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Y-doped ceria, Yo16Ce0.8401.92, iS an oxide ion conductor that shows n-type conductivity under a small
applied voltage. With increasing voltage, resistive switching by 2—-3 orders of magnitude occurs that is

Received 26th July 2023, reversible with some hysteresis and is enhanced in atmospheres of reduced pO,. The switching is a bulk

Accepted 26th November 2023 effect, is not associated with Schottky barriers or with a crystallographic transition, occurs rapidly after a
premonitory onset period depending on conditions and shows characteristics of a Mott transition. This is

the third known example of low field-induced resistive switching in a bulk ceramic and represents an
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Introduction

Resistive switching phenomena in bulk materials are usually
associated with phase transitions and are often described as
metal-insulator transitions." A new type of resistive switching
(RS) in bulk materials has been reported in two recent examples,
Ca-doped BiFeO; (BCF)? and Y-doped HfO,, yttria-stabilised haf-
nia (YSH),? in which switching occurs in response to the applica-
tion of a small voltage but does not involve any phase transition. It
appears to be a different phenomenon to the voltage-induced
switching observed in widely-studied memristive effects that is
limited to thin films of nanometre dimensions and is associated
with the formation and rupture of conducting filaments.* >

Both BCF and YSH show different levels of mixed oxide-ion and
ptype conductivity associated with the presence of oxygen vacan-
cies. The oxygen vacancies charge-compensate the acceptor (lower
valence) dopants, .e. Ca®* in place of Bi*" and Y*" in place of Hf*".
The p-type conductivity in YSH is attributed to hole creation:

1
V8 4502 — Of +2h 6

The holes appear to be located on lattice oxide ions, O
whose number increases by a redox process involving reaction
of lattice oxygen, O with oxygen vacancies, V¢ and atmo-
spheric oxygen, O,:

1
VE + 0} +50: — 205 @)
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emergent phenomenon in materials that are taken outside their zone of thermodynamic stability.

The p-type conductivity can also be introduced, or increased,
on application of a small dc bias in the range 0.5-40 V,
depending on the material and temperature.>'*'* With
increasing bias, both BCF and YSH showed a gradual increase
in p-type conductivity that concluded with a rapid switch, by
2-3 orders of magnitude, to a high conductivity ‘ON’ state. On
removing the bias, the conductivity switched back to the
original ‘OFF’ state with some hysteresis.*'* With increasing
bias and before the OFF-ON switching occurred, the electronic
conduction mechanism in YSH became n-type which led to the
suggestion that a pn transition may be involved as well as
oxygen exchange between samples and atmosphere.* Undoped
BiFeO; does not show the same RS behaviour and in general,
other stoichiometric materials, such as BaTiOj;, are not sensi-
tive to a small dc bias. When they are acceptor-doped, however,
their electronic conductivity becomes p-type and dependent on
voltage and p0,."**®

The purpose of the present study was to determine whether
low field-induced RS occurs in materials that are mixed con-
ductors but n-type, rather than p-type in their electronic com-
ponent, to gain further understanding of the RS process and
the range of material types that may show this effect. This type
of RS is an emergent phenomenon in which materials are taken
outside their zone of thermodynamic stability but retain suffi-
cient kinetic stability that they do not decompose with applied
voltages that are above their decomposition potential.>”

Pure and doped ceria (CeO,) materials are well-known mixed
oxide ion and n-type conductors.””'® They have higher ionic
conductivity than YSZ at intermediate temperatures (400-
700 °C), good thermodynamic stability'® and have been studied
intensively due to application possibilities as electrodes and
electrolytes in solid oxide fuel cells (SOFC) and catalysts.>*">
CeO, has the cubic fluorite structure, its defect structure has
been well-studied,* it is stable over the whole temperature
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range up to its melting point'” and is very tolerant to doping by
lower valence elements such as Y and rare earths, generating
oxygen vacancies by mechanisms such as:

Y03 — 2Y¢, + Vg + 30} (3)

Their mixed conductivity is due to reduction of Ce** to Ce*" at
high temperature (> 800 °C) and/or in reducing atmospheres'®>*
in which lattice oxide ions are released according to:

1
Og_4§0r+vg+2a (4)

It was anticipated that electronic conductivity may also be
induced in yttria-doped ceria at low temperatures by applica-
tion of a small dc bias giving either single or double ionisation
of oxide ions and either hole or electron conductivity, eqn (2)
and (4), respectively, similar to that observed in the oxide ion
conductors YSZ and YSH.>>*¢

Experimental

Samples of yttria-doped ceria (YDC), Ce.g4Y0.1601.09, Were pre-
pared by solid state reaction of CeO, (99% Sigma-Aldrich) and
Y,0;3 (99.99% Alfa Aesar) at 1400 °C for 12 h. Reagents were
dried overnight at 900 °C before weighing, manually mixed in a
conventional mortar and pestle with acetone, dried and reacted
in an alumina crucible. The reacted powders were re-ground
and pressed into pellets, 10 mm diameter and thickness of 1.5-
3 mm, using a uniaxial press and sintered at around 1500 °C.

The sintered pellets were crushed and analysed using X-ray
powder diffraction for phase identification a using Bruker D2
phaser with Cu Ka radiation (A = 1.5418 A). The data were
collected over the range 20° < 20 < 90°.

Ceramic electrical properties were measured and analysed
using impedance spectroscopy. For impedance measurements,
Au paste was attached to opposite sides of sintered pellets and
dried at 850 °C for 2 hours. A pellet with attached electrodes
was placed between Pt leads in an in-house measuring jig and
placed in a tube furnace. Impedance measurements were
performed as a function of different variables: (i) temperature,
(ii) oxygen partial pressure, pO,, (iii) dc bias and (iv) combi-
nation of dc bias and pO,. Three impedance analysers were
used which were Modulab XM Solartron with a frequency range
0.1 Hz-1000 kHz, Solartron SI 1260 with a frequency range
0.1 Hz-1000 kHz and Agilent 4294A with a frequency range
0.04-1000 kHz.

The collected data were corrected for jig impedance char-
acteristics in which closed circuit measurements were per-
formed to eliminate the lead inductance and resistance; open
circuit measurements were performed to eliminate the blank
capacitance of the jig. The data were corrected for the overall
sample geometry in which the specific values of sample resis-
tance, R and capacitance, C, i.e. resistivity, p and permittivity, ¢
are given by eqn (5) and (6), respectively:

p =RA/d (5)

¢ = CdJA (6)
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Fig. 1 XRD pattern of CeggsY0160292 Showing a single phase, cubic
fluorite structure.

where A is the cross section area of the pellet and d its
thickness. Therefore, resistivity and permittivity are quoted in
units of Q cm and F cm ™', respectively.

Results

Fig. 1 shows the XRD pattern of Ceq g4Y0.1601.0» Which confirms
that the sample was single phase. Data were indexed on a cubic
unit cell, consistent with the data reported in the literature.'>*

A selection of impedance data, Fig. 2, over the range 245-
506 °C show the presence of three components which were
attributed, from their capacitance values of approximately
15 pFem ', 3 nF em ™" and 400 pF cm ™', to sample bulk, grain
boundary and sample-electrode interfaces, respectively. The
low frequency impedance response is typical of oxide ion
conduction that is in series with an element containing a
double layer capacitance, Cq; in parallel with a charge transfer
resistance, RCT, inset (a).

Arrhenius plots of bulk, grain boundary and total conductiv-
ities are shown in Fig. 3. Activation energies in the range 0.83-
0.94 eV are consistent with literature data on oxide ion con-
ductivity of doped ceria. The grain boundary activation energy,
0.94(2) eV, is slightly higher than the bulk value, 0.83(1) eV
which may reflect a difference in either local structure or
composition of the grain boundary.

The effect of pO, on impedance data at 417 and 506 °C,
Fig. 4, shows that the sample conductivity was independent of
pO, and the sample was in the electrolytic domain of oxide-ion
conductivity at these temperatures, consistent with that
reported in.'® Only the sample-electrode interface resistance
was sensitive to pO,, as shown by a dramatic decrease in
conductivity Y’ at low frequency in N,, Fig. 4(b) and (d). This
showed that the 0,/O>” charge transfer resistance increased
greatly at low pO, and was further evidence that the sample was
an oxide ion conductor.
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Impedance complex plane plots, Z* at (a) 245, 300 °C and (b) 340, 379 and 506 °C. The ideal equivalent circuit to represent the impedance data is

shown as inset (a); for accurate data fitting, constant phase elements would be added to the ideal circuit. (c) C’' spectroscopic plots at different

temperatures; (d) Z”/M” spectroscopic plots.
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Fig. 3 Arrhenius plot of bulk, grain boundary and total conductivity of
Ceo.84Y0.1602.92-
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The effect of dc bias on the impedance response in different
atmospheres at 353 °C is shown in Fig. 5. All three resistances,
bulk, grain boundary and total, decrease with increasing
voltage and the decreases are greater in N, than in O,. These
results indicate that electronic conductivity is induced by
application of a small dc bias, similar to that observed in
YSZ08.”>?” The resulting conductivity is n-type because O, loss
under bias at low pO,, eqn (4) is accompanied by electron
injection into the sample and presumably leads to the creation
of Ce*" ions which are the main electron carrier.

With increasing voltage at 366 °C in N,, the total conductivity
increased slightly until, at 105 V em™ ", a sudden switch to a higher
conductivity ON state occurred, Fig. 6. The conductivity increased
abruptly by about two orders of magnitude (a); on decreasing the
field, the ON state conductivity increased a little until, below 55 V
cm ™, it decreased abruptly to its original value. The measurements
were done on three different samples with different dimensions
and repeated up to 8 cycles to check data reproducibility. The data
reported in Fig. 6a show that the ON-OFF switching behaviour was
reproducible with no obvious change in the data after 8 cycles. The

This journal is © the Owner Societies 2023
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Fig. 4 (a) and (c) impedance complex plane plots, (b) and (d) Y’ spectroscopic plots of Cep g4Y0.1602.92 measured in O, and N, at different temperatures.

switching behaviour was independent of polarity of applied voltage
(not shown) and the sample switched similarly in both directions.

A further indication of the effect of pO, on this RS behaviour
is shown by the time dependence of the total conductivity in
response to 119 and 155 V em ™" at 366 °C in N, and air (b) and (c).
At the lower voltage, 119 V cm ' (b), the conductivity in
air increased slightly but remained in the OFF state for 200 min-
utes, whereas in N, the sample showed premonitory increase
in conductivity before a rapid switch to the ON state after
125 minutes. However, at the higher voltage, 155 V em™* (c), the
sample showed similar premonitory increases in conductivity
before rapid switching to the ON state in both air and N,. The
rapid increase in conductivity occurred earlier in N, and the ON
state conductivity was highest in N,. With both applied biases, on
removal of the bias, the sample recovered its original conductivity
rapidly after a similar time in both air and N,.

Further investigation of the effect of pO, on the switching
mechanism and conductivity in the ON state is shown in Fig. 7.
The samples had been switched to the ON state at 620 °C by

This journal is © the Owner Societies 2023

application of 20 V in atmospheres of either N, and O, and the
conductivities shown were measured, with the voltage applied,
on cooling in the same atmosphere; data recorded with 0 V are
shown for comparison. In N,, the sample maintained the ON
state on cooling to 100 °C with a gradual decrease in both
conductivity and activation energy, especially at lower tempera-
tures. In O,, the sample maintained the ON state over a more
limited temperature range and gradually switched back to the
OFF state below 250 °C. During cooling in the two atmospheres,
the ON state conductivity was highest in N,.

The impedance of samples before and after passing through
the ON-OFF cycle showed no significant differences, Fig. 8,
indicating that no obvious irreversible changes, such as degrada-
tion under applied voltage, occurred during the switching process.

Discussion

CeO, is a well-known MIT material for thin film devices which
shows both bipolar and unipolar switching.*® > For example, a

Phys. Chem. Chem. Phys., 2023, 25, 33056-33063 | 33059
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Fig. 5 Impedance complex plane plots of Ceg g4Y01602.92 measured in different atmospheres at 353 °C on application of (a) 2V, (b) 4 V, (c) 6 V and (d) 10 V.

device made of 50 nm layer of CeO, with sequence of Ag-Ti-
CeO,-Pt showed stable repeatable bipolar and unipolar RS.** In
both switching types, the device maintained the new resistance
state until rest voltage was applied (i.e. the device has two stable
states, ON and OFF state, in the absence of electrical field). In
bipolar switching, the device switched to low resistance state at
about +0.3 V and recovered its original state at about — 0.5 V.
In many studies®® > such devices showed good endurance and
retention in which the device can maintain the ON and OFF
state up to 10’ s.

The RS in yttria-doped ceria, YDC is clearly electronic in
origin but also different from the unipolar and bipolar switch-
ing of thin film memristors that require re-application of a bias
voltage to recover the original conductivity while in the
absence of the electrical field, YDC has only one stable state,
OFF state (Fig. 6). It occurs over an entirely different length
scale, 1 to 10 mm, to that involved in switching thin film
memristors, 1 to 10 nm. The applied voltages used with
memristors, typically 1-2 V, are at the lower end of those used
with bulk ceramics, 1-40 V, but the average field gradients must

33060 | Phys. Chem. Chem. Phys., 2023, 25, 33056-33063

differ by six orders of magnitude. A direct comparison of the
fields used in the two sets of materials is difficult, however,
because in the bulk ceramics, the field may be localised initially
at resistive ceramic-electrode interfaces. It is difficult to compare
these results with RS in a thin film device due to these differ-
ences and especially, since our work is on millimetre thick
samples. Therefore, further work is required to check our results
on nanoscale materials for possible device applications and to
establish whether the RS in bulk ceramics and thin film mem-
ristors have a common origin. Our results are comparable to
recently-reported RS in two types of bulk materials: perovskite-
structured Ca-doped BF (BCF) and fluorite-structured YSH.

YDC is the third example, after Ca-doped BF and YSH, to
show this kind of resistive switching in bulk ceramics. In
response to application and removal of a small dc bias, all three
cases show a premonitory period of increased conductivity
followed by a rapid, reversible increase, with hysteresis, in the
conductivity by a few orders of magnitude. There is a threshold
set of conditions involving three inter-dependent parameters:
voltage, temperature and atmosphere, for RS to occur.

This journal is © the Owner Societies 2023
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Fig. 7 Arrhenius plots of total conductivity in OFF state in air and on
cooling with application of 20 V (158 V.cm™) in N, and in O,.

There is no evidence of any crystallographic phase transition
and the switching is reversible, with hysteresis, without showing
sample degradation. Thus, we have no direct evidence of

This journal is © the Owner Societies 2023

crystallographic changes to form the ON state or whether, as
proposed, Ce** ions are reduced to Ce**. However, since the ON
state has almost zero activation energy for conduction, it is likely
that a band model for conductivity is required, in which case, it
may no longer appropriate to refer to the ionic 3+ and 4+
states of Ce.

RS occurs in both bulk and grain boundary components and
is not associated with any Schottky barrier at the sample-
electrode interfaces. All three materials are acceptor-doped
and show different levels of mixed oxide-ion and electronic
conductivity, depending on conditions. They have oxygen
vacancies as the main charge compensation mechanism but
differ in the nature of their electronic conductivities which is
p-type in BCF, changes from p- to n-type with increasing voltage
in YSH, but is n-type in YDC.

The RS mechanism in YSH was attributed to the possible
breakdown of a p-i-n junction in which p- and n-type con-
ductivities were created at opposite electrodes in response to
application of the dc bias,® with the implication that one of the
electronic components, presumably the n-type, dominated the
ON state conductivity. The RS mechanism in BCF may initiate
with hole injection at the anode to form a p-type surface layer
that thickens and grows into the sample interior’ since it
showed no evidence of any n-type conductivity during or after
the switching. Evidence for hole injection and growth of a

Phys. Chem. Chem. Phys., 2023, 25, 33056-33063 | 33061
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Fig. 8 The impedance response of Cegg4Y0.1602.92. before application, during and after removal of 119 V.cm™.

p-type region was obtained in related studies of Mg-doped
BaTiO; in which electric modulus, M” presentations of impe-
dance data showed that the initial bulk impedance component
was gradually replaced by a more conductive bulk component.*?
The total conductivity increased by several orders of magnitude
under certain conditions but remained p-type and did not
achieve resistive switching.

In contrast to YSH and BCF, YDC showed RS that was n-type
in both the low field OFF state and high field ON state. The
n-type conductivity is attributed primarily to loss of oxygen,
especially in atmospheres of low pO, and is associated with
electron injection at the negative electrode and probable
reduction of Ce*" to Ce*" to give an n-type layer that thickens
and grows towards the anode. It appears that the RS mecha-
nism in YDC is similar to that in BCF, therefore, but different in
carrier type and source of the electronic conductivity.

We conclude that several factors influence RS and that
conductivity can be either p-type or n-type in the ON state,
depending on the material. The ON state conductivity of YDC,
Fig. 7 and BCF has very low activation energy indicating that the
carrier concentration becomes constant and a band model for
conduction is appropriate. This is in contrast to the OFF state
for which the high activation energies indicate a model of
carrier localisation and hopping conduction. Depending on
experimental conditions, the RS in YDC, as for the other two
cases, involves a sharp transition that follows a premonitory
region of gradually increasing conductivity. All three cases

33062 | Phys. Chem. Chem. Phys., 2023, 25, 33056-33063
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appear to involve an increase in carrier concentration that
may also be described as either a change from small-to-large
polaron conduction or a Mott transition® both of which involve
an increase in number, and delocalisation, of the charge
carriers. Evidence for this may come from the premonitory
period of increasing conductivity prior to switching, in which
the conductivities are time-independent once a steady state is
reached; the conductivity increase could be attributed to a
gradual increase in polaron size and/or delocalisation of the
charge carriers.

Oxygen exchange between sample and atmosphere appears
to be an important parameter in all three RS cases and leads to
major changes in carrier concentration. The time-dependence
of switching that is frequently observed may depend on bulk
diffusion of oxide ions within the host lattice and therefore, on
the presence of oxygen vacancies and oxide ion conductivity
although, of course, the RS process itself is electronic in origin.

Conclusions

Single phase Ce(4Y0.1601.02 sintered in air is primarily an
oxide-ion conductor. n-type electronic conductivity induced by
applying a small dc bias is attributed to oxygen loss and
liberation of electrons which reduce Ce*" to Ce®'. At higher
bias, reversible resistive switching occurs leading to a high
conductivity ON state with delocalised charge carriers. The
switching has characteristics of a metal-insulator transition
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but is not associated with a crystallographic phase transition.
YDC is the third example to show low-field resistive switching
in a bulk ceramic.

Low field-induced RS is an example of emergent phenomena
in which the effect of an applied voltage that is above the
theoretical decomposition potential of a material is to create a
domain of thermodynamic metastability but kinetic stability.
In this domain, the materials retain their essential crystal
structure but may undergo voltage-induced reversible changes
to bond character, defect structure or sample homogeneity
without undergoing complete decomposition. Examples of
such emergent phenomena are V-induced RS of bulk ceramics,
memristive switching of thin films, flash sintering of ceramics
and charging of Li, Na battery cathodes by a mechanism that
combines a redox reaction and Li or Na de-intercalation.>®
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