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Abstract

Yttria-stabilized hafnia ceramics are high-temperature oxide ion conductors that

lose a small amount of oxygen, both at high temperatures and on the application

of a small dc bias. At zero applied bias, a small amount of p-type conductivity

is present. This increases with low bias and is attributed to reactions initiated

at the positive electrode/ceramic interface. With a further increase in bias, n-

type conductivity is initiated at the negative electrode/ceramic interface. After

a short time-lapse, the overall conductivity increases rapidly by 1.5–3 orders

of magnitude and is reversible, with hysteresis, on subsequent removal of the

bias. Switching has been observed over the range 457–531◦C and is sensitive to

both temperature and oxygen partial pressure in the surrounding atmosphere.

This is the first example of low field, resistive switching in bulk hafnia ceram-

ics, in contrast to most examples of resistive switching which are observed in

nanometre-thick devices using similarly applied voltages.
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1 INTRODUCTION

There is much current interest in resistive switching

(RS) phenomena in thin film devices for memristive

applications.1–6 An essential feature of these devices

appears to be the creation of nano-dimensional con-

ducting filaments on the application of a small volt-

age during a pre-forming stage. These filaments break

and reform during subsequent switching.1–6 Resistive

switchings may also occur by other mechanisms, includ-

ing the well-known temperature-induced, metal-insulator

Verwey transition in magnetite and VO2 that is associ-

ated with structural changes at a crystallographic phase

transition.7–9

The recently-discovered phenomenon of flash sintering

(FS)10–13 is based on the application, at high temperatures,

of a moderate voltage, typically 50–100 V, across powder

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the

original work is properly cited.
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compacts, ceramics, or single crystals. The onset of FS is

accompanied by rapid increases in conductivity. Recent

studies of flash sintering of gadolinium doped ceria,14

showed that under the application of an electric field and

heat, the flash event was linked with n-type conduction

which was initiated at the negative electrode and extended

with increasing time to the positive electrode.

Thin films of pure and doped HfO2 have received

much attention recently because of their ferroelectric

and resistive-switching behavior.15,16 RS has also been

demonstrated in several other binary metal oxides includ-

ing NiO, TiO2, ZrO2, Al2O3, and Nb2O5, or ternary metal

oxides such as Cr-doped SrTiO3 and Na0.5Bi0.5TiO3.
6,17,18

A common characteristic is that RS occurs in nanometer-

thick films and devices. The mechanism of RS is often

attributed to the electromigration of either oxygen

vacancies or metal cations such as Cu or Ag. These

J Am Ceram Soc. 2022;1–7. wileyonlinelibrary.com/journal/jace 1
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2 ALOTAIBI et al.

mobile species can join up to form a conductive pathway

between opposite electrodes and the forming/breaking

of these conducting pathways leads to resistive

switching.9,19,20

In bulk ceramics, a different type of switching of Ca-

doped BiFeO3 at modest temperatures was induced by the

application of a small dc voltage. It was not associated

with a crystallographic transition and the resulting high

conductivity ON state was isotropic, which excluded the

possibility of a switching mechanism based on the mak-

ing and breaking of conducting filaments.21Herewe report

resistive switching at high temperatures in bulk ceramics

of oxide ion conducting, yttria-stabilized hafnia (YSH); it

is the second example of RS in bulk ceramics. This is not

associated with a phase transition and occurs in materials

that are electronically insulating when prepared by stan-

dard synthesis and processing procedures in the air. An

essential pre-forming step appears to be the field-induced

generation of bulk electronic conductivity at opposite elec-

trodes associated with two carriers, holes and electrons;

oxygen exchange with the surrounding atmosphere is also

important and, in combination with the application of a

bias, leads to the creation of a p-i-n junction whose form-

ing and breaking is responsible for subsequent resistive

switching.

2 EXPERIMENTAL PROCEDURE

Ceramic samples of composition Hf1-xYxO2-x/2: x = 0.15,

YSH15, were prepared, as described previously22 by solid-

state synthesis using HfO2 and Y2O3. These were reacted

in air in alumina crucibles at 1300◦C for 10 h, pressed

into pellets, and sintered at 1750◦C for 16 h with heat-

ing and cooling rates of 5◦C/min to give pellets ∼0.9 mm

thick, ∼8.3 mm diameter with densities of ∼92% and grain

size ̴ 30–50 µm.22 The densities were measured by two

ways 1) using Archimedes’ principle in which a pellet was

weighed, both in air and on subsequent immersion in

water and 2), by calculating the density of a pellet from

its volume and mass and dividing by the expected den-

sity calculated from the unit cell volume and mass of the

cell contents. Both ways gave similar values of relative

density.

For impedance spectroscopy (IS) measurements, gold

electrodes were pasted on opposite faces of sintered

pellets, dried at 850◦C for 2 h and the pellets were loaded

into a conductivity jig, and placed inside a tube furnace. IS

measurements were made using either a Modulelab XM

Solartron analyzer over the range 0.01 Hz–1 MHz or an

Agilent 4249A Precision Impedance Analyser, frequency

range 40 Hz-1 MHz for IS measurements at the same time

as a dc voltage was applied. On application of a dc bias,

2 min were allowed before IS measurements; in some

cases, IS measurements were repeated at 2 min intervals.

Impedance data corrected for overall sample geometry

and blank permittivity of the jigs are reported in resistivity

and permittivity units of Ωcm and F/cm.

3 RESULTS AND DISCUSSION

Typical IS data are shown in Figure 1; three tempera-

tures are chosen that show, collectively, the full range of

impedance response. Three main components are appar-

ent in the impedance complex plane plots (A–C) and

assigned, with decreasing frequency, to bulk, grain bound-

ary, and sample-electrode impedances. This is confirmed

by capacitance, C’ plots (D) obtained using the same data

sets which show a limiting high-frequency capacitance

plateau, an intermediate frequency inflection, and a lim-

iting low-frequency plateau of approximate values 2 pF,

100 pF, and 300 µF, respectively. The high value of the

sample-electrode capacitance indicates that the samples

are primarily oxide ion conductors.22

The total conductivity of YSH15 as a function of voltage

at two temperatures, 457 and 501◦C, and in three differ-

ent atmospheres, O2, air, and N2 is shown in Figure 2.

Although these are total conductivities, the impedance

complex plane plots, Figure 1, show that at lower tem-

peratures, the total conductivity is dominated by the bulk

conductivity, and therefore the changes seen in Figure 2

also approximate bulk conductivity changes. The total

conductivity–voltage profile, Figure 2, has the same gen-

eral appearance in all six datasets. The conductivity is

voltage-independent initially but then increases rapidly,

associated with the onset of electronic conduction, before

undergoing a sharp increase by 1.5 to 2.5 orders of mag-

nitude to reach a steady ON state after which no further

conductivity increase occurs. At each temperature, the

magnitude of the conductivity increased and the steady

state value was greatest in N2 and least in O2; also the volt-

age atwhich switching occurred is lowest inN2 andhighest

in O2. On decreasing the applied voltage, the high conduc-

tivity state is retained to lower applied voltages, leading to

hysteresis loops followed by a sudden return to the original

conductivity, the OFF state.

In all six cases, transition to the ON state is accompa-

nied by a temperature rise of about 8◦C which is reversed

on return to the OFF state; the temperature increase, is

measured by a thermocouple in close proximity (∼2 mm)

to the sample, is attributed to Joule heating caused by

reduction in sample resistance without change in the

applied voltage. The initial conclusion from these results

is, therefore, that the bulk impedance of YSH15 under-

goes a reversible, resistive switching transition at high
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(A) (B)

(D) (E)

(C)

F IGURE 1 For YSH15, impedance complex plane plots, Z* at (A) 350◦C, (B) 578◦C, and (C) 700◦C. (D) C’ spectroscopic plots at different

temperatures. (E) Z’’/ M’’ spectroscopic plots.

temperatures. Oxygen partial pressure, pO2 in the atmo-

sphere is a critical variable in the parameters that control

the transition.

A further indication of the effect of pO2 is shown from

the time dependence of resistance data with a voltage

close to, but initially below, theOFF-ON switching voltage,

in the same three atmospheres and at two temperatures,

501 and 531◦C, Figure 3. At 501◦C, a small conductivity

increase occurs inO2 but then remains constant in theOFF

state. In air and N2, however, the sample switches to the

ON state but slowly, over a period of 5–10 min; the high-

est ON state conductivity is obtained in N2. At a somewhat

higher temperature, 531◦C, the sample switches rapidly to

the ON state in all three atmospheres but additional time

was required to achieve a steady ON state, especially in N2.

The time dependence is also seen in removing the dc

bias; in air and O2, the resistance increases to its ground

state very rapidly but a few minutes are required to

achieve this in N2. There is some scatter and variation

in the final state conductivities with the bias removed

which may be caused by the time taken for the sample

temperature to adjust to a lower value on effective removal

of the Joule heating. These various time-dependent

and atmosphere-dependent results indicate further that

sample-oxygen exchange, in both directions, is a major

factor in controlling voltage-dependent conductivity.

The identity of the charge carriers was determined

by a combination of IS measurements in atmospheres

of different pO2 and with a different dc bias applied.

A key representative result is shown in Figure 4, with

interpretation based on the assumption that the effect of

increasing pO2 was either to create holes by absorption,

dissociation, and ionization of oxygen according to, ideally:

1∕2O2 → O2− + 2h+ (1)

or to trap electrons by:

1∕2O2 + 2e− → O2− (2)

The distinction between extrinsic p and n carri-

ers was determined, depending on whether the resis-

tance decreased or increased with changing pO2. From

Figure 4A, the resistance decreases in O2 at 500
◦C with

a field of 39 V/cm, indicating an increase in p-type

behavior. This means that under these conditions, the
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4 ALOTAIBI et al.

F IGURE 2 Total conductivity of YSH15 after reaching a steady state against applied voltage at 457 and 501◦C in atmospheres of different

pO2.

(A) (B)

F IGURE 3 Total conductivity of YSH15 versus time on applying and after removing a voltage (A) at 501◦C and (B) at 531◦C.

majority of charge carriers are holes (p-type) and their

conductivity is in parallel with the pre-existing oxide ion

conduction.

In order to account for p-type hopping conductivity in

materials such as YSH15, it is necessary to determine the

location of the holes and, given the absence of cations that

can be ionized to a higher oxidation state, the inevitable

conclusion is that holes are located on singly-ionized

oxygen, as O− ions. The presence of field-induced p-type

conductivity has been observed previously in yttria-doped

zirconia ceramics23–25 similar to the present YSH mate-

rial and in acceptor-doped BaTiO3 ceramics such as

BaTi1-xMgxO3-x,
26 both of which have oxygen vacancy

creation as the main charge compensation mechanism

on substitution of the lower valence cations, Y3+ for Zr4+

and Mg2+ for Ti4+, respectively. The p-type conductivity

was attributed to the creation of holes on oxide ions by the

idealized reaction:

O2− → O− + e− (3)
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(A) (B)

F IGURE 4 Impedance complex plane plots for YSH15 ceramics measured in dry O2 and N2 during application of (A) 39 V/cm and (B) 49

V/cm at 500◦C. At each voltage, measurements were taken first in dry O2, and then the atmosphere was changed to dry N2.

This ionization is associated with under-bonded oxide

ions in the vicinity of the acceptor (lower valence) dopant

cations; under-bonded oxide ions have a reduced ioniza-

tion potential, may ionize readily, and are able to undergo

spontaneous redox reaction with O2 molecules from the

atmosphere. This leads to O− ions that occupy the lattice

vacancies, VO, and are the source of resulting p-type

conductivity:

O2− + VO + 1∕2O2 ↔ 2O− (4)

Formation of O− ions by reaction (4) may occur spon-

taneously, causing materials to be p-type. It can also be

promoted in the presence of an applied field, inwhich case,

the liberated electrons, reaction (3), are trapped at the pos-

itive electrode. The holes created on oxygen then become

themain electronic current carrier and are located initially

near the ceramic/positive electrode interface.

On increasing the bias to 49 V/cm, Figure 4B, there was

a small decrease in the total resistance in O2 from ̴ 8.2 to

8.0 kΩ cm as more holes were created, but a much greater

decrease to ̴ 6.75 kΩ cm occurred on switching the atmo-

sphere to N2. This indicated that at a higher field, the

majority of the carriers were n-type and occurred because

the sample started to lose oxygen, which liberated more

electrons and these became the main charge carrier:

O2− ↔ 1∕2O2 + 2e− (5)

The presence of n-type conductivity is widely observed

in materials that lose a small amount of oxygen at high

temperatures. It appears that a similar reaction to (5)

occurs at higher bias fields, which leads to charge injection

at the negative electrode. Different reactions occur at the

two sample-electrode interfaces, therefore: at the positive

electrode, holes are created, reaction (3); at the negative

electrode, electrons produced by reaction (5), are injected

into the sample.

A detailed study of the temperature and voltage ranges

over which p- and n-type behavior dominate the total con-

ductivity has not been made. However, it appears that:

first, both types are likely to be present to various degrees

under a particular set of conditions; second, p-type behav-

ior, which is associated with single-step ionization of oxide

ions, is likely to dominate at lower voltages than those

needed for double ionization of oxide ions; third, both

ionisations become easier with increasing temperature,

as shown by the appearance of n-type behavior at lower

voltages with increasing temperature.

Equation (3) represents the first step in the ionization

of O2− ions. Oxygen in oxides is traditionally assigned the

oxidation state -2 and two-electron transfer is involved in

sample-atmosphere interactions that involve an exchange

between O2− ions in solid and O2 molecules in the gas

phase; here, it is clear that two steps are involved in oxide

ionization. The first leads to O− ions that remain within

the crystal lattice; the second leads to neutral oxygen atoms

that are released as molecular O2. Usually, the two steps

are considered to occur simultaneously unless there is a

need, as in the present case, for the first step to explain the

observation and mechanism of hole creation.

The resistive switching in YSH15 is clearly electronic in

origin. The creation of n-type conductivity in ceramics is

very well-known, especially associated with oxygen loss at

high temperatures. An additional mechanism is required

to explain the low field p-type conductivity observed
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6 ALOTAIBI et al.

here; several examples of voltage-induced p-type behavior

are known in acceptor-doped perovskite- and fluorite-

structured ceramics,21,27–31 similar to that observed with

YSH15. Under the action of an applied voltage, n-and

p-type conductivities are initiated at opposite electrodes

and, in order to account for the resistive switching, an

n-i-p junction is thereby created that has an i region

in the ceramic interior. The thicknesses of the n and

p regions are diffusion-controlled, time-dependent, and

influenced by surface oxygen exchange interactions with

the surrounding atmosphere.

The effect of increasing applied bias, especially in

atmospheres of low pO2, is to increase the amount of

oxygen loss, inject more electrons at the negative elec-

trode, increase the thickness of the n-type region, and

initiate the breakdown of the n-i-p junction; the break-

down is reversible on removing the source of electrons in

the n-type region, leading to the recovery of the original

resistance. The recovery does not require the application of

a bias voltage and is not, therefore, unipolar or bipolar1,5 in

nature. Instead, the ON-OFF switching appears to involve

a threshold switching process which may be a differ-

ent mechanism to that involved in thin film memristive

switching.1 The breakdown that occurs with increasing dc

bias leads to a non-equilibrium state thermodynamically

and on the removal of the bias, reaction (5) in particular,

is displaced to the left-hand side, leading to the recovery of

the p-i-n structure.

4 CONCLUSIONS

YSH15 is the second example, of which we are aware,

of low-field resistive switching in a bulk ceramic. YSH15

shows a reversible increase in conductivity, by 1–3 orders

of magnitude, on the application of a small dc voltage.

Oxygen partial pressure, pO2, plays a major role in the

resistive-switching behavior. A mechanism for RS is pre-

sented based on the effect of dc bias on the conductivity

of YSH ceramics. At low voltage, the increase in conduc-

tivity is attributed to the introduction of p-type behavior at

the positive electrode. The p-type behavior arises from the

single ionization of under-bonded O2− ions leading to the

creation of holes, located on oxygen as O− ions. At higher

voltage, n-type behavior is attributed to oxygen loss by dou-

ble ionization of oxide ions and injection of electrons at the

negative electrode, facilitated by field-induced migration

of oxide ions towards the positive electrode. p- and n-type

regions are therefore created at opposite electrodes which

leads to the creation of a p-i-n structure that, on break-

down, gives an enhancement in the conductivity that is

reversible on removal of the bias.

The magnitudes of the applied voltages are above those

expected for the typical decomposition potential of ceramic

oxides and therefore, YSH15 ceramics in the ON state are

kinetically stable but thermodynamically metastable. In

addition, the bias fields are several orders of magnitude

less than those involved in the operation of nanometer-

thick memristors and the detailed switching mechanisms

in bulk ceramics are likely to be different.

Voltage-dependent phenomena are fundamental fea-

tures of two current hot topics in materials science,

memristive switching in thin films and flash sintering of

bulk ceramics. The discovery of low-field resistive switch-

ing in bulk YSH15 ceramics may represent an important

link between these two phenomena.
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