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ABSTRACT

To electrochemically control structural and transport properties of oxygen-deficient perovskite SrFeOy (2.5� y� 3) (SFO) epitaxial films, we
employed electric-field-effect transistor structures in which the proton-conducting solid electrolyte Nafion is used as a gate insulator. When
a positive gate voltage (VGS) is applied and protons are injected toward the film channel layer, the SFO films are electrochemically reduced,
leading to increases in the channel resistance. On the other hand, when a negative VGS is applied and protons are removed, the SFO films are
oxidized, and as a result, the channel resistances decrease. In addition, we found that the electrochemically reduced SFO films accommodate
protons, forming the proton-containing oxide HxSrFeO2.5 whose proton concentration is determined by elastic recoil detection analysis to be
x � 0.11. Our results indicate the usefulness of the proton-conducting solid electrolyte for electrochemically controlling transition metal
oxides and for exploring proton-containing oxides.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0083209

Various structural and physical properties of transition metal
oxides are closely tied to their valence states.1 Therefore, utilizing
electrochemical redox reactions and modulating transition metals’
valence states enable one to electrically control oxides. Fabricating
electric-field-effect transistor structures having gate insulators of elec-
trolytes is found to be a way for electrically inducing redox reactions
in channels of oxide films and for electrochemically controlling
oxides’ physical properties.2–10 Regardless of forms of electrolytes
(liquid or solid), water molecules (or protons) contained in electro-
lytes have been considered to play a key role in field-induced redox
reactions in transistor structures. Recently, it was also shown that the
electrochemically reduced oxygen-deficient oxides can accommodate
protons, leading to a transformation of oxides to proton-accumulated
materials.11–13 An important implication is that utilizing proton-
conducting electrolytes as gate insulators in transistor structures is
useful for electrically controlling oxides and for exploring proton-
containing materials that have not been synthesized by conventional
solid-state reactions.

In the work reported here, we used the proton-conducting solid
electrolyte Nafion, which contains a large amount of water and pro-
tons, as a gate insulator and demonstrated electrochemical control and
protonation of oxygen-deficient iron oxide SrFeOy (SFO). Structural
and electrical transport properties of SFO are known to depend on
oxygen concentration y that ties with the Fe valence state (or the
carrier density).14–25 When SFO is oxidized and y is close to 3, the oxy-
genated SFO (SrFeO3) containing Fe4þ exhibits metallic transport
properties with low electrical resistivity. On the other hand, when oxy-
gen vacancies are introduced and y is lowered to 2.5, SFO is trans-
formed to the insulating brownmillerite SrFeO2.5 containing only
Fe3þ. Given that SFO is integrated as a channel layer in transistor
structures having a gate insulator of Nafion, as shown in Fig. 1(a), elec-
trical properties of the SFO channels are expected to be controlled by
electrochemical redox reactions. When a positive gate bias VGS is
applied, protons are injected into the channel, and the SFO layers
would be electrochemically reduced. When a negative VGS is applied,
protons are removed from the channel, and the SFO layers are
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expected to be oxidized. In fact, as we expected, we show that fabricat-
ing transistor structures with Nafion as a gate insulator and applying
electric-field redox reactions to SFO film channels enables nonvolatile
and reversible control of channels’ resistance. Furthermore, electro-
chemically reducing the channels is found to implant protons into
SFO, leading to formation of proton-accumulated oxide HxSrFeO2.5

that has not been seen so far.
SFO epitaxial thin films were prepared on (LaAlO3)0.3

(SrAl0.5Ta0.5O3)0.7 (LSAT) (100) single crystal substrates by pulsed
laser deposition (PLD). SFO layers of 20 nm thick were deposited at
the substrate temperature of 650 �C and under an oxygen pressure of
50 mTorr. Figures 1(b) and 1(c), respectively, show an x-ray 2h/h pat-
tern and a reciprocal space mapping around the LSAT (408) reflection
for the SrFeOy epitaxial thin films. The 2h/h profile confirms that the
SFO films are epitaxially grown with the (001) orientation and that no
secondary phases are detected. The out-of-plane lattice constant is
�3.88 Å. This lattice constant is shorter than that for brownmillerite-
structured films (�4.0 Å) but is longer than that of fully oxygenated
SFO (SrFeO3) films on LSAT substrates.26 These observations imply

that our as-grown SFO films are oxygen-deficient perovskite SrFeOy.
Furthermore, the reciprocal-space mapping in Fig. 1(c) shows that the
in-plane lattice of the films is fixed by that of the substrate and that
the oxygen-deficient perovskite SFO layer is coherently grown on the
substrate.

To fabricate transistor structures whose channels are SFO films
and gate insulators are Nafion, Pt layers (20 nm thick) that serve as
source and drain electrodes were first sputtered at room temperature.
Then, Nafion films (Nafion 115, Sigma Aldrich) where Pt layers were
sputtered on one side were bonded on the SFO channels by compress-
ing them at 100 �C for 10min.

To characterize transport properties of the SFO channels in the
transistor structure, we applied sequences of the gate voltages VGS and
the source–drain voltage VSD as described in Fig. 2(a). First, we applied
the VGS ranging between �2 and 2V for given periods (50–300 s),
inducing redox reactions in the SFO channels. The channels’ resistan-
ces RSD were then measured by applying the source–drain voltage VSD

of 0.1V. We note that during the RSD measurements, the VGS is turned
off so as to avoid possible contaminations of gate leakage currents in

FIG. 1. (a) Schematic illustration of electrochemical transistor device in which the proton-conducting solid electrolyte Nafion is used as a gate insulator. When a positive bias
VGS is applied, protons would be injected into the channel and the SFO layers would be electrochemically reduced, resulting in a decrease in carrier density and an increase
in electrical resistance. When a negative VGS is applied, protons would be removed from the channel and the SFO layers would be oxidized, leading to an increase in carrier
density and a decrease in electrical resistance. (b) X-ray 2h/h diffraction pattern and (c) reciprocal space mapping around the (408) LSAT reflection for the 20 nm thick SFO
films epitaxially grown on LSAT substrates.
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Nafion (about 10�6 to 10�5 A) to source–drain currents. Figure 2(b)
shows the VGS dependence of the RSD. Applying positive and negative
VGS are, respectively, found to lead to increases and decreases in RSD.
The RSD values measured under VGS¼ 0V vary depending on the
applied VGS. In addition, for the larger jVGSj, the RSD becomes almost
saturated in shorter periods. These observations indicate that the posi-
tive and negative VGS induce reduction and oxidation reactions for the
SFO channels, as indicated in Fig. 1(a), and the VGS-induced electro-
chemical reactions result in the nonvolatile and reversible changes in
the RSD. In addition to the electrochemical reactions, VGS applications
in a transistor structure might cause electrostatic carrier accumulations
into the channel layers. However, electrostatic carrier accumulations
would not be at play in our case. Because changes in the channels
induced by electrostatic carrier accumulations should be volatile, the
RSD measured with our voltage sequences [Fig. 2(a)] should not exhibit
any VGS dependence if the carrier accumulation effect were at play.

We also investigated how the VGS-induced redox reactions affect
the structural properties of the SFO channels. To this end, we prepared
three SFO channels referred to as SFO-A, SFO-B, and SFO-C, respec-
tively, which underwent different sequences of VGS applications. For
SFO-A, a Nafion film was thermo-compressed on the as-grown SFO
film and then mechanically peeled off without applying VGS. For SFO-
B, by applying VGS¼ 1.5V for one hour in the transistor structure, we
electrochemically reduced the SFO channel and then mechanically
peeled off the Nafion film. For SFO-C, we first applied VGS¼ 1.5V for
one hour and subsequently VGS¼�1.5V for one hour in the transis-
tor structure. After the electrochemical redox reactions, we mechani-
cally peeled off the Nafion film.

Figure 3 shows the 2h/h patterns around the (004) LSAT reflec-
tions for SFO-A, SFO-B, and SFO-C. For SFO-B, the (002) SFO reflec-
tion slightly shifted to the lower 2h sides due to electrochemical
reductions for the SFO films. In addition, a broad reflection appeared
around 2h � 44.5�, indicating VGS-induced formation of a crystal

lattice whose lattice constant is 4.07 Å. This lattice constant is larger
than the lattice constants of bulk SFO2.5 and SrFeO2.5 films epitaxially
strained by LSAT substrates.26 The appearance of the extra reflection
for SFO-B is, thus, considered to result from the protonation of
SrFeO2.5 films by VGS-induced reduction reactions, which expands the
lattice of the SrFeO2.5 films. We note that similar lattice expansions

FIG. 2. (a) Voltage sequence used in our measurements. The gate voltage VGS was applied for certain periods (50–300 s), inducing electrochemical redox reactions. Then
VGS were turned off and the source–drain voltage VSD of 0.1 V was applied to measure the channel resistance RSD. (b) Gate voltage VGS dependence of the SFO channel
resistance RSD. The data were taken for the transistor device whose channel is 1.4 mm wide and 0.8 mm long. The gate leakage currents IGS upon the VGS applications were
less than 10�5 A. The fluctuations seen in the high RSD region are due to some noise contaminations to the measured currents.

FIG. 3. XRD patterns around the (004) LSAT reflection for SFO films without VGS
application (SFO-A), after positive VGS (þ1.5 V) application for 1 h (SFO-B) and
after positive VGS (þ1.5 V) and negative VGS (�1.5 V) applications, each for one
hour (SFO-C). For these XRD measurements, SFO channels 5 mm wide and
�3mm long were used. The broad reflection indicated with the black arrow
appears as a result of the VGS-induced protonation of SrFeOy films.
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were also seen when protons were electrochemically introduced to the
brownmillerite-structured cobalt oxide SrCoO2.5.

11,13 In contrast to
the hydrogenated SrCoO2.5, no superstructure reflections, such as the
(0 0 3/2) reflection characteristic of the c-axis oriented brownmillerite
structure, are observed for SFO-B (Fig. 3). This observation might
indicate that the hydrogenated SrFeOy thin films have a brownmiller-
ite structure whose orientation is different from that of the hydroge-
nated SrCoO2.5. In addition, introducing protons to SrFeO2.5 might
cause large lattice distortions and modify cation arrangements charac-
teristic of the brownmillerite structure. Identifying atomic structures
of hydrogenated SrFeOy films will require further investigations. We
also point out that VGS-induced re-oxidation reactions to the electro-
chemically reduced films (SFO-B) lead to the intensity reduction of
the broad reflection around 2h � 44.5�, as seen in the diffraction pat-
tern for SFO-C. This observation indicates that electrochemical oxida-
tion reactions lead to deprotonation in the reduced SFO films.

To further confirm the VGS-induced protonation and quantita-
tively evaluate the hydrogen concentration introduced in SFO films,
we carried out elastic recoil detection analysis (ERDA) for SFO-A,
SFO-B, and SFO-C films at the 1.7MV tandem accelerator facility of
the Quantum Science and Engineering Center, Kyoto University. The
ERDA signals were obtained with 7.5MeV O4þ beams incident at an
angle of �75� to the surface normal and by detecting H atoms recoil-
ing forward from the films at a scattering angle of 30�. The spectra for
SFO-A, SFO-B, and SFO-C are shown in Figs. 4(a)–4(c), respectively.
The ERDA signal intensities plotted are normalized with Rutherford
backscattering spectrometry (RBS) signals for each film. The obtained
ERDA spectra were also reproduced by simulation with the SIMNRA
7.03 software,27 and based on measurement-setup factors, such as the
solid angle and energy resolution of the detector, which cause broad-
ening of ERDA signals. Our simulation model consists of a film layer
and substrate whose compositions are assumed to be HbSrFeO2.5�b
and Hc(La0.06Al0.13Sr0.14Ta0.07O0.6�c), respectively. The simulated
spectra are also shown with the solid black lines in the figures. For

SFO-A, a peak originating from the recoiled H atoms is seen around
1MeV and well-reproduced with a single peak broadened by the mea-
surement-setup-related factors only. The ERDA peak for SFO-A can,
therefore, be concluded to originate from H absorbed on the film sur-
face only. On the other hand, the H peak for SFO-B is broadened
toward the lower energy side and cannot be reproduced by considering
the setup-related broadening only. Given that H atoms recoiling for-
ward from the bulk film region have lower energies than those from
the surface, the additional broadening of the ERDA signal indicates
that H atoms exist in the bulk film region of SFO-B due to the VGS-
induced protonation. The H concentration in the film region, esti-
mated from the bulk H signal, is 0.11. For SFO-C, and the H peak is
well reproduced with a single peak and by considering the setup-
related broadening only. Therefore, the surface H atoms dominantly
contribute to the ERDA signal while the bulk H contribution to the
ERDA signal is rather small. These results support that the VGS-
induced electrochemical reductions lead to the protonation of SrFeOy,
forming HxSrFeO2.5 (x� 0.11).

Finally, we point out the possibility that the protonation of
SrFeOy films is tied with the electrochemically induced Fe2þ valence
state. The crystal lattice of SrFeOy (y� 2.5) can accommodate only Fe
having valence states higher thanþ3. Accommodating Fe2þ in SrFeOy

requires introductions of oxygen vacancies in the brownmillerite lat-
tice framework of SrFeO2.5. However, the brownmillerite lattice is
rather rigid and the formation energies of oxygen vacancies are rather
high. Alternatively, accommodating protons in the brownmillerite lat-
tice could stabilize Fe2þ. This is why electrochemically reducing
SrFeOy films and inducing Fe2þ promote their protonation. In the
protonated SrFeOy, the protons probably are bonded to oxygens, and
the formed O–H bonds would point toward oxygen-vacancy positions,
resulting in large lattice distortions. Similar O–H bonds are reported
to form in hydrogenated SrCoO2.5.

11,13 However, identifying the
atomic positions of protons in SrFeOy will require further
investigations.

FIG. 4. Measured and simulated ERDA spectra for the (a) SFO-A, (b) SFO-B, and (c) SFO-C films. The signal originating from the hydrogen atoms absorbed on the surface
and that originating from those accumulated in the films are shown with cyan and pink, respectively. The background signals colored with purple possibly arise from hydrogen
in Nafion left on the films’ surfaces and from hydrogen atoms diffused in substrates.
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In summary, we show that by utilizing the proton-conducting
solid electrolyte Nafion as a gate insulator in electric-field-effect tran-
sistor structures, the structural and transport properties of oxygen-
deficient perovskite SrFeOy films can be electrochemically controlled.
Furthermore, electrochemical reductions promote the protonation of
the SrFeOy films and result in the formation of the proton-containing
oxide HxSrFeO2.5 (x � 0.11). Our results indicate the usefulness of the
proton-conducting solid electrolyte for electrochemically controlling
transition metal oxides and for exploring proton-containing oxides.
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