
0885-3010 (c) 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TUFFC.2020.2978901, IEEE
Transactions on Ultrasonics, Ferroelectrics, and Frequency Control

IEEE TRANSACTIONS IN ULTRASONICS, FERROELECTRICS, AND FREQUENCY CONTROL, MANUSCRIPT 

TUFFC-09969-2020  

 

1 

  

Abstract—Mobile oxygen vacancies are increasingly wider 

believed to be responsible for electrical conductivity in perovskite 

oxide ferroelectrics.  Here, this hypothesis is debated. The small-

signal conductivity is investigated in oxygen-deficient films of 

barium titanate, where oxygen vacancies are epitaxially clamped 

and immobile. The observed behavior of conductivity as a function 

of temperature and frequency evidences pure electronic processes. 

Importantly, it is shown that these processes mimic motion of 

oxygen vacancies, which are immobile. It is also demonstrated that 

under applied dc electric field, the electronic processes lead to such 

effects as coloration and degradation, which before were plausibly 

ascribed to migration of oxygen vacancies. Finally, it is concluded 

that the hypothesis of mobile oxygen vacancies is misleading. 

 
Index Terms—Ferroelectric devices, conductivity.  

 

I. INTRODUCTION 

LECTRICAL conductivity in perovskite oxide 

ferroelectrics (FEs) is crucial for devices based on these 

materials. Generally, FEs are wide-bandgap insulators 

possessing conductivity as small as 10-10-10-12 S/cm. However, 

conductivity is known to increase to a semiconductor level of 

10-8-10-6 S/cm and even to a metal-like one when heterovalent 

doping and/or oxygen vacancies are introduced in FE. In 

oxygen-deficient semiconducting FEs, the electronic n-type 

conductivity was experimentally determined (e.g., by direct 

Hall measurements) [1-7]. Concurrently, a p-type conductivity 

was hypothesized to explain minima in conductivity as a 

function of oxygen pressure during synthesis or measurements 

[8, 9]. This hypothetic p type of conductivity was not proven 

experimentally. However, it was speculated that motion of 

charged oxygen vacancies might lead to the p-type 

conductivity. The concept of oxygen vacancies as mobile 

charge carriers appeared convenient for simplistic explanations 

of electric-field-induced phenomena in FEs and is now 

increasingly popular [10-20]. 

The widely accepted basic constituents of the concept are as 

follows. First, the Kröger-Vink treatment of lattice defects is 

applied to perovskite oxide FEs [21]. Namely, it is assumed that 

when unintentional or intentional acceptor dopants are 
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introduced in perovskite oxide, the oxide should contain doubly 

ionized oxygen vacancies VO
+2, whose concentration is 

determined by that of the dopants. For instance, when such ions 

as Fe3+, Al3+, K+, Na+, Mn3+, etc, substitute at Ti4+ site in 

A2+Ti4+O2-
3, the vacancies VO

2+ are expected to form in order to 

compensate acceptor-induced charge imbalance. Second, the 

charged vacancies VO
2+ are considered as mobile, able to 

migrate under applied electric field and thus contribute to the 

electrical conductivity. The mobility of the vacancies is argued 

to be supported by the experimental observations of the high-

temperature thermal diffusion of oxygen atoms [17, 22].  

These basic constituents are strongly confronted by the 

modern understanding of physics of FEs. Primarily, perovskite 

oxide FEs cannot be thought of as ionic crystals, for which the 

Kröger-Vink approach is valid [23-28]. The presence of 

covalent bonding and the effective ion charges, which 

significantly differ from the nominal valences, were clearly 

demonstrated in FEs. Additionally, the presence of intrinsic free 

(in the conduction band) or nearly-free electrons was evidenced 

in FEs (see review Ref. 29 and references therein). Moreover, 

the concentration of the free electrons can be as large as 1017-

1020 cm-3 and ensure efficient compensation of charge 

imbalance [30]. Therefore, the Kröger-Vink reactions are far 

insufficient for establishing the formation, structure, and 

concentration of point defects and charge carriers in FEs.   

The formation and structure of oxygen-vacancy-related 

defects is now better understood owing to the progress in the 

first-principles theory [31-36]. It was shown that in such FEs as 

BaTiO3 and SrTiO3, the oxygen vacancies, dopant ions, and 

related complexes can possess different charge and electronic 

(in-gap or band) states and, importantly, they can trap/release 

electrons.  

Interestingly, it was also shown that even for the high 

temperatures above 1000 K, at which oxygen vacancies and/or 

other point defects might move, the ionic conductivity due to 

such motion is several orders of magnitude smaller than the 

electronic conductivity and can be disregarded [37]. Ironically, 

there is a growing number of publications, where the electronic 

conductivity is disregarded instead.  

So far, the only argument in favor of oxygen-vacancy-
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determined conductivity may be the activation-type 

dependence of conductivity  on temperature:    exp(-

EA/kBT), where EA and kB are the activation energy and the 

Boltzmann constant, respectively.  The large activation energy 

EA = 0.5-0.7 eV exceeds that known for electron polarons in 

FEs [1-7] and, therefore, is assigned to hopping of oxygen 

vacancies [13,14,17,20]. In the present work, it is 

experimentally demonstrated that such processes as electrons’ 

trapping, release, and excitation to the conduction band result 

in the energy EA up to 0.8 eV, which simply mimics the alleged 

motion of oxygen vacancies.   

The experiments were as follows. Epitaxial stoichiometric 

and oxygen deficient BaTiO3 (BTO) films were studied as an 

archetypal example of FEs. The BTO films were grown on 

single-crystal (001) SrTiO3 (STO) substrates, which impose in-

plane biaxial compressive strain on BTO. The strain favors the 

formation and stabilization of oxygen vacancies in the Ba-O 

atomic planes (but not in the Ti-O planes) parallel to the 

substrate surface [38-41]. Correspondingly, an out-of-plane 

motion of oxygen vacancies (i.e., from the Ba-O planes to the 

Ti-O planes) is prohibited in the films. The conductivity was 

measured along this peculiar out-of-plane direction using a 

small amplitude of the probing ac voltage, which dismissed an 

injection of excess carriers. 

The obtained experimental results as well as charge transport 

in general, optical absorption, electro-coloration, and electro-

degradation are discussed as originating from the electronic 

processes at the presence of immobile defects. The popular 

concept of mobile oxygen vacancies is inferred as invalid.  

II. EXPERIMENT 

Perovskite-structure BTO films were grown by pulsed laser 

deposition using the pressure of oxygen ambience 20 Pa for 

stoichiometric films and 0.1-2 Pa for oxygen-deficient ones. 

The 150-nm-thick (001)BTO films and bottom (001)SRuO3 

(SRO) electrode layers were grown on (001)STiO3 (STO) 

substrates. Compared to the room-temperature unit cell of bulk 

BTO (volume V0), the 0.1-2-Pa BTO films experience unit-cell 

expansion V = (V/V0 -1), which corroborates the presence of 

oxygen vacancies therein. Because of combined action of 

epitaxial strain and oxygen vacancies, the expansion V is not 

proportional to the vacancy concentration but characterizes it 

qualitatively. The detailed analyses of the films’ composition, 

crystal structure, microstructure, and ferroelectric and optical 

properties can be found elsewhere [41,42].  

For electrical characterization, the circular top Pt contact 

pads (area 0.2 mm2) were created by room-temperature vacuum 

pulsed laser deposition of Pt through a shadow mask. The 

impedance of the Pt/BTO/SRO capacitors was measured by a 

NOVOCONTROL Alpha-AN High Performance Frequency 

Analyzer using ac voltage with the amplitude of 1-10 mV and 

the frequency f = (1- 106) Hz. The voltage was applied and the 

response was measured along the out-of-plane direction of the 

capacitors. The impedance was analyzed using an equivalent-

circuit model of a leaky parallel-plate capacitor [43-46].  

The control of temperature was realized using a JANIS ST-

100 He flow cryostat equipped with a LakeShore 335 

temperature controller. The temperature was swept at a rate of 

3-5 K/min. The measurements were performed during (1) 

cooling from 300 to 80 K, (2) heating from 80 to 710 K, (3) 

cooling from 710 to 80 K, and (4) consequent heating-cooling 

runs. The measurements were repeated after several weeks, 

during which the capacitors were kept at room temperature. 

III.  RESULTS 

The conductivity   of the stoichiometric and oxygen-

deficient films was found to increase with temperature and 

frequency. The conductivity 0 measured at f = 1 Hz was used 

to follow the temperature evolution of the static conductivity. 

During the first heating to 710 K, the magnitude and the 

temperature dependence of 0 in the oxygen-deficient film with 

V = 2.7 % resembled those in the stoichiometric film [Fig. 

1(a)]. Both these films exhibited very small 0 = 10-13-10-8 S/cm 

at the temperatures T < 600 K, that indicated the films’ perfect 

insulating character. In the oxygen-deficient film with V = 3.1 

%, the low-temperature insulating state with 0 < 10-8 S/cm was 

found only at T < 200 K, whereas a semiconductor-like increase 

of 0 at T = 200-450 K and a metal-like decrease of0  at T > 

450 K were observed therein [Fig. 1(b)].  

 

 
Fig. 1. (a, b) Conductivity 0 (f =1 Hz) as a function of temperature during the 

first heating. (c, d) Activation character of the low-temperature conductivity. 

 

In all films in the insulating state, the conductivity showed 

an activation type of behavior [0  exp(-EA/kBT)] as evidenced 

by good linear fits to [ln(0)  1/T)] [Figs. 1(c, d)]. The 

activation energy EA was extracted from the fits and appeared 

to be EA  0.2 eV for V = 0 % and V = 2.7 %, and EA  0.08 

eV for V = 3.1 %. The small magnitude of EA substantiated 

hopping of small electron polarons as responsible for the charge 

transport in the insulating state of the films [1-7].  

To verify the polaronic hopping, the frequency dispersion of 
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ac conductivity (f) was analyzed [Fig. 2]. The power-law 

dependence [ = 00 + Af s] was applied, where the exponent s 

< 1 can disentangle between a temperature-independent 

quantum-mechanical transport and a temperature-dependent 

barrier hopping [47, 48]. For the electron barrier hopping, the 

exponent was shown to be s  1 at T→ 0 K and decrease at 

higher temperatures. Here, the exponent s was extracted from 

the fits to the power law. In the oxygen-deficient film with V 

= 2.7 %, the dc conductivity 00 increased, and the exponent s 

decreased from 1 to 0.8 with increasing temperature from 80 

to 450 K [Figs. 2(a, b)]. This behavior of s corroborated the 

electronic hopping mechanism. 

 

 
 

Fig. 2. Frequency dispersion of ac conductivity at different temperatures in the 

(a-d) oxygen-deficient and (g) stoichiometric films. 

Closer inspections of the frequency dispersion at different 

temperatures [Fig. 2] revealed a coexistence of the hopping 

mechanism with another high-temperature process and a 

crossover to this high-temperature process, which was 

manifested by a complex dispersion (f) [Figs. 2(c, d, e)]. The 

large and frequency-independent   10-6-10-5 S/cm indicated 

that this process is a conduction-band transport at T > 600 K in 

the film with V = 2.7 % [Fig. 2(d)]. For the stronger oxygen 

deficiency (V = 3.1 %), the polaronic hopping and band 

transport were found to coexist at lower temperatures [Fig. 

2(e)], with the band transport dominating already at T > 250 K 

[Fig. 2(f)].  

 

 
 

Fig. 3. (a) Conductivity 0 (f =1 Hz) as a function of temperature and (b) 

activation character of 0 determined during cooling (after the first heating) in 

the film with V = 2.7 %. 

 

In the oxygen-deficient film with V = 2.7 %, in addition to 

the polaronic hopping and band transport, a steep high-

temperature increase of the conductivity by three orders of 

magnitude, to a metal-type level, was observed in the narrow 

temperature range of T = 600-650 K [Fig. 1(a)]. This behavior 

indicated a massive release of electrons from traps and 

electrons’ excitation to the conduction band. During consequent 

thermal cycling, a dynamic equilibrium between the electronic 

release and trapping resulted in the band conductivity in a 

broader high-temperature region T > 370 K [Figs. 3(a) and 

4(b)]. Importantly, this high-temperature large and frequency-

independent semiconductor-type band conductivity was 

accompanied by a good high-temperature activation fit to 

[ln(0)  1/T)] with the fitting energy EA  0.8 eV [Fig. 3(b)]. 

It should be stressed that the magnitude and frequency 

dispersion of the conductivity clearly endorsed the electronic 

band transport here. Therefore, an apparent large activation 

energy for the conductivity does not prove hopping of oxygen 
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vacancies, in contrast to the widely spread belief.  

During thermal cycling after the initial heating of the film 

with V = 2.7 %, also the low-temperature insulating state and 

polaronic hopping were confirmed by the activation behavior 

[ln(0)  1/T)] with the energy EA  0.07 eV [Fig. 3(b)] and the 

hopping-type frequency dispersion (f) at T < 300 K [Fig. 4(a)]. 

The hopping-to-band crossover was seen therein as well [Fig. 

4(c)]. The initial behavior of conductivity [Figs. 1(a, c) and 2(a-

d)] was restored after several days of recovery at 300 K.  

 

 

 
Fig. 4. Frequency dispersion of ac conductivity at different temperatures during 

cooling (after the first heating) in the film with V = 2.7 %. 

 

The high-temperature electronic release and excitation were 

detected in the stoichiometric film and in the strongly oxygen 

deficient film with V = 3.7 %, too. Although the corresponding 

impact on the conductivity was less spectacular compared to 

that in the film with V = 2.7 %. 

The observed temperature- and frequency-dependent 

behavior of the small-signal conductivity imply the electronic 

transport in all BTO films, whereas oxygen vacancies are 

immobile. At low temperatures, the conductivity is due to the 

electron polaron barrier hopping. At high temperatures, the 

conductivity is of band character. The temperatures of the 

polaron-to-band crossover vary with the concentration of 

oxygen vacancies and thermal history.  Importantly, the 

activation-type behavior with the large activation energy of 0.8 

eV is found for the electronic band transport. The electronic 

processes, which determine the charge transport and electric-

field-induced phenomena at the presence of immobile oxygen 

vacancies and/or other defects are discussed below. 

IV. DISCUSSION 

According to the present understanding [31-36], in such FEs 

as BTO and STO, oxygen vacancies VO can exist as neutral 

(VO
0), singly positive (VO

+), and/or doubly positive (VO
+2) ones. 

The vacancy VO
+2 can trap one to two electrons in the form of 

small polarons. In such polarons, the electrons are localized on 

Ti atoms near the vacancy, that changes Ti4+ to Ti3+. 

Additionally, an isolated small polaron may occur as electron 

localized on a single Ti atom (self-trapped electron polaron). 

The lowest formation energy is found for the doubly charged 

vacancies VO
+2 and the complexes of VO

+2 and one polaron, or 

(VO
+2-Ti3+)+.  

In terms of electronic band structure [Fig. 5(a)], the neutral 

VO
0 gives the occupied in-gap state 0.1-0.2 eV below the 

conduction band. For the singly charged VO
+ vacancy, the 

occupied state is 0.5 eV below the conduction band. The 

doubly charged VO
+2 vacancy has no in-gap states but 

contributes to the conduction band. The complex of VO
+2 with 

one polaron, i.e. (VO
+2-Ti3+)+, is the most stable configuration. 

Based on the experiments [49, 50], the (VO
+2-Ti3+)+ -related in-

gap occupied states are 0.6 eV above the valence band.  

It is worth noting that the presence of acceptor dopants such 

as Fe does not necessarily promote the formation of the VO
+2 

vacancies. The presence of iron Fe4+, Fe3+, and Fe2+, neutral 

oxygen vacancies VO
0, and Fe3+–VO complexes was detected 

instead [33, 34]. The corresponding occupied in-gap states were 

found at 0.5 eV below the conduction band and 0.1 eV above 

the valence band.  

  In an undoped FE BTO, the vacancies VO
0, VO

+, and VO
+2 

and the (VO
+2-Ti3+)+ complexes can form [Fig. 5(a)]. The most 

favorable states are VO
+2 and (VO

+2-Ti3+)+. These states are 

considered here for the sake of simplicity. 

 

 
 

Fig. 5. Schematic band diagrams of FE showing (a) oxygen-vacancy related 

electronic states and (b-c) thermally activated electronic excitations. 

 

At the absence of external electron injection, the charge 

transport at different temperatures is schematically illustrated in 

Figs. 5(b-d). At low temperatures, the charge transport is 

realized by hopping of small electron polarons, which are self-

trapped or associated with the (VO
+2-Ti3+)+ complexes [Fig. 

5(b)]. With increasing temperature, the electrons are excited 

thermally and released from the (VO
+2-Ti3+)+ traps [Fig. 5(c)]. 

The (VO
+2-Ti3+)+ complexes turn into the VO

+2 states, which 

mimics an arrival of the VO
+2 vacancies, although the vacancies 

are immobile. Concurrently, the concentration of polarons 

decreases and, hence, the conductivity can decrease, which 

imitates a p-type contribution to the charge transport. Next, the 

conduction band is being filled with the released electrons and, 

correspondingly, the Fermi level is rising. These changes lead 
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to a coexistence of the polaronic and conduction-band 

mechanisms of conductivity. Finally, at high temperatures, the 

large concentration of the conduction-band electrons and the 

Fermi level at the bottom of the conduction band can be 

achieved, which determines semiconductor- or metal-type 

conductivity [Fig. 5(d)].  

For the thermally-activated electronic processes in Figs. 5(b-

c), the concentration of the mobile charge carriers is 

proportional to exp(-EA/kBT), where the activation energy EA 

takes values between the polaron binding energy of 0.2-0.3 eV 

and a half of the bandgap, i.e. 1.6-1.7 eV [51]. The large 

energy EA for the electronic concentration and, hence, 

conductivity imitates the energy, which was erroneously 

interpreted before as that for hopping of oxygen vacancies.  

Thus, the electronic release from the traps and the electrons’ 

re-trapping give a feeling of the arrival and departure of the 

VO
+2 vacancies, p-type conductivity, and thermally activated 

motion of the VO
+2 vacancies, whereas the vacancies are 

immobile. Importantly, as seen from the schematics in Figs. 

5(b-d), not only oxygen vacancies, but also other immobile 

defects producing in-gap states and electron traps, can similarly 

affect the charge transport.  

 

 
 

Fig. 6. Schematics of the band-to-band and trap-to-band optical transitions at 

the (a) absence and (b-d) presence of the injected electrons. The electron 

trapping by the VO
+2 vacancy into the (VO

+2-Ti3+)+ state is also shown. 

 

In contrast to the small-signal conductivity at the absence of 

electron injection, applying external dc electric field to the 

electroded FE sample leads to injection of excess electrons from 

the electrode (cathode) into FE. The injected electrons can be 

trapped/released by immobile defects and influence the 

conductivity as in Fig. 5(c). When a certain large enough 

concentration of the injected electrons is achieved, the 

insulating state of FE turns into a semiconducting one [Fig. 

5(d)]. Notably, because of different characteristic times for the 

electronic release and trapping, the dc conductivity can exhibit 

hysteresis upon sweeping the dc electric field (resistive 

switching). 

Besides the conductivity, the concept of mobile oxygen 

vacancies is believed to be mandatory to explain electro-

coloration and dc degradation of FEs in the first place [10-12]. 

As shown next, purely electronic processes can explain these 

phenomena. 

Under applied dc electric field, the injected electrons can be 

responsible for an increase of the optical absorption in the 

visible spectral range, or the so-called coloration effect [Fig. 6]. 

For instance, in the presence of the most favorable states VO
+2 

and (VO
+2-Ti3+)+, the optical absorption is determined by the 

electronic excitations from the valence band to the conduction 

band and from the ((VO
+2-Ti3+)+ states  to the conduction band 

[Fig. 6(a)]. The VO
+2 states are in the conduction band and, 

therefore, do not contribute to the absorption. The injected 

electrons are trapped by the VO
+2 vacancies, which produces the 

occupied in-gap (VO
+2-Ti3+)+ states. The filling of the traps and 

generation of additional occupied in-gap states lead to an 

additional absorption [Fig. 6(b)]. With increasing concentration 

of the injected electrons, the absorption increases [Fig. 6(c)]. At 

a very high concentration of the injection-induced occupied in-

gap states, the absorption edge is dominated by these states and 

shifts to lower photon energies [Fig. 6(d)]. In addition to (or 

instead of) oxygen vacancies, also other in-gap electronic traps 

(e.g., due to dopants) can be filled with the injected electrons 

and, thus, contribute to electro-coloration.  

The excess electrons, which are injected from the cathode, 

can fill the conduction band of the initially insulating FE [Fig. 

7(a)]. In the near-cathode region, the injection-induced 

semiconductor FE adjoins the insulating FE. This contact can 

be treated as a semiconductor homojunction with the contact 

potential VC [Figs. 7(a-b)] [51]. The formed junction is 

forward-biased by the external dc field, which lowers the 

contact potential [Figs. 7(c-d)] and enables motion of the 

injected electrons further away from the cathode. 

Correspondingly, the semiconductor-insulator boundary moves 

from the cathode towards the anode when more and more 

electrons are injected with time during the dc biasing [Figs. 8(a-

c)]. The injected electrons gradually reach the sample regions 

at progressively longer distances from the cathode that leads to 

the apparent propagation of the coloration boundary.   

 
 

Fig. 7. Schematic band diagrams of contacts between (a, c) semiconducting FE 

and (b, d) insulating FE at the (a-b) absence and (c-d) presence of external bias. 

 

The injection and motion of electrons from the cathode can 

explain dc degradation as well. The initial thickness of the 

insulating FE is d and the strength of the applied dc electric field 

is EDC = VBIAS/d, correspondingly [Fig. 8(a)]. Upon continuous 

dc biasing and electronic injection from the cathode, the 

semiconductor-insulator boundary is formed and moves 

towards the anode [Figs. 8(b-c)], whereas the current is still 

limited by the presence of the insulating FE. However, the 

effective thickness of the insulator decreases with time, which 
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results in an increase of the field strength across the insulating 

fraction to EDC = VBIAS/(d-d). When the effective thickness 

reaches a small critical value of d*, the large electrical field EDC 

= VBIAS/d* causes breakdown [Fig. 8(d)]. Remarkably, the 

injection and motion of electrons does not require presence of 

oxygen vacancies and/or other defects at all. The dc degradation 

can therefore occur in a perfect undoped crystal when injection 

of electrons is allowed. Likewise, the degradation time can be 

significantly prolonged by raising the FE-cathode barrier for 

electron injection.  

 

 
Fig. 8. Schematics of FE degradation under applied dc electric field in FE: (a) 

initial state, (b) electronic injection from the cathode, (c) motion of the 

semiconductor-insulator boundary, (d) breakdown. 

 

As demonstrated here, such electronic processes as hopping, 

trapping by immobile defects, release (or de-trapping), 

excitation to the conduction band, and electric-field induced 

injection and motion from the cathode explain all phenomena 

which were previously vaguely attributed to mobile oxygen 

vacancies. The hypothesis of mobile oxygen vacancies is likely 

invalid. However, the electronic structure and properties of FEs 

can be significantly affected by immobile oxygen vacancies 

and/or other defects, which demand more scrutiny.  

V. CONCLUSIONS 

The small-signal conductivity is investigated as a function of 

temperature and frequency in oxygen-deficient and reference 

stoichiometric barium titanate films.  The observations 

evidence pure electronic processes, whereas oxygen vacancies 

are stabilized by epitaxial strain. The electronic processes are 

shown to mimic motion of oxygen vacancies, which are 

immobile.  

The electronic hopping, trapping/release by defects, 

excitation to the conduction band, and field-induced injection 

and motion from the cathode are demonstrated to explain all 

features of the electrical conductivity, electro-coloration, and 

degradation, which were previously hypothetically ascribed to 

mobile oxygen vacancies.  

The concept of mobile oxygen vacancies is inferred as 

misleading for understanding electrical and optical behavior of 

perovskite oxide ferroelectrics.  
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