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The effect of gate voltage polarity on the behavior of NdNiO3 epitaxial thin films during ionic liquid gating is studied using in situ synchrotron X-ray techniques. We show
that while negative biases have no discernible effect on the structure or composition
of the films, large positive gate voltages result in the injection of a large concentration
of oxygen vacancies (∼3%) and pronounced lattice expansion (0.17%) in addition to
a 1000-fold increase in sheet resistance at room temperature. Despite the creation of
large defect densities, the heterostructures exhibit a largely reversible switching behavior when sufficient time is provided for the vacancies to migrate in and out of the thin
film surface. The results confirm that electrostatic gating takes place at negative gate
voltages for p-type complex oxides while positive voltages favor the electrochemical
reduction of Ni3+ . Switching between positive and negative gate voltages therefore
involves a combination of electronic and ionic doping processes that may be utilized in
future electrochemical transistors. © 2017 Author(s). All article content, except where
otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4983617]

The rare-earth (R) perovskite nickelates, RNiO3 , are correlated electron materials with great
potential for the development of conceptually new electronic or ionotronic devices.1–3 With the
exception of R = La, they exhibit a first-order metal-insulator transition (MIT) at a critical temperature,
T MI , cooling from a metallic state to an insulating one accompanied by a subtle change in crystalline
symmetry.4,5 While the fundamental origin of the metal-insulator transition is still uncertain, it is
related to structural details of the NiO6 octahedron and the degree of hybridization between the Ni
3d and O 2p orbitals.6,7 The Ni–O–Ni bond angle decreases upon cooling while the Ni–O bond
distance increases, leading to a small expansion in volume (∼0.2%), reduced orbital overlap, and
insulating behavior.8 Smaller rare-earth cations give rise to larger octahedral tilting and increased
critical temperatures such that T MI ranges from 130 K for R = Pr to 430 K for R = Eu. This sensitivity
implies that T MI can be modulated in nickelate heterostructures through both the epitaxial strain9–15
and the degree of orthorhombicity induced by the substrate.16,17
While epitaxial growth techniques can be used to vary the MIT, electrostatic doping in a
field-effect transistor geometry permits the dynamic and reversible manipulation of the in-plane
transport characteristics, regardless of whether the thin film oxide exhibits a correlated electron
behavior.18 By using ionic liquids or gels as the dielectric medium, one can induce areal charge densities ten to a hundred times greater than those achievable by conventional dielectrics such as SiO2
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(∼1013 cm 2 ) although the process can be considerably slower. The challenge is that many of the
oxides of interest are redox active: for example, LaNiO3 is a well-known electrocatalyst for the
oxygen reduction and evolution reactions19–21 in addition to being a parent compound to different
cathode materials in solid oxide fuel cells.22 Here, the ease of oxygen vacancy formation under an
applied electric field (leading to RNiO3 δ and Ni2+ ) is essential to its chemical behavior. Although
this complicates the study of ionic liquid gating phenomena,23 the integration of electrochemistry
with correlated electron materials may provide interesting opportunities for the development of novel
devices.24,25
Here we use in situ synchrotron X-ray techniques to investigate the behavior of NdNiO3 δ (NNO)
electric double layer transistors as a function of gate voltage. We find that negative gate voltages do not
affect the film structure or composition but positive voltages lead to an electrochemical reaction and
the creation of a significant concentration of oxygen vacancies. Regardless, the transport properties
of the NNO heterostructures are largely reversible, and they exhibit a switching behavior at room
temperature with a 1000-fold change in sheet resistance.
Epitaxial NNO films were grown on orthorhombic (110) NdGaO3 (NGO) substrates by pulsed
laser deposition using conditions described previously.16 Both NGO and bulk NNO are orthorhombic
with the same space group, Pbnm, and tilt system, a b+ c in pseudocubic (pc) axes.26,27 At room
temperature, the lattice constants are a = 5.389 Å, b = 5.385 Å, and c = 7.613 Å for bulk NNO28 (apc
= 3.809 Å, bpc = 3.807 Å, and cpc = 3.809 Å) and a = 5.428 Å, b = 5.498 Å, and c = 7.709 Å for NGO29
(apc = 3.863 Å, bpc = 3.855 Å, and cpc = 3.863 Å). For the coherently strained 30-nm-thick films studied
here, NNO is in ∼1.3% biaxial tension. Electrical characterization was performed from 260 K to 30 K
during cooling and heating ramps using a Quantum Design Physical Property Measurement System
with a Keithley 2400 digital sourcemeter. A platinum wire was used as the gate electrode, which
was placed in contact with a droplet of the ionic liquid 1-ethyl-3-methylimidazolium dicyanamide.
The liquid had been baked at 120 ◦ C for 48 h to remove water and was previously confirmed to be
stable within the voltage window of interest and resistant to X-ray beam damage.30 A schematic of
the device geometry is shown in Fig. 1(a), with the droplet electrically isolated from the source and
drain. Here, the application of a positive (negative) voltage to the gate electrode results in cation
(anion) accumulation in the ionic liquid layer adjacent to the NNO surface.
The sheet resistance versus temperature behavior for a NNO film under negative and positive
gate voltages is shown in Figs. 1(b) and 1(c), respectively, with the gate voltage initially applied at
260 K; T MI as a function of gate voltage is shown in the inset of Fig. 1(b). A sharp MIT is observed
for 0 V and the negative gate voltages, with negligible change in the shape of the resistance profile.
As seen in the inset, T MI decreases from 135 K at 0 V to 131 K at 2.5 V, in general agreement
with Refs. 31 and 32. However, the application of a positive bias leads to dramatic changes in the
resistance profile (Fig. 1(c)), with the high conductivity state becoming much more resistive at larger
gate voltages and changing from a metallic to semiconducting behavior. The anomalous behavior for
+1.0 and +1.5 V at temperatures >240 K stems from a time dependent sheet resistance that rises for
temperatures at which the ionic liquid remains mobile; as such, these two particular profiles represent
lower bounds. For +2.0 and +2.5 V gate voltages (not shown), the sheet resistance reached a limit
setting of 106 Ω during cooling.
The sheet resistance at 240 K is depicted as a function of gate voltage in Fig. 1(d). The resistance
remains constant for all negative gate voltages down to 2.5 V but exhibits an increase of ∼5×
at +0.5 V and ∼1000× at +2.0 V. As shown in Fig. 1(e), the 1000-fold change in resistance when
switching from +2.0 V to 2.5 V at 260 K is largely reversible, but the overall sheet resistance increases
with every cycle. A closer look at the kinetics of the down-switch (region I) and up-switch (region
II) is presented in Fig. 1(f). During a down-switch, ∼90% of the change occurs within 1 s, with the
remainder evolving with a ∼10 s exponential time constant. The up-switch occurs non-monotonically
with an initial slow rise (∼50 s), followed by other slow kinetic processes taking hundreds of seconds.
To probe the effect of ionic liquid gating on the structure and chemistry of the NNO thin films
at room temperature, we mounted the devices onto a six-circle diffractometer at the Advanced Photon Source (APS). As shown in Fig. 2(a), we employed two detectors: (1) Pilatus 100K for X-ray
scattering with 15.6 keV X-rays and (2) Vortex silicon drift detector for X-ray absorption spectroscopy
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FIG. 1. Electrical characterization of NdNiO3 /NdGaO3 heterostructures. (a) Schematic diagram of the NNO/NGO sample
geometry for transport measurements. S is the source contact, D denotes the drain contact, G is the gate electrode, RSD
represents the resistance measurement, and VSG is the gate voltage applied to the ionic liquid. (b) Sheet resistance versus
temperature for different negative gate voltages, with T MI as a function of gate voltage shown in the inset. The ramp rate was
fixed at 5 K/min. (c) Sheet resistance versus temperature for different positive gate voltages. After the application of each
positive gate voltage, the sample was subjected to a negative bias of 2.5 V for 12 min at 260 K before proceeding on to the
next larger positive bias. (d) Sheet resistance at 240 K as a function of gate voltage. For biases >+0.5 V, the plotted values
represent lower limits. The color shading indicates the gate voltage window with more or less electrochemical doping, with
lighter hues representing larger electrochemical effects. (e) Sheet resistance versus time when cycling between +2.0 V and
2.5 V at 260 K. Regions I and II are indicated. (f) Magnified view of the resistance kinetics for the down-switch to 2.5 V
(region I) and the up-switch to +2.0 V (region II).

at the Ni K-edge (8.34 keV). The scattered intensities along the specular rod are shown in Fig. 2(b),
proceeding from 0 V to more negative biases; each scan was performed 10 min after changing the
gate voltage. The appearance of finite size oscillations along the rod indicates that the NNO films are
of high quality with a surface that remains atomically smooth regardless of the gate voltage. There
is a negligible difference between the scans with less than 0.01% change in the NNO 004pc peak
position down to 2.5 V. Similarly, there is little change with the application of positive bias up to
VSG = +1.5 V, as seen in Fig. 2(c). For VSG = +2.0 and +2.5 V, however, the NNO 004pc shifts to
lower L, indicating an out-of-plane expansion reaching 0.17% for +2.5 V, as shown in Fig. 2(d). The
00L scans in Fig. 2(c) also show that the shift in the Bragg peak position corresponds with a shift in
the minima of the finite size oscillations, indicating that the expansion occurs over the entirety of the
film thickness. There is a small decrease in the amplitude of the finite size oscillations, suggesting
some amount of surface roughening for the +2.0 and +2.5 V biases.
Use of the Pilatus area detector allows rapid 00L scans (∼50 s) across the NNO 004pc , the results
of which are shown in Fig. 3 for positive gating from 2.0 to +2.5 V ((a) and (b)) and negative gating
from +2.5 to 2.0 V ((c) and (d)), with the switch occurring at time = 0 s. As seen in Fig. 3(b), the
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FIG. 2. In situ synchrotron X-ray measurements of the NdNiO3 -based electric double layer transistor. (a) Schematic diagram of
the NdNiO3 /NdGaO3 in situ synchrotron X-ray measurement showing both structural (diffraction) and chemical (fluorescence)
probes. (b) Scattered intensities along the specular rod near the NdNiO3 004pc Bragg peak for different negative gate voltages.
(c) Scattered intensities near the NdNiO3 004pc Bragg peak for positive gate voltages. (d) The change in the out-of-plane
lattice parameter as a function of gate voltage. The order in which the measurements were conducted is indicated by the red
arrows.

structure changes non-uniformly with time with the c lattice constant shown in blue and the 004pc
integrated intensity in red. The overall process requires several hundreds of seconds to achieve most
of the changes in c, the last change from 900 to 1500 s occurring with a time constant of ∼200 s. The

FIG. 3. Time dependent scattering across the 004pc reflection. (a) 2D intensity evolution map dependent on L and time,
starting from the moment the gate voltage is switched from 2.0 to +2.5 V. (b) The measured out-of-plane lattice parameter
(blue) and 004pc integrated intensity (red) determined from (a). (c) 2D intensity evolution map, starting from the moment the
gate voltage is switched from +2.5 to 2.0 V. (d) The measured out-of-plane lattice parameter (blue) and 004pc integrated
intensity (red) determined from (c).
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results of the subsequent switch to 2.0 V are shown in Figs. 3(c) and 3(d), where the time constant
is ∼136 s. In contrast to positive gating, the structure responds smoothly to the negative voltage and
mostly returns to the original values of c and the integrated intensity.
The expansion of the c-axis lattice parameter at VSG ≥ +2.0 V is presumably due to the formation
of oxygen vacancies, as the ionic radius of Ni2+ is larger than that of Ni3+ .33 To confirm the reduction
of Ni3+ , we performed in situ X-ray absorption near edge structure (XANES) measurements at the
Ni K-edge, with the results shown in Fig. 4. While there is no shift in the K-edge position for 2.0 V
as compared to 0 V, there is a ∼0.4 eV shift to lower energy at +2.5 V. This is equivalent to a decrease
in the nickel oxidation state of roughly 0.234 or a reduction in oxygen stoichiometry (δ) by ∼0.1,
thereby forming NdNiO2.9 . The energy shift does not depend on the incidence angle of X-rays, α,
indicating that the oxygen vacancies are not only at the surface but are distributed throughout the
thickness of the film. This is consistent with the uniform c lattice expansion shown in Fig. 2(c) as the
chemical expansion coefficient 35 for NdNiO3 δ is ∼0.017,33 although the effect may be altered by
the epitaxial strain.36
Metallic NNO is p-type with a carrier concentration of ∼1022 cm 3 .37 Hole doping occurs
at the NNO surface under negative bias, creating a state between the O 2p and Ni 3d bands and
thereby lowering T MI , as shown in Fig. 1(b).31,32,37 Electron doping of the surface may then occur
at positive biases, which would result in a more insulating behavior, as observed in Figs. 1(c) and
1(d). However, this is concomitant with oxygen vacancy formation, as noted above and as reported by
others.32,37 Indeed, under positive gating, the following reaction is expected to take place: 2Ni3+ + OO ×
→ 2Ni2+ + VO 2+ + 1/2 O2 (g).24 While it is clear that the oxygen vacancy formation takes place at
+2.0 and +2.5 V, as evidenced by the c lattice expansion and XANES measurements, there is little
evidence for vacancy formation at gate voltages .+1.0 V, as the scattered intensity along the specular
rod (Fig. 2(c)) exhibits no discernable changes at these biases. Although Ni3+ is relatively easy to
reduce, oxygen vacancy formation in the nickelates still requires an energy of ∼3 eV,38 suggesting
the existence of a threshold voltage.39 The formation energy of an oxygen vacancy at the surface can
be smaller than that in the bulk;40 however, such that significant vacancy concentrations may reside
at the NNO surface without significantly altering the specular rod or the XANES spectrum. Further
studies on thinner films will be necessary to confirm that this occurs for the +0.5 and +1.0 V biases,
but this would help to explain the large increases in sheet resistance, seen in Figs. 1(c) and 1(d). In
this case, the application of sufficiently large negative gate voltage may aid in filling of the surface
vacancies.
The injection of oxygen vacancies into the film at +2.5 V appears to occur non-monotonically,
as shown in Figs. 3(a) and 3(b). The first injection occurs at time = 0 s, the next at ∼250 s, and finally
at ∼900 s. The electrostatic repulsion from positive species at the ionic liquid interface encourages
migration of the oxygen vacancies into the bulk of the film,41 which results in larger time constants
for thicker films. After the initial injection, some of the vacancies appear to exit the surface, leading
to a temporary decrease in the c lattice spacing. The decrease in the 004pc intensity with vacancy
injection is partly related to the removal of oxygen scattering from the structure factor (which should

FIG. 4. In situ X-ray absorption spectra across the Ni K-edge for the NdNiO3 film under different gate voltages. The incidence
angle is given as a function of the critical angle for total external reflection, αc . The penetration depth ranges from 2.7 nm at
0.7 αc to 400 nm at 3.4 αc .
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FIG. 5. Time dependent integrated intensities (black) of the (1.5, 1.5, 2.5) reflection (a) and (1, 0.5, 3.5) reflection (b) from
the NdNiO3 film when cycling between 2.0 and +2.0 V (shown in red).

result in a small intensity change at 004pc , of order 1%) as well as an increase in the amount of
crystalline disorder. As seen in Figs. 3(c) and 3(d), the down-switch to 2.0 V causes a return of both
the smaller c lattice constant and the larger 004pc intensity in a monotonic fashion, re-oxygenating
the sample. Note that since the ionic liquid was encased by a Kapton® film for the in situ X-ray
measurements, much of the returning oxygen atoms must originate from the NNO lattice and not
from the atmosphere.39 Re-oxygenation of the sample is presumed to occur through the formation
of a superoxide within the ionic liquid during positive gating that allows oxygen to easily return to
the NNO under negative bias.24 This mostly reversible behavior can also be seen in Figs. 1(e) and
1(f) (measured at a cooler temperature of 260 K), but the kinetics here reflect both electronic and
electrochemical components. This is evident from the region I behavior in Fig. 1(f): there is first an
abrupt drop in sheet resistance (<1 s) due to hole doping, followed by the slower process (∼10 s)
of oxygen incorporation at the surface. The longer time constant observed in Fig. 3(d) stems from
time necessary to redistribute oxygen ions throughout the NNO lattice. The slow and non-monotonic
increases in resistance shown in region II of Fig. 1(f) appear to be mostly from oxygen vacancy
injection, occurring in bursts similar to those seen in Figs. 3(a) and 3(b).
Figure 5 depicts changes in the integrated intensities of the 23 23 25 pc and 1 21 27 pc reflections when
the sample is switched between +2.0 and 2.0 V. As observed, the intensities decrease with an
up-switch to +2.0 V and increase with a down-switch to 2.0 V, much like the behavior for the
004pc reflection. Again, this 5%–10% variation in intensity is partly due to the loss of oxygen in
the structure factor, and half-order reflections are particularly sensitive to scattering from the oxygen
ions.42 The intensities of these reflections also depend strongly on changes to the Ni–O–Ni bond
angle, which is critically important to the MIT. This suggests a possible method for dynamically
tuning and monitoring the degree of Ni 3d–O 2p hybridization. To exploit this capability, however,
it will be necessary to understand the relationship between oxygen vacancies and octahedral tilting
through additional experimental and theoretical studies.
In summary, we investigated the behavior of NdNiO3 /NdGaO3 heterostructures under both the
negative gating and positive gating with an ionic liquid. Negative biases have no structural or chemical
effects on the films, but large positive biases lead to redox reactions and the injection of a large
concentration of oxygen vacancies (3% at +2.5 V). Despite the large defect concentrations, the devices
exhibit a largely reversible switching behavior (with changes in sheet resistance on the order of 103 )
at room temperature, taking advantage of both the electrostatic doping and electrochemical doping.
We note that positive ions such as Li and Mg can be intercalated into nickelate films via electrolyte
gating, also resulting in a reversible electronic behavior.43 Such doping may lead to significant lattice
dilation if the ions reside in interstitial sites. Detailed studies on the migration of such ions in and
out of complex oxide surfaces during electrolyte gating will be key to the development of future
electrochemical devices.
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