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A combination of voltage-induced, reversible OFF-ON resistive switching and electroluminescence is reported in
two materials that are both mixed conductors of oxide ions and electron holes. This occurs at high temperatures,
450-700 °C in cubic, fluorite-structured hafnia, YyHf;.xO2.x/2 and at more modest temperatures, 200-300 °C in
Ca-doped BiFeOs with a cubic perovskite structure. In both cases, a small voltage in the range 240 V is applied
across mm-thick ceramic samples. Both effects are influenced greatly by oxygen exchange with the surrounding
atmosphere and involve a combination of electron injection at the cathode, hole injection at the anode and

generation of internal pn junctions. There are strong similarities between these effects and flash sintering but
without the significant sintering, thermoluminescence and Joule heating that may be observed with flash

sintering.

1. Introduction

In this paper, we report a clear link between two separate phenom-
ena in bulk oxide materials, voltage-induced luminescence and a metal-
insulator transition that is responsible for reversible resistive switching.
Luminescence associated with flash sintering has become of much in-
terest in recent years as flash sintering represents a novel, economic
method to sinter materials, especially, but not exclusively, ceramic ox-
ides [1,2]. Flash sintering was first demonstrated in the oxide ion
conductor yttria-stabilised zirconia (YSZ). It involved preparation of a
dog-bone shaped powder compact and application of a small voltage,
typically 100 V/cm via Pt leads, to the ends of the dog bone. The tem-
perature was gradually increased from a starting temperature of typi-
cally 900 °C [3]. A small increase in conductivity occurred during a
premonitory period, until the flash event which had three characteristic
features: a sharp increase in conductivity, rapid sintering of the sample
in a few seconds and luminescence; hence the name flash sintering for
this phenomenon [1-4]. Since then, many studies have reported its
applicability as a rapid sintering technique for a wide range of materials;
work has continued to understand the mechanisms responsible for the
different aspects [2,5] but the phenomenon is still not well-understood.

Reversible resistive switching occurs in two characteristic sets of
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E-mail address: a.r.west@sheffield.ac.uk (A.R. West).
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materials. First, in transition metal-containing bulk materials, it is usu-
ally associated with a temperature-induced crystallographic phase
transition, such as the Verwey transition in magnetite, Fe304 and oxides
such as VO3 [6-10]. Structural changes at the phase transition impact on
the electronic conductivity which involves localised hopping in the
insulating OFF state that switches to band type, delocalised conduction
in the metallic ON state. This may also be described as a Mott transition
in which the localised electrons, or small polarons, in the OFF state
become large polarons in the ON state [9,11-13].

Second, in nanometre-thick materials, resistive switching can be
voltage-induced and this has led to the development of memristors for
possible memory applications [14-16]. Different types of switching have
been identified as either volatile or non-volatile depending on whether a
reverse bias is required to switch back to the OFF state. Within the
non-volatile group, the mechanism may be unipolar or bipolar
depending on the polarity of the bias required to switch to the OFF state.
A widely-observed feature of memristive switching is the formation of
conductive filaments during a preliminary forming stage [14-16]. These
subsequently break and reform repeatedly as the main switching
mechanism. A third possibility, threshold switching, involves the crea-
tion / annihilation of carriers in a cascade effect.

In bulk materials, reversible resistive switching induced by a small

Received 8 January 2024; Received in revised form 8 April 2024; Accepted 11 May 2024

Available online 14 May 2024
1359-6454/© 2024 The Authors.
(http://creativecommons.org/licenses/by/4.0/).

Published by Elsevier Ltd on behalf of Acta Materialia Inc.

This is an open access article under the CC BY license


mailto:a.r.west@sheffield.ac.uk
www.sciencedirect.com/science/journal/13596454
https://www.elsevier.com/locate/actamat
https://doi.org/10.1016/j.actamat.2024.120003
https://doi.org/10.1016/j.actamat.2024.120003
https://doi.org/10.1016/j.actamat.2024.120003
http://creativecommons.org/licenses/by/4.0/

F. Almutairi et al.

voltage in the range 1-30 V that does not involve a phase transition has
been demonstrated as a new phenomenon in two groups of materials:
first, Ca-doped bismuth ferrite (BCF), Bi; xCayFeO3.5 [17] which has a
cubic perovskite structure; second, yttria-stabilised hafnia (YSH),
Y Hf; xO2.x/2, [18] which is isostructural with well-studied YSZ ana-
logues and has a cubic defect fluorite structure. In both cases, a dc bias
voltage was applied at the same time as ac impedance measurements
were made. Initially, the electronic conductivity increased gradually
until a rapid increase in conductivity by 2-4 orders of magnitude caused
an OFF-ON transition. The conductivity increase was reversible, with
some hysteresis, on removal of the bias. In the BCF case, the conductivity
increase was shown to be isotropic and not filamentary. Impedance
measurements showed that in both cases, the sample-electrode ar-
rangements did not contain a significant Schottky barrier contribution to
the overall impedance; instead, the impedance was dominated by the
sample bulk, which included a possible grain boundary contribution
[17].

Voltage-induced resistive switching of bulk ceramics is clearly
different from both memristive switching of thin films and flash sin-
tering. With BCF, the applied voltage (1-30 V) is small, the temperature
is low (25-120 °C) and the samples do not sinter. The switching occurs
in mm-thick samples which are about 6 orders of magnitude thicker than
nm-thick films in typical memristors [3,19], but the magnitude of the
applied voltage is similar or only slightly greater. Although extensive
studies of flash sintering have been reported, its three characteristic
features, referred to above, are not always observed. Thus, a flash event
has been observed in YSZ single crystals without any evidence of
microstructural changes or sintering. Certainly, there is a dramatic in-
crease in both conductivity and temperature during flash sintering, but
there is still debate about whether Joule heating is partially or wholly
responsible for the phenomenon. The observed reversible resistive
switching in BCF and YSH occurs under mild conditions of voltage and
temperature and appears to be separate from flash sintering which re-
quires more extreme conditions.

The luminescence in flash sintering is usually attributed to thermo-
luminescence. Here, we demonstrate that, under certain circumstances,
the observed reversible OFF-ON resistive switching in BCF and YSH is
accompanied by reversible OFF-ON switching of luminescence but
without evidence of significant sintering. The temperature changes
during switching are limited to a few degrees and the luminescence must
be electro- rather than thermo- in origin.

2. Experimental procedure

YSH15 (Hfo_35Y0_1501_925) and BCF23 (Bi0,77Ca0,23Fe03_5) were pre-
pared by high temperature solid state synthesis. YSH15 powders were
prepared by reacting HfO and Y503 in air in an AlyO3 crucible at 1300
°C for 10 h, ground, pressed into pellets and sintered at 1750 °C for 16 h,
as described previously [20]. BCF23 was synthesised using BipOs
(99.999 % pure, Acros chemicals), CaCO3 (99 % pure, Sigma-Aldrich)
and FeyO3 (99 % pure, Sigma-Aldrich) which were pre-dried at 180,
180 and 400 °C, respectively before weighing. The powders were ground
together, pressed into pellets and reaction-sintered in air at 945 °C for 2
h. Phase analysis, using a Bruker D2 Phaser X-ray diffractometer, Cu Ka
radiation (» = 1.5418 A), showed that, as expected both samples gave
the desired single phase products, Fig. S1; YSZ15 had a cubic fluorite
structure and BCF23 had a cubic perovskite structure.

For impedance spectroscopy (IS) measurements, Au paste electrodes
were coated on opposite pellet faces, fired at 850 °C for 2 h and then
placed between metal electrodes in a conductivity jig inside a tube
furnace. For YSH15, IS measurements were performed using an Agilent
4249A Precision Impedance Analyser, frequency range 40 Hz-1 MHz, at
the same time as a dc voltage was applied. Impedance data were cor-
rected for overall sample geometry and blank permittivity of the jigs;
resistance and capacitance values are reported in resistivity and
permittivity units of Qem and Fem ™. Similar measurements were made
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on BCF23 pellets which were reheated at 945 °C and slow cooled in
either air or N3 atmospheres.

Electric fields of typically 145 Vem ™! (YSH) and 198 Vem™! (BCF)
were applied for varying time schedules and the current limit set at ~61
mAmm 2. Flashed samples were either quenched by removing from the
furnace and cutting off the power supply at the same time, to allow
samples to cool rapidly, or cooled in the furnace with the bias applied.
For visual observation of flash, experiments were conducted in a furnace
fitted with a viewing port. Using a digital camera, light emission from
the sample was recorded but luminescence spectra were not recorded.
For some experiments, a thermocouple in close proximity to the sample
was used to monitor any temperature changes associated with either dc
bias application or change in pO,.

3. Results
3.1. Yttria-stabilised hafnia (YSH15)

Typical impedance data for YSH15 are shown in references [18,20]
and Fig. S2(a). They show the presence of three main components,
attributed with decreasing frequency to bulk, grain boundary and
sample-electrode interface impedances. This assignment was deter-
mined by reprocessing the same data as capacitance, C’ spectroscopic
plots on logarithmic scales; these show limiting high, an intermediate
and limiting low frequency plateaux of approximate values 2 pFem ™2,
100 pFem ™! and 300 pFem ™), respectively, Fig. S2(c). The high value of
the sample-electrode interface capacitance is taken as a signature that
oxide ion conductivity is the main conduction mechanism [18,20].

Arrhenius plots, Fig. 1, show the total conductivities of YSH15
measured under three conditions: in air on heating without a dc bias; in
air and N, on heating with 145 Vem™ dc bias; on cooling in air after
removal of the bias. Before applying the bias in air, the Arrhenius plot
was linear with activation energy 1.19(1) eV; similar data (not shown)
were observed in Ny and O,. At lower temperatures with an applied bias,
the conductivity increased slightly and was higher in air than in Ny,
Fig. 1(a,b). This indicates the onset of p-type behaviour, consistent with
previous studies on hole creation, Eq. (1), associated with O, absorption,
redox reaction with lattice oxide ions, O, and subsequent hole location
on lattice oxygens, Oy:

Vg + 0 +1/20; = 208 €8]

In the absence of a dc bias, Eq. (1) is driven slightly to the right in
atmospheres of increasing pO,. With a small applied bias at lower
temperatures, Eq. (1) is also driven to the right but to a greater degree,
especially in air. Reaction (1) is believed to occur preferentially at the
positive electrode (anode) because mobile lattice oxide ions, especially
those adjacent to oxygen vacancies near the anode interface, undergo
single step ionisation and transfer electrons to incoming absorbed oxy-
gen molecules which dissociate, become singly charged and occupy the
vacancies. Effectively, each reaction with 1/20; is redox in character
and leads to the creation of holes on two oxygens which may also be
regarded as O~ ions. Consequently, the material becomes a mixed
conductor of oxide ions and electron holes.

At higher temperature with continued applied bias, the conductivity
increased sharply by ~ three orders of magnitude at~ 450 °C. This was
accompanied by a small increase in temperature (~ 8 °C) and the switch
to a low activation energy ON state which was maintained up to at least
700 °C (a). At the same time as the OFF-ON conductivity transition, the
sample started to luminesce. This was maintained while the conductivity
was in the ON state, (d,e), but did not occur in the OFF state before
switching (c). In the ON state, the conductivity was higher in N which
indicates release of electrons by loss of oxygen from the sample:

0%=1/20,+2¢ +V, 2

This may have commenced during the OFF-ON transition, but
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Fig. 1. (a,b) Arrhenius plots of the total conductivity of YSH15: on heating in air without bias; on heating in air and N, with bias applied; on cooling in air, bias
removed. (c-e) Photographs of the sample (i) before switching, lower conductive state and (ii,iii) after switching, high conductive state at 435 and 700 °C; sample size
typically 2 mm thick and 6 mm diameter; see Fig 6(a) for a close-up of pellet and electrode wire coils.

certainly continued at higher temperatures and therefore, indicates a
change of mechanism for the electronically conducting component in
the ON state from p-type to n-type. This change of mechanism occurred
in parallel with the existence of oxide ion conduction which is the main
conduction mechanism in the absence of an applied field. The magni-
tude of oxide ion conductivity is not expected to change as a conse-
quence of small applied fields as these are unlikely to modify either the
activation energy for ion hopping or the number of oxide ion vacancies,
but clearly, dramatic changes do occur in the magnitude of electronic
conduction.

Eq. (1) involves the single step ionisation of lattice oxide, 0%~ ions by
reaction with O, gas. The O molecules dissociate; each O atom picks up
only one electron from a lattice oxide ion and occupies a vacant lattice
site. This may therefore be regarded as the creation of two O™ ions or
alternatively, as holes on two lattice oxygens. A more familiar gas-solid
reaction is the double ionisation of lattice O% ions leading to the liber-
ation of O gas, Eq. (2) and release of electrons into the sample as n-type
carriers. There are, therefore, two stages in ionisation of lattice 0% ions
which may be summarised ideally, as:

0F =0, te ®)

G

These stages may occur separately or be combined into a single step
reaction. The first step (3) gives p-type carriers, ie O~ ions, assuming that
the liberated electrons are trapped, as in Eq. (1); the second step (4)
gives n-type carriers. Depending on the materials under study and
experimental conditions, either single or double ionisation of lattice 02~

O'0 = 1/202+e'

ions may predominate or both may occur to varying degrees [21]. Re-
sults in Fig. 1(a,b) indicate that single ionisation, Eq. (1), occurs under
bias at lower temperatures whereas double ionisation (2) dominates in
the ON state under the same bias but at higher temperatures.

At the end of the heating cycles with the samples in the ON state, the
dc bias was removed and impedance data recorded at a few tempera-
tures on cooling. The samples no longer luminesced and the conductivity
data were very similar to those on heating without a bias, as shown in
Fig. 1(a) for the sample cooled in air. This shows that the bias-induced
changes on heating were reversible on removing the bias before cooling.

On cooling with the bias still applied, however, the results were very
different, as shown in Fig 2(a) for the sample cooled under bias in either
Ny or air; for comparison, data are also shown for cooling without a bias.
The conductivity maintained the ON state with almost zero activation
energy, especially in air. The luminescence declined a little in intensity
in air at 250 and 100 °C, (b-e), but disappeared completely in N at these
temperatures, (f-j).

These results indicate that the occurrence of luminescence has a
strong relationship with pO; in the surrounding atmosphere and is only,
but not always, observed in the ON state. The ON state conductivity is
higher in N than in air which is consistent with a greater O loss in Ny
and yet the luminescence is maintained better in air. Since the ON state
conductivities are primarily n-type, it appears that the presence of Oz in
the atmosphere must lead to formation of a p-type region by means of
Eq. (1), leading to creation of a pn junction between the two carrier-
doping regions. Electron-hole recombination, giving luminescence, oc-
curs on passing a dc current across the pn junction. The holes may be
located on oxygen, as in Eq. (1), or on other redox-active species,
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Fig. 2. (a) Arrhenius plots of the total conductivity of YSH15 on cooling under bias in dry air, N, and without bias in air. (b,f) Sample photos taken in the OFF state
before bias application. (c,d,e) Photos taken during cooling under bias in air at points (ii), (iii) and (iv), diagram (a). (g,h,i) Photos similar to (c,d,e) but taken in No,
during cooling under bias.



F. Almutairi et al.

especially Fe>*in BCF (see later); in YSH, there are no possible species
for location of the holes other than on oxygen. Logically, under a dc bias,
hole injection occurs at the anode whereas charge injection of n-type
carriers occurs at the cathode [17,18,20,21].

Typical impedance data at 495 °C are shown in Fig 3 without (a),
with (b) and after removal (a) of 145 V/cm. Without a bias, (a), two
semicircles and a small spike are seen which correlate with bulk, grain
boundary and the sample-electrode interface impedances. The re-
sistances are slightly less after removal of the bias which may reflect
some residual effect of the bias or a small temperature difference.
However, during application of the bias (b), the impedance complex
plane shows just a small capacitive spike with total resistivity of 32 Qcm,
that is three orders of magnitude lower than the initial resistivity ~ 20
kQcm and indicates the clear difference, with and without dc bias, at
essentially the same temperature. On removal of the bias, the sample
recovered almost its original state with the same three main components
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(a), as also shown in the conductivity Y’ and capacitance C’ pre-
sentations of the same data (c, d).

3.2. Ca-doped bismuth ferrite Biy 77Cag 23FeO3.5 (BCF23)

Two samples of BCF23 were sintered then slow cooled in different
atmospheres, air and Nj. Typical impedance data of both are shown in
Figure S3 and are similar to those reported previously [22]. For the
air-processed sample, Z* data (a) are dominated by the bulk with no
evidence for the presence of other components such as a
sample-electrode interface; the C° spectroscopic plot (b) shows a
limiting high frequency plateau of ~10 pFem ™! over most of the fre-
quency range. The absence of a blocking capacitance is good evidence
that conduction is primarily electronic, as reported for
similarly-prepared materials [22]; conduction is p-type because of the
dissociation and ionisation process shown in Eq. (1).

-20
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Fig. 3. (a,b) Impedance complex plane plots and ¢, d) spectroscopic plots of admittance, Y’ and capacitance, C’ of YSH15 before, during and after bias application

/ removal.
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For the Ny-processed sample, Z* data (c) are again dominated by the
bulk but also show a low frequency Warburg spike. The C” spectroscopic
plots (d) show a high frequency bulk capacitance,~ 2 x 107! F/cm at
288 °C. At lower frequencies, the value of C” increased significantly to
reach 3 x 10~* F/cm at 10~2 Hz which is characteristic of ion blocking at
a sample-electrode interface and double layer phenomena. The presence
of a Warburg spike at low frequency, that presumably represents diffu-
sion of oxygen molecules towards, or away from, the sample electrode-
interfaces, and the associated high capacitance values are evidence of
oxide-ion conduction. The electrical properties of BCF23 are therefore
very dependent on processing atmosphere and range from p-type elec-
tronic to oxide ion conduction.

Arrhenius plots, Fig. 4, show the total conductivities of both samples
before and during application of the small dc bias. Conductivity of the
N,-processed sample without bias (red data points) was several orders of
magnitude lower than that of the air-processed sample and had higher
activation energy, 0.72(4) ¢f 0.62(1) eV. It was reported previously that,
with decreasing pO5 during sample preparation and measurement, the
conductivity of BCF materials decreased by several orders of magnitude
and changed from essentially p-type semi-conduction to oxide-ion con-
duction [22], similar to the results presented here. BCF23 is therefore a
good oxide ion conductor but additionally shows p-type conductivity
with increasing pO and effectively, it becomes a mixed conductor.

On application of a small dc bias and after sufficient equilibration
time (black data points), the conductivity of both samples increased
dramatically by several orders of magnitude and switched to an ON
state, Fig. 4, similar to that reported in [17]. After switching to the ON
state at the highest temperature shown, the impedance was measured
under bias with decreasing temperature. The air-processed sample
maintained the ON state with almost zero activation energy down to
room temperature (a) but the Ny-processed sample showed more com-
plex behaviour (b). Its activation energy increased gradually on cooling
and almost recovered its initial value, although the sample had much
higher conductivity than the initial conductivity without dc bias.

The results in Fig. 4 show that both the number of charge carriers, n
and their mobility, p, which are related to the conductivity by:

c=neyu 5)
where e is the charge on an electron, are important parameters in con-
trolling the conductivity profiles. The air-processed sample is a hopping
conductor in the OFF state (a) with activation energy 0.62(1) eV, but a
zero activation energy, delocalised conductor in the ON state. Its ON
state conductivity,- 1072 Sem ™}, is about seven orders of magnitude less
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than that usually attributed to metallic conduction, which indicates a
very small concentration of delocalised carriers in the BCF23 ON state.
The Nj-processed sample shows a gradual change from delocalised to
localised carriers on cooling under bias (b) although the concentration
of mobile (electronic) carriers is still 5-6 orders of magnitude greater
than in the original unbiased state of mixed p-type and oxide ion
conduction.

In order to investigate possible flash luminescence during OFF-ON
switching, an electrical field of 198 V/cm, with maximum current
density, Jmax of 61 mA/mm?, was applied to the samples at 230 °C. The
resistances were measured as a function of time and photo snap shots
taken before, during and after application of the electrical field, Fig. 5.
Both samples luminesced after switching their resistance to the ON state.
It took longer,~ 8 mins, for the resistance and luminescence of the No-
processed sample to switch, compared with the rapid switch in air. This
effect is attributed in some way to its lower electronic conductivity in N
since the magnitude of the bulk ionic conductivity should be largely
unaffected by the small differences in oxygen vacancy concentration and
associated oxide ion conductivity in the two processing atmospheres.
The luminescence of both samples subsequently faded after longer times
in the ON state.

Further investigations were carried out in order to probe the effect of
temperature, pO2 and electrode polarity on the flash event. Samples
were observed to luminesce over a wide range of temperatures from 200
to 915 °C, Fig 6 and S4. At all temperatures, the flash event started at the
top electrode and moved towards the bottom electrode (i.e. from the
negative to the positive electrode). Below 200 °C, no flash was seen at
198 V/cm with Jp,,x=1200 mA (not shown). Above 200 °C, lumines-
cence appeared at 200 V/cm only if Jpax > 1000 mA (~ 50 mA/ mm?),
Fig S4. With increase in temperature, the luminescence intensity
declined above 915 °C, and almost disappeared at 945 °C, Fig. 6b. On
subsequently decreasing the temperature, the luminescence recovered
and its intensity increased (c).

The effect of dc bias, pO, and time on the flash event at 870 °C are
shown in Fig. 7. Initial results to illustrate the effect of a bias are shown
in (a) in which there was no luminescence before application and after
removal of the electrical field in air, but luminescence with 198 V/cm
bias. To show the effect of pOy application of 198 V/cm in Ny (b),
caused luminescence initially for less than 1 min which then started to
decay until it had almost vanished after 4 min. On changing the atmo-
sphere from Nj to air without removing the field (b), the luminescence
returned within 2 min but disappeared again on switching back to Nj.
These combined results show that both pO, and the magnitude and

414 Q) ® BCF23SCinair 151 Viem|-17 b)
e BCF23SCinair0 V/iem B BCF23SCinN,47 Vicm
'MH @ BCF23SCinN,0V
-2 4 24
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Fig. 4.

Arrhenius conductivity plots of (a) air and (b) Nx-processed BCF23 on heating in the absence of applied bias (red) and on cooling with a dc bias (black).
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Fig. 5. The effect of application of 198 V/cm on the conductivities of (a) No-processed and (b) air-processed samples at 230 °C as a function of time, with inclusion of

snap shots of the samples before and during the field application.

nature of the electronic conductivity play important roles in the flash
mechanism.

4. Discussion

In the absence of an applied voltage, both YSH and BCF are oxide ion
conductors associated with the oxygen vacancies, V,, that are generated
by the acceptor doping mechanisms:

Y505 = 2Y 1+305+V; 6

2Ca0 = 2Ca'p+Vy+03 (@]

In both cases, the materials subsequently pick up O2 from an oxygen-
rich atmosphere which dissociates, oxygen atoms enter the oxygen

vacancies and electron holes are created by redox reaction between
these incoming oxygen molecules/atoms and adjacent lattice oxide ions,
Eq. (1). The holes are responsible for p-type conductivity and therefore,
an observed increase in conductivity with increasing pO; is evidence
that the electronic conduction mechanism is p-type, in addition to any
pre-existing oxide ion conductivity. The holes are located on either ox-
ygen or Fe in BCF but must be located on oxygen in YSH because all the
cations present are already in their highest oxidation states. In the
absence of an applied voltage, both BCF and YSH show modest increases
in p-type conductivity on switching the atmosphere from nitrogen to air
during impedance measurements. A similar, but additional conductivity
increase is observed with an applied field at lower temperatures and this
is attributed to hole injection at the anode; the holes arise from ionisa-
tion of 0%~ jons [17,18,20,21].
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a) 790°C/ 0Vem?!
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b)

Fig. 6. The effect of temperature on the flash event: a) Photo of BCF23 pellet attached to the Pt wires of the jig and placed in the furnace at 790 °C before applying
the electric field. Snap shots of the sample after applying 198 V/cm at different temperatures on heating (b) and on cooling (c).

Oxygen transport number measurements of YSH gave a value of 0.86
at 600 °C for x = 0.15 (YSH15) which increased to unity with temper-
ature and decreased with increasing yttrium concentration at 800 °C
[20]. Transport number measurements on Ca-doped BCF have not been
made or reported but impedance measurements show that BCF23 is
primarily a p-type conductor in air although it also has a high level of
oxide ion conductivity as shown by impedance measurements in Ny
[22].

Application of a bias voltage to YSH15 and BCF23 at higher tem-
peratures causes switching to an ON state and a change in electronic
conduction mechanism. Since the ON state conductivity for both sam-
ples is higher in N5 than in air, electrons are generated by means of Oy
loss, Eq. (2). At some point during the OFF-ON transition, and in the
subsequent ON state, the bulk electronic conductivity of both BCF and
YSH switches from modest p-type to a much higher n-type conductivity.
Application of the bias voltage is critical to maintaining the ON state
during subsequent cooling since without the bias, both materials return
rapidly to the OFF state.

The flash luminescence that is observed with both materials co-
incides with the OFF-ON conductivity transition and is also triggered by
changes of pO; in the surrounding atmosphere. Similar luminescence
events and dramatic changes in conductivity have been observed in

many materials during the flash sintering process. At the beginning,
flash was attributed to solely black body radiation arising from Joule
heating produced by the electrical current in addition to heating pro-
vided by the furnace. Later studies attributed the flash phenomenon to
various causes, such as the formation of F-centre defects in Al,O3 [23]
and gaseous discharge at ceramic interparticles in 3YSZ [24]. Analyses
of the optical emission spectra suggested that the luminescence is due
hole-electron recombination [25,26]. Muccillo et al. analysed the
luminescence spectra during flash sintering of 8YSZ and SmyO3-doped
CeO; [27] and attributed flash luminescence mainly to Joule heating
and emission solely to black body radiation. However, their results were
not conclusive and they did not exclude the possibility of electron-hole
recombination. One difficulty in interpreting the emission spectra ap-
pears to have been in separating the emissions from different possible
sources such as furnace elements and other sources of heating. The
mechanism(s) responsible for the luminescence is therefore, still an open
question.

The luminescence observed here must be electroluminescent in
character since (i) there are no significant changes with temperature
simply as a consequence of luminescence caused by changing pO», (ii)
temperature measurements recorded by a thermocouple in close prox-
imity to the sample showed a maximum increase in temperature of < 10
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a)

-

198Vem
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Fig. 7. (a) The effect of 198 Vem ™! bias on the flash event at 870 °C in BCF23 showing the sample before, during and after removal of the bias, b) snap shots in
different atmospheres on continuous application of 198 V/cm, (i) in Ny, (ii) in air and (iii) in Nj.

°C at the OFF-ON transition and (iii) the luminescence disappeared at
highest temperature in BCF23, all of which rule out the occurrence of
thermoluminescence under these conditions. The observed electrolu-
minescence appears to be associated with charge carrier recombination,
therefore, in particular at pn junctions. The various snapshots taken
show that, on achieving the ON state, luminescence commences at the
cathode and extends towards the anode. It is therefore linked to creation
of n-type carriers that arise from O3 loss, Eq. (2) which are injected at the
cathode.

Prior to the OFF-ON transition, the electronic conductivity in both
YSH15 and BCF23 is p-type and the conductivity can be increased by an
applied field with hole injection at the anode. At the temperature of the
OFF-ON transition, a dramatic increase in n-type electronic conductivity

occurs which is associated with electron injection at the cathode. Hence
a combination of electron injection at the cathode and hole injection at
the anode leads to the creation of internal pn junctions whose formation
/ disappearance may be followed through the snapshots. In order to
maintain the luminescence, a continual supply of both electrons and
holes to the pn junctions is required. Particularly noteworthy is the
gradual loss in luminescence with increasing temperature over the range
790-945 °C which is subsequently regained on cooling, Fig. 6. This re-
flects the natural tendency of many materials to lose oxygen at higher
temperatures which is reversibly regained on cooling. Hence, in the
conducting ON state, gas-solid equilibria are critical to the appearance
of luminescence and to its OFF-ON switching by the spontaneous for-
mation and disappearance of internal pn junctions.
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The results reported here and in our earlier publications on resistive
switching are related to those in a series of publications by Chen et al.
[28-31] on reduction and dc degradation of yttria stabilised zirconia,
YSZ, Gd-doped ceria and SrTiO3 ceramics. The nature of their experi-
mental studies were rather different to ours and showed microstructural
differences between near-cathode and near-anode regions which were
associated with differences in oxygen potential across the sample sub-
jected to a dc bias. They also observed that 8YSZ loses oxygen above a
critical voltage, becomes metallic on the cathode side, turning the
sample black followed by thermal runaway flash [30]. Further work is
required to better understand the mechanisms of flash sintering and
especially the vast amounts of mass transfer that must occur; what we
show here is that, by careful control of experimental conditions — tem-
perature, pOy, dc bias — it is possible to separate and characterise
resistive switching and luminescence phenomena.

5. Conclusions

1) Flash electroluminescence is reported in two materials, fluorite-
structured yttria-stabilised hafnia and Ca-doped bismuth ferrite
perovskite, in which the previously-reported OFF-ON resistive
switching is shown to be accompanied by OFF-ON luminescence.
Both materials are mixed oxide ion conducting and p-type in air.
Their level of p-type conductivity depends on pO and is controlled
by the uptake, dissociation and ionisation of oxygen from the
atmosphere.

Reversible OFF-ON resistive switching occurs under the influence of
a dc bias which, at low fields causes hole injection at the anode and at
higher fields, leads to oxygen evolution and electron injection at the
cathode.

Flash luminescence involves electron - hole recombination at pn
junctions that are activated primarily by hole injection at the anode.
The observed luminescence is electro- rather than thermo- in origin
since the relatively low fields involved do not give a significant
amount of Joule heating.

There appears to be a close link between the OFF-ON resistive
switching and luminescence observed here and the widely-observed
phenomenon of flash sintering, although additional mechanism(s)
must be observed in the sintering which requires more severe con-
ditions of applied bias and temperature.
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