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ABSTRACT: Ionic liquids (ILs) have received considerable interest '°"i°:iﬂ e
for use in electrostatic gating in complex oxide systems. Under- i
standing the ionic liquid/oxide interface, and any bias-induced
electrochemical degradation, is critical for the interpretation of
transport phenomena. The integrity of the interface between ionic
liquid 1-ethyl-3-methylimidazolium hexafluorophosphate and
La, /3Sr,/3FeO; under various biasing conditions was examined by
analytical transmission electron microscopy, and we report film
degradation in the form of an irreversible chemical reaction
regardless of the applied bias. This results in an intermixing region
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of 4—6 nm at the IL/oxide interface. Electron energy loss

spectroscopy shows La and Fe migration into the ionic liquid,

resulting in secondary phase formation under negative bias. Our approach can be extended to other ionic liquid/oxide systems in
order to better understand the electrochemical stability window of these device structures.

KEYWORDS: La, /;Sr,,3FeOs, ionic liquid gating, transmission electron microscopy, charge accumulation,

electron energy loss spectroscopy, oxide thin film

B INTRODUCTION

Materials that experience electronic phase transitions, such as
metal—insulator transitions or semiconducting—superconduct-
ing transitions, are excellent candidates for electronic devices
like field-effect transistors."™* Such devices require that
switching between conductive and insulating states be achieved
by an applied bias.”® The use of conventional dielectrics for
electrostatic carrier doping and the limitations imposed by
dielectric breakdown are often an impeding factor in field-
effect-based control of metal—insulator phase transitions."®
Ionic liquids (ILs) have been shown to be an innovative
means of inducing and maintaining charge accumulation, that
can be orders of magnitude larger than that achieved with solid
dielectrics.” " ILs are binary salts that are chemically and
thermally stable when heated above their melting temperatures;
they are highly polar, have low-melting temperatures, and do
not require solvents.” Charge accumulation occurs via an
applied bias to the IL, which separates ions within the IL and
forms an electric-double-layer (EDL) on the ends of the
electrodes. The EDL is a densely packed layer of ions, separated
from the channel material by approximately 1 nm, which
generates extremely high capacitance (up to 10 uF°) and can
induce a sheet carrier density on the order of 10" cm™ within
the adjacent channel material.'>'> These properties have fueled
much research related to the use of ILs as liquid gate
dielectrics;' "**~' however, recent research has revealed some
limitations of using ILs as a biasing medium due various
electrochemical effects.*''>'*?°7>? In the case of NdANiO,,
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while reversible charge accumulation was achieved at biases
between 0 and —2.5 V, a large irreversible change in electronic
transport behavior was observed when NdNiO; thin films were
gated with V5 < —2.5 V, which indicated operation outside of a
safe electrochemical window.'> In SrTiO; EDL-transistors, it
was found that electrochemical reactions dominate the change
in electronic transport behavior observed when IL is biased
greater than 3.75 V and that changes in oxygen stoichiometry
may be at fault.#102° Additionally, the electrical changes
induced by IL-gating of VO, EDL-transistors has also been
attributed to electrochemical effects.*"*® Typically, it is
postulated that there exists a distinct energy barrier above
which an applied bias will cause an irreversible electrochemical
reaction between an IL and an oxide thin film. Presumably, the
voltage threshold for electrochemical reactions depends on the
compositional and structural specifics of the ionic liquid and
oxide materials investigated; as such, accessible techniques that
probe the integrity of the oxide film, at the atomic scale, during
ionic liquid gating can provide tremendous benefit in
elucidating the role of electrostatics and electrochemistry in
field-effect induced electronic transport behavior.

To date, several studies have employed atomic force
microscopy as a means to probe the IL/solid interface.**
While they have successfully imaged IL/solid interfaces and
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Figure 1. TEM images of the IL/LSFO interface with inset power spectra from across the LSFO film: (a) Control LSFO thin film sample with no IL
and no bias. (b) 0 V sample showing a decrease in LSFO film thickness and uneven IL/LSFO interface. (c) —1 V sample showing a secondary phase
on top of the LSFO film. (d) —2 V sample showing degradation of the entire top half of the LSFO film. The scale bar is consistent across all four

images, and the electron beam is normal to the (001).

revealed the local arrangement of IL molecules, their findings
are hindered by the high viscosity of ILs** and the need to
image parallel to the IL/solid interface in plan-view. In this
work, we report the direct observation of IL/oxide thin film
interfaces, in cross-section, under bias using conventional and
analytical transmission electron microscopy techniques. Specif-
ically, the structural and chemical changes of IL/La, ;Sr, ;FeO;
(LSFO) junctions are examined as a function of bias using high
resolution imaging coupled with electron energy loss spectros-
copy (EELS) in aberration-corrected scanning transmission
electron microscopy (STEM). LSFO is a correlated oxide
material that experiences a charge-ordering phase transition at
190 K and is of much research interest to those wishing to
understand and control metal—insulator transitions in corre-
lated oxides.”>*” Specific to the material system investigated
herein, we provide evidence that an irreversible chemical
reaction occurs regardless of the applied bias, resulting in an
intermixing region of 4—6 nm at the IL/oxide interface.

B EXPERIMENTAL PROCEDURE

Materials and Film Growth. LSFO thin films were grown via
molecular beam epitaxy on (001)-oriented SrTiO; substrates, followed
by a postgrowth 200 °C anneal in a mixture of dilute ozone in oxygen
at atmospheric pressure in order to minimize the concentration of
oxygen vacancies in the film.*® The IL used in this study, 1-ethyl-3-
methylimidazolium hexafluorophosphate, obtained from Ionic Liquids
Technologies, Inc., was chosen for its melting point of ~60 °C, which
ensures a solid state of the electrolyte at room temperature for the
electron microscopy measurements. Note that this melting temper-
ature is substantially higher than that of commonly used ILs in oxide
gating experiments such as EMI-TFSI, DEME-BF,, and DEME-
TFSL”

Electric-Double-Layer Formation. A 10 X 10 mm LSFO film
was sectioned into four different samples: a control with no IL and no
bias (0 V) and three samples with IL, 0, —1, and —2 V bias. These bias
conditions were chosen to cover the representative range of applied
voltages found in the literature.'”'* All samples examined came from
this single film growth to ensure consistency among the starting film
conditions. The experiment proceeded as follows: a droplet of IL was
heated to its melting temperature of approximately 60 °C and was
placed on an unheated LSFO film. The film and IL were then heated
above the IL melting temperature allowing for a gold wire electrode to
be dipped into the IL and biased at the conditions previously outlined.
The heat was then removed from the IL and film, while maintaining
the bias, to allow the IL to solidify and freeze in the ionic arrangement.

Characterization. Electron transparent TEM samples were
prepared via mechanical milling, followed by a conventional in situ
lift-out procedure® using a FEI Strata DB 235 dual beam focused ion
beam-scanning electron microscope. Bright field-TEM imaging was
performed in a JEOL 2100 LaBs, TEM operated at 200 kV. STEM
imaging and EELS experiments were performed using an aberration
corrected Nion UltraSTEM 100 operating at 100 kV,*' which is
equipped with a Gatan Enfina spectrometer. EEL spectra were
processed with a power law background subtraction. EEL edge
intensity maps were produced by integrating over a 40 eV window
starting from the first peak of each edge reported. The peak positions
from EELS, when reported, were obtained by fitting a Gaussian
distribution to the spectra to find the peak maxima.

B RESULTS AND DISCUSSION

High Resolution TEM Analysis. Conventional TEM
analyses of the negatively biased IL/oxide films revealed
different IL/oxide interfaces depending on the applied bias.
High resolution BF-TEM images of the four LSFO samples
(sectioned from the same film thus possessing the same initial
composition and structure) are shown in Figure 1. Image
analysis determined a LSFO film thickness of 18.5 & 0.5 nm for
the control, Figure 1a, 17 & 1 nm for the 0 V sample, Figure 1b,
1S + 2 nm for the —1 V bias sample, Figure 1¢, and 17 + 3 nm
for the —2 V bias sample, Figure 1d. Our measured thickness
values only consider the crystalline LSFO as the film. In a direct
comparison to the control sample, the presence of IL alone
degraded the LSFO film by 1.5 + 1 nm. In addition, there was
increased LSFO film roughness present between the control
and 0 V samples, suggesting that the presence of this IL on
LSFO resulted in an interfacial reaction. Furthermore, in both
the —1 and —2 V samples, there was a clear electrochemical
degradation of the LSFO thin film. A ~2 nm thick secondary
phase was present over approximately 70% of LSFO film
surface in the —1 V sample. Lastly, the entire surface of the —2
V sample was degraded with over half of the LSFO film volume
damaged below the original IL/film interface. In all samples
analyzed, the oxide film appears to have been altered by the
presence of IL.

Z-Contrast Imaging. High angle annular dark field STEM
images (also known as Z-Contrast images)>* of the 0 and —1 V
films, shown in Figure 2, reveal an intermixing region at the IL/
oxide interface. The most prominent feature of these images
was the atomic number contrast found near the IL/LSFO
interface. Neither the 0 V nor the —1 V samples contain an
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Figure 2. STEM-HAADF images with inset power spectra from the
LSFO film: (a) 0 V sample. Note the 4—6 nm region of Z-Contrast
above the LSFO film suggesting IL/LSFO intermixing at the interface.
(b) —1 V sample showing a region of Z-Contrast above the LSFO film
similar to (a) with a secondary polycrystalline phase on top of the film
with inset power spectra from the secondary phase.

abrupt IL/LSFO interface; the STEM images suggest the IL/
LSFO interface is within an intermixing region that has a
thickness of 4—6 nm. In regions away from the interface, the
LSFO film in the 0 V sample, Figure 2a, appeared to be
unaffected by the IL, while the —1 V sample, Figure 2b,
contained streaks of contrast that indicated the presence of
aligned oxygen vacancies within the LSFO film.**> Analysis of
the fast Fourier transform (FFT) indicated that the phase
found in the intermixing region of the —1 V sample indexed to
a hexagonal structure consistent with the lattice spacing of
(111)-oriented La,0,.>*

Electron Energy Loss Spectroscopy. EELS analysis of
both the 0 and —1 V samples revealed significant changes in the
O K-, Fe L-, and La M-edges of both samples, which indicated
intermixing of the IL and LSFO film in the interfacial region. A
depth-resolved EELS edge intensity plot from the 0 V sample,
shown in Figure 3a, indicated that both La and Fe were present
within the IL several nm away from the film. The intermixing

region between the IL and the LSFO was largely composed of
La, which was the reason for the increased atomic number
contrast observed in the HAADF images of the interfacial
region. Furthermore, the composition of the LSFO film varied
across the first 5 unit cells, decreasing in La content and
increasing in Fe content, before it achieved consistency with the
rest of the film.

Extracted core loss spectra chosen from specific areas of the
IL/LSFO interface of the 0 V sample are shown in Figure 4a,b.
The Fe L;, near-edge fine structure, shown in Figure 4a,
experiences a 1.1 & 0.4 eV shift to higher energy upon crossing
the IL/LSFO interface and moving into the LSFO film. The Fe
L-edge in the IL and intermixing region exhibited a L; peak at
707.6 eV, which shifted to 708.7 eV five unit cells into the film;
this is indicative of Fe valence being in a mixed 2/3" state in
the IL and intermixing region and in a mixed 3*/4" state within
the LSFO film.>* The Fe valence found within the LSFO film
was consistent with past literature on the nominal valence of Fe
in LSFO, which was reported to be nominally Fe*¥*3%3” The
O K-edge, shown in Figure 4b, consists of a single main peak in
the IL and intermixing region, then develops a prepeak in the
film, which indicates hybridization between O 2p and Fe 3d
orbitals,*® and after five unit cells into the film, the O K-edge
splits into two separate peaks and remains this way throughout
the rest of the film.

The depth-resolved edge intensity plot from the —1 V
sample, shown in Figure 3b, exhibited strikingly different
features compared to the 0 V sample. The EELS data indicates
no significant concentration of La and Fe in the IL but revealed
that the intermixing region consists of two compositionally
different parts. The secondary phase, indexed previously to
La,03, consists predominantly of La, with minimal Fe, and a
small amount of F from the IL. The incorporation of F, from
the hexafluorophosphate anion, within the La,O; layer strongly
indicates electrochemical degradation. The area immediately
below the secondary phase exhibits a high Fe and O
concentration and slightly depleted La concentration. Below
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Figure 3. Integrated EELS edge intensity plots across the IL/LSFO interface with corresponding HAADF images. The x-axis indicates the LSFO film
surface, with 0 indicating the surface, negative values moving into the IL and positive values moving into the LSFO film. (a) 0 V sample, note the
presence of La and Fe in the IL and the high concentration of La in the intermixing region. The decrease in the O edge intensity within the LSFO
film is due to the rise of a strong prepeak feature in the spectra. No F was observed in the 0 V sample. (b) —1 V sample, note the variance in
composition of the intermixing region showing two compositionally distinct phases; the crystalline secondary phase exhibits a high La concentration
as well as F from the IL. The integrated energy range for each spectrum is 40 eV starting from the first peak of each edge.
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Figure 4. EELS fine structure of the Fe L- and O K-edge; all spectra have been processed with a power law background subtraction, and shown
spectra are row averaged over 1 unit cell. (a) and (b) are the Fe L- and O K-edges of 0 V sample; the accompanying HAADF image with colored
lines denotes the area where the spectra were taken. (c) and (d) are the Fe L- and O K-edges of the —1 V sample; the accompanying HAADF image
denotes the area where the spectra were taken. The horizontal shift in the Fe L-edge in (a) is representative of a change in the oxidation state of Fe

across the IL/LSFO interface through the first S unit cells of the film.

the Fe rich region, the film exhibits consistent edge intensities
indicating little fluctuation in film composition outside of the
first few unit cells.

Extracted core loss spectra chosen from specific areas of the
IL/LSFO interface of the —1 V sample are shown in Figure
4c,d. The Fe L;, near-edge structure, shown in Figure 4c,
revealed no significant shift of the Fe L; edge across the entire
intermixing region. The Fe L; peak was located at 708.8 eV and
was similar to the one seen in the 0 V LSFO film, indicative of a
mixed 3*/4* Fe valence state throughout the interfacial region
and the LSFO film. The absence of any Fe valence shift
suggested that there is no evidence for charge accumulation in
this sample. The O K-edge, shown in Figure 4d, consisted of a
single peak in the IL and then developed a prepeak feature at
the bottom of the secondary phase, which increases linearly
with Fe L; intensity throughout the intermixing region. The O
K-edge spectra taken from the Fe and O rich area contains a
well-defined prepeak and appears to be chemically shifted
slightly to higher energies. The shape of the O K-edge is very
similar to that observed from Fe, O3, suggesting that this region
may consist of iron oxide.*> When moving into the film, the O
K-edge splits into two separate peaks after five unit cells and
began to resemble the O K-edge of the 0 V sample.

17021

B CONCLUSIONS

The results from these measurements suggest two main points:
(1) chemical intermixing occurred, over a 4—6 nm intermixing
region, between the IL and LSFO thin film even in the absence
of an applied bias and (2) the application of bias further
degraded the LSFO thin film resulting in the formation of two
compositionally different layers in the intermixing region. We
rule out the possibility of FIB induced damage because the
vacuum surface edge of the sample, which is normal to the ion
beam during preparation and is prone to amorphization and
ion-induced damage, is more than 100 nm away from all
regions of analysis.39 From Figure lab, it is clear that IL
reduced the LSFO film thickness by a few unit-cells compared
with the IL-free control sample. The Z-Contrast images and
EELS analysis confirmed the presence of La and Fe throughout
the intermixing region of the 0 V sample. An applied bias of —1
V resulted in the formation of two compositionally different
layers in the intermixing region, shown in Figure 3b. The most
striking feature of the —1 V sample was the crystalline layer at
the top of the intermixing region which structurally and
chemically appears to be La,O;. The small amount of anion
incorporation observed in the La,O; further suggests electro-
chemical degradation. Although the electronic transport
properties of these films were not measured, the formation of
La,0;, an insulator with a high dielectric constant,*® would
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undoubtedly change the electrical properties of the IL/LSFO
interface. The formation of this phase clearly indicates the
presence of an electrochemical reaction, such as that seen
during operation outside of the electrochemical stability
window in this specific system.

While the transfer characteristics of an EDL-transistor system
are subject to an electrochemical stability window, it is unclear
whether that statement extends to the structure of the IL/oxide
thin film interface present in the system. When directly
compared with the previous studies mentioned employing
NdNiO;, SrTiO;, and VO,, they report no degradation due the
chemical interaction between their IL and thin films at 0 V
bias.%'*1>2%2123 These results suggest that the IL observed
here may be more reactive than ILs commonly used in field-
effect experiments. It is important to note that, by heating the
IL to 60 °C to perform our experiments, we may have an added
thermal effect at the IL/LSFO interface; the possibility of this
effect could be examined in future studies by varying the
temperature of the IL droplet when it is placed on the oxide
film. We caution against extrapolating our particular results to
other systems. However, this experimental methodology can be
used with other more common IL/oxide systems, taking
advantage of cryo-based sample preparation and character-
ization techniques. We anticipate that the approach demon-
strated herein can be applied to interfaces between ionic liquids
and a wide variety of electronic materials, providing researchers
with a powerful means to disentangle the complex physical and
electrochemical interactions present at these heterojunctions. It
is clear from our results that coupling high resolution and
analytical TEM techniques with traditional EDL-transistor
characterization will allow for a more accurate determination of
safe operating parameters for IL-gated oxide device structures.
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