to 275 °C in Figure S2. The thermal
difference spectrum has two areas of decreased light trans-
mission at ~2.5 and ~3.6 eV, with increased transmission at
~3.0 eV. The thermal difference spectrum from ellipsometry is
similar to the TA spectra generated by photoexcitation in
Figures 3a,b and 4a (black line), supporting the dominant effect
of heating on the TA spectra above the band gap. The excess
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Figure 3. TA data for (a) LaFeO;/LSAT pumped at 4.0 eV and 2 mJ/cm* (c) LaMnO;/LSAT pumped at 1.55 eV and 1 mJ/cm? and (e)
(LaFeOs)s,/(LaMnO5)s;/LSAT pumped at 1.55 eV and 1 mJ/cm? (b), (d), and (f) show spectral slices of these TA data at several times ranging
from 2 to 1000 ps for LaFeO5, LaMnO;, and the (LaFeO,)s,/(LaMnOs,);, bilayer, respectively.

photon energy relative to the band gap for the pump conditions
of Figure 3a,b initially increases the temperature of the LaFeO,
film by roughly 60 K (see Supporting Information). Based on
the ellipsometry data in Figure S2, a 60 K increase in LaFeOj;

temperature results in a ATT signal of —0.06 at ~3.6 eV, which is

consistent with the magnitude of the TA transient 2 ps after
excitation. Moreover, the ellipsometry data in Figure S2 show a
blue-shift in spectral peaks as the temperature decreases. A
similar shift in the TA spectra occurs with increasing delay time
as the heat diffuses from the film into the substrate,
corroborating that thermal effects dominate the TA response
for LaFeO; above the band gap. Thermal effects also dominate
the transient reflectance above the band gap, as shown in
Figures S2b and S3, in contrast to our previous incorrect
interpretation that electronic effects play the predominant role
in dynamic optical phenomena in LaFeO; photoexcited above
its band gap.”

While thermal effects dominate the optical response above
the band gap, a subgap photoinduced absorption can be
assigned to photoexcited carriers in LaFeO;. Figure 4a
compares a TA spectrum of photoexcited LaFeO; (black),
which could include contributions from both heat and carriers,
to two spectra that can only be derived from heating—a
thermal difference spectrum of LaFeOj, from ellipsometry (red)
and a TA spectrum of the LaFeO;/LaMnO; bilayer after
excitation of LaMnO; (blue). The bilayer spectrum (blue)
represents the thermally induced spectrum derived from TA
and was calculated by subtracting the measured LaMnO; TA
spectrum (Figure 3d) from the measured LaFeO;/LaMnO; TA
spectra (Figure 3f), with both spectra taken 1 ns after
excitation. All spectra in Figure 4a were normalized by the
peak at ~3.6 eV to facilitate comparison. Raw data are shown in
Figure S4. Below the band gap of 2.4 eV, the TA spectra of the
monolithic LaFeO; film cannot be reproduced by thermal
effects alone. This difference implies that electronic effects
contribute within this spectral region and that dynamics will
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depend on trapping and recombination of photoexcited
carriers.

The sign and energy of the broad feature at ~1.9 eV in
LaFeOj; are consistent with intraband free carrier absorption.
To validate this assignment, we varied the photon energy of the
pump to manipulate the amount of excess energy per carrier. As
photoexcited carriers cool to the conduction band minimum,
they release heat equivalent to the excess excitation energy
above the band gap of the semiconductor. Figure 4b shows TA
spectra of monolithic LaFeO; excited with photon energies of
4.0, 3.1, and 2.7 eV, resulting in 1.6, 0.7, and 0.3 eV of excess
energy per electron. These spectra were recorded 2 ps after
excitation to allow enough time for carriers to transfer energy to
the lattice, but not enough time for heat to diffuse significantly
into the substrate. Because we hypothesize that the below-band
gap feature originates from photoexcited carriers, the spectra
were normalized to the peak of this region (near 1.9 eV) to
facilitate comparison on a per-carrier basis. As less excess
energy is injected into the lattice, less spectral weight is
dedicated to the thermal feature at ~2.5 eV relative to the
photoinduced absorption feature at ~1.9 eV.

By subtracting the normalized thermally derived TA
spectrum for LaFeOj; in the LaFeO,;/LaMnO; bilayer (Figure
4a, blue line) from the normalized TA spectrum for monolithic
LaFeO; (Figure 4a, black line), we can approximate the
nonthermal component of the TA spectrum. This nonthermal
spectrum is shown in green in Figure 4b, labeled A(ATT), and
has a similar spectral shape to the LaFeOj excited with minimal
excess energy at 2.7 eV. This further corroborates that the
photoinduced absorption below the band gap of LaFeOj; is due
to photoexcited carriers. This assignment is similar to recent
hematite literature, where the spectral region below the band
gap in Fe,O; was also assigned to photoexcited carriers, while
the above-gap response in that material was found to have a
thermal origin.'® The substrate may also add spectral weight to
the region below the band gap, and we quantify the
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Figure 4. (a) Normalized transient absorption spectra derived from photoexcited carriers and heat for LaFeO,. Black curve was pumped at 2 mJ/
cm?, and the blue curve was pumped at 1 mJ/cm® (b) TA spectra of LaFeO; excited with different photon energies to modulate the heat per carrier
following excitation. At energies closer to the band gap, the relative spectral weight associated with heating at ~2.5 eV decreases compared to the

electronic feature at ~1.9 eV. The green curve, labeled A(%), was calculated by subtracting the blue curve from the black curve in (a) and

approximates the carrier-induced spectral signature in LaFeOs. In (b), pump fluences for 4, 3.1, and 2.7 eV were 2.4, 0.9, and 0.8 mJ/cm”. (c)
Normalized kinetics probed in LaFeOj at 3.7 €V (heating), 2.5 eV (heating), and 1.9 eV (carriers). The thermal regions have nearly identical
dynamics, whereas decay of the photoinduced absorption below the band gap is considerably slower. Traces were normalized to the signal at 2 ps

following excitation.

contribution as up to one-fourth of the observed magnitude at
1 ns, as explained further in the Supporting Information and
shown in Figure SS. State filling of any electronic structure
within the band gap would lead to decreased absorption, or
increased light transmission, across that energetic transition,
which is not consistent with the sign of our data below the band
gap. Thus, the sign of the transient below the band gap is
indicative of free carrier absorption, which could arise as
photogenerated electrons are excited higher in the conduction
band (or holes excited lower in the valence band).
Monitoring the decay of the TA spectral features enables
insight into both carrier dynamics and heat transfer in LaFeO;.
Figure 4c shows that the decay of the thermally derived features
at ~2.5 and ~3.6 eV are nearly identical, as expected because
both features originate from heating. The signal decays by 80%
within the first S00 ps and continues to decay further with time.
In contrast, the feature at 1.9 eV assigned to carriers shows
slower dynamics, again suggesting that this feature does not
originate from heating in LaFeO;. The signal probed at 1.9 eV
decays by approximately 65% within 500 ps but then remains
roughly constant up to 3 ns. This feature at ~1.9 eV was best fit
with a biexponential decay model with a constant offset,

y =4 exp(—f) + A, exp(——) + ), The fit shown in

Figure 4c yields time constants of 4 + 0.5 and 47 + 5 ps
and an offset (y,) of 0.34. These photoexcited carriers in
LaFeQj; likely have lifetimes that extend beyond 3 ns, the length
of our experimental delay line. Long lifetimes are critical in
efficient light-harvesting devices as they increase the diffusion
length of photoexcited carriers allowing the charges to be
efficiently collected.

On the basis of a similar analysis for LaMnO;, we find that
the transient absorption and reflectance spectra across the
visible and near-infrared range, 1.5—4 eV, are derived from
heating. Figure S6a compares the thermal difference spectra
derived from ellipsometry with the transient absorption spectra,
showing that the sign and shape are consistent between the two
data sets and confirming the dominant influence of heating.
Also, the kinetics in Figures S6b are nearly identical across the
visible range, consistent with our interpretation that heat
diffusion dominates the kinetic profile. In LaMnO; we did not
see any clear spectral signature in the visible or near-infrared
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range that we can assign to photoexcited carriers. If there is a
below-gap feature as in LaFeOj, it would be below the spectral
range of our detector.

Thermal Transport Modeling. After identifying spectral
signatures of heat in LaFeO; and LaMnO;, modeling the time-
resolved decay of these features provides a route to quantify
thermal conductivity. By fitting the thermal conductivities in
monolithic LaFeO; and LaMnOj3, we can then predict the time
scales of heat transfer in the bilayers as an independent
validation of consistency. Although the underlying principle of
TA/TR spectroscopy is similar to time-domain thermore-
flectance (TDTR) spectroscopy, TA/TR directly probes the
film, whereas TDTR typically utilizes a metal on top of the film
of interest to act as an optothermal transducer and monitor the
temperature.‘w’4 Also in TA/TR spectroscopy, measurements
can be performed in a reflection or transmission geometry, can
probe films as thin as a few nanometers, and can probe heat
transfer through multiple layers within a heterostructure,
including selectively probing embedded materials. However,
using TA/TR spectroscopy to probe thermal conductivity is
most appropriate when heat-induced changes to the real and
imaginary part of the refractive index dominate over carrier-
induced effects at the probe energies.

Heat transport was modeled with Fick’s second law in one
dimension:

where x is distance normal to the surface, 7 is temperature, f is
time, k is the thermal conductivity, p is the density, and C is
the specific heat capacity. The initial temperature profile was
modeled assuming that carriers were generated by photo-
excitation according to Beer’s law and that all excess energy
immediately was converted to heat, so that the modeled data
starts (t = 0) at a maximum average temperature. Boundary
conditions modeled constant heat flux and temperature across
the film—substrate interface. At the front surface, the flux was
set to zero because preliminary calculations revealed that heat
loss via conduction into the substrate or adjacent film was at
least 4 orders of magnitude faster than either radiation or
convection at the surface. The magnitude of optical response is
proportional to temperature up to 250 °C, as determined from
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Figure 5. (a) Transient reflectance kinetics for several different thicknesses of LaFeO; on LSAT, with modeled normalized temperature change
within the probe depth (smooth lines). (b) Example model-predicted temperature profiles in LaFeO; taken at several time delays. (c) Normalized
AT/T transient and modeled temperature change in LaMnO;/LSAT with a thermal conductivity of 22 W m™ K. (d) Normalized AT/T kinetics
probed at 1.0 eV in monolithic LaMnO; and LaMnOj; sandwiched between LaFeO; and LSAT in the heterostructured film. Inset shows the model-
predicted difference in temperature change between the two films (smooth curve) as compared to the experimentally measured difference in kinetics.

ellipsometry and shown in Figure S7. Therefore, the thermal
conductivity of the film was fit by minimizing the error between
the normalized modeled temperature response within the
probe region and the normalized experimental transmission or
reflectance change.

To test this model and determine thermal conductivity, four
films of different LaFeO; thickness, ranging from 3 to 25 nm,
were grown on single-side polished LSAT. Samples were
measured in reflection geometry because the substrate was not
double-side polished and because the reflectance signal in the
visible range is also dominated by heating above the band gap,
making it a probe of film temperature. The films were pumped
at 4 eV at the same nominal power, and the kinetics were
probed at 3.5 eV, as shown in Figure Sa. The most significant
trend is that the thicker films have a slower decay compared to
the thinner films; the signal of the 3 nm film decreased by 80%
within 100 ps, while the 40 nm film took ~3000 ps to decay by
80%. Given the large temperature gradient at the film—
substrate interface, there is a larger driving force for heat
transfer in thinner films because the average temperature in
those films is higher due to the Beer’s law distribution. Also,
thinner films have a shorter characteristic length, which makes
the characteristic time for heat transfer shorter.

Thermal conductivity was the sole fitting parameter in a
global fit of the four LaFeOj transient reflectance data sets. The
heat capacity of LaFeO; was fixed at 116 J mol™' K™!, within
the range reported by Stolen et al."” The thermal conductivity
of the LSAT substrate was fixed at 5.1 Wm™ ' K™}, according to
a manufacturer’s reported properties,” which is similar to a
value of 44 W m™ K™ previously reported.”’ An example of
the temperature profiles generated by the model is given in
Figure 5b. To compare the dynamic response to the TR data,

120

we find the average temperature at each time by integrating
over the film thickness. The normalized modeled temperature
decay is shown in Figure 5a and matches the experimental
reflectance data well with only a single parameter. The best-fit
thermal conductivity for thin films of LaFeO; was 6.4 W m™"
K™', which is slightly higher than the values of 2—3.5 Wm™
K™ reported for other thin film perovskite ferrites, such as
BiFeO;.””*® Additional heat generation by nonradiative
recombination on the time scale of hundreds of picoseconds
may cause the slower-than-predicted decay for the thickest film.
However, the overall goodness of fit and reasonable fit values
suggest that the simple thermal model based on the initial
excess photon energy captures the majority of the physics.

To understand the influence of the interface on the modeled
kinetics, Kapitza resistance was incorporated in the thermal
transport model. Most reported Kaptiza resistance values for
epitaxial oxide interfaces vary between 2 X 107 and 2 X 107"
m? K W% Assuming similar values for the LaFeO;/LSAT
interface, Figure S8 shows that Kapitza resistance has a minimal
effect on the modeled kinetics in LaFeOs.

The TA dynamics of monolithic LaMnO; film were
analogously fit best with a thermal conductivity of 2.2 W m™"
K™ (the fit is shown in Figure Sc) and agree reasonably well
with literature values which range from 1 to 1.3 W m™! K='.>%%

The approach to modeling heat transfer in monolithic films
can also be applied to the bilayer and can predict time scales of
heat transfer in heterostructures. In this case, photoexcitation at
1.55 eV generates an initial excess temperature profile in
LaMnO;, and the heat subsequently diffuses into both LaFeO,
and the LSAT substrate. As shown in Figure 5d, both
monolithic LaMnO; and a bilayer of LaFeO;/LaMnO; were
excited at the same pump energy of 1.55 eV and fluence of 3.6
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mJ/cm?® and probed at 1 eV to track the LaMnO; temperature.
After similarly fast decay in both samples for the first ~20 ps,
the decay was more rapid over longer time scales in the bilayer
because heat conduction into the capping LaFeO; layer is much
faster than radiation or convection to the surrounding air in the
monolithic LaMnOj; film. The maximum relative difference
between the samples occurs at ~200 ps, as shown in the inset
of Figure 5d. The inset also shows a model of the same
experimental conditions, which matches the experimental trend
and time scale. Deviations between the one-parameter thermal
model and experiment may arise due to additional physics that
we have neglected here. For instance, recombination of carriers
would generate additional heat within the film over time.
Nonetheless, this simple model provides essential insight into
the transient optical response of the films and enables
determination of thermal conductivity.

IV. CONCLUSIONS

We have demonstrated the use of heterojunctions with a type I
band alignment to isolate thermal effects from carrier effects in
transient optical spectroscopy. Thermal effects dominated the
spectra of LaFeO; and LaMnO; above their band gaps.
Numerical modeling of thermal transport in LaFeO; and
LaMnO; yielded thermal conductivities of 6.4 and 2.2 W m™
K™!, respectively. A spectral feature below the band gap of
LaFeOj; was assigned to photoexcited carriers and persisted for
longer than 3 ns, which is promising for light-harvesting
applications. This work illustrates that properly accounting for
thermal phenomena is critical to the interpretation of transient
absorption and reflectance data, specifically to the attribution of
carrier-induced changes. Simple thermal modeling can yield
predicted time scales of heat transfer and consequently facilitate
experimental design to minimize the influence of heating on
photoexcited carrier recombination. In addition to its usual
intended use for measuring carrier dynamics, TA/TR spec-
troscopy also provides a contactless means to measure heat
transport in monolithic and layered thin films. The approach
outlined here can be applied to a wide range of hetero-
structured materials for optoelectronic and thermal applica-
tions.
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