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Field-induced p-n transition in
yttria-stabilized zirconia

Marc Jovani(®?, Héctor Beltran-Mir(®?*, Eloisa Cordoncillo®?* & Anthony R. West(®?*"

Oxide ion conducting yttria-stabilised zirconia ceramics show the onset of electronic conduction

under a small bias voltage. Compositions with a high yttria content undergo a transition from p-type

to n-type behavior at voltages in the range 2.4 to 10V, which also depends on oxygen partial pressure.
Surface reactions have a direct influence on bulk electronic conductivities, with possible implications for
voltage-induced flash phenomena and resistive switching.

The application of electric fields (dc and ac) to inorganic materials is of critical importance in the development of
two recently-discovered phenomena, memristive switching in thin film devices and flash sintering of ceramics.
Since Chua'? predicted theoretically the existence of a fourth basic element in an electrical circuit, named the
memristor and discovery of the first practical example four decades later®*, research into thin film materials
that exhibit novel bias-dependent behavior has increased greatly. The memory-sensitive resistor, or memristor,
exhibits electrical resistive switching in response to an applied voltage and has attracted great interest for possible
memory applications in electronic circuits®®. The first example consisted of coupled electronic and ionic charge
transfer across a TiO,/TiO, ; interface under the action of a dc bias; the resulting conductivity change required
application of a reverse bias to recover the initial state®. Since then, many materials with switchable and retainable
resistance in both ‘ON’ and ‘OFF’ states have been studied in thin film form, including MgO?, ZnO?® and VO,°.

The flash sintering, FS, process was discovered by Raj ef al.!'-1* who showed that application of dc fields in the
range ~ 60-120 Vem ™!, without applied pressure, produced sintering of polycrystalline yttria-stabilized zirco-
nia, YSZ, powder compacts in just a few seconds starting from a relatively low initial temperature of ~850°C.
Sintering was accompanied by a very rapid temperature rise, non-linear increase in electrical conductivity'
and electroluminescence’®, of the kind demonstrated long ago with the Nernst glower'®'”. It required a colossal
amount of diffusional mass transport to produce the ultrafast rates of sintering'.

FS, together with the other field-assisted sintering techniques, FAST, of Spark Plasma Sintering, SPS and
microwave sintering, involves application of an electric field to a green compact during sintering'®. It has become
a rapid, cost-saving and environmentally-friendly process to produce sintered materials with potential for com-
mercial applications. FS has been applied to many ceramics'*, both oxides such as TiO,*! Y,0;%, SrTiO,%,
BaTiO,;** and ZnO?%, carbides such as SiC**?7, B,C?® and several metal-like non-oxide ceramics, ZrB,?* and
MoSi,*.

There is much interest, and importance, attached to understanding the mechanism(s) of flash sintering and
its characteristic features of rapid temperature and conductivity rise and electroluminescence. Rapid sintering
is usually regarded as the main characteristic, and use, of the FS process but in fact, it appears to be a secondary
consequence since single crystal materials also exhibit the characteristics of flash but without any sintering®'.
Most authors discuss FS in terms of Joule heating during flash®>**; others relate FS to an oxygen deficiency which
is created during application of an electric field*>* or to electrochemical reduction of the material, especially at
sample - electrode interfaces?+3>,

The present work follows earlier studies on the effect of a small bias voltage, in the range 1-10V, on the elec-
trical properties of numerous insulating, acceptor-doped barium titanate ceramics, such as BaTi; Mg, O ¢
or BaTi, ,Zn,05,* and oxide ion-conducting YSZ**%. All showed the onset of p-type conduction, which was
temperature-dependent, increased with voltage and was reversible on removal of the bias. The YSZ results in
particular were in sharp contrast to the widespread belief that, under strongly reducing conditions, YSZ may
show the onset of n-type electronic conduction as a result of electron injection, linked to possible oxygen loss*.

We report here results on Y-rich YSZ samples that, with a small bias, show the onset of p-type conduction but,
with increasing bias, this switches to n-type. The switch depends critically on the magnitudes of both the applied
bias and oxygen partial pressure, pO,. The sensitivity of YSZ compositions to atmosphere and bias increases with
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Figure 1. Sketch of the device used for the electrical measurements.

Figure 2. SEM of the fracture surface of a pellet with the Pt electrode attached after it was heated at 900 °C*!.

increasing Y content*!; for that reason, the samples used here had a high yttrium content and, with 1% of Mg
dopant, an overall formula Y 50Zr, 4oMg 0,0, 74 and were labelled YSZMOI.

Results and Discussion

Pellets fired at 1400 °C for 24 h were single phase by XRD and the pattern was indexed on a cubic unit cell of defect
fluorite, space group Fm 3 m, without evidence of a possible pyrochlore structure. SEM/EDX showed a homoge-
neous distribution of yttrium and zirconium, with no evidence of impurities, and a grain size in the range 0.2-0.8
pm.

The experimental arrangement used for impedance measurements, with the facility to change pO, and apply
a dc bias during measurements, is shown in Fig. 1. The sample was a cylindrical pellet of typical thickness 2 mm,
coated on opposite faces with hardened Pt paste electrodes and attached to Pt wires threaded through 2-hole
ceramic spaghetti. The Pt wires were connected to the impedance analyser; a nominal ac voltage of 100 mV was
used for impedance measurements, but also a small bias voltage in the range 0.5 to 20V could be applied at the
same time as impedance measurements were made. Atmosphere was a trickle flow of dried air, O, or N, and all
sample surfaces were exposed simultaneously to the gases.

An SEM of a fracture surface of the YSZ ceramic with attached Pt electrode of approximate thickness 50 um is
shown in Fig. 2. As discussed later, the impedance of the device consisted of two components, (i) the YSZ ceramic
and (ii) the ceramic - Pt interface which was partially blocking to oxide ions but ohmic to electron transport
when the ceramic was induced to show electronic conductivity.

Results are shown in Fig. 3 for impedance measurements at (a) 610 and (b) 800°C in dry N, [pO, ~ (1-2)
x10~* atm] and at (c) 800 °C in dry O, [pO, ~1atm]. Data at 610 °C show a broad impedance arc which, from
accurate fitting to the equivalent circuit shown as the inset in (a), contains as the major component, the bulk dc
resistance, R, of the sample together with a parallel resistance, R, associated with a dipole relaxation process*?,
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Figure 3. For YSZMOI, impedance complex plane plots, Z*, at 610°C (a) and 800 °C (b) measured in dry
N, and at 800 °C measured in dry O, (c). C’ spectroscopic plots at 800 °C measured in the two different
atmospheres (d). Inset in (a): Equivalent circuit used to model data.

Figs. S1-S3 and Table S1. Although the dipole component, R,C, leads to distortion of the impedance arc, it does
not contribute to the value of the sample resistance that is obtained directly from the low frequency intercept of
the arc on the Z’ axis. At higher temperature, 800 °C, only the low frequency tail of this arc is seen, Fig. 3(b); nev-
ertheless, the sample resistance is readily obtained from the intercept of the arc tail on the Z’ axis.

At lower frequencies, a second arc is seen (a-c) which is associated with the sample-electrode interface imped-
ance and is modelled by the parallel element CPE;R;. This is shown by replotting the same data as log C’ vs log f
in (d); C’ reaches values >10~7 Fcm ™" at low frequencies which are characteristic of an ionically-blocking double
layer capacitance. For the sample measured in O, (c), the sample resistance, R; at 800°C, ~2.55 kQ) cm is some-
what less than in N, (b), ~2.65 kQ) cm, but notably, the low frequency impedance arc and associated resistance,
R; is very much smaller in O, (¢) than in N, (b). In addition, the capacitance data (d) tend towards lower values
at low frequencies in O, than in N,.

The conclusion from these results is that the sample shows both (i) oxide ion conduction from the appearance
of the low impedance frequency arc associated with high capacitance values and (ii) p-type electronic conduction
from the decrease in both R, and R; with increasing pO,. With increasing pO,, oxygen molecules are absorbed by
the sample, pick up electrons and dissociate to form O~ ions, as shown by:

1/20, — O + 2k (1)

In reality, the oxygen - sample interaction may involve creation of other species such as O™, O,~ and 0,*7,
as well as O?~ ions*®*, but the key point is that holes must be created, as evidenced by an increase in electronic
conductivity. The location of holes is believed to be underbonded oxide ions associated with the Y>* dopant since
there are no other species in the YSZ lattice that are able to ionise readily.

Under these conditions, the sample is therefore at the crossover between electrolytic and p-type domains,
Fig. 4, and becomes increasingly p-type with increasing pO,. Many previous studies have shown that the Zr-rich
YSZ compositions used as the ceramic electrolyte in solid oxide fuel cell applications are located entirely within
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Figure 4. Schematic ionic and electronic conductivity domains as a function of oxygen partial pressure, pO,,
adapted from ref. ¥7.

the electrolytic domain, Fig. 4, under normal atmospheric conditions. However, there is an increasing tendency
to p-type conduction with increasing Y content®®4.,

The combined effect of application of a small dc bias in the range 0-2 V during impedance measurements and
a difference in pO, is shown in Fig. 5(a,b). At voltages in this range, with data shown for a bias of 1.8 V as example,
both the overall sample resistance and the electrode contact resistance decrease with increasing pO,, consistent
with p-type conductivity induced by Eq. (1). Results in (b) also show that the sample resistance in either atmos-
phere decreases gradually with increasing bias over the range 0 to 2 V; this is attributed to an increase in hole
concentration arising from reaction (1) which is preferentially driven to the right at the positive electrode. For the
data shown in Fig. 5, samples were left to equilibrate for times of up to one hour to ensure steady state impedance
values prior to data collection.

In contrast to the above results obtained with a bias of <2V, impedance measurements at bias voltages of 2.4V
or greater, showed an increase in resistance of both the sample, R, and electrode contact, Rs, when the atmosphere
changed from N, to O, and clearly suggest that conduction is now n-type. Therefore, a change in conduction
mechanism from p-type to n-type must occur at voltages around 2.0-2.4 V. Figure 5(c) shows the impedance data
for a bias of 3V as a contrast to the data obtained at 1.8 V in (a).

The effect of dc bias on R, in three atmospheres, N,, air and O,, is summarized in Fig. 6 for a wide range of bias
voltages. A more accelerated decrease in resistance was observed above 2.4V, depending on pO,, but in particular,
a change from p- to n-type behavior occurred, as shown by the smaller conductivities in O, compared with N,
for a given dc bias. The accelerated decrease commenced at ~2V in N,, but only at ~8 V in air and 10V in O,. The
atmosphere-dependence of this decrease and its voltage onset showed that the presence of O, in the atmosphere
surrounding the sample suppressed the reaction(s) responsible for the conductivity increase.

The degree of reversibility on removal of the bias depended very much on voltage. For a bias less than that
which caused the p-n crossover, the sample impedance recovered its original value within a few minutes but at
higher bias, the changes were not rapidly and fully reversed. This indicates that the initial changes on application
of the bias, involving enhanced p-type conduction, were confined to the vicinity of the sample-electrode inter-
faces, but subsequently, as n-type behavior was initiated, more significant structural changes associated with oxy-
gen loss occurred. We attribute this to the two-stage nature of the process by which under-bonded lattice O*~ ions
can be released as O, molecules:

Lo 4 e 22210, + 2¢ )

o’
In step (1), underbonded oxide ions ionize to give O~ ions which remain in the lattice and are the source of the
holes. The released electrons are trapped by incoming or adsorbed O, molecules by reactions such as Eq. (1) and:

O, +e < 0, (3)

Step (1), Eq. (2), is readily reversible on removing the bias or reducing pO,, which drives Egs. (1) and (3) to
the left. In step (2), O, molecules are released into the gas phase, the sample becomes oxygen non-stoichiometric
and the rapid reversibility is lost.

A model for this response to applied bias at low and high voltages is illustrated in Fig. 7. At low voltages,
Fig. 7(A), O~ ions are generated at the anode which originate from a combination of lattice oxide ions and
adsorbed oxygen molecules. With time, the layer containing O~ ions thickens from the sample surface towards
the interior as more O, molecules are adsorbed. We have no direct evidence for this layer thickening but note
that clear evidence for it was obtained in samples of acceptor-doped BaTiO; ceramics which became increasingly
p-type with applied bias>®3743:44,

At low voltages, there may be little or no O, loss from the sample and the effect of the dc bias is to initiate
capacitive charging in which the anode surface develops a net negative charge that is offset by the net positive
charge of the region of the sample containing O~ ions*. Such capacitive charging also occurs spontaneously,
without application of a dc bias, in response to an increase in pO,. Conduction of oxide ions occurs at the same
time as the electronic charge separation due to capacitive charging, but appears not to be an essential part of that
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Figure 5. Impedance complex plane plots, Z*, for YSZMO1 measured in dry N, and O, after applying a dc
bias of (a) 1.8V (32.8 Vem™!) and (c) 3V (54.5 Vem™!) at 800 °C. First, measurements were done in dry N, and
with the dc voltage applied, and then, without removing the voltage, the atmosphere was change to dry O,. (b)
Resistance as a function of dc bias voltage (less than 2 V) in the two atmospheres.

process. In addition, the model does not require injection of negative charges at the cathode at low voltages since
this could lead to an electronic short circuit and the absence of capacitive charging.

At higher voltages, Fig. 7(B), O, gas is liberated at the anode, either by loss of O~ ions, Eq. (2), step (2) or by
direct loss of O*~ ions, Eq. (1). The released electrons pass through the external circuit and are injected into the
sample at the cathode. This leads to creation of, initially, a p-i-n junction which subsequently becomes a p-# junc-
tion between the p-type region containing O~ ions and the n-type region containing injected electrons. Evidence
for the p-n junction is shown by the non-linear I-V plot in Fig. 8.

In conclusion, these results show that Y-rich YSZ ceramics can exist as a mixed conductor of oxide ions and
either p- or n-type semi-conduction, depending on experimental conditions. At higher biases, a p-n junction
may develop; the first step is partial oxidation of under-bonded lattice O>~ ions to generate a p-type region at the
anode with mobile holes located on oxygen; the second step involves partial decomposition of the sample, evolu-
tion of oxygen gas and injection of electrons to create an n-type region at the cathode. We speculate that a com-
bination of these steps may represent the first stage in the flash sintering of YSZ ceramics and also be responsible
for the p-n junction that contributes to the luminescence that is characteristic of flash, irrespective of whether or
not sintering also occurs.

It has been recognized previously that creation of electronic conductivity in YSZ may be a precursor to flash
sintering®®¢. Although various comments have been made in the literature about the possible origins of the asso-
ciated luminescence, the model presented here is the first to include a mechanism for pn junction creation. This

SCIENTIFIC REPORTS |

(2019) 9:18538 | https://doi.org/10.1038/s41598-019-54588-y


https://doi.org/10.1038/s41598-019-54588-y

www.nature.com/scientificreports/

\")
0 5 10 15 20
33 pr—rT—TrrrrrrrTrr T T T 7
i 0,
30 [ 800°C o N, y
s oS Air 0.0 05 1.0]|1.5 20 25 3.0
2.7 —
%o ® O2 3.0F
2.4
ot es s e .
21F ¥ 24 % q 0 ¢
E o o e = %
[$] ‘ 241 .
c 1.8 I %
18
= ]
=~ 1 5 - 15 1 1 1 1 1
(14 : ° 0o 10 20 30 40 50
12 F o ® vem'
°
0.9 .
o
06 |
03 * °
1 1 1 1 1 1 1

0 50 100 150 200 250 300 350 400

Vem™!

Figure 6. Resistance as a function of dc bias voltage at 800 °C measured in different dry atmospheres.
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could then lead to luminescence associated with electron-hole recombination on passing a dc current through
the sample.

Methods
A composition based on the general formula Y, ;Zr, 5, Mg,O, ;5.,, with x=0.01, labelled YSZMO1, was prepared
by a polymeric sol-gel procedure similar to that used in ref. *!. The only difference was that Mg(OOCCHs;),-4H,0
(99%, Strem Chemicals) was added as an additional precursor to the polymeric sol-gel synthesis. The Zr alkox-
ide was dissolved in an ethanol-acetylacetone mixture (acacH:Zr molar ratio 4:1), the Y(OOCCH;);-H,O and
Mg(OOCCH3;), added, the mixture stirred for 10 min and then transferred to a balloon flask and heated at 70°C
for 72h. After formation and drying of a transparent gel the sample was given a final heat treatment at 1400 °C for
12h. Powder samples were cooled, crushed, pressed into pellets of 5mm diameter at 1 ton by uniaxial pressing,
reheated at 1400 °C for 24 h and quenched onto Cu plate. Pellet densities for this composition were ~90%.

The samples were characterized by powder X-ray diffraction (XRD) and scanning electron microscopy (SEM)
equipped with EDX; Impedance measurements were also carried out as described previously*!. In order to avoid
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Figure 8. Current (I) versus voltage (V) at 800 °C for YSZMO01 measured in dry N, and voltages over the range
—10Vto+10V.

any effect of water and therefore, possible proton conduction, impedance data were recorded in dry atmos-
pheres. Current (I) versus voltage (V) measurements were carried out using a Keithley Source Meter Model 2410
(Madrid, Spain)36-37:4143,

Data availability
The data supporting the results of this study are available within the article and its Supplementary Information
file.

Received: 30 April 2019; Accepted: 15 November 2019;
Published online: 06 December 2019

References

AU W=

10.
11.
12.
13.

14.
15.

16.
17.
18.

19.
. Yu, M., Grasso, S., Mckinnon, R., Saunders, T. & Reece, M. J. Review of flash sintering: materials, mechanisms and modelling. Adv.

21.

. Chua, L. Memristor-the missing circuit element. IEEE Transactions on circuit theory 18, 507-519 (1971).

. Chua, L. & Kang, S. M. Memristive devices and systems. Proc. IEEE 64, 209-223 (1976).

. Struckov, D. B., Snider, G. S., Stewart, D. R. & Williams, R. S. The missing memristor found. Nature 453, 80-83 (2008).

. Tour, . M. & He, T. The fourth Element. Nature 453, 42-43 (2008).

. Jo, S. H. & Lu, W. CMOS compatible nanoscale nonvolatile resistance switching memory. Nano letters 8, 392-397 (2008).

. Kwon, D. H. et al. Atomic structure of conducting nanofilaments in TiO, resistive switching memory. Nat. Nanotechnology 5,

148-153 (2010).

. Krzysteczko, P, Reiss, G. & Thomas, A. Memristive switching of MgO based magnetic tunnel junctions. Appl. Phys. Letters 95,

112508 (2009).

. Barnes, B. K. & Das, K. D. Resistance switching and memristive hysteresis in visible-light-activated adsorbed ZnO thin films. Sci.

Reports 8,2184-1-5 (2018).

. Pellegrino, L. et al. Multistate memory devices based on free-standing VO,/TiO, microstructures driven by Joule self-heating. Adv.

Mater. 24, 2929-2934 (2012).

Bae, S. H. et al. The memristive properties of a single VO, nanowire with switching controlled by self-heating. Adv. Mater. 25,
5098-5103 (2013).

Raj, R., Cologna, M. & Francis, J. S. C. Influence of Externally Imposed and Internally Generated Electrical Fields on Grain Growth,
Diffusional Creep, Sintering and Related Phenomena in Ceramics. J. Am. Ceram. Soc. 94, 1941-1965 (2011).

Cologna, M., Francis, J. S. C. & Raj, R. Field assisted and flash sintering of alumina and its relationship to conductivity and MgO-
doping. J. Eur. Ceram. Soc. 31, 2827-2837 (2011).

Francis, J. S. C. & Raj, R. Influence of the field and the current limit on flash sintering at isothermal furnace temperatures. J. Am.
Ceram. Soc. 96, 2754-2758 (2013).

Cologna, M., Rashkova, B. & Raj, R. Flash Sintering of Nanograin Zirconia in <5s at 850°C. J. Am. Ceram. Soc. 93, 3556-3559 (2010).
Teraud, K. et al. Electroluminescence and the measurement of temperature during stage III of flash sintering experiments. J. Eur.
Ceram. Soc. 35,3195-3199 (2015).

Nerst, W. German patent DRP 104872 (1897).

Smith, H. M. The Nernst lamp. Science 8, 689-690 (1898).

Guillom, O. et al. Field-assisted sintering technology/spark plasma sintering: Mechanisms, materials and technology developments.
Adv. Eng. Mater. 16, 830-849 (2014).

Dancer, C. E. J. Flash sintering of ceramic materials. Mater Res Express 3, 102001 (2016).

Apply. Ceram. 16, 24-60 (2017).
Jha Shikhar, K. & Raj, R. The effect of electric field on sintering and electrical conductivity of titania. J. Am. Ceram. Soc. 97, 527-534
(2014).

SCIENTIFIC REPORTS |

(2019) 9:18538 | https://doi.org/10.1038/s41598-019-54588-y


https://doi.org/10.1038/s41598-019-54588-y

www.nature.com/scientificreports/

22. Yoshida, H., Sakka, Y., Yamamoto, T., Lebrun, J. M. & Raj, R. Densification behavior and microstructural development in undoped
yttria prepared by flash-sintering. J. Eur. Ceram. Soc. 34, 991-1000 (2014).

23. Karakuscu, A. et al. Defect structure of flash-sintered strontium titanate. J. Am. Ceram. Soc. 95, 2531-2536 (2012).

24. M’Peko, J. C., Francis, J. S. C. & Raj, R. Field-assisted sintering of undoped BaTiO3: Microstructure evolution and dielectric
permittivity. . Eur. Ceram. Soc. 34, 3655-3600 (2014).

25. Schmerbauch, C., Gonzalez-Julian, J., Reoder, R., Ronning, C. & Guillon, O. Flash sintering of nanocrystalline zinc oxide and its
influence on microstructure and defect formation. J. Am. Ceram. Soc. 97, 1728-1735 (2014).

26. Grasso, S. et al. Flash spark plasma sintering (FSPS) of acand 3 SiC. J. Am. Ceram. Soc. 99, 1534-43 (2016).

27. Grasso, S. et al. Ultra-rapid crystal growth of textured SiC using flash spark plasma sintering route. Cryst. Growth Des. 16, 2317-21 (2016).

28. Niu, B. et al. Ultra-fast densification of boron carbide by flash spark plasma sintering. Scr. Mater. 116, 127-30 (2016).

29. Grasso, S. et al. Flash spark plasma sintering (FSPS) of pure ZrB,. J. Am. Ceram. Soc. 97, 2405-2408 (2014).

30. Cabouro, G. et al. Dense MoSi, produce by reactive flash sintering: control of Mo/Si agglomerates prepared by high-energy ball
milling. Powder technol. 208, 526-531 (2011).

31. Yadav, D. & Raj, R. The onset of the flash transition in single crystals of cubic zirconia as a function of electric field and temperature.
Scripta Materialia 134, 123-127 (2017).

32. Raj, R. Joule heating during flash-sintering. J. Eur. Ceram. Soc. 32,2293-2301 (2012).

33. Todd, R. I., Zapata-Solvas, E., Bonilla, R. S., Sneddon, T. & Wilshaw, P. R. Electrical characteristics of flash sintering: Thermal
runaway of Joule heating. J. Eur. Ceram. Soc. 35, 1865-1877 (2015).

34. Morisaji, N. et al. Synthesis of zirconium oxynitride in air under DC electric fields. Appl. Phys. Letters 109, 083104 (2016).

35. Narayan, J. A new mechanism for field-assisted processing and flash sintering of materials. Scripta Materialia 69, 107-111 (2013).

36. Prades, M., Maso, N, Beltran, H., Cordoncillo, E. & West, A. R. Field enhanced bulk conductivity of BaTiO;:Mg ceramics. J. Mater.
Chem. 20, 5335-5344 (2010).

37. Beltran, H., Prades, M., Mas6, N., Cordoncillo, E. & West, A. R. Voltage-Dependent Low-Field Bulk Resistivity in BaTiO5:Zn
Ceramics. J. Am. Ceram. Soc. 93, 500-505 (2010).

38. Masd, N. & West, A. R. Electronic Conductivity in Yttria-Stabilized Zirconia under a Small dc Bias. Chem. Mater. 27, 1552-1558 (2015).

39. Vendrell, X. & West, A. R. Induced p-type semi-conductivity in Yttria-Stabilized Zirconia. J. Am. Ceram. Soc. 102, 6100-6106 (2019).

40. Park, J. H. & Blumenthal, R. N. Electronic Transport in 8 mole percent Y,03-ZrO2. J. Electrochem. Soc. 136, 2867-2876 (1989).

41. Jovani, M., Beltran-Mir, H., Cordoncillo, E. & West, A. R. Atmosphere- and Voltage-Dependent Electronic Conductivity of Oxide-
Ion-Conducting Zr, \Y,0, ,,, Ceramics. Inorg. Chem. 56,7081-7088 (2017).

42. Vendrell, X. & West, A. R. Electrical Properties of Yttria-Stabilized Zirconia, YSZ Single Crystal: Local AC and Long Range DC
Conduction. J. Electrochem. Soc. 165, F966-F975 (2018).

43. Maso, N. et al. Field enhanced bulk conductivity of a Ca-doped BaTiO; ceramics. Appl. Phys. Letters 97, 062907 (2010).

44. Maso, N, Beltran, H., Prades, M., Cordoncillo, E. & West, A. R. Field-enhanced bulk conductivity and resistive-switching in Ca-
doped BiFeO; ceramics. Phys. Chem. Chem. Phys. 16, 19408-19416 (2014).

45. Guo, M., Masd, N., Liu, Y. & West, A. R. Electrical properties and oxygen stoichiometry of Ba, ,Sr,TiO;_ s ceramics. Inorg. Chem. 57,
64-71 (2018).

46. Jo, S. & Raj, R. Transition to electronic conduction at the onset of flash in cubic zirconia. Scripta Materialia 174, 29-32 (2020).

47. West, A.R. Solid State Chemistry and its Applications, 2" ed. Student ed.; Wiley, 2014.

Acknowledgements
M.J., H.B-M. and E.C. thanks the Universidad Jaume I (Project UJI-B2016-38) and Ministerio de Economia,
Industria y Competitividad (Project MAT2016-80410-P) for financial support.

Author contributions

H.B.-M.,, E.C. and A.R.W. conceived and planned the project; H.B.-M., E.C. designed the experimental route
and M.]. synthesised the materials and made the structural characterisation; M.]. and H.B.-M. obtained the
experimental data and analysed them; H.B.-M., E.C. and A.R.W. interpreted the results; A.R.W. contributed the
main conclusions of the work and was the architect of the proposed mechanism; M.J. and H.B.-M. prepared the
figures in both the main article and the supplementary; all authors contributed to the discussion of the results;
H.B.-M. and A.R.W. wrote the manuscript. All authors reviewed and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-54588-y.

Correspondence and requests for materials should be addressed to H.B.-M. or A R.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFIC REPORTS |

(2019) 9:18538 | https://doi.org/10.1038/s41598-019-54588-y


https://doi.org/10.1038/s41598-019-54588-y
https://doi.org/10.1038/s41598-019-54588-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Field-induced p-n transition in yttria-stabilized zirconia

	Results and Discussion

	Methods

	Acknowledgements

	Figure 1 Sketch of the device used for the electrical measurements.
	Figure 2 SEM of the fracture surface of a pellet with the Pt electrode attached after it was heated at 900 °C41.
	Figure 3 For YSZM01, impedance complex plane plots, Z*, at 610 °C (a) and 800 °C (b) measured in dry N2 and at 800 °C measured in dry O2 (c).
	Figure 4 Schematic ionic and electronic conductivity domains as a function of oxygen partial pressure, pO2, adapted from ref.
	Figure 5 Impedance complex plane plots, Z*, for YSZM01 measured in dry N2 and O2 after applying a dc bias of (a) 1.
	Figure 6 Resistance as a function of dc bias voltage at 800 °C measured in different dry atmospheres.
	Figure 7 Model for voltage-dependent resistance at low (A) and high (B) voltages.
	Figure 8 Current (I) versus voltage (V) at 800 °C for YSZM01 measured in dry N2 and voltages over the range −10 V to +10 V.


