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ABSTRACT

We introduce a single-step lithography process based on Gaþ-focused ion beam (FIB) irradiation to trigger a topotactic transformation on
SrFeO3�d thin films, from the perovskite to the brownmillerite (BM) crystal structure. The crystallographic transformation is triggered by
preferential oxygen sputtering by Gaþ-FIB irradiation, which favors the formation of the SrFeO2.5 BM phase. The transformation has been
verified through micro-Raman spectroscopy on thin films subjected to Gaþ-FIB irradiation under 5 kV and 30 kV. Inducing crystallographic
transformations by FIB in a single-step process (without the need of resists), at a very high speed (low Gaþ doses are required, in the range
of 1015 ions/cm2), with very high spatial resolution (limited by the ion beam spot, of a few square nanometers) and with potential for
upscaling using broad Gaþ beams, this approach represents a significant forward step over previous methods using multistep lithographic or
electrochemical procedures. All these virtues make this process appealing to develop applications based not only on SrFeO3�d thin films but
also on other oxide films harnessing topotactic transformations.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5141154

Oxoperovskites (PV) (Ca,Sr)(Fe,Co)O3�d exhibit fast O2�-ion
mobility and electrical conductivity at high temperature. Thus, PV
thin films of Fe3þ/4þ and Co3þ/4þ can be fully reduced to the 3þ
brownmillerite (BM) structure upon high-temperature annealing
under vacuum or by mild reduction with CaH2.

1–10 The crystallo-
graphic transformation occurs by topotactic oxygen exchange and can
be made reversible by annealing the BM in air or oxygen at moderate
temperatures. This combination makes oxygen-deficient PV very
appealing for the development of memory devices,10 solid oxide fuel
cells,11,12 batteries, or oxygen separation membranes.13,14

The very high oxygen-vacancy mobility in SrFeOx also made pos-
sible the electric field-driven topotactic phase transformations (TPts)
using electrochemical cells10,15–20 and voltage-biased AFM tips,21

which allows control down to the micrometer-size scale. However, the
time required for the transformation (of several minutes for a small
micrometer-size pattern) and the spatial resolution must be improved
to develop competitive devices. Importantly, Arþ beam etching on

SrTiO3 was found to produce preferential etching, giving rise to the
creation of oxygen vacancies.22–24 It is, thus, tempting to propose that
an ion-beam-based process can potentially induce a TPt PV-to-BM
transformation in SrFeO3�d, with a significant advantage toward an
enhancement in the process speed and the scalability, which are
required for applications.

The focused ion beam (FIB) is a matured nanopatterning tech-
nique exploiting the use of an ion beam that is finely focused
(<10nm) on the surface of a material.25 Main FIB-based applications
are nanoscale milling and deposition, which are named FIB-milling
and FIBID (focused ion beam induced deposition), respectively.26

Both techniques are pivotal for important technological processes such
as circuit edit,27 mask repair,28 lamellae preparation,29 device proto-
typing,30 and the growth of singular functional materials.31 In addi-
tion, FIB irradiation can be applied for resist-based focused ion beam
lithography,32 modification of etching properties of Si-based materi-
als,33 controlled creation of defects,34 the growth of carbon
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nanomembranes,35 modification of 2D materials,36 cryo-FIBID,37

modification of magnetic properties (anisotropy,38 exchange,39 and
domain wall velocity40), fabrication of high-TC superconducting devi-
ces,41 etc. Moreover, broad-beam ion irradiation can be combined
with masks containing microscale or nanoscale holes in order to
obtain micro-patterns or nanopatterns with high throughput.42

The present work was devised following the hypothesis that Gaþ-
FIB irradiation could trigger a topotactic PV-to-BM transformation
on SrFeO3�d thin films. As sketched in Fig. 1, the underlying idea was
the potential effect of FIB irradiation to remove O atoms selectively
from the original PV SrFeO3�d film, producing the transformation of
the irradiated areas into the BM SrFeO2.5 phase. This is a physical
effect brought in by the high ion energy, which, in the present work,
ranges from 5keV to 30 keV. As the ion irradiation removes a substan-
tial amount of O atoms by preferential sputtering, the perovskite film
lowers its energy through its transformation into the brownmillerite
SrFeO2.5 phase, which is the most stable one when the local concentra-
tion of oxygen vacancies is large enough. This is conceptually different
from previous works, which focused on the use of local electric fields21

or low-energy plasmas43 to achieve topotactic transformations in this
oxide. Moreover, our proposed strategy is a single-step lithography
process that does not require resists, it allows high-resolution nanopat-
terning, and it can be scaled to large areas if the required ion dose to
induce the topotactic transformation is low (as shown hereafter).

A Gaþ-FIB column forming part of Dual Beam Helios equip-
ment (from Thermo Fisher Scientific) has been used for these experi-
ments. Using 30 kV ion acceleration, the resolution of this column is
4.5nm, which can be attained using low ion currents (a few pA). In
order to investigate the dependence of the observed effects with the
ion energy, experiments have been carried out under 30 keV and
5 keV. The low current used, 13.8 pA under 30 kV and 15pA under
5 kV, warrants a high lateral resolution of the process, especially under
30 kV, voltage at which the equipment exhibits the best resolution due
to the minimization of the lens aberrations. As shown in the supple-
mentary material, the average milling rate has been found to be

0.18lm3/nC under 30 kV and 0.15 lm3/nC under 5 kV. An irradiated
area of 24 lm2 with 13.8 pA under 30 kV is expected to decrease its
thickness�1 nm after 10 s.

Several areas of 4� 6 lm2 of PV SrFeO3�d were irradiated with a
varying dose of Gaþ ions accelerated at 5 kV and 30 kV. Under 5 kV,
the minimum and maximum ion irradiation times used in the experi-
ments were 0.1 s and 100 s, corresponding to areal doses of 3.9� 1013

ions/cm2 (¼ 6.24 lC/cm2) and 3.9� 1016 ions/cm2 (¼ 6240 lC/cm2),
respectively. Under 30 kV, the minimum and maximum ion irradia-
tion times used in the experiments were 0.2 s and 100 s, corresponding
to areal doses of 7.19 � 1013 ions/cm2 (¼ 11.5 lC/cm2) and 3.59
� 1016 ions/cm2 (¼ 5750 lC/cm2), respectively. As shown in the SEM
micrographs of Fig. 2, the irradiated areas show a change in contrast
with respect to the pristine film. The origin of this change in contrast
is a combination of different factors, but the most straightforward
explanation is the different electrical conductivity between the PV
(semiconducting) and the BM (wide-bandgap semiconducting)
phases. The decrease in the local electrical conductivity after ion irradi-
ation has been verified by means of electrical measurements using
conductive-probe AFM (CP-AFM), shown in Fig. 2(d) and in the sup-
plementary material (Fig. S2).

FIG. 1. Conceptual sketch of the experiment: under Gaþ-FIB irradiation, the
SrFeO3�d films, originally in the PV phase, will transform into the SrFeO2.5 BM
phase. Technical details on the thin-film growth can be found in the supplementary
material. The 4 � 6 lm2 rectangles have been irradiated for various ion doses
using ion beam voltages of 5 kV and 30 kV. The experiments on high-resolution irra-
diation down to a lateral size of 10 nm have been carried out using an ion beam
voltage of 30 kV.

FIG. 2. (a) SEM image and (b) AFM topography of the PV SrFeO3�d thin film after
several rectangles (4� 6 lm2) have been patterned with a Gaþ FIB irradiation
at different doses (expressed in seconds) for 5 kV (left column) and 30 kV (right
column) ions. The white line in the SEM micrograph corresponds to a 100lm scale
bar. All the AFM images have an area of 50 � 50 lm2 and include the same color
scale for topography. (c) Surface expansion of the corresponding structures as a
function of the irradiation time. (d) Local electrical conductance probed by
conductive-probe AFM. The irradiated portions of the film become electrically more
insulating as the Gaþ dose increases, producing the flow of lower electrical current.
See the main text for the correspondence between the irradiation time and the irra-
diation dose (in ions/cm2 and lC/cm2). Technical details of the AFM equipment
used can be found in the supplementary material.
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AFM topography reveals a substantial expansion of the film
thickness on the irradiated areas, which can be as high as 10 nm (20%
of the initial film thickness), as shown in Fig. 2(c). Different tips (con-
ductive and insulating) with different force constants were employed
in different scanning modes (contact and non-contact) to discard any
possible artifact from electromechanical coupling during the topogra-
phy measurements. The larger pseudocubic lattice parameter of the
BM phase compared to the PV cannot be explained by the magnitude
of the expansion. A similar effect was reported after the application of
large local electric fields with an AFM tip,21 as well as in electrochemi-
cally modified SrCoO2.5.

10 In these cases, the introduction of H into
the BM phase was invoked to explain this large expansion of the cell.
In this case, insertion of Gaþ ions is a plausible hypothesis, given that
low-dose Gaþ irradiation can promote swelling.44

Figure 2(c) shows that the use of 30 kV Gaþ irradiation produces
a larger local expansion than 5 kV due to the different penetration
length of 5 kV and 30 kV Gaþ ions in the film. Simulations with the
SRIM (the stopping and range of ions in matter) code indicate that the
ion range for 30 kV Gaþ ions in a SrFeO3 film is 30 nm, whereas it
decreases to 10 nm for 5 kV Gaþ ions. Thus, under 30 kV Gaþ irradia-
tion, the PV-to-BM transformation is expected to occur only at 30 nm
close to the film surface and, under 5 kV Gaþ irradiation, only at
10 nm close to the film surface. On top of this transformation, the ion
irradiation will also produce milling, which explains the decrease in
the film thickness under high irradiation doses (typically above 40 s).

Figure 3 shows the variation, as a function of the irradiation dose,
of the Raman spectra of the same irradiated rectangles shown in

Fig. 2(a). The appearance of the Raman peaks at �230 cm�1,
331 cm�1, �430 cm�1, and �625 cm�1 in the unirradiated regions of
the film is the characteristic of a tetragonal or orthorhombic PV phase
and composition SrFeOx, with x � 2.7–2.9.45 The intensity of these
peaks decreases gradually with the Gaþ irradiation time, and, simulta-
neously, a broad maximum with a shoulder at �710 cm�1, character-
istic of the stretching modes of FeO4 tetrahedra in the BM phase,
appears.46 Thus, the results shown in Fig. 3 confirm that the Gaþ irra-
diation provokes the transformation of the PV phase into the BM one.
Also, there is a relationship between the progressive transformation
observed in the Raman spectra and the thickness expansions measured
by AFM and shown in Fig. 2(c).

Besides, the results shown in Figs. 2 and 3 indicate that the use of
30 kV Gaþ irradiation is more efficient than the use of 5 kV owing to
the larger penetration range of Gaþ in the film under 30 kV (30nm vs
10nm). As a consequence, for the same irradiation dose, the measured
thickness expansion is smaller for 5 kV, and the Raman spectra show a
mixture of peaks corresponding to the PV and BM phases. Moreover,
the Raman spectra of the areas irradiated at the highest doses exhibit
an intensity decrease and broadening of the BM peak, suggesting the
milling and the amorphization of the crystal structure, in agreement
with the AFM data. Both phenomena, the PV-to-BM phase transfor-
mation induced by low-dose Gaþ irradiation and the amorphization
effect under high-dose Gaþ irradiation, are consistent with the
Transmission Electron Microscopy (TEM) results, shown in Fig. 3(c)
and in the supplementary material (Figs. S3 and S4). TEM experi-
ments in these samples are difficult, given that the unknown amount
of Gaþ irradiation during the lamella preparation generally induces
the PV-to-BM transformation in the pristine film. However, in the
selected example shown in Fig. 3(c), the pristine film still retains the
PV phase after the lamella preparation, whereas a change in the crys-
tallographic structure is observed in the top 30nm due to the on-
purpose 30 kV Gaþ irradiation. From the fast Fourier transform (FFT)
of this area, it is not possible to determine its exact crystallographic
structure, possibly due to the disorder effect and grain disorientation
produced by the on-purpose Gaþ irradiation plus the unwanted Gaþ

irradiation during the lamella preparation. The amorphization effect
under high-dose Gaþ irradiation is clearly observed in the images
included in the supplementary material (Fig. S4).

Moreover, annealing experiments have been carried out to verify
that the PV-to-BM phase transformation induced by low-dose Gaþ

irradiation is reversible. The topography and electrical measurements
carried out by AFM confirm the reversibility of this phenomenon, as
discussed in the supplementary material and shown in Fig. S5.

From all these experiments, we conclude that an optimized pro-
cess for the PV-to-BM transformation should make use of a suitable
ion energy for a given film thickness (30 kV for a film thickness of
30 nm) and privilege low doses (in the range of 1014 ions/cm2) in order
to minimize the processing time and the potential amorphization
effects. This is a remarkable result, given that the process speed is sig-
nificantly enhanced compared to other methods,21 and comparable to
some of the fastest nanopatterning processes existing nowadays.47

Another advantage of FIB technology is its potential for high-
resolution nanopatterning. In order to investigate the lateral resolution
of the PV-to-BM transformation by means of Gaþ focused irradiation,
we have chosen 30 kV irradiation with a dose of 5.1 � 1015 ions/cm2,
which is maintained for rectangles in which one side is still 6lm, but

FIG. 3. (a) Room-temperature Raman spectra (k ¼ 532.19 nm) of the PV film after
5 kV Gaþ-FIB irradiation over different regions with an increasing dose (time of irra-
diation). (b) The same for 30 kV Gaþ-FIB irradiation. The spectra were displaced
vertically for the sake of clarity. The Raman peaks produced by the LaAlO3 (LAO)
substrate (120 and 480 cm�1) are indicated. The peaks characteristic of the PV
and BM phases are pinpointed by vertical dashed lines. It can be noticed that the
peak at �700 cm�1, which is characteristic of the BM phase, comes up as the ion
irradiation dose increases. (c) High-resolution cross-sectional TEM image of a film
area with an on-purpose 25.7 lC/cm2 (or 0.4 s) irradiation dose under 30 kV Gaþ.
The FFT images of the LAO substrate, the underlying unirradiated PV film, and the
irradiated top part of the film are also shown. Technical details of the Raman equip-
ment used and additional TEM results can be found in the supplementary material.
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the second side is progressively reduced from 4lm down to 10nm. As
shown in Fig. 4(a), a neat change in contrast can be noticed in the
SEM micrographs, which corresponds to the irradiated areas with a
rectangular shape, in which one side shrinks progressively. AFM mea-
surements have been performed on the irradiated areas to investigate
the change in the height produced by the ion irradiation. According to
the obtained results, shown in Fig. 4(b), all the investigated rectangles
showed an expansion, as expected for the PV-to-BM transformation.
We were able to measure the expansion even for the rectangle with a
lateral size of 20 nm. Although the precise expansion profile for these
tiny irradiations cannot be obtained from these measurements due to
the convolution with the large AFM tip, the sharp contrast observed in
the SEM micrographs suggests that the process resolution is of the
order of the ion beam spot.

In summary, low-dose Gaþ-30 kV-FIB irradiation has been
found to induce a topotactic transformation in SrFeO3�d films, origi-
nally in the PV phase and converting into the SrFeO2.5 BM phase due
to preferential oxygen sputtering. The method offers significant advan-
tages in terms of speed, simplicity, and high spatial resolution.
Moreover, the method could be applicable to other oxide materials
undergoing similar topotactic transformations and scalable to large
areas by the combination of broad Gaþ beams with pierced masks.
Our results open the route to the future design of nanodevices using
preferential ion etching to produce different functionalities in oxides.

See the supplementary file for the equipment description, milling
rate experiments, conductive-probe AFMmeasurements, TEM results,
and investigation of annealing treatments.
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