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We have investigated the synthesis of SrFeO3−α Fγ (α and γ ≤ 1) perovskite films
using topotactic fluorination reactions utilizing poly(vinylidene fluoride) as a fluorine source. Two different fluorination methods, a spin-coating and a vapor transport approach, were performed on as-grown SrFeO2.5 films. We highlight differences in the structural, compositional, and optical properties of the oxyfluoride
films obtained via the two methods, providing insight into how fluorination reactions can be used to modify electronic and optical behavior in complex oxide
heterostructures. C 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4921579]
Topotactic reactions, in which a chemical transformation occurs while maintaining the crystalline framework of a material,1 have garnered increasing interest within the oxide heterostructure
community as a means to expand the compositional range accessible for epitaxial films. These
reactions, performed on films post-deposition, have proven valuable in altering the anion occupation
or composition of oxide heterostructures. One example is reversible oxidation and reduction, which
can be carried out at lower temperatures and on shorter time scales than in bulk materials due
to the reduced volume of thin films. For example, post-growth anneals in oxygen, dilute O3/O2
mixtures, vacuum, or forming gas mixtures have been used to oxidize or reduce, depending on
the annealing environment, many ABO3−δ perovskites to achieve a targeted anion stoichiometry,
typically δ = 0 or 0.5.2–11 The use of aggressive reducing agents, such as Ca2H,12 has enabled the
realization of ABO2 compounds such as SrFeO2 and LaNiO2 via topotactic transformations from
as-grown ABO3 and ABO2.5 films.13,14 Given the sensitive coupling between δ and physical properties,15–17 topotactic oxidation and reduction reactions have been used to induce large changes to
the electronic, optical, and magnetic properties of epitaxial films18–20 and may prove applicable in
ionically controlled solid state devices.21–24
A second class of topotactic reaction involves the insertion or substitution of a different anion
on the oxygen site to stabilize mixed-anion perovskites such as oxyfluorides.25 Our motivation for
synthesizing oxyfluorides is twofold. First, the substitution of F− for O2− will electron dope the
material, thus enabling a route to reduce the B-site valence state without resorting to the introduction of oxygen vacancies. Second, the resultant B–F bonds will be more ionic than the B–O bonds.
These changes to the B-site electron count and the B-anion bond covalency are dual mechanisms by
which the functional properties of perovskite films can be engineered.
Previous work on bulk SrFeO2F and SrFeO3 illustrates some of the physical differences between oxyfluorides and oxides with the same cation composition. SrFeO3 exhibits metallic conductivity with a nominal Fe4+ valence.17 The substitution of F− for O2− in SrFeO2F adds an electron to the system, reducing the Fe oxidation state to 3+.26–28 Consistent with reduction of the
a em582@drexel.edu
b smay@coe.drexel.edu

2166-532X/2015/3(6)/062511/7

3, 062511-1

© Author(s) 2015

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions
Downloaded to IP: 129.25.16.111 On: Tue, 26 May 2015 13:51:54

062511-2

Moon et al.

APL Mater. 3, 062511 (2015)

Fe cation, a lattice expansion is observed upon fluorinating SrFeO3 (a = 3.851 Å)29 to SrFeO2F
(a = 3.955 Å),26–28 both of which are cubic. Unlike SrFeO3, in which helical magnetic ordering is
observed below 130 K,30 SrFeO2F is a robust G-type antiferromagnet with a Neel temperature of
685-710 K.31–33 The spin structure and high ordering temperature are consistent with LaFeO3 and
the brownmillerite SrFeO2.5, which also exhibit Fe in high spin d 5 configurations strongly favoring
antiferromagnetic superexchange interactions.34,35
Recent work has demonstrated fluorination of epitaxial perovskites via the thermal decomposition of fluorine-containing polymers in close proximity to a ABO3−δ film,36,37 a technique adapted
from fluorination processes carried out on bulk oxides.26,38,39 In one approach, a poly(vinylidene
fluoride) (PVDF) solution is spin-coated onto an as-grown, oxygen deficient film.36 The oxide/polymer bilayer is then annealed in flowing O2 to decompose the polymer, enabling F ions to
diffuse into the film. In a second approach, PVDF is placed in a heated tube furnace upstream from
the perovskite film.37 A carrier gas is used to transport vapor from the PVDF to the film, resulting in
F incorporation. Both approaches have been used to stabilize SrFeO3−δ Fγ (SFO-F)films. While the
methods are similar in nature, differences in process temperature, carrier gas, and time result in key
distinction between the films obtained from the two approaches. The aim of this work is to compare
SrFeO3−δ Fγ films obtained via these two approaches, highlighting the relative advantages of each
reaction method, and to discuss ongoing challenges and opportunities in topotactic fluorination of
epitaxial perovskite films.
Oxygen deficient ferrite films, SrFeO3−δ (SFO), were grown with oxide molecule beam epitaxy
(MBE) using an interrupted growth mode on SrTiO3 (STO) substrates. During deposition, the substrate temperature was held at 600 ◦C, and O2 was sourced to the substrate at a rate that yielded
a chamber pressure of ∼1.1 × 10−5 mbar. The thickness of the films was approximately 23 nm
(∼60 unit cells; uc). The spin-coating (SC) and vapor transport (VT) fluorination processes, which
are described below, were carried out using PVDF (Sigma-Aldrich, CH2CF2, 1.78 g/ml at 25 ◦C).
Following the fluorination, x-ray diffraction (XRD) measurements were taken around the (0 0 2)
truncation rod of the film using a Rigaku SmartLab diffractometer, equipped with parabolic mirror
and two bounce monochromators on the incident and diffracted beams. X-ray photoelectron spectroscopy (XPS) depth profiling was performed with a ThermoFisher K-Alpha spectrometer using a
monochromated Al Kα source with a pass energy of 20 eV at Rutgers University and with a PHI
spectrometer with a pass energy of 23 eV at Drexel University. For sputter depth profiling, Ar+ ions
of 2 keV energy at a sputtering spot size of 2 × 2 mm2 and a 60 s sputter interval were used. Optical
absorption spectra were measured using variable angle spectroscopic ellipsometer (J.A. Woollam
M-2000U). Data were collected at 5 incident angles (65◦, 67.5◦, 70◦, 72.5◦, and 75◦) in order to
improve the data fitting using a Levenberg-Marquardt algorithm of Lorentz oscillators in WVASE
software. All ellipsometry measurements were taken at room temperature.
The SC fluorination process [Fig. 1(a)] has been previously reported in Ref. 36. The film is
spin-coated with a solution of PVDF (10 wt. % in dimethylformamide (DMF)), which is followed
by a heat treatment in a quartz tube under a slow O2 flow at 600 ◦C for 2 h. The presence of O2
during the annealing step of the SC process facilitates the removal of the by-products produced
during thermal decomposition of the PVDF. In contrast, when the SC process was performed under
a N2 gas flow, a black residue remained on the film following the anneal and no film peaks were
present in x-ray diffraction. Figure 1(b) illustrates the VT fluorination process, which we adapted
from Katayama et al.37 In this approach, fluorination is carried out by heating a perovskite film and
PVDF pellets in a quartz tube for 24 h under a flowing carrier gas; here, we use N2 and Ar. The film
is placed in the quartz tube downstream from the PVDF pellets.
Figure 2 shows XRD measurements taken around the pseudocubic (0 0 2) truncation rod of
strontium ferrite films before and after the two different fluorination processes. The c-axis parameter of the as-grown oxygen deficient SFO thin film is found to be ∼3.979 Å, as shown in Fig.
2(a), which is comparable to previous reports of brownmillerite SrFeO2.5 films on STO.4,40 The
XRD data of the film fluorinated with the VT method at 275 ◦C in N2 (hereafter, VT-N2-275)
show a Bragg peak corresponding to a c-axis parameter of ∼4.004 Å [Fig. 2(b)]. The fluorinated
film by VT in Ar gas at 240 ◦C (VT-Ar-240) exhibits a diffraction peak of a c-axis parameter ∼4.044 Å [Fig. 2(c)]. In the film fluorinated at the lower temperature of 210 ◦C in Ar gas
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FIG. 1. Schematics of the fluorination processes. (a) Spin-coating process carried out on a bilayer consisting of PVDF and
an oxygen-deficient SFO film. A 10% solution of PVDF is first spin-coated onto an oxygen-deficient SrFeO3−δ film grown
on STO (1,2). After the heat treatment of fluorination process (3), SrFeO3−α Fγ (red) is obtained (4). Green spheres in the
inset of (3) represent fluorine atoms diffusing through the polymer film during heat treatment. (b) Vapor transport process
carried out on an as-grown oxygen deficient SrFeO3−δ placed downstream from PVDF pellets in a heated quartz tube in the
presence of a flowing carrier gas, resulting in SrFeO3−β Fλ (magenta).

FIG. 2. XRD data of SFO before and after fluorination processes. (a) Oxygen-deficient as-grown SFO, (b) fluorinated SFO-F
film obtained from the vapor transport process in N2 (VT-N2-275), ((c) and (d)) fluorinated SFO-F film obtained from the
vapor transport process in Ar (VT-Ar-210 and VT-Ar-240), and (e) fluorinated SFO-F film obtained from the spin-coating
process (SC-600). The (0 0 2) peak is shifted upon fluorinating the as-grown film, resulting in a difference of the c-axis lattice
parameters in SFO-F films synthesized via the different processes.
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FIG. 3. Normalized concentration depth profiles obtained from XPS for four different SFO-F /STO films. (a) VT-Ar-210
for 24 h, (b) VT-Ar-240 for 24 h, (c) VT-N2-275 for 24 h, and (d) SC-600 for 2 h. The data in panel (d) are adapted with
permission from Moon et al., J. Am. Chem. Soc. 136, 2224 (2014). Copyright 2014 American Chemical Society.

(VT-Ar-210), the Bragg peak is shifted further to a lower angle than the VT-Ar-240 film, but with
much weaker intensity and significant peak broadening [Fig. 2(d)]. We note that the VT process is
very sensitive to the processing temperature. Films fluorinated in flowing N2 did not exhibit a Bragg
peak when the process was carried out below 240 ◦C or above 300 ◦C. Similarly, Bragg peaks were
not observed for VT-processed films in flowing Ar for annealing temperatures above 275 ◦C. Therefore, we find that the choice of carrier gas alters the optimal temperature range for the VT process.
In contrast to the VT fluorination process, the film (0 0 2) peak from SFO-F film synthesized by
the SC process (SC-600) appears at a higher angle than that of the STO substrate and its c-axis
parameter is ∼3.855 Å [Fig. 2(d)]. Films processed with the SC method at 400 ◦C and 800 ◦C did
not exhibit diffraction peaks. The crystalline coherence length (ξ) along the out-of-plane direction
for the fluorinated films was obtained from the full-width at half maximum (FWHM) of the (0 0 2)
peak using ξ = 2π/FWHM, where FWHM is in Å −1. This analysis yields ξ = 12, 18, and 10 nm for
the VT-N2-275, VT-Ar-240, and SC-600 films, respectively, indicating that the crystalline quality of
the VT synthesized films is better than that of the SC synthesized films.
The relative fluorine concentration as a function of distance from the surface was measured by
XPS depth profile analysis, performed with Ar+ sputtering of the film. Figure 3 shows the depth
profiles of the O 1s, F 1s, Fe 2p, and Ti 2p normalized peak intensities. The depth at which the
Fe 2p is suppressed and the Ti 2p peak appears indicates the relative location of the film/substrate
interface. Figure 3(a) shows the normalized concentration depth profile for the VT-Ar-210 film,
revealing a near-surface region with a gradually decreasing F concentration, followed by a region
of constant F concentration. Assuming the sputter rate is constant as a function of depth within the
film, each of these two regions is ∼12 nm. When the VT processing temperature is raised to 240 ◦C
in Ar, the constant F concentration region is increased to ∼17 nm, while the near-surface of varying
F content becomes less wide (∼5 nm), as shown in Fig. 3(b). The depth profile from the VT-N2-275
sample is shown in Fig. 3(c). This film also exhibits two layers of differing F concentration. The
layer with constant F concentration is approximately the same width as that of VT-Ar-240 but with
a seemingly lower F concentration. The depth profile of the SC-600 film reveals a more uniform
F concentration throughout the film, extending from the surface to a depth of ∼15 nm. The carbon
1s peak was also measured after each sputtering cycle to monitor carbon contamination. While the
as-fluorinated VT films have a C 1s peak at the surface, the peak is absent after 1 min of sputtering,
as shown in supplementary Figure S1(a).41 The carbon peak was also absent in the SC film after
brief sputtering.36
We next compare the optical absorption spectra measured from a SrFeO3 film, an as-grown
SFO film, and the fluorinated VT-Ar-240 film to elucidate the effect of fluorine doping on optical
properties. Figure 4 shows optical absorption spectra as a function of photon energy for these samples at room temperature. The SrFeO3 exhibits strong absorption over the entire measured spectral
range. The as-grown oxygen-deficient SFO film shows characteristics of semiconducting behavior,
with an absorption edge near 2 eV. Interestingly, the VT-Ar-240 film exhibits a similar optical
response to that of the as-grown SFO. The spectra of the VT-N2-275 sample (not shown) are similar
to the VT-AR-240 film. The spectra of as-grown SFO and the VT fluorinated SFO-F films are also
qualitatively similar to LaFeO3, in which Fe takes on a 3+ valence state and an absorption edge near
2 eV is observed.42 With the introduction of Sr to La1−x Sr x FeO3, which acts to increase the nominal
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FIG. 4. Optical absorption of SrFeO3 (black), as-grown oxygen deficient SFO (red), and the VT-Ar-240 (blue) films.

Fe valence state above 3+, significant absorption is observed below 2 eV, the magnitude of which
increases with increasing Sr content.42 Therefore, we suggest that the lack of optical absorption
below 2 eV in the as-grown SFO and VT processed SFO-F films is indicative of a Fe valence state
near 3+. This is consistent with the as-grown SFO having a composition near SrFeO2.5. Electrical
resistivity measurements were attempted on the as-grown SFO and VT SFO-F films; however, the
samples were too resistive to be measured at room temperature. This behavior is again reminiscent of insulating LaFeO3, consistent with a d 5 electronic configuration in the as-grown and VT
processed SFO-F films.
Based on the structural, optical, and electrical results, we can clarify the main differences
between the VT and SC processes. The large c-axis parameter, lack of optical absorption below
2 eV, and highly insulating behavior all suggest a Fe valence of ∼3+ in the VT processed SFO
films. This would correspond to a nominal composition near SrFeO2F consistent with the compositional range reported by Katayama et al.37 The properties of the SC processed film, including
the reduced c-axis parameter and previously reported electrical properties,36 are consistent with a
lower F concentration (a higher Fe valence) than in the VT processed films. The room temperature
resistivity of SC-600 films is on the order of 0.1 Ω cm,36 a value comparable to that measured in
a La0.64Sr0.36FeO3 film.20 This suggests a Fe valence near 3.3-3.4+ in the SC-600 sample. We also
note that the lineshape of the Fe 2p XPS peak obtained from the VT and SC films after 1 min of
sputtering is also consistent with a lower Fe valence in the VT films compared to the SC film. These
XPS data can be found in Fig. S1(b).41 The higher F concentrations obtained from the VT process
may result from the longer duration of fluorine exposure (24 h compared to 2 h). In the SC process,
the polymer film is completely burned off by 2 h, thereby setting a limit on the exposure time.
The higher fluorine concentration obtained from VT compared to SC could also result from the
ability of PVDF to reduce metal oxides.39,43 The VT process is carried out in the presence of PVDF
in an inert gas, leading to the reduction of the as-grown SFO film. This increases the number of
anion vacancies for the F ions to occupy, enabling the formation of SrFeO2F from a SrFeO2.5 film.
In contrast, the SC process is performed in flowing O2, which removes the C and H by-products that
would otherwise act to reduce the SFO film. Thus, the SC fluorination process does not appear to
significantly increase the number of oxygen vacancies within the as-grown SFO film.
The uniformity of the F concentration within the films is another main difference we observe
between the two processes, which we attribute to the difference in anneal temperatures. The higher
temperature SC approach yields a more uniform F concentration, while the VT process produces
films with greater depth variation of the F content. We note that the ξ values obtained from the
VT processed films are in good agreement with the thickness of the region of constant F content.
This suggests that the variation in F concentration plays a role in the peak broadening of the VT
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processed films. In contrast, ξ is less than the region of uniform F concentration in the SC-600 film,
suggesting the reduced crystalline quality is not related to compositional fluctuations.
The use of topotactic reactions holds considerable promise for the realization of mixed-anion
perovskite heterostructures, such as the oxyfluorides synthesized in this work. However, numerous
challenges and questions remain regarding how to fully harness these fluorination approaches in the
service of thin film materials discovery. These include optimizing the processes to increase F uniformity and increase crystalline quality in the fluorinated films, developing conditions to yield tunable
F concentrations, and exploring anion ordering in films that exhibit oxygen vacancy ordering prior
to fluorination. Additionally, other fluorination methods that have been utilized for bulk materials,
such as XeF2 gas or electrochemical methods,44,45 remain to be applied to perovskite films and may
provide alternative routes to realizing epitaxial perovskite oxyfluorides.
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National Science Foundation (No. DMR-1151649). We thank Professor Chris Li for helpful discussions and Professor Caroline Schauer for access to the ellipsometer. Acquisition of the Physical
Properties Measurement System was supported by the U. S. Army Research Office under Grant No.
W911NF-11-1-0283. The x-ray diffractometer was acquired with funds from NSF MRI Award No.
DMR-1040166.
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