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ABSTRACT

Titanium dioxide (TiO2) is a high-performance material for emerging device applications, such as in resistive switching memories, in
high-k capacitors, or, due to its flexoelectricity, in micro/nano-electro-mechanical systems. Enhanced electrical properties of TiO2 are
ensured, especially by a careful selection of the bottom electrode material. Iridium dioxide (IrO2) is an excellent choice, as it favors the
high-k rutile phase growth of TiO2. In this study, we introduce the fabrication of IrO2/TiO2/IrO2 capacitors and thoroughly characterize
their electrical behavior. These capacitors show a dielectric constant for low temperature sputtered TiO2 of ∼70. From leakage current
measurements, a coupled capacitive–memristive behavior is determined, which is assumed due to the presence of a reduced TiO2−x layer
at the IrO2/TiO2 interface observed from transmission electron microscopy analyses. The memristive effect most probably originates
from trapping and detrapping of electric charges in oxygen vacancy defects, which themselves can be generated and annihilated through
an applied electric field, subsequently changing the resistance of the capacitor. The electric degradation type is identified as a filament-
forming mechanism. Additionally, the temperature dependence of the leakage current is measured, demonstrating that the temperature
behavior is strongly influenced by the ambient atmosphere. The latter dependency leads to the hypothesis that the oxygen evolution reac-
tion of water incorporated in the IrO2/TiO2 interface passivates vacancies, thus significantly impacting the vacancy density in TiO2 and,
as a further consequence, the electrical performance.

© 2022 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/). https://doi.org/10.1063/5.0080139

I. INTRODUCTION

Specific metal oxides offer outstanding properties for capaci-
tors that make them unique for future electronic applications. Such
properties include a resistance that “remembers” the electric field
history or a much higher permittivity (high-k) compared to com-
monly used silicon dioxide (SiO2). One of the most intensively
investigated high permittivity capacitor materials is titanium
dioxide (TiO2),

1–4 as it is cheap, readily available, and CMOS com-
patible. Its high relative permittivity of up to 1305 makes it suitable
for a new generation of high-k capacitors. Widely used low permit-
tivity dielectrics, like SiO2, have a lower maximum capacitance per
area than TiO2 as the thickness of the dielectric cannot be decreased

indefinitely. At film thicknesses below 3 nm, electrons have a high
probability to tunnel through the insulating material, causing high
leakage currents.6 Thin films with higher permittivity can be made
thicker to suppress this parasitic tunneling current while having the
same capacitance per area. High-k materials, for example, hafnium
oxide, are also interesting for field-effect transistors as they show
less leakage current, improved drive current, and enhanced circuit
performance compared to standard gate oxide dielectrics.7

High permittivity is also beneficial for micro-electro-mechanical
system (MEMS) applications, where TiO2 can be integrated as an
actuator material when exploiting the so-called flexoelectric effect, as
we demonstrated most recently.8 As the flexoelectric effect is the cou-
pling of mechanical strain to an electric field gradient, a detailed
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understanding of the electrical properties of TiO2 is vital for flexoelec-
tric MEMS. Not only It is essential to gain knowledge not only on
how the electric field is distributed in the dielectrics to understand
the physics of the flexoelectric effect but also on how the dielectrics
degrades when an electric field is applied to exploit its full potential
without increasing the probability for device failure.

Another property of TiO2 makes this material interesting,
namely, the memristive effect. Here, the resistivity depends on the
electrical history of the material and can change both continuously
and suddenly, depending on the type of memristor. TiO2 was the
first material where memristive properties have been reported and
ever since has been in the focus of intensive research activities for
the memristive effect.9–15

The electrode material choice is crucial as it strongly influ-
ences the microstructural properties and, consequently, the elec-
trical behavior of the capacitor. In this work, we chose iridium
dioxide (IrO2) for several reasons. Iridium dioxide is a low resis-
tivity oxide (<500Ω cm) and acts as an excellent seed layer for the
subsequent deposition of TiO2 as the crystal structure of IrO2 is
of the same crystallographic class as TiO2 in the rutile phase,
where the small lattice difference of 0.086 Å in a/b axis direction
provides a good lattice match between both crystal lattices. This
favorable crystallographic growth results in a higher permittivity
compared to other metal oxides. We have confirmed the crystallo-
graphic properties in previous studies, where we investigated the
crystallographic properties of the reactively sputtered IrO2/TiO2

stack both in Bragg–Brentano and gracing incidence x-ray diffrac-
tion mode.8,16 To the best of the authors’ knowledge, there are no
studies regarding the electrical properties of TiO2 capacitors
based on IrO2 as an electrode material.

To characterize the physical mechanisms that dominate the
electrical behavior of a metal–insulator–metal (MIM) capacitor, it
is common to perform current–voltage (I–V) measurements at dif-
ferent temperatures, which are evaluated with standard models,
e.g., thermionic emission (Poole–Frenkel and Schottky) or tunnel-
ing (direct tunneling and trap assisted tunneling). Although these
models work well for most capacitor materials, applying these
models to oxygen vacancy rich materials like high permittivity
oxides, such as TiO2, falls short. As the material changes its electri-
cal properties with the applied electric field, the standard formulas
fail to describe the transient and temperature-dependent behavior
of the leakage current. Oxygen vacancies are the primary source of
structural defects in high permittivity oxides and are directly linked
to the leakage current level.17 When applying an electric field, the
oxygen vacancy density is not constant and depends on the electric
field strength, temperature, and time. As a consequence, these
vacancy defects can cause the formation of conductive filaments,
resistance changes at the interface, modulation of a Schottky
barrier, or oxygen exchange between electrode and insulator,
depending on the materials in the capacitor.18,19 Additionally, elec-
trochemical processes, such as the interaction of water molecules,
nitrogen, or carbon with the top surface, make the evaluation of
such devices even more challenging.

In addition, oxygen vacancies are known to be connected to
the flexoelectric effect, and it is assumed that these defects play an
essential role in the electro-mechanical behavior of flexoelectric
actuators.20,21

Through careful evaluation of leakage current measurements
at different temperatures, by variation of the dielectric thickness
values and by the exposure to ambient atmosphere in between dep-
osition steps, an understanding of the underlying physical mecha-
nisms was gained and is presented in this work. This knowledge, in
turn, can be used for future investigations, such as a temperature-
dependent evaluation of flexoelectrically excited MEMS cantilevers.

II. EXPERIMENTAL DETAILS

All films were deposited by reactive DC magnetron sputter-
ing. As substrate, a phosphorus doped silicon wafer with a bulk
resistivity of 50Ω cm was used. The TiO2 films were synthesized
from a 6-in. titanium target in a pure O2 atmosphere with a flow
rate of 20 SCCM at a back pressure of 2 μbar, plasma power of
800W, and a target–substrate distance of 65 mm. The IrO2 elec-
trodes were deposited from a 4-in. iridium target in an Ar/O2 gas
mixture (flow rates: 80/20 SCCM) at 60 μbar, 500W, and 65 mm
target–substrate distance. The TiO2 film parameters were chosen
to achieve both stoichiometry and a high degree of crystallinity.
The IrO2 parameters were optimized to stay below a maximum film
stress of 500MPa in pre-experiments to avoid delamination. In the
first set of samples, the vacuum between the IrO2 bottom electrode
and the TiO2 layer deposition was intentionally broken. The sample
was exposed to the atmosphere for approximately 1 day before
depositing the TiO2 layer. Four different samples with varying TiO2

thicknesses, namely, 50/100/150/200 nm, have been realized with the
same parameters and bottom interface exposure to air. In the second
set of samples, the IrO2 bottom electrode and the TiO2 layer were
deposited consecutively without breaking the vacuum.

Circular pads were patterned with a diameter of 250 μm by a
lift-off process serving as the top electrode. Subsequently, TiO2

was partially etched with an SF6/O2 plasma to provide access to
the bottom electrode. The current–voltage (I–V) characteristics
were measured with a Keysight B2911A in a four-wire setup. The
voltage is varied stepwise and kept constant for each step for a
defined hold time, during which the current is measured in
defined time intervals.

The chemical surface compositions of the top IrO2 electrode
and the TiO2 film deposited on IrO2 were characterized by x-ray
photoelectron spectroscopy (XPS). The XPS spectra were obtained
by an AXIS Supra photoelectron spectrometer (Kratos Analytical
Ltd., UK) equipped with a hemispherical analyzer and monochro-
matic AlKα x-ray source (1486.6 eV). Two additional monitor
samples (i.e., IrO2/TiO2 and IrO2/TiO2/IrO2) without breaking
the vacuum between the films were fabricated for XPS measure-
ments. Sputter deposition parameters for these samples were the
same as for those investigated electrically.

Analytical measurements at the IrO2/TiO2 interface were per-
formed using a TECNAI TF20 (scanning) transmission electron
microscope (S/TEM) operated at 200 keV. For this purpose, the
electron beam was converged to a diameter of 0.15 nm and scanned
across the interface. Simultaneously, electron energy loss spectra
(EELS) were recorded in each position of the scan in order to deter-
mine the energy loss near edge structure (ELNES) of the titanium L
edge. The ELNES of an ionization edge is characteristic for the
chemical environment of the probed atomic species. Consequently,
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it provides information about the oxidation state. We made use of
the ELNES to study the titanium oxidation state directly at the
IrO2/TiO2 interface.

III. MATERIAL CHARACTERIZATION

From the SEM picture, given in Fig. 1, the sputtered TiO2

shows a columnar microstructure. In our previous publication,
x-ray diffraction analysis showed that IrO2 and TiO2 are present in
the rutile phase.8 The thickness values of the individual layers are
120 nm IrO2, 100 nm TiO2, and 120 nm IrO2.

XPS analysis was performed to evaluate the surface composition
and oxidation state of IrO2 and TiO2. The corresponding deconvolu-
tion of the oxygen peaks of the IrO2 top electrode appears to be a
triplet with a major peak at 530 eV (component C1), as shown in
Fig. 2(a). The other two broad oxygen peaks are at 531.7 (component
C2) and 532.5 eV (component C3).22,23 In accordance with Freakley
et al., the C1 peak can be associated with IrO2, while C2 is attributed
to OH bonds and the C3 component to adsorbed water.23,25,26 The
additional peak at ∼534.2 eV originates from moisture, i.e., oxygen in
electrically isolated H2O molecules.24

We also performed temperature stability measurements, where
we heated the samples from room temperature to 350 °C, measur-
ing the XPS spectrum at each temperature step in situ. The result
can be found in S1 in the supplementary material. This measure-
ment shows that the IrO2 electrode is stable for the thermal mea-
surement range from room temperature to 100 °C, especially as the
leakage current measurements were performed in air and not
under vacuum.

The O 1s XPS spectra revealed an oxygen peak associated with
an H2O bond. The concentration of these water associated oxygen
bonds was measured to be of 3%–5% of all chemical bonds on the
top surface of the IrO2 electrode. For comparison, the deconvolu-
tion of O1s XPS spectra of TiO2 deposited on IrO2 resulted in
three peaks: 530.5 eV (TiO2 bond), 532 ± 0.2 eV (C–O bond), and
533 ± 0.2 eV (C–OH/TiOx bond)

27,28 [see Fig. 2(b)]. In contrast to
the top IrO2 electrodes, the O 1s spectra of the TiO2 surface depos-
ited on IrO2 do not have a bond at 534.2 eV associated with oxygen
within a water molecule.

The TiO2/IrO2 interface of the bottom electrode was investi-
gated by simultaneously recording STEM and EELS signals in
STEM. The electron beam was focused to a diameter of 0.15 nm,
and a scan box of 16 × 14 nm was drawn on the pre-recorded high
angle annular dark-field (HAADF) STEM image as indicated in
Fig. 3. The HAADF detector collects electrons being scattered at
the atomic nuclei; thus, a bright signal is collected when the elec-
tron beam passes through high-Z materials, such as IrO2. The
recorded ELNES of the Ti–L edge is shown in Fig. 3. There is no
ionization edge observed in the IrO2 layer since the Ir and O edges
are out of the detection range. The ELNES of TiO2 is characteristic,
like a fingerprint, and can thus be used for quantification of the
respective sample area. We observe the typical ELNES of Ti4+ in
TiO2, being altered within an interfacial layer of 5.7 nm thickness.
The Ti-ELNES from this interfacial layer indicates a strongly
reduced state of titanium being due to an initial distribution of
oxygen vacancies at the interface. The formation of these vacancies
can be expressed in the Kröger–Vink notation,29

O€O ! V€O þ 2e�þ 1
2
O2,

where O€O is the lattice oxygen and V€O is a positively charged
oxygen vacancy; here, Ö denotes a charged state. In TiO2, these
vacancy defects act as an n-type dopant.12,30 This is due to oxygen
having an oxidation number of −2 in TiO2 and titanium having
+4. For each oxygen atom missing, two bonds are unsaturated and
contribute to the electrical conduction. There are different charge
states of these vacancies (0, +, 2+), but for simplicity, we refer to
these vacancies as V0.

In Fig. 4, the band diagram of an IrO2/ TiO2/IrO2 capacitor
is depicted. The work function of IrO2 is typically around
wm∼ 4.2 eV, and ws of TiO2 can vary between 4.4 and 5.5 eV.31,32

The electron affinity χa of TiO2 is taken to be 3.9 eV.33 From these
values and the fact that V0 vacancies act as n-type doping in TiO2,
an ohmic contact is expected. Even though the exact work function
values of our samples are unknown, we can safely assume that a
Schottky barrier does not form at this interface.

IV. CAPACITIVE BEHAVIOR

For the electrical material analysis of the IrO2/TiO2/IrO2

capacitors, the capacitance is determined. In Fig. 5(a), the relative
permittivity (χr), calculated from the impedance with a parallel
capacitance–resistor equivalent circuit, can be seen. The permittiv-
ity values are in the range of 57–78 for 30–300 kHz. χr is almost
independent of the film thickness, as only the 50 nm films show a
slightly lower permittivity. These values are similar to, e.g., sput-
tered Al/TiO2/Al MIM structures with an χr of ∼60.34 In Fig. 5(a),
the relative permittivity of a 100 nm thick capacitor at varying tem-
peratures is shown. There is a slight decrease in χr from 75 to 70 at
50 kHz over the temperature range from 25 to 100 °C.

V. TIME-DEPENDENT LEAKAGE CURRENT BEHAVIOR

To further understand the electrical behavior of the IrO2/TiO2/
IrO2 capacitors, leakage current measurements were performed. In
Fig. 6, leakage current measurements at room temperature are shown

FIG. 1. SEM picture in cross-sectional view on an IrO2/TiO2/IrO2 capacitor.
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for 100ms hold time while the current was recorded every 10ms.
The current value at 100ms is then plotted in the I–V curve. The
measurement cycle steps the voltage first from 0 to +3 V, then from
+3 to −3 V, and finally back from −3 to 0 V.

In the leakage current measurements, a so-called non-pinched
leakage current hysteresis is observed. This characteristic indicates a
parallel equivalent circuit of a capacitor and a memristor, as
modeled by Sun et al.35 The term non-pinched refers to the effect
that after an electrical stressing, the measured leakage current is not
zero when the applied field is zero. This is due to an internal electric
field that originates from the separation of negative and positive

ions. In this case, it is most likely that the oxygen captures two elec-
trons and gets negatively charged (O2−), and the oxygen vacancies
are getting positively charged (V0) and thus are separated. A more
detailed analysis can be found in S2 in the supplementary material.

The origin of the memristive effect will be described in the
following. Space-charge-limited-current (SCLC) is expected due to
the ohmic nature of both interfaces.36 The SCLC mechanism is
present when a large carrier injection from the electrodes is
expected, which is reasonable for our low barrier ohmic interface.
The SCLC mechanism has previously been shown for Al/TiOx/Al,
Al/TiOx/TiO2/Al memristors as well as Al/TiO2–nanowire/Ti.

37–39

FIG. 2. The deconvoluted O 1s XPS spectra of (a) the top IrO2 electrode of an IrO2/TiO2/IrO2 capacitor and (b) TiO2 on an IrO2 film. All films have a thickness of 100 nm.

FIG. 3. STEM-EELS analysis of the bottom electrode/TiO2 interface. From investigating the ELNES at the Ti–L3,2 edge, an ∼6 nm thick reduced TiO2−x layer is detected.
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The Al/TiO2 interface has a similar electronic structure as the
IrO2/TiO2 interface with the work function of Al being ∼4.06–
4.28 eV, which should also form an ohmic contact.

To identify the leakage current behavior, two I–V measure-
ments are done, one to a maximum of 1.2 V and the other to a
maximum of 10 V. For both measurements, 20 measurement
points with a hold time of 100 ms was chosen, in order to have
similar total stressing times. From the measurement, as shown in
Fig. 7(a), the slopes of the curve are initially close to 1 at low vol-
tages (<1 V). A slope of 1 at low fields indicates ohmic behavior
and can be described by the following equation:

JOhm ¼ qn0μ
V
d
,

where q is the elementary charge, n0 is the free carrier density, μ is
the carrier mobility, V is the applied voltage, and d is the thickness
of the dielectric. In this regime, the time for the electrons to travel
through the dielectric is higher than the dielectric relaxation time,
meaning that the charge carriers have enough time to be distribu-
ted in such a way that the dielectric remains as charge neutral as
possible. Hence, the number of injected carriers traveling across the
insulator is small, and the thermal activation of the carriers exceeds
the charge carrier injection mechanism. No traps are activated and
the V0 density is not changed, as depicted in Fig. 7(c).

At voltages above 1, the slope of the log I–log V curve is sub-
stantially higher, with ∼17, which means that the voltage is higher
than the transition voltage.40 In this stage, the charge travel time is

FIG. 4. Schematic band diagram for the IrO2/TiO2/IrO2 capacitor before the
materials are in contact. When the materials are brought into contact, the
Fermi-energy EF,TiO2 of TiO2 is equalized with that of IrO2 while the barrier
height between IrO2 and TiO2 stays the same. This results in a downward
bending of the conduction band of TiO2, indicating the presence of an ohmic
contact.

FIG. 5. (a) Permittivity vs frequency at different temperatures measured at test capacitors with a 100 nm thin dielectric TiO2 layer. (b) Permittivity determined from imped-
ance measurements vs frequency of IrO2/TiO2/IrO2 capacitors with varying dielectric thickness. The sudden change in noise is due to a change in sensitivity in different
measurement regions.
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FIG. 6. Leakage current measurements of the capacitor. (a) 100 ms hold time for each measurement point. (b) 40 consecutive cycles of the I–V curve from (a). A non-
pinched hysteresis is observed. The arrows indicate the direction of the voltage sweep. The insets show the current transient at each point during the hold time interval.
The I–V curve is plotted as two separate logarithmic graphs, whereas at negative electric fields, the absolute values were plotted over a negative axis and flipped.
Measurements were done in steps of 0.15 kV/cm.

FIG. 7. (a) Log(I)–log(V) plot to identify the low voltage SCLC behavior (up to 2 V). One voltage sweep with 20 measurement points at 100 ms hold time at each step up
to 1.2 V is shown. A slope of approximately 1 at voltages below 1 V, which is typical for ohmic conduction and a slope of approximately 17 at voltages from 1 to 1.2, can
be identified. (b) Log(I)–log(V) plot to identify the high voltage SCLC behavior (up to 10 V). At higher voltages >4 V, a slope of approximately 2 can be seen.
(c) Schematics of the capacitor with when a low voltage is applied. The intrinsically present amount of oxygen vacancies is shown as blue rings. (d) Schematic of the capacitor
when a high voltage is applied. At higher biases, traps can be filled, preferably along low resistivity paths across the insulator. Filled traps are shown as blue circles.
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lower than the dielectric relaxation time and the electrons fill the
traps, preferably along channels throughout the dielectrics [sche-
matically shown in Fig. 7(d)].41 Looking at the current transient in
this regime [insets in Fig. 6(a)], an increase in current over time at
a steady bias is observed. This shows that the traps are filled over
time and the decrease in slope over time indicates that at some
point all traps with energy corresponding to the bias voltage are
filled. Once the traps are filled, they no longer excert a pushback
force and the I–V behavior is transitioned to a trap-free SCLC
behavior.42 As seen from our measurements in Fig. 7(b), at voltages
above 4, the slope is ∼2, which is in agreement with the trap-free
SCLC Mott–Gurney law,

JMott ¼ 9
8
με0εr

V2

d3
:

It is also important to analyze the I–V behavior when sweeping
from higher to lower voltage levels. Here, the current transient is neg-
ative [as shown in the insets in Fig. 6(a)], indicating that the traps are
emptying over time. However, the internal electric field that comes
from the capacitive effect affects the magnitude of the slope, and the
leakage current mechanism in the reverse bias direction can, there-
fore, not be evaluated with a sufficiently high degree of certainty.

As in the case of trap filling and emptying, the memristive
behavior is of electronic nature, and no significant change in the I–V
behavior with subsequent cycles is expected. In Fig. 6(b), this mea-
surement is shown and, indeed, no significant change is observed.
Similar measurements were also performed at 1ms hold time, which
behave similar to measurements with 100ms hold time.

It would be of interest to calculate the free carrier density and
the carrier mobility. However, these values are dependent on the
temperature and, as will be shown in Sec. VI, do not show the
expected temperature dependence due to interfacial phenomena.
As such, calculating n0 and μ from Arrhenius plots is not possible.

To further analyze the behavior of the capacitors, a larger hold
time at each voltage step was chosen, namely, 15 s.

At 15 s bias time, two big differences are identified. First, as
seen in Fig. 8(a), the capacitively induced leakage current hysteresis
shows a bigger internal field (I–V zero crossings at ±200 kV/cm
compared to ±100 kV/cm for the 100 ms I–V curve). This is
expected, as with longer bias time, the charge separation and, there-
fore, the internal field are increased. In general, the buildup internal
electric field is rather large. There are only a limited number of
studies that provide data about the induced electrical field strength.
One study has reported a corresponding value of about 40 kV/cm,
which is significantly lower.43 To address this issue, understanding
the exact origin of the capacitively induced hysteresis is certainly of
interest but requests additional effort.

The second difference is that at negative bias direction, the
behavior changed such that the memristive hysteresis is more pro-
nounced and decreases even when the negative bias is increased.
These changes can be explained by defect generation, which erodes
low resistance paths in the insulator, leading to formed filaments, as
depicted in Fig. 8(b).41,44 When positive bias is applied, such filaments
form, and when the bias is reversed, these channels break up, which
can be seen in a significant decrease starting at −200 kV/cm even
when the bias is further increased.45 However, this is not stable resis-
tive switching, and repeated cycles result in a decreased switching
current, followed by sharp jumps in the current. Subsequently, both
the capacitively induced hysteresis and the memristive hysteresis break
down.18 This breakdown is most likely related to a formed filament.

In the supplementary material S3, the transient I–V behavior
at varying thickness is illustrated. The I–V curves for >50 nm thick-
ness are similar, whereas the 50 nm sample is dominated by a
capacitive leakage current hysteresis effect.

VI. TEMPERATURE-DEPENDENT LEAKAGE CURRENT
MEASUREMENTS

For temperature-dependent characterization, two measure-
ment cycles (two voltage cycles each) were performed subsequently
at different temperatures ranging from 30 to 100 °C in air. At each

FIG. 8. (a) Repeated cycles at 15 s/step of a 100 nm thick capacitor. The measurement shows dynamic leakage current behavior, and, at higher cycles, the resistive
switching and the capacitive hysteresis vanish, indicating the presence of a filament formed, as depicted in (b).
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measurement point, the voltage was applied for a hold time of
100 ms before measuring the current value. For these measure-
ments, the voltage limit is decreased. This is an attempt to avoid
the filament forming and to stay in the pre-filament regime with
the lowest amount of intrinsic changes possible. This seems to be
the case for the samples with thickness of 100 nm as well as 150
and 200 nm, but not for 50 nm, as filament forming can be

identified at a temperature of 70 °C and above, as shown in S4 in
the supplementary.

To check if the capacitor is degrading with these measurement
parameters, subsequent I–V cycles at a given temperature were mea-
sured. With the chosen measurement parameters, changes in the
≤100 nm capacitors are also reversible from one temperature to
another. We performed measurements on a 100 nm sample where we

FIG. 9. Leakage current hysteresis measured at an IrO2/TiO2/IrO2 capacitor with a top contact of 500 μm in diameter at varying temperatures. (a) shows measurements at
a dielectric thickness of 100 nm with both bottom and top interfaces being exposed to the atmosphere while fabrication. (b) During sample synthetization, the vacuum was
not broken between the bottom electrode and the TiO2 layer deposition. This changed the behavior in the negative bias direction significantly, leading to an asymmetric
dependence at a given temperature. (c) Capacitance–voltage values at 50 kHz of the sample with no atmosphere contact at the bottom interface, measured at different
temperatures. (d) Schematics of the proposed mechanism responsible for the temperature dependence inversion. Blue circles are oxygen vacancies, the blue area indi-
cates the presence of water, and the red cross a passivation of such a vacancy.
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ramped up the temperature from 30 to 100 °C and then back down to
30 °C. The result, as shown in S5 in the supplementary material, dem-
onstrated that the I–V curves in the heating-up phase are of similar
behavior compared to those measured in the cooling down phase.

An interesting result of the performed I–V characterization,
illustrated in Fig. 9(a), is the temperature-dependent behavior,
where the memristive leakage current decreases with higher tem-
perature, which is not expected, as the carrier mobility, free electron
density, and oxygen vacancy forming rate should increase with
temperature.46,47

This behavior can be explained when comparing it to the I–V
characteristics of a sample where the vacuum between the bottom
electrode and TiO2 layer deposition was not broken [Fig. 9(b)]. For
that sample, the current in the negative bias direction behaves dif-
ferently than in the positive direction, even though the bottom and
top electrodes are made from the same material with the same dep-
osition parameters. In the positive bias direction, we measure a
strongly decreasing leakage current by almost three orders of mag-
nitude when moving to higher temperatures at sufficiently high
electric fields (>100 kV/cm), similar to the sample from Fig. 9(a).
This finding is not observed in the negative bias direction, where
the leakage current increases by about one order of magnitude for
increasing temperatures up to 100 °C independent of the electric
field. This change from a symmetric temperature dependence (i.e.,
decreasing current density with increasing temperature at both bias
directions) to an asymmetric temperature dependence (i.e., increas-
ing current density with increasing temperature for negative bias
when the bottom electrode surface was not exposed to air) leads to
our assumption that the interface that is formed during air expo-
sure is responsible for the unexpected temperature dependence of
the leakage current.

There is still the possibility that the interface, which is expected
to be ohmic, forms a Schottky contact. This Schottky contact could
then be influenced by atmospheric exposure and change the barrier
height accordingly. If this is the case for the results presented in
Fig. 9(b), then a different barrier height for the bottom and top
interface would lead to a diode-like behavior. We checked this with
a capacitance–voltage (C–V) measurement at different temperatures,
as illustrated in Fig. 9(c). The C–V curves show the expected cons-
tant relationship, and the capacitance changes ∼5 pF over the tem-
perature range. This is strong evidence that Schottky behavior is not
causing this behavior.

VII. INFLUENCE OF ATMOSPHERE ON THE INTERFACE

As we can see by the measurements in Figs. 9(a) and 9(b), the
leakage current behavior is linked to the exposure of the interface
between TiO2 and bottom electrode during deposition to air, con-
taining mainly nitrogen, oxygen, and humidity.

Assuming that oxygen diffused from the atmosphere into the
surface, an oxygen density gradient is generated, which would lead
to an equilibrium distribution over time, by decreasing the number
of oxygen vacancies in IrO2 and TiO2. However, a capacitor stack
oxidized to a higher degree would not lead to such a different tem-
perature dependence of the leakage current, as a capacitor stack
oxidized to a higher degree would lead to lower leakage currents in
general, independent of temperature.

From the exposure to air, water is adsorbed on the IrO2

surface.48–51 From our XPS measurements, we identify OH and
H2O bonds at the surface of both IrO2 and TiO2, as explained in
Sec. III. However, water has also been previously identified to have
a strong influence on the electrical behavior, as shown by Jeong
et al. for Pt/TiO2/Pt or by Messerschmitt et al. for Pt/SrTiO3−δ/Pt
capacitors.43,52 It is known that when IrO2 is exposed to water,
hydroxyl bridges emerge at the surface.51 Also, IrO2 is one of the
best catalysts for the aqueous oxygen evolution reaction (OER).53,54

It was recently shown that when oxygen evolution reaction (OER)
conditions are met, these hydroxyl bridges deprotonate, and the
IrO2 surface oxidizes.55 At higher temperatures, the oxygen evolu-
tion rate of the IrO2 electrode increases and more oxygen from the
incorporated H2O is available.56 Similar behavior was also shown
for Nb:SrTiO3/SrTiO3/Pt capacitors.

57

The drastic change in leakage current with temperature can
then be explained with the Arrhenius-like dependency of the reac-
tion rate of the OER. It has also been shown that IrO2 has a
decreasing linear change in the Tafel-slope regarding temperature.58

Roughly speaking, the Tafel-slope can be related to an electrolytic
cell efficiency. A decreasing Tafel-slope means an increase in the
catalytic reaction rate.

Following this reasoning, the decrease in leakage current comes
from the available oxygen from the deprotonation of the hydroxyl
bridges at the interface. This additional oxygen can passivate oxygen
vacancies and, therefore, change the vacancy density at the interface,
schematically shown in Fig. 9(d). The decrease in vacancy density can
then inhibit filament formation and conduction via low resistance
channels, while still containing the push back field of the empty traps
at the opposite interface. This is seen in a decreased leakage current
when the interface was exposed to the atmosphere.

VIII CONCLUSIONS AND OUTLOOK

In this work, an in-depth experimental leakage current charac-
terization of novel high-k IrO2/TiO2/IrO2 capacitors is given. They
show a wide variety of effects, such as vacancy formation and
coupled capacitive–memristive effects. Experimental evaluation of
the capacitance gives dielectric constant values of ∼70. The leakage
current is dominated by capacitive effects at low fields, whereas at
higher field regions, a memristive effect occurs. An ∼5 nm thick
formed layer of reduced TiO2−x at the IrO2/TiO2 interface is con-
firmed by TEM EELS measurements. The capacitively induced
leakage current hysteresis most likely originates from the separation
of negatively charged oxygen O2− and positively charged oxygen
vacancy V0

+ when an electric field is applied. The memristive hys-
teresis at low hold times is predominantly due to the filling and
emptying of oxygen vacancies along low resistivity channels across
TiO2. At higher hold times, V0 density changes, making the chan-
nels thicker until filaments with metallic behavior are formed. The
SCLC mechanism is expected due to the band structure of the
interface and is confirmed by an analysis of the slopes of log(I)–log
(V) curves. The filament-forming mechanism is confirmed by I–V
measurements, where a breakdown of the capacitively induced I–V
hysteresis indicates a connected filament. It was found that the fila-
ment forming is enhanced at certain conditions, such as lower film
thickness, higher temperature, and longer sweep time.
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Temperature-dependent measurements in the pre-filament-
forming regime show an unexpected behavior in samples where the
interface is in contact with the atmosphere. Here, the memristive
leakage current decreases at higher temperatures. We fabricated
samples where the bottom electrode surface was not in contact
with air during fabrication. These samples show an asymmetric
leakage current behavior, where the positive bias sweep shows a
decrease in leakage current, but at a negative voltage sweep, the
opposite behavior is measured. We argue that this is due to the
deprotonation of OH bridges that form at the IrO2/TiO2 interface
when in contact with air during deposition. This deprotonation
results in oxygen atoms that can passivate the vacancies at the
interface, inhibiting the ability to form filaments and subsequently
decreasing the total leakage current.
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