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Optical absorption in epitaxial La;_,Sr,FeOj3; thin films
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We report the dependence of optical absorption on Sr concentration in La;_,Sr,FeOs; (LSFO)
(x < 0.4) perovskite thin films. Strained epitaxial films were deposited on SrTiO3z substrates using
oxide molecular beam epitaxy. We find systematic changes in the optical absorption spectra with
increasing x including a red-shift of transition energies and the increasing presence of a lower energy
transition within the fundamental gap of pure LaFeOs. These results serve as a demonstration of the
complex manner in which absorption spectra can be altered in complex oxides via heterovalent
A-site substitution. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794145]

Perovskite oxides have become the subject of intense
research efforts owing to their remarkable diversity of
physical properties. Properties such as, but not limited to,
superconductivity, ferroelectricity, and magnetism can be
observed, tuned, and sometimes combined in perovskite
oxide heterostructures. ' Recently, there has been increased
interest in engineering the optical properties of complex
oxides for use in solar energy conversion and multifunctional
optoelectronics.”® However, unlike traditional compound
semiconductors, there have been few systematic studies of
how optical absorption spectra evolve with composition in
quaternary perovskites.”'' The studies that have been
reported highlight the need for systematic, experimental
work, as optical band gaps and absorption spectra can exhibit
a non-linear dependence on the material composition.'®!!
Such non-linearities may be particularly important in the case
of non-d° perovskites, such as ferrites and manganites, which
exhibit complex phase diagrams with electron correlations
playing a major role in the electronic structure.

The material system La;_,Sr,FeOs; (LSFO) is an interest-
ing candidate for optical studies because of the vastly different
ground states exhibited by the parent compounds LaFeOs
(LFO) and SrFeOj; (SFO). In the bulk, LFO exhibits a band
gap of 2.1 eV,'? while SFO is metallic.'* In addition to the dis-
parate electronic behavior of the parent compounds, which
makes the system a promising one in which to tune optical
transitions, the LSFO system exhibits a range of properties
such as antiferromagnetism,'*'> charge ordering,'®'” and pres-
sure- and field-induced magnetic transitions'®'? that may find
use in electronic or optoelectronic devices. Previous studies of
LSFO have utilized x-ray-based spectroscopies to investigate
alloying-induced changes in the electronic structure.'***23
However, a systematic understanding is lacking regarding how
optical properties change with A-site cation substitution in the
LSFO system. In this letter, we report the synthesis and optical
characterization of a set of La;_,Sr.FeOs; (x < 0.4) films.
Increasing the Sr concentration induces several systematic
changes in the spectra including a red-shift of the lowest
energy absorption edge in LFO. Additionally, an increase in
absorption at energies below the LFO band gap is observed
with Sr alloying, consistent with the formation of a Sr-induced
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state above the Fermi level, indicating that heterovalent A-site
substitution produces a complex response in the absorption
spectrum as opposed to a simple shifting of the band gap.

Thin films of LSFO were grown using oxide molecular
beam epitaxy (MBE) (Omicron modified LAB-10 system).
The metallic cations were sublimed or evaporated from ele-
mental sources, the flux from which was measured using a
quartz crystal monitor that was calibrated via Rutherford
backscattering spectroscopy and x-ray reflectivity. Single
crystal STO (001) substrates were used for the deposition of
each sample. The substrates were etched for 30s in aqua
regia then annealed for 2 h at 1000 °C. Typical substrate tem-
peratures ranged from 625to750°C during deposition.
Metal cations were co-evaporated, with each unit cell fol-
lowed by a 20-30s pause. The LFO films were grown in an
O, or 0,/03 environment (approximately 5% Os in O,),
while all the LSFO films were grown using the ozone/oxy-
gen mixture with a chamber pressure of 2.0 x 10~° Torr. All
films are 25-55 nm thick. The error in the cation stoichiome-
try (x) of the films is estimated to be roughly *=0.03, based
on drifting of the effusion cell flux during growth and the ac-
curacy of flux calibration. Crystal growth was monitored in
situ using reflection high energy electron diffraction
(RHEED). Ex situ post-growth anneals were carried out in
an oxygen tube furnace for 4 h at 650 °C under flowing O, to
reduce oxygen vacancies.

X-ray diffraction and reflectivity was measured using a
Rigaku SmartLab diffractometer to probe the crystalline qual-
ity, surface roughness, and thickness of the samples. The
reflectivity data were fit using the GENX program®® to deter-
mine film thickness and roughness. The c-axis lattice parame-
ters were obtained by comparing the measured data and
diffraction simulations using GENX, which can be seen in sup-
plementary Figure S1.%” High resolution diffraction and re-
ciprocal space maps (Figs. 1(a) and 1(c)) were obtained from
the Advanced Photon Source at Sector 33-BM. Optical prop-
erties of the films were measured at room temperature over
the energy range of 1.25-5eV using a J.A. Woolam M-2000U
variable angle spectroscopic ellipsometer. Ellipsometry was
carried out at five angles from 65°-75° to create a well-
defined sample set for the fitting software. The ellipsometry
data were fit using Film Wizard 32 software to extract the
index of refraction (n) and the extinction coefficient (k) of the
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film from the film-substrate stack. The optical constants of
the films were modeled using a series of Lorentz-Drude oscil-
lators, with the thickness fixed at the value obtained from
x-ray reflectivity. Optical absorption was determined using
the relationship o = 47k A~ where o is the absorption coeffi-
cient and / is the incident photon wavelength.

Ternary LFO films are found to have a wide stability re-
gime in terms of chamber growth pressure and substrate tem-
perature. Figure 1(a) displays x-ray diffraction data obtained
from a LFO film grown at 1 x 10~ Torr. Scans over a wider
g-range reveal only the specular (00 L) peaks, confirming that
the film is phase pure with only a single out-of-plane crystal-
lographic orientation. Similar results are obtained for films
grown at pressures up to 5 x 107% Torr, which is the highest
pressure used in this study. The films exhibit c-axis lattice pa-
rameters of 3.95A, consistent with the previous reports of
LFO on STO.?® Following growth, the film was annealed in
flowing oxygen. X-ray diffractions measured before and after
the anneal are given in Fig. 1(b). Unlike Sr containing films,
as will be discussed below, negligible changes in the diffrac-
tion pattern were observed suggesting the LFO is fully oxi-
dized in the as-grown state. Additionally, LFO films grown in
either O, or an O,/0; mixture yielded the same lattice con-
stants. Figure 1(c) shows a reciprocal space map of the same
film confirming the fully strained nature of the film.

In contrast, films containing Sr are found to be
oxygen deficient when grown under similar conditions.
Figure 2(a) presents the (002) diffraction peak measured
from an as-grown Lag ¢Srg4FeO; film that was deposited at
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FIG. 1. High resolution x-ray diffraction
data taken for a 49.9nm LFO film grown
on STO (001) (a)-(c). The (002) Bragg
peak is shown in (a) and (b). The diffrac-
tion patterns in (b) compared before
(dashed line) and after (solid line) post-
growth annealing; no change is observed.
A reciprocal space map of the (113)
reflection of the as-grown film is shown
in (c), confirming the film is coherently
strained.

1 n‘l 1 1
158 160 162 1.64

q (A

2 x 107 Torr. The diffraction peak from the same film meas-
ured after a post-growth oxygen anneal is also presented. The
c-axis parameter shifts from 3.934 A 103.896 A following the
anneal. Further annealing does not result in a continued
decrease of the lattice parameter. The decreased lattice pa-
rameter is consistent with a reduction of oxygen vacancies.
The presence of oxygen vacancies leads to an enhanced con-
centration of Fe>* cations and a decreased concentration of
Fe*" cations. As the ionic radius of Fe>* is larger than Fe**,
the oxygen vacancies act to expand the lattice. Even composi-
tions with relatively small amounts of Sr (x ~ 0.08) require
post-growth annealing in oxygen to remove oxygen vacan-
cies. As can be seen in Figures 2(b) and 2(c), the lattice pa-
rameters of the annealed LSFO films decrease monotonically
with increasing substitution of Sr for La. For comparison,
previously reported lattice constants*®*~° for LSFO thin films
on STO (001) are also plotted in Figure 2(c) and are in good
agreement with our results. Further confirmation of the film
stoichiometry comes from variable temperature resistivity
measurements (not shown), from which we obtain similar re-
sistivity values compared to the bulk single (:rystals,31 sug-
gesting that the films are fully oxygenated after the anneal.
The room temperature optical absorption spectra for all
samples were obtained using variable angle spectroscopic
ellipsometry. The films were modeled as homogeneous
smooth films on an infinite substrate. Prior to growth, each
substrate was measured with ellipsometry to ensure accurate
representation of the substrate contribution to the spectra
measured from the films. The data were fit with a series
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FIG. 2. Diffraction data obtained from the as-grown (dashed line) Lag Srp4FeOs film and after annealing the same film (solid line) are presented in (a). The
diffraction pattern for annealed films of varying composition is shown in (b). The out-of-plane lattice parameters are plotted against composition in (c). Data
from the literature are included for comparison; the red triangle, green star, and blue diamond are from Refs. 28-30, respectively. A comparison of the optical
absorption spectra between as-grown and annealed LFO and Lag 7551 25FeO3 films is shown in (d). While negligible changes are observed in the LFO, the
Lag 75Sr925FeOs film exhibits a distinct change in the absorption after annealing induced by the removal of oxygen vacancies.

of Lorentz-Drude oscillators using a global modified
Levenberg-Marquart algorithm. This process yielded the
best fits on average for each film.

The Lorentz-Drude dielectric oscillator model follows
the functional form,

A o
(

m
€ 1+ R - . )
|\ L@, EE ) EE )

€ =

ey

where €., is the high frequency dielectric constant, E¢ is the
center energy of the given oscillator, A is the oscillator am-
plitude fitting parameter, E is the incident photon energy, I
is the broadening or vibrational fitting parameter, wp is the
plasma frequency, and v is the collision frequency. The
obtained fitting parameters for the LSFO films are given in
Supplementary Table S1.%” Films containing Sr required
four oscillators to achieve good RMSE values. In each case,
one of these oscillators falls outside the measured region on
the high energy side of the spectrum. For pure LFO, five
oscillators were required. For LFO, the center energy of the
oscillators is in good agreement with the similar material
BiFeO3; (BFO) with the exception of the small oscillator at
2.46 eV found in BFO but not LFO.*

The absorption spectrum for LFO is presented in
Fig. 2(d). Negligible differences are observed in the spectra

for the as-grown and post-growth annealed film, consistent
with the previous conclusion that the as-grown LFO films
are oxygen stoichiometric. In Sr-containing films, substantial
changes to the absorption spectra are induced through the
post-growth anneal process, as shown in Fig. 2(d) for the
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FIG. 3. Optical absorption spectra for the series of LSFO films. The inset
shows the Tauc plots used in determining the energy for transition “A.”
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x=0.25 film. In particular, the absorption spectra of the
oxygen-deficient as-grown LSFO films are similar to
the LFO films, while the oxygen anneal leads to changes in
the absorption spectra that are systematically dependent on
Sr concentration, as will be discussed below.

Based on previous work,'***** we attribute the transition
labeled “A” in Fig. 2(d) to the electronic band gap for LFO.
This transition corresponds to an excitation of electrons from
a valence band consisting of hybridized Fe e, majority spin
and O 2p states to a conduction band comprised of primarily
Fe 3d t,, minority spin states. The energy gap for this transi-
tion was previously reported to be ~2.1eV for bulk LFO;"?
however, it is unknown if this transition is direct or indirect.
In order to quantify the band gap, we follow the procedure
used for many similar perovskite oxide materials (including
BFO),”'"#3-% in which Tauc plots are employed to determine
transition energies using the equation, (eE)* = (E — Eg),
where « is the absorption coefficient, E is the incident photon
energy, and E is the transition gap energy. The transition
energy is obtained from the x-intercept of the («E)* vs. E plot.
We obtain an optical band gap of 2.64eV for the LFO film
shown in Fig. 3. In total, we measured 4 LFO films and
observed band gaps ranging from 2.63 to 2.67 eV. These val-
ues are slightly larger than that previously reported for bulk
material (2.1eV).'> However, in the previous study, the band
gap was obtained from the linear intercept of the optical con-
ductivity derived from optical reflectivity data using bulk pol-
ycrystal samples. When using this method to determine band
gap, in which we calculate optical conductivity from the
extinction coefficient and refractive index, we obtain values
around 2.45 eV for LFO. In addition to transition “A,” there is
a second absorption edge (“B”) that has a transition energy of
3.85eV as determined from Tauc analysis. This transition is
attributed to the excitation of carriers from the valence band
to unoccupied minority spin e, states. >

Substitution of Sr for La induces several systematic
changes in the optical absorption spectra. The transition la-
beled “A,” the band gap in LFO, is red-shifted as seen in Fig.
3. The transition energy of this edge was fit using the direct
gap Tauc method, shown in the inset of Fig. 3. Figure 4 dis-
plays a systematic reduction in the energy of transition “A”
with increasing Sr content. From Fig. 4, it is clear that the
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FIG. 4. The energy of transition “A” as determined from Tauc plots as a
function of composition.
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energy of this transition will not extrapolate to OeV as
expected for the parent compound SFO. Instead, an addi-
tional transition, labeled “C,” can be seen emerging at ener-
gies below transition “A.” Transition “C” is a result of a
state forming within the gap of LFO as holes are added into
the valence band.”*** Since this transition occurs at lower
energies than the band gap for LFO, transition “C” likely
represents the true band gap transition in Sr containing films.
Unfortunately, our measurements do not capture the onset of
transition “C,” which is below the energy range of the ellip-
someter. Thus, determining how the band gap changes as a
function of strontium doping requires lower energy analysis
than is reported here. However, our measurements reveal a
simultaneous decrease of spectral weight in feature “B” and
an increase in feature “C” with increasing x. This observa-
tion supports previous results suggesting that Sr alloying
induces a transfer of electronic states from the valence band
to a state above the Fermi level, likely derived from unoccu-
pied e, majority spin states.?>

We note that we also attempted to model the absorption
data assuming an indirect gap by plotting (2E)"* as a func-
tion of E; this can be seen in Supplementary Figure $2.%7
However, the results obtained from the direct gap model are
in better agreement with the x-ray spectroscopy reported in
Ref. 22 and the values obtained from the indirect gap for the
LSFO films are at energies well into the absorption region
associated with transition “C.” The transition energies
obtained from the indirect gap model are approximately 1 eV
lower than where the absorption associated with transition
“A” begins to increase. We, therefore, believe that the use of
the direct gap Tauc model is more appropriate.

In conclusion, systematic changes in the optical absorp-
tion of epitaxial La;_,Sr,FeOj3 thin films were observed with
increasing Sr content. The addition of Sr leads to a red-
shifting of transitions that involve excitation to minority spin
Fe 3d states and the formation of an additional transition at
energies below the gap of LFO. These results demonstrate
the feasibility of tuning electronic and optical transitions in
Fe-based complex oxides within the visible spectrum using
mixed valence A-site cation doping.
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