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ABSTRACT
This work addresses the thermal stability of bipolar resistive switching in yttrium oxide-based resistive random access memory revealed
through the temperature dependence of the DC switching behavior. The operation voltages, current levels, and charge transport mechanisms
are investigated at 25  C, 85  C, and 125  C, and show overall good temperature immunity. The set and reset voltages, as well as the device
resistance in both the high and low resistive states, are found to scale inversely with increasing temperatures. The Schottky-barrier height
was observed to increase from approximately 1.02 eV at 25  C to approximately 1.35 eV at 125  C, an uncommon behavior explained by
interface phenomena.
C 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
V

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0009645

Resistive Random Access Memory (RRAM) devices have been
gaining increasing interest in the past decades as an alternative for the
existing technologies in non-volatile memory applications1 and as
low-device-area synaptic elements for neuromorphic computing.2 The
attractiveness of RRAM lies in its great scaling potential,3 demonstrated high endurance,4 sub-nanosecond read/write speed,5,6 and
potential low-power operation.7 In devices that work based on the
valence change mechanism (VCM), the basic operation principle is
the change of resistance through the controlled and reversible dielectric breakdown of the oxide layer, during which a defect-rich conducting path called conductive ﬁlament (CF) forms. Upon the application
of appropriate voltage or current, the cell can be switched between a
low (LRS) and a high resistive state (HRS). The very ﬁrst breakdown
(initial CF formation) is called the electroforming process; otherwise,
the HRS-to-LRS transition is referred to as “set,” while the opposite
process as “reset.” The biggest limitations that have to be overcome for
RRAM lie in device reliability and variability. Thus, it is important to
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investigate and understand the stability of the performance parameters
under external stress, e.g., radiation effects8 or at elevated temperatures, and to gain insight into the physical mechanisms that govern
charge transport processes in the HRS as well as in the LRS. Many possible mechanisms have been proposed for conduction in both resistive
states,9 partly due to the large variety of materials used as electrodes
and functional layers in RRAM, highlighting the importance of appropriate material choice. Yttrium oxide-based RRAM is a fairly new and
promising non-volatile memory10–12 and an artiﬁcial synapse candidate.12,13 Yttria was considered as an alternative to SiO2 as a gate oxide
material in CMOS applications because of its high dielectric constant,
large bandgap, and good thermal stability.14,15 Unlike other transition
metal oxides exploited as the functional layer in RRAM, such as hafnium or tantalum oxide, for yttria the only stable stoichiometry is
Y2O3.16 It has been shown that oxygen engineering of the functional
layer in hafnia-based RRAM is beneﬁcial in lowering the operation
voltages due to a high oxygen vacancy density.17,18 In the case of
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yttrium oxide, however, the high oxygen defect concentration is intrinsic to the crystal structure even in the stoichiometric compound,
resulting in uniform resistive switching and electronic noise characteristics.19 The cubic C-type ﬂuorite, also known as the sesquioxide or
bixbyite structure of Y2O3, is inherently rich in defects as the occupation of the anion sublattice sites is only 75%, giving rise to structural
oxygen vacancies20 and making yttria an interesting material for oxygen and defect migration-based RRAM applications.
In this work, we report on the enhanced thermal stability and
strongly reduced device-to-device and cycle-to-cycle variability of
yttria-based RRAM. It is shown that, compared to the highly investigated hafnium oxide or tantalum oxide-based VCM-type systems,
RRAM based on yttrium oxide shows very uniform switching characteristics. The operation voltages as well as the HRS and LRS current
levels exhibit high uniformity, also at elevated temperatures. The
observed characteristics are ascribed to the intrinsic high oxygen defect
density in yttria. Additionally, the modiﬁcation of the Schottky-barrier
height with increasing temperature is reported. This phenomenon is
of high importance as a better understanding of device physics is inevitable for the successful integration of RRAM.
The fabrication details of the devices under test (DUTs) consisting of TiN/Y2O3/Pt are described in our previous work.12 A Keithley
4200 semiconductor characterization system (SCS) was used to carry
out the electrical measurements. A voltage bias was applied to the Pt
top electrode while keeping the TiN bottom electrode grounded. The
internal current compliance (CC) of the SCS was used to inhibit the
hard dielectric breakdown of the oxide layer. A LakeShore 336 temperature controller was used for the temperature-dependent characterization. Scanning transmission electron microscopy images were
obtained by using a JEOL JEM ARM-200F.
Figures 1(a) and 1(b) show the high-angle annular dark-ﬁeld
scanning transmission electron microscopy (HAADF-STEM) overview of the whole thin ﬁlm stack and of the yttria layer, respectively.
Through the high-resolution contrast, individual grains can be visualized in the polycrystalline structure of the Y2O3 ﬁlm. The TiN/Y2O3
interface appears to be blurred, which might be due to the formation
of an interfacial layer consisting of TiOx or more likely of TiOxNx1 .21
It is known that ohmic electrodes with high oxygen afﬁnity are prone
to oxidize upon contact with an oxide, which in turn results in the
reduction of the insulating matrix.22 The formation of such an interfacial layer can assist the switching process by creating oxygen vacancies
in the oxide layer and serving as an oxygen reservoir during reset. To
assess the impact of temperature on the electrical behavior, six devices
were pre-cycled at room temperature in ambient conditions in order
to activate the resistive switching property. The measurements at elevated temperatures were carried out in vacuum. As reported in our
previous work,12 the devices are electroforming-free. In Fig. 1(c), representative I  V characteristics are shown under DC voltage sweep
operation (Vsweep;set ¼ 2:5 V and Vsweep;reset ¼ þ2:5 V) at 25  C,
85  C, and 125  C for one of the DUTs. The observed bipolar resistive
switching behavior has been attributed to the valence change mechanism,12 where the CF formation and rupture are related to the electric
ﬁeld-driven motion of anions, commonly described in literature by
oxygen vacancy migration. The resistive switching effect is then related
to the local reduction and oxidation of the CF.
Charge transport in both resistive states has been tested for several mechanisms by the evaluation of the I  V curves recorded at the
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FIG. 1. (a) HAADF-STEM image of the whole device stack. (b) HAADF-STEM
image of the Y2O3 thin ﬁlm. Through high-resolution contrast, individual grains can
be identiﬁed. (c) Bipolar resistive switching current–voltage characteristics of yttriabased RRAM at 25  C, 85  C, and 125  C. The current levels slightly shift to higher
values with increasing temperature.

three measurement temperatures. These include the space-chargelimited conduction (SCLC), Poole–Frenkel emission, ionic and
ohmic conduction, Schottky-emission, nearest neighbor hopping
(NNH) and variable-range hopping (VRH), and well as trapassisted tunneling (TAT).9 In previous results on yttria-based
RRAM,10,12 the conduction mechanism in the LRS was identiﬁed to
follow ohmic behavior, whereas the HRS was described by the
Schottky-emission. This has been conﬁrmed now also at higher temperatures as shown in Figs. 2(a) and 2(b), for the LRS and the HRS
conduction, respectively. The Schottky-emission is described by23
I ¼ AT 2 exp fðbV 1=2  UB ÞðkB TÞ1 g;
3

1=2

b ¼ ðe =4pe0 er Þ

;

(1)
(2)

where A, T, UB ; kB , e, e0 , and er are the Richardson constant, the absolute temperature, the effective barrier height, Boltzmann’s constant,
the elementary charge, the permittivity of free space, and the relative
permittivity, respectively. The indicator for the formation of a
Schottky-contact can be the observation of rectifying characteristics.
In the investigated devices such behavior was found as under opposite
bias the current-voltage curves are asymmetric. As can be seen from
(1) and (2), for Schottky-emission, the ln ðI=T 2 Þ vs V 1=2 plot has to
show a linear dependence, which is fulﬁlled in our case for the higher
voltage region [Fig. 2(b)]. Moreover, the effective Schottky-barrier
height UB can also be obtained and is plotted as a function of temperature in Fig. 2(c). The effective barrier height, associated with the Y2O3/
Pt interface, was found to increase with increasing temperature from
1.02 eV at 25  C to 1.35 eV at 125  C. This phenomenon has been
occasionally observed in inhomogeneous Schottky-diodes24,25 and was
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FIG. 2. (a) Ohmic conduction of the LRS and (b) Schottky-emission dominated
charge transport in the HRS. The black lines serve as guide to the eye with a slope
of 1 and 4.5 for the LRS and HRS, respectively. (c) Box plots of the calculated
Schottky-barrier height for six measured devices at 25  C, 85  C, and 125  C.

usually attributed to speciﬁc interface phenomena,26,27 such as charges
at the interface, surface roughness, defects, etc. These imperfections at
the interface locally modify the barrier proﬁle, which then cannot be
described with a single value of the barrier height, resulting in an inhomogeneous spatial distribution of the latter. Thus, at low temperatures,
the highest probability of successful electron transport is at the lowest
barriers. However, with increasing temperature, the number of electrons which have sufﬁcient energy to overcome the higher barriers
increases, which in turn results in the observed increase in the effective
barrier height.28 In the present case, a plausible reason for this inhomogeneity can be the rough Y2O3/Pt interface as visible in Figs. 1(a)
and 1(b) as well as the polycrystallinity of the yttria layer showing a
coexistence of two cubic phases with (222) and (400) orientation and a
monoclinic (402 ) phase as revealed by x-ray diffraction measurements.12 Also, the possibility of point defects at the interface modifying
the barrier proﬁle cannot be excluded.
In Fig. 3(a), the resistance distributions of the HRS and LRS are
shown as a function of temperature for all measured devices
(Vread ¼ 0:2 V). Note that for each device and at each temperature,
at least twenty DC cycles were carried out, i.e., at least 120 measurement points are included in the statistical analysis shown in Figs. 3(a)
and 3(b) for each temperature value. For both resistance states, a semiconducting behavior was observed, i.e., the resistance decreases with
increasing temperature. This excludes the possibility of information
storage via a metallic ﬁlament as in Conducting Bridge RAM/
Electrochemical Metallization Memories. The standard deviation of the
resistance values is reduced at higher temperatures. Both resistive states
exhibit good thermal stability as no enhanced degradation can be
observed of either the HRS or the LRS resistance. In our previous study,
we have also shown that the devices exhibit good retention characteristics in the ten year extrapolation at 85  C and ambient pressure.12
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FIG. 3. (a) Box plots of HRS (top) and LRS (bottom) resistance of 6 devices at the
measurement temperatures, Vread ¼ 0:2 V; (b) set (left) and reset (right) voltage
cumulative distribution statistics of six devices at 25  C, 85  C, and 125  C.

In Fig. 3(b), the set and reset voltage distributions are shown
cumulatively for all DUTs. The reset voltage is deﬁned here as the voltage where the LRS current starts to decrease. We ﬁnd very low operation voltages at all temperatures with Vset < 2V and Vreset  1V. Both
Vset and Vreset exhibit low device to device variation as indicated by
the small data spread. A higher uniformity and a shift to lower voltages
with increasing temperature were observed, which is more pronounced in the case of Vset . Similar behavior was found in TaOx,29 as
well as in HfO2-based devices and has been related to the increased
mobility of oxygen ions and the higher probability of creating oxygen
vacancies at increased temperatures.30 In the case of the yttria-based
devices, we ﬁnd that the change of the HRS and LRS resistance as well
as of Vset and Vreset is strongly reduced in comparison to the hafnia
and tantalum oxide-based devices. This, including the low operation
voltages, can be understood to be consequential to the inherent
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abundance of oxygen vacancies in yttrium oxide.20,31 As already mentioned, these so-called constitutional oxygen vacancies are intrinsic to
the crystal structure and form non-intersecting channels in the oxide,
which can serve as low energy ion migration paths,16 thus facilitating
ﬁlament formation. This in turn leads to uniform switching characteristics and reduced inter- and intradevice variability.
In conclusion, the operation voltages and the resistance window
in Y2O3-based RRAM show high thermal stability at elevated temperatures. Investigating the temperature dependence of the electrical characteristics revealed that the distribution of the set and reset voltages as
well as the high and low resistive state resistances becomes narrower
with increasing temperature. For all devices and test temperatures, the
operation voltage window was found to span from 2V to 1V. It has
been conﬁrmed that resistive switching in the investigated devices is
based on the valence change mechanism as both resistive states exhibit
semiconducting behavior. The LRS charge transport shows ohmic
conduction, whereas the HRS conduction is characterized by
Schottky-emission. The obtained effective Schottky-barrier height was
found to increase from 1.02 eV at 25  C to 1.35 eV at 125  C and
has been associated with barrier height inhomogeneity at the interface.
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