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ABSTRACT: While the synthesis of ABO; perovskite
films has enabled new strategies to control the
functionality of this material class, the chemistries that
have been realized in thin film form constitute only a
fraction of those accessible to bulk chemists. Here, we
report the synthesis of oxyfluoride films, where the
incorporation of F may provide a new means to tune
physical properties in thin films by modifying electronic
structure. Fluorination is achieved by spin coating a
poly(vinylidene fluoride) (PVDF) solution onto oxygen-
deficient films. The film/polymer bilayer is then annealed,
promoting the diffusion of F into the film. We have used
this method to synthesize SrFeO; ,F, films, as confirmed
by X-ray photoemission spectroscopy and X-ray absorp-
tion spectroscopy.

dvances in thin film deposition techniques'” have enabled

the synthesis of perovskite films and superlattices with
monolayer precision and abrupt interfaces between dissimilar
compounds. The realization of high-quality films has enabled
new strategies, such as biaxial epitaxial strain® ® and the
stabilization of metastable cation-ordered superlattices,” '
with which to control and enhance functional properties in
oxides. Despite the great strides made in oxide film deposition, a
number of limitations remain, foremost of which is the restricted
range of chemistries afforded in film deposition. In particular,
film-based perovskite research has been restrained to compounds
with oxygen on the anion site, in part due to contamination
concerns associated with introducing gases such as fluorine or
chlorine into expensive vacuum chambers used for oxide
deposition. However, oxyfluorides and other mixed anion
perovskites exhibit an array of functional properties including
superconductivity,'" ionic conductivity,'* and robust magnetic
behavior' that may yield new applications or insights into
fundamental structure—property relations when studied in thin
film form. Furthermore, the substitution of F for O on the anion
site provides an appealing alternative to oxygen vacancies as a
means to electron dope perovskites, a capability necessary for the
realization of diverse and multifunctional oxide electronics."* For
example in bulk, conversion of SrFeO; to SrFeO,F has been
shown to reduce the Fe oxidation state,"> while studies of
La,_Sr,FeO; fluorination to La, Sr,FeO; F, have demonstrated
changes in atomic structure'® and magnetic properties.17
Alternatively, if starting from oxygen-deficient StFeO, g, fluorine
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insertion into the vacant anion sites (yielding SrFeO, Fys)
would be expected to increase the Fe oxidation state.

We report the synthesis of SrFeO; ,F, oxyfluoride thin films
via the coannealing of as-grown oxygen-deficient films with a
fluorine containing polymer, a process adapted from previous
work on bulk polycrystals.">'%'®'® The presence of fluorine
throughout the thickness of the films was confirmed using X-ray
photoemission spectroscopy (XPS), while X-ray diffraction
(XRD), X-ray absorption spectroscopy (XAS), and temper-
ature-dependent resistivity were used to investigate fluorine
induced changes to the structural and electronic properties of the
films. This work demonstrates a straightforward and widely
accessible route to stabilizing epitaxial mixed-anion perovskite
films and heterostructures.

Oxygen-deficient SrFeO; 5 thin films were grown with oxide
molecule beam epitaxy on SrTiO; (STO) substrates. During
deposition, the substrate temperature was held at ~600 °C, and
O, was sourced to the substrate at a rate that yielded a chamber
pressure of ~2 X 107® Torr. These conditions were chosen to
yield highly oxygen-deficient SrFeO; 5. Growth was monitored
by in situ reflection high-energy electron diffraction (RHEED).
The atomic fluxes for the cation deposition were calibrated using
Rutherford backscattering spectroscopy. The thickness of the
films was ~23 nm (60 unit cells). Following fluorination, which is
described below, multiple characterization techniques were
performed. XRD measurements were taken around the (0 0 2)
truncation rod of the film, using a Rigaku SmartLab
diffractometer equipped with a parabolic mirror and a four
bounce/axis monochromator on the incident and diffracted
beams. The XPS depth profiling was done on a ThermoFisher K-
Alpha spectrometer using monochromated Aly, source, with a
pass energy of 20 eV at Rutgers University. For sputter depth
profiling, Ar* ions of 2 keV energy at a scan size of 2 X 2 mm?and
a 60 s sputter interval were used. To minimize effects of charging
on the insulating films, a low-energy electron gun was used for
charge neutralization. Resonant soft X-ray spectroscopy was
performed at the beamline 4-ID-C of the Advanced Photon
Source at Argonne National Laboratory in total electron yield
mode to probe the O and F K-edges and Fe L,_; edges at 300 K.

Fluorination of oxygen-deficient SrFeO;; was performed
using a simple two-step procedure: (1) A solution of PVDF (10
wt % in dimethylformamide) was spin coated onto the as-grown
SrFeOj; 5 films. Spin coating was done using successive cycles at
rotation rates of 500 rpm for S s followed by 2000 rpm for 25 s.
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The coated PVDF was dried overnight in an ambient
environment. (2) The bilayer was heated, and the polymer was
thermally decomposed in a horizontal quartz tube under a slow
0, flow at 600 °C for 2 h.*° The possible reaction equation is
shown in the bottom of Scheme 1, in which carbon and hydrogen
form CO, and HZO respectively, as byproducts along with some
PVDF ohgomers In this scenario, the flow of oxygen helps to
mitigate carbon contamination in the film from the decomposing
PVDE. Additionally, previous work has shown that carbon,
decomposed from the polymer, can act to reduce the metal
oxide.”* This would decrease the oxygen content in the film,
potentially enabling a larger concentration of fluorine than the
initial oxygen vacancy concentration in the as-grown film. > At
the completion of the reaction, fluorine atoms occupy anion
(oxygen) sites yielding SrFeO; ,F, (SFO-F, hereafter), which is
illustrated in the upper right panel of Scheme 1.

Figure 1 shows XRD measurements taken around the
pseudocubic (0 0 2) truncation rod of a strontium ferrite thin
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Figure 1. XRD data of SFO before and after fluorination process. (a)
Oxygen-deficient SFO (inset: RHEED image from as-grown film), (b)
fluorinated SFO-F film, and (c) ozone annealed SrFeO; film (SFO,).
Film (0 0 2) peaks indicated by dashed arrows on SFO, SFO-F, and
SFO;. (A) shows the (0 0 2) peak shift upon fluorinating the as-grown
film and (B) shows a difference of c-axis lattice parameter of SFO-F and
ozone-annealed SFOj; films.

film before and after the fluorination process, along with the STO
(002) peak. First, the RHEED image of the as-grown film shows
well-defined streaks at the (0 1), (0 0), and (0 T) reflections,
confirming the surface quality of the epitaxial SrFeO; 5 thin film,
as shown in inset. The c-axis parameter of the as-grown oxygen-
deficient SrFeQ, ; thin film on STO is found to be ~3.979 A, as
shown in (a), which is comparable to prev10us reports of
Brownmillerite SrFeO,  films grown on STO.?® This suggests
that the oxygen deficiency in the as-grown film is close to 6 ~ 0.5.
While short annealing (10 min) of the polymer/film bilayer does
not result in a clear diffraction peak from the film, after
completion of a 2 h anneal, the XRD data reveal the presence of a
Bragg peak indicating a contraction of the c-axis parameter to
3.848 A in the SFO-F film (Figure 1b). The (0 0 2) peak of the
SFO-F film is broadened and exhibits a weaker intensity
compared to the as-grown film, indicating a degradation of
crystalline quality compared to SFO. It is anticipated that further
refinements of the processing conditions will lead to improved
crystalline quality.

To compare between films in perovskite heterostructures with
fully occupied anion sites, a nominally oxygen stoichiometric
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Scheme 1. Schematics of the Fluorination Process Carried out
on a Bilayer Consisting PVDF and an Oxygen-Deficient
SrFeO; s Thin Film”
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“PVDF (CH,CF,) of 10% was spin coated on oxygen-deficient
SrFeOs s film grown on STO (1). Heat treatment of fluorination
process (2) is illustrated with the possible reaction equation as shown
below. After the process, final product, SrFeO; F,, is obtained (3).
Green and red spheres represent fluorine and oxygen, respectively.

SrFeO; film, achieved by annealing in an O3/O, mixture at 200
°C after oxygen annealing at 600 °C, was measured. The XRD
results are shown in Figure 1c. The c-axis lattice parameter of the
SrFeOy is 3.826 A, indicating that the fluorinated ferrite thin film
has a 0.6% c-axis expansion compared to SrFeO; (B). It is noted
that cell volume of SFO-F on STO is larger than cell volume of
SrFeO, on STO likely because the atomic radii of Fe* is larger
than Fe*.'S

To probe the inward diftusion of the fluorine into the oxygen-
deficient SrFeQ;_ 5, XPS depth profile analysis was performed via
ion sputtering of the film after the fluorination process. Figure
2a,b shows the evolution of F 1s and Ti 2p core lines in the XPS
depth profile through the fluorinated SrFeO; ,F, (SFO-F) film to
the STO substrate after sputter etching for 11 cycles. The slight
shift with the layer depth toward higher energies (see Figure 2a)
can be attributed to the compositional gradient of the FeO, ,F,
layer and to the bonding among O—Fe—F. The Ti 2p spectrum is
composed of spin—orbit split doublet Ti 2p;/, and Ti 2p,,,
including satellites, which appears after a few cycles of ion
sputtering, indicating that the sputtering depth has exceeded that
of the film thickness and reached the STO substrate.

The series of XPS spectrum was recorded for the top surface of
the film as well as after Ar" ion sputtering, and the obtained
spectra were the Sr 2p, Fe 2p, Ti2p, O 1s, and F 1s photoelectron
peaks. The left panel of Figure 3c shows a normalized
concentration—depth profile for a SrFeOj; ,F, film. It was derived
from integrated peak areas, since a quantitative description is
complicated due to differences in scattering cross sections and
the Ar” ion sputter yield of each element in the film and substrate.
Carbon contamination was found only at the outermost surface
before any sputtering was performed. Following the first
sputtering cycle, no carbon peak was detected. The evolution
of the Fe 2p and Ti 2p peaks allows for approximate
determination of the penetration depth, indicating if the SFO-
F or STO layers are being probed. As can be seen in Figure 2,
fluorine is present throughout the SFO layer, indicating that the
fluorine atoms have diffused in the oxygen-deficient film. The
intensity of the F and Fe peaks decreases at the depth where the
Ti intensity begins to appear. With further depth profiling, the F
peak is absent within the STO substrate. Additionally, the relative

dx.doi.org/10.1021/ja410954z | J. Am. Chem. Soc. 2014, 136, 2224—2227



Journal of the American Chemical Society

Communication

(a) (b)
u + 0 cycle. L Ti 2p
a2 \\ [ in SFO-F/STO [
- / \ mn
g ;L_ J
©
SE A
£ -
c
L B AN~
b= 7 I /A —
T — e ———
| in SFO-FISTO [——— | & A S —
1 . 1 . 1 T11th T L 1 1 1 ] 1
688 684 680 cycle 450 455 460 465 470 475
Binding Energy (eV) Binding Energy (eV)
©) Fluorinated film Substrate Fluorinated film Substrate
SrFe0,.F, SrTiO; LaNiO;..F, SrTiO,
S 10F oam N Q0.0 o AGOA
s t _oof AA% & 'JBEUO AA<A>
o o A
o 08 Ao ER o
=4 L F S o
° 4 d F LA 4 or
¥ 0619 pna 3 Ti L af 0-La
= i A0 LE o O Ni
o 0.4r- O Fe [o] 5':‘ A O
@ L o %o r O Ti
N L ¢ ogf
g 0.2 Sa o I og o
= r O-o
S 00[0000C Boa| 0009 88go
T S T S B o I U A N H R
0o 2 4 6 8 10 0 2 4 6 8 10 12

Sputter time (minutes) Sputter time (minutes)

Figure 2. XPS depth profile analysis showing the evolution of (a) F 1s
and (b) Ti 2p core lines for different penetration depths of a SrFeO; F,
(SFO-F) film on a STO substrate. Series of spectra throughout the ion
sputtering cycle (total 11 cycles) is displayed from top to bottom. (c)
Normalized concentration-depth profile for SFO-F (left) and
LaNiO; ,F, (right) on STO film; another fluorinated transition-metal
perovskite oxide thin film example.
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Figure 3. XAS spectra of Fe L, ;-edge of (a) oxygen-deficient as-grown
StFeO; 5 film and (b) fluorinated SrFeO; ,F,. Downward arrow shows
ty, states. Inset: Enlarged peak of each t,, electron state of L edge. (c)O
K-edge of oxygen-deficient (top, blue) and fluorinated (bottom, red)
films. Arrows indicate two split orbitals to tzgi and egl of the deficient
film. Blue thick arrow represents appearance of a prepeak near Fermi
level. (d) F K-edge of corresponding fluorinated SrFeOj; ,F,.

oxygen concentration is lower in the film than the substrate,
consistent with the intentional oxygen deficiency in the as-grown
thin film. Within the SFO-F film, the fluorine concentration
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shows a relative maximum at the same depth where the oxygen
peak is minimized.

The fluorination process was also carried out on a LaNiO; 4
film grown on STO. As can be seen in the right panel of Figure 2c,
XPS measurements confirm that fluorine is incorporated
throughout the nickelate film, similar to SFO-F, indicating that
the fluorination process is not limited to ferrites but instead can
be widely applied to oxygen-deficient perovskite films.

To verify that the fluorination process alters the electronic
structure of the film, XAS was performed at the Fe L, ;-edge and
O and F K-edges, as shown in Figure 3. The Fe L-edge XAS
directly probes the electron dipole transition from 2p core level
to 3d valence states. The degeneracy of the Fe 2p core hole level
is lifted by the spin—orbit coupling, resulting in the 2p;,, and
2p,/, multiplets (L; and L, respectively).27 The octahedral
crystal field lifts the degeneracy of the 3d level so that two levels
with t, and e, symmetry are created, as presented in Figure 3a.
Thus, the spectra are sensitive to factors that change 3d orbital
splitting and occupation, such as local symmetry, ligand field, and
iron valence.”®*° For example, spectral changes are observed to
the overall shape near the t,, orbital (inset of Figure 3a,b), and an
increased peak width of the iron L;-edge is observed in the
oxyfluoride SFO-F film compared to an oxygen-deficient SFO.
The broadening of the L; peak leading to the reduced t,, intensity
upon fluorination is attributed to the fluorine-induced change in
the nominal iron valence from Fe** (ds) to a mixed Fe**/Fe*
valence, or more accurately a mixed ds/d;L state (where L
denotes a ligand hole).””***" Alternatively, the L, broadening
could arise from increased structural disorder; however the
oxygen spectra, described below, is also consistent with fluorine-
induced changes to the electronic structure.

The influence of fluorination on the conduction band states
can also be seen in the O K-edge XAS spectra of SFO and SFO-F
films, corresponding to transitions into unoccupied 2p states of
ligand atoms hybridized with Fe 3d and Sr 4d, as shown in Figure
3c. We observe three structures denoted by A, A’, and B in a SFO
thin film (top in blue). The features A and A’ are assigned to a
doublet structure of thel and egl orbitals, respectively, associated
with the minority spin Fe 3d; band.>** Structure B is assigned to
hybridized states of Sr 4d and O 2p. In contrast, the fluorinated
film exhibits a triplet structure in the Fe 3d-derived states,
denoted a, a’, and a”. Due to the presence of the mixed iron
valence, some of the majority spin Fe 3d states are unoccupied in
the fluorinated film leading to new transitions. Thus, the peaks q,
a’,and a” are assigned to oxygen states hybridized with the e,1,
tyel, and e,| Fe 3d bands, respectively. Figure 3d shows the F K-
edge XAS spectrum of the fluorinated film. Based on previous
XAS assignments of F bonded to Fe, we attribute the peak C to
the incorporation of F into the FeOg_, octahedral structure.>>>*
The feature D is assigned to F—Sr.

The fluorination process also affects electronic transport
properties, as can be seen Figure 4. After fluorination, the room-
temperature resistivity of the SrFeOs ,F, film is reduced by over §
orders of magnitude compared to the as-grown SrFeOj; ; film.
The decreased resistivity is consistent with the XAS results
demonstrating an increased nominal iron valence attributed to
the F anions occupying the oxygen vacancy sites; a similar
decrease in resistivity is observed in bulk (La,Sr)FeO; with
increasing Sr cation substitution.>® For comparison, we also show
the resistivity of a nominally oxygen stoichiometry SrFeOj; film.
The difference in resistivity between the SrFeO; F,, SrFeO;
and SrFeO; films is considerably larger than typical sample to
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Figure 4. Resistivity as a function of temperature of 60 uc SFO; (green),
100 uc SFO-F (blue), and 100 uc SFO (red) thin films.

sample variation for films of the same composition (see
Supporting Information).

In conclusion, we have successfully synthesized oxyfluoride
perovskite thin films, SrFeO; ,F,, via a reaction with PVDF and
demonstrated that the anionic substitution has significant effects
on the electronic structure. This partial occupation of fluorine on
the oxygen sites potentially enables a new route to controlling the
functional properties of complex oxide heterostructures.
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