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The effects of a degradation process on the structural and electrical properties
of ZnO-based varistors induced by the application of dc bias voltage were
analysed. Capacitance and resistance measurements were carried out to electri-
cally characterize the polycrystalline semiconductor before and after different
degrees of mild degradation. Vacancies’ changes in the varistors were studied
with positron annihilation lifetime spectroscopy. Variations on the potential
barrier height and effective doping concentration were determined by fitting
the experimental data from impedance spectroscopy measurements. These
results indicate two different stages in the degradation process consistent with
vacancy-like concentration changes.

Keywords: zinc oxide; varistors; degradation; impedance spectroscopy;
positron annihilation lifetime spectroscopy

Introduction

The bulk resistivity of ZnO cannot account for the observed electrical conductivity of
polycrystalline materials. In fact, electrical properties of polycrystalline semiconductors
are known to be dominated by potential barriers at the grain boundaries [1,2]. Thus, the
high resistivity exhibited at low applied voltages derives from grain boundaries since
grains are very conductive. At high enough applied voltage, a breakdown of these inter-
granular barriers takes place and the conductivity rapidly increases in a narrow range of
the applied voltage. This characteristic constitutes the working principle of metal-oxide
varistors, used as circuit protection [3–8]. Potential barriers are caused by intergrain
states that may arise due to the presence of impurity or additive atoms, or to disloca-
tions introduced by the crystallographic mismatch between adjacent grains, or because
of an intergranular layer, which is another oxide. Regardless of their origin, interface
states deplete carriers from surrounding grains leading to the formation of double
Schottky barriers.
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ZnO varistors are known to exhibit degradation in electrical characteristics when
stressed by an electric field [9–12]. Indeed, they exhibit an increase in leakage current
when subjected to a constant applied voltage. This degradation has been widely studied,
and several mechanisms, including electron trapping, dipole orientation, ion-migration
and oxygen desorption, have been proposed to explain this phenomenon. Among these,
the ion-migration model has found the most experimental support. This mechanism
assumes the presence of positively charged zinc interstitials in the depletion layer and
negatively charged zinc vacancies at the grain boundary. The degradation phenomenon
is associated with the drift of positively charged zinc interstitial ions from the interior
of the grain to the grain boundary. At odds with this model, we have systematically
found that, after degradation, the donor concentration increases implying an increase in
the oxygen vacancy concentration.

In this study, we estimated variations on barrier height and doping concentration
from impedance spectroscopy measurements and positron annihilation spectroscopy
(PAS) in ZnO-degraded commercial varistors. We found that a mild degradation, after
electric field stress, leads to a reduction in barrier heights and of the effective doping
concentration at the grains, as stated regularly in the ion-migration model. Conversely,
a stronger degradation leads to an increase of the effective doping that we have reported
in the past [13].

Positron annihilation spectroscopy

PAS is a powerful non-destructive tool for studying open-volume defects in solids [14–
16], it can provide invaluable information regarding processes associated with degrada-
tion. Among the different experimental variants of PAS, positron annihilation lifetime
spectroscopy (PALS) has demonstrated to be the most suitable technique to get informa-
tion about type and concentration of vacancy-like defects [16]. Taking into account the
nature of the studied material in this study, a comprehensive review on the use of posi-
trons to study semiconductors can be found in Ref. [17]. In particular, when a positron
enters in a semiconductor material, it loses its kinetic energy rapidly and reaches ther-
mal equilibrium with the crystal lattice. After thermalization, the positron annihilates
directly from the delocalized state with an electron or can be trapped by a vacancy-like
defect and then the e+–e− pair annihilates at a localized state. It is well known that posi-
tron lifetime correlates with the open volume associated with the annihilation trap; thus,
it is longer at vacancy defects than in the delocalized state in the lattice. Neutral and
negatively charged vacancies are efficient positron traps due to the missing positive ion
core. In the literature, there are only few studies on commercial ZnO-based varistors
using PAS. For example, Gupta et al. characterized the defect state of a ZnO commer-
cial varistor submitted to different thermal treatments [18]. The obtained results allowed
the authors to validate their grain-boundary defect model mentioned in the introduction.
In a previous study, this research group investigated the same type of varistors to study
the influence of the time and applied bias on the concentration of vacancy-like defects
at the grain boundaries [19]. In this pioneering work, PALS and electrical current
measurements were jointly used to study the grain-boundary defect changes during
electrically induced degradation of the varistors.

On the other hand, detailed information dealing with native defects in ZnO pure
crystals was reported (see for example Refs. [20–32]). Specifically, PAS techniques
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allowed Tuomisto and co-workers to report that in as-grown undoped ZnO crystals
grown by the seeded vapour phase technique (SVPT), the dominant acceptors are the
Zn vacancies (VZn) [22,23]. Furthermore, these authors found three different types of
vacancy-like defects were produced in n-type ZnO single crystals after electron
irradiation: VZn and O vacancies (VO) (or complexes involving these vacancies) and
negative-ion-type defects, which are attributed to O interstitials or O antisites. The VZn

and negative-ion-type defects acted as compensating centres. In the case of VO, they
were revealed as a neutral vacancy-like defect with a deep donor character.

Conduction through a double Schottky potential barrier

Usually, the electrical properties of polycrystalline semiconductors are described with a
double one-dimensional barrier representing the interface between two grains [33]. The
semiconductor is assumed to be homogeneous up to the grain boundary, so that
the uncompensated donors give rise to a uniform space charge in the depletion region.
The electric field therefore increases linearly with distance from the edge of the deple-
tion region, and the electrostatic potential is quadratic resulting in a parabolic barrier
known as the Schottky barrier. The scheme of Figure 1 shows an n-type semiconductor
junction before and after the degradation process. Oxygen vacancies at the depletion
regions behave as donors, while zinc vacancies behave as acceptors [34,35]. (Changes
due to degradation will be discussed below.)

Regularly, it is considered that the carrier transport through grain boundaries is
thermionic. If so, the electron current density from the negatively biased grain to the
positively biased grain would be [36–38]

Figure 1. The diagram shows schematically the degradation process in the intergrain and the
depletion zones that constitute the double Schottky barrier model. As a result of Zn migration to
the grain boundaries, charge at the interface is lower reducing the barrier height and the effective
doping concentrations at the depletion regions decreases after degradation.

732 M.A. Ponce et al.
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Jth ¼ AT 2 exp½�ðe/þ nÞ=kT � (1)

where A is the Richardson constant, T the temperature, k the Boltzmann constant and ξ
the difference between the conduction band minimum and the Fermi level at the bulk.
Strictly, the Schottky barrier height, eϕ, should be defined as the difference between the
top of the barrier and the Fermi level. However, many researchers in the field define
the barrier height as the band bending, i.e. the difference between the top of the barrier
and the bottom of the conduction band in the bulk. We adopted this convention here.
For low doping concentrations and high temperatures, the tunnelling current contribu-
tion is not significant, and does not change the analysis (for a detail, study of this type
of conduction mechanism see Ref. [38]).

Materials and methods

Experimental measurements carried out on commercial varistors GNR14D470 K
(14 mm diameter) are reported. An X-ray diffraction (XRD) analysis was performed
with a Philips (PW1830) diffraction system employing CuKα radiation at 40 kV and
40 mA. Samples were scanned between 20° and 80° with a step size of 0.01°. XRD
data were analysed using the X’Pert PRO HighScore software, and the crystallographic
files correspond to codes 01-079-2205, 00-027-0053 and 01-075-00343 of the Interna-
tional Center for Diffraction Data Powder diffraction file database [Newtown Square,
USA (1998)]. As shown in the diffractogram, the main component corresponds to ZnO,
code 01-079-2205, traces of Bi2O3, code 00-027-0053 and Fe2Mn3O8, code 01-075-
00343. Results before and after mild degradation show no detectable differences
(Figure 2).

Varistor thickness was measured with an optical microscope (≈1.14 mm) and, to
image the varistors intergranular surfaces, a JEOL JSM 6460-S scanning electron micro-
scope (SEM) was employed. The average thickness is shown in Figure 3 in which a
micrograph of the cross section is presented. The average grain size was determined to
be ≈35 μm, using SEM as shown in Figure 4.

Thus, the average number of grains between contacts was n ≈ 32. The same varis-
tors were used for every set of measurements in order to decrease experimental errors,
as a consequence of the possible composition variation in the commercial varistors.

The degradation occurs due to continuous leakage current that crosses the polycrys-
talline samples during the test. We applied two different types of electrical stress to
mildly degrade the varistors: 50 mA (lower current intensity, LCI) for 6 h and 120 mA
for 6 h (higher current intensity, HCI). The electrical stress was applied with both
polarities. Capacitance measurements were carried out with a Hewlett Packard imped-
ance analyzer model 4184A. A furnace, with a commercial temperature controller
Novocontrol BDS 1200, was used for heating the samples.

PALS measurements were performed with a fast–fast spectrometer with a time reso-
lution of 210 ps in a collinear geometry. As positron source, a 10 μCi sealed source of
22NaCl deposited onto two thin Kapton foils (7.5 μm thick) sandwiched between two
identical varistors samples was used. PALS spectra were acquired at RT, and typically,
~1.5–2 × 106 counts per spectra were collected. The lifetime reported in this work for
each sample is at least an average of ten measurements in the same experimental condi-
tion. After subtracting the background and the source contribution, the lifetime spectra
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were analysed as the sum of an exponential decay convoluted with the Gaussian resolu-
tion function of the spectrometer, i.e. nðtÞ ¼ P

i Iiexpð�t=siÞ, where the positron in the
state i annihilates with a characteristic lifetime τi and an associated intensity Ii. The state
i can be the delocalized state in the crystal lattice (bulk state) or a localized state at a
defect site. It is well known that the most statistically robust parameter is the positron
mean lifetime (�s) defined as the sum of the individual lifetimes weighted with the nor-
malized intensity of each lifetime component, �s ¼ P

i Iisi. The increase of �s above the
bulk positron lifetime (τb) indicates that defects are present in the sample. Lifetime
spectra were analysed using the POSITRONFIT program [39]. In all cases, and as usual
when studying semiconductors [17], PALS spectra were satisfactorily fitted using two
lifetime components. In this scenario, positron can be trapped and then annihilated in
only one type of defect which is characterized with the second lifetime component τ2
and its associate intensity I2, and the short-lived positron lifetime τ1 represents the
reduced positron lifetime in the bulk state (see Equation (3)).

To obtain the defect concentration, PALS results were analysed into the frame of
the one-defect simple trapping model (STM) [14,17,40]. The simplified STM was pro-
posed as an approximation ‘adequate in most cases’ of positron trapping under the tran-
sition-limited regime [40,41]. As discussed in detail in Ref. [41] and references therein,
STM can be well used when positrons are annihilated in polycrystalline materials with
typical grain sizes higher than about 10 μm. For lower grain sizes, STM is a bad

Figure 2. XRD spectrum corresponding to un-degraded sample. Results indicate that ZnO is the
main compound with small amounts of Bi2O3 and Fe2Mn3O8.

734 M.A. Ponce et al.
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approximation since positron trapping at grain boundaries is limited by transport. In
such a case, the diffusion-trapping model must be used (see Refs [41,42]).

The characteristic parameters of the STM are as follows: (1) the bulk positron life-
time τb, (2) the positron lifetime in the defect τd, and (3) the rate at which positrons are
trapped by the defect state (positron trapping rate, κd). κd is proportional to the defect
concentration Cd, i.e. κd = (μd/Nat)Cd where the specific positron trapping coefficient μd
depends on the type of defect and its charge state [14,17], and Nat is the atomic density
of the material. The solution of the differential equations resulting from the STM
gives the following relationships between the experimental values τi and Ii and the
characteristic parameters τb, τd and κd:

sd ¼ s2 (2)

s�1
b ¼ I1s

�1
1 þ i2s

�1
2 (3)

kd ¼ ld
Nat

Cd ¼ s�1
b

�s� sb
sd � �s

� �
(4)

The validity of the model used above can be tested calculating τb from the
decomposition of the experimental spectra using Equation (3) and compare it to τb mea-
sured experimentally. If there is a significant difference (>5 ps), more than one type of
positron traps exist in the sample (see details in Ref. [14]).

Figure 3. SEM image of the un-degraded varistor cross-section. The thickness measured was
1.13 mm.
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Results and discussion

Vacancy-like defect concentration before and after degradation

The analysis of the PALS spectra for all the samples studied consisted on two steps. In
the first, a free constraint fitting analysis revealed the presence of an almost constant
second positron lifetime τ2. Then, as usual, a subsequent analysis was carried out by
fixing τ2 at the value resulting from averaging ten lifetimes. A summary of the main
results obtained is shown in Table 1.

For the un-degraded and in the LCI degraded samples, τ2 = 240 ± 5 ps. In recent
studies on electron irradiated undoped ZnO crystals grown by SVPT [22,23], electron
irradiated ZnO hydrothermal growth single crystals [24] and ZnO crystals grown by the
contactless chemical vapor transport (CVT) method [27], a value for the second lifetime
component of 230 ± 10 ps was reported. In all cases, this lifetime was associated with

Figure 4. SEM image of the un-degraded sample. In the image, different bars indicating the
typical dimension of the grain sizes were drawn.

Table 1. Characteristic positron lifetimes and their associated intensities (I1 (%) = 100 − I2)
obtained from the decomposition of PALS spectra. �s represents the positron mean lifetime (see
text). F indicates that the corresponding lifetime value was fixed for a further analysis of PALS
spectra.

Samples s1 (ps) s2 (ps) I2 (%) �s (ps)

Before degradation 167 ± 1 240 F 21.0 ± 0.5 182.5 ± 0.5
After degradation LCI 157 ± 1 240 F 32.6 ± 0.5 184.5 ± 0.5

HCI 162 ± 1 270 F 20.9 ± 0.5 184.7 ± 0.5

736 M.A. Ponce et al.
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positrons annihilated in negatively charged Zn monovacancies (VZn). On the other hand,
the same lifetime value was reported when measuring as-grown undoped and Mn-doped
ZnO crystals grown by the CVT method; in this case, the positron traps were identified
as neutral Zn-vacancy-related complexes [28]. Within the experimental scatter, the
reported τ2 in the mentioned studies show a very good agreement with our results
obtained for the un-degraded and LCI varistors. It must also be taken into account that
ZnO samples usually contain oxygen vacancies (VO) [18,19]; however, it has been
reported that at room temperature, positrons are not sensitive to the presence of this
kind of defects [22]. Under this scenario, it can be concluded that in the un-degraded
and LCI samples, positrons annihilate in VZn-like defects. From XRD measurements,
we know that the studied commercial ZnO-based varistors contain traces of two kinds
of metal oxides. Because of the very small content of these oxides in the samples,
positron annihilation in these phases can be considered negligible.

In the case of the HCI samples, from the decomposition of the PALS spectra, a sec-
ond lifetime component of 270 ± 5 ps was obtained. This τ2 value is about 10% higher
than those we have obtained from the decomposition of the lifetime spectra measured
in un-degraded and LIC samples. In general, it is well known that a longer lifetime,
with respect to that of a monovacancy, means that positrons become trapped and annihi-
lated in traps with greater sizes [14,17]. In the case of HCI degraded samples, the
increase of ~10% in τ2 would indicate that positrons are annihilating in defects with a
typical size of a divacancy [43]. It must also be taken into account that similar τ2 values
were reported by several authors measuring: polycrystalline ZnO ceramic samples sin-
tered at different temperatures [29], virgin ZnO single crystals grown using a pressur-
ized melt growth approach [30,41] and proton irradiated ZnO single crystals grown by
EaglePicher (EP) [32]. In all the cited works, the lifetime values varying between 255
and 265 ps were ascribed to positron annihilations in Zn + O divacancies (VZn+O).
Recently, it has been reported that VZn+O is a deep positron trap and its calculated life-
time is 265 ps [44]. Consequently, in the case of HCI samples, the comparison between
the τ2 values (270 ± 5 ps) measured experimentally with those above specified experi-
mental lifetime values and that obtained by ab initio calculations strongly indicates that
positron traps are VZn+O.

As mentioned in Section 2, we experimentally tested the validity of the one-defect
STM, the positron lifetime value for ZnO bulk was calculated using Equation (3) and
the experimental values reported in Table 1. For all varistors studied, almost identical τb
values were obtained (178 ± 2 ps). This value shows an excellent agreement with that
we have obtained when measuring a well-annealed ZnO varistor (four cycles of 10 h at
800 °C followed by very slow cooling). Therefore, it can be concluded that the STM is
a valid model to analyse the results reported in this study. Furthermore, it must be
pointed out that our bulk lifetime for a commercial varistor shows a relative good
agreement with those reported by Tuomisto (τb = 171 ps) for ZnO crystals grown by
SVPT [22] and EP [23], and Chen (τb = 183 ps) for ZnO crystals hydrothermal growth
single crystals [26]. On the other hand, Zhong et al. reported a τb = 183 ps for sintered
polycrystalline ZnO ceramic samples [29].

The concentrations of defects can be estimated from the trapping rates (Equation
(4)), using the corresponding specific positron trapping coefficient μd and the atomic
density of ZnO (Nat ¼ 8:3� 1028 1=m3). As mentioned before, μd depends on the defect
and on its charge state. Regarding the charge state, since our measurements were carried
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out at room temperature, it is not possible to identify the defect charge state, i.e.
whether they are neutral or negatively charged. In consequence, we assumed that all the
revealed defects are in their neutral charge state.

For the un-degraded varistors, a VZn-like defect concentration CVZn of ~2 × 1022 1/m3

was obtained, and for the LCI, CVZn rises up to ~4 × 1022 1/m3. In both cases, the trapping
coefficient for neutral vacancies in semiconductors l0v ¼ 2� 1015s�1[23] was used.

On the other hand, for the HCI samples, we have obtained the VZn+O divacancy
concentration. In this case, a value for the trapping coefficient of divacancies twice of
that corresponding to neutral vacancies in semiconductors [14], so l02v ¼ 4� 1015s�1,
was considered. As a result, a concentration of VZn+O divacancy of ~1 × 1022 1/m3 was
derived.

Work in progress to measure the positron lifetime evolution in the low temperature
region will allow us to determine the charge state of the defects present in the samples
studied.

Potential barrier height and width dependence on degradation

The relationship between capacitance C and barrier height ϕ can be derived from
Poisson’s equation. According to the depletion approximation, the barrier height is
given by [45]

/ ¼ eNdw2

2e
(5)

and the capacitance per unit area by

C ¼ eeNd

2/

� �1=2

¼ e
w

(6)

where e is the electron charge, ε the permittivity, Nd the donor concentration, eϕ (given
in eV) the barrier height and w is the width of the depletion region. Equation (6) shows
that the capacitance corresponds to that of a parallel plate capacitor with a dielectric
permittivity ε [45]. From Equation (6), we can obtain a relation between capacities
before (B) and after (A) degradation:

CA

CB

� �2

¼ /BNA

/ANB
(7)

Figure 5 shows the capacitance before and after the LCI degradation process at
100 °C for a wide range of frequencies. A slight increase in the capacitance after the
degradation process can be seen. The inset shows a fitting carried out with a capaci-
tance in parallel with a constant phase element, which simulates the effect of traps. This
was accomplished in the frequency range in which the grain boundary is dominant to
avoid complexities such as electrode and bulk capacitances [46].

From the experiments presented in Figure 5, we found (CA/CB)
2 = 1.095, indicating

an increase of dopant concentration, a decrease in the barrier height or a combined
change after this mild degradation that leads to the observed capacitance increase.

As a first approach, we can consider that there is no variation of the donor concen-
tration at the grain before and after degradation. From the resistivity changes presented
in Figure 6, using Equation (1), the barrier height reduction after degradation could be
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calculated, Δϕ = 0.12 V, and with the help of Equation (7) the barrier heights before and
after degradation can be determined:

/B ¼ 1:38 V
/A ¼ 1:26 V

(8)

In Figure 6, we present the conductivity as a function of the inverse temperature.
Assuming that the main electronic transport mechanism is thermionic, Equation (1),
barrier heights were obtained from the slopes resulting of the fit of the experimental
data:

/B ¼ 0:45 V
/A ¼ 0:29 V

(9)

Note that the barrier heights derived from conductance and capacitance, Equation
(8), and conductance temperature dependence, Equation (9), are very different indicat-
ing an obvious inconsistency. This is a consequence of having assumed that the donor
concentration before and after degradation remains unchanged. Results of Equations (8)
and (9) show that the donor concentration is affected after degradation. Arrhenius plots
for polycrystalline semiconductors are regularly sensitive to the temperature range used
[47]. However, the discrepancy is so huge that the inconsistency cannot be avoided. For
a more rigorous analysis, the tunnelling contribution to the electrical current could
be considered [11–13,38,45]. However, in this case, due to the doping level and
temperatures involved, results should not be significantly altered, and therefore the
inconsistency could not be solved.

Figure 5. Capacitance as a function of frequency at T = 373 K. Empty symbols correspond to the
varistor before degradation. Fittings were made in the higher frequency range with an equivalent
circuit (a capacitance in parallel with a constant phase element, which simulates traps). The rela-
tion between the grain boundary capacitance after and before degradation Cafter/before ≈ 1.05, see
Equation (7).
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New calculations were made from conductivity values based on the experimental
capacities relation and considering a variation in barrier height Δϕ = 0.12 V, besides the
donor concentration was set free. We could satisfactorily fit the experimental data
with the following values for the barrier and the dopant concentration before and after
LCI degradation by allowing a simultaneous change of barrier height and dopant
concentration:

/B ¼ 0:47V NB ¼ 5:7� 10231=m3

/A ¼ 0:35V NA ¼ 4:6� 10231=m3 (10)

Absolute values of the capacitance give confidence on the above results. The sample
capacitance is that of a parallel plate capacitor. Assuming a homogeneous material, the
capacitance would be C = εA/d = 6.67 × 10−12 F, but the measured capacitance at
1 MHz is Cexp = 2.8 × 10−9 F. This difference can be attributed to an effective capaci-
tance due to the presence of Schottky barriers. Indeed, the effective width is that due to
depletion zones. So, the effective width relevant for the capacitance is deff = 2wn. Using
Equations (5) and (6), we could estimate that the expected values for the donor concen-
tration were about 5 × 1023 1/m3, which is consistent with the values determined from
conductivity measurements.

For the LCI degraded samples, PALS results indicate a change in the vacancy-like
defect concentration. In particular, it was observed that the density of VZn increases
from ~2 × 1022 to ~4 × 1022 1/m3. At first sight, this variation is small but corresponds
to an average measurement when it is known that the vacancy creation takes place
mostly in a thin zone close to the grain boundaries. Since the dominant donors are

Figure 6. Arrhenius plot for the sample conductivities before and after degradation. Open sym-
bols represent the values of conductivity at 373, 423 and 473 K before degradation and filled
symbols after degradation. From the slopes and using Equation (1), barrier heights were deter-
mined: e/B = 0.43 eV and e/A = 0.28 eV. Solid lines correspond to the fittings considering a varia-
tion in the donor concentration and barrier heights. These were e/B = 0.47 eV and e/A = 0.35 eV
and donor concentration NB = 5.7 × 1023 1/m3 and NA = 4.6 × 1023 1/m3. Error bars are within the
size of the symbols.
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oxygen vacancies [22,23,40], VZn that act as acceptors diminish the effective doping
concentration, so

Neff ¼ Nd � Na: (11)

The applied voltage during degradation is responsible for establishing an electric
field that drags Zn atoms from the depletion region to the grain boundary. Conse-
quently, new Zn vacancies appear in the grains that are detected with PALS technique.
An increase in Zn vacancies implies an effective doping decrease after sample degrada-
tion. Thus, we conclude that many reported degradation processes (for commercial
varistors) reflect into the formation of VZn in the grains and the Zn migration to the
grain boundaries.

Gupta et al. proposed a similar model but not including Zn vacancy creation [4,18].
In particular, they explained their results with an ion-migration model in which the
applied bias induces migration of Zn interstitials to the grain boundary reducing the
concentration of zinc vacancies. The implications for the electrical behaviour, of these
two models, are the same as in both a reduction of band bending and of effective
doping concentration is proposed. However, our PALS experiments indicate that, after
degradation, the density of VZn in the grains increases affecting the effective dopant
concentration.

In previous works, we had determined from spectroscopy measurements that after
degradation, especially using current pulses, the effective donor concentration increases
[13]. We interpreted those results as the formation of oxygen vacancies after a very
strong electric stress. So far, we have tested here the consequences of a relatively mild
degradation to observe that the first stage in the degradation process involves the
formation of Zn vacancies and the decrease of the barriers heights.

On the other hand, the effects of HCI degradation over the same type of varistors
show significant differences with respect to the results obtained for the LCI degradation
process. Indeed, after the HCI degradation, the capacitance increases by a factor of 2.1.
Following a similar analysis, as before, the dopant concentration showed an increase of
about 2.4 times. Thus, the donor density had to be incremented in the process. PALS
results could be interpreted as the HCI degradation leads to the transformation of the
VZn-like defects (present in the un-degraded varistors) to Zn–O divacancies. In a recent
work, it was found that Zn–O divacancy formation energy increases with the Fermi
level [35]. This behaviour is usually expected for a donor-type defect, so the Zn–O
divacancy could be assumed to be a donor. Under this scenario, a stronger degradation
entails the diminution of the acceptor-type defects and the increase of the donor-type
concentration causing an effective doping increase with respect to the un-degraded varis-
tor (see Equation (11)). However, this change in the defect-type nature is not sufficient
to explain the strong increase in the dopant concentration observed in the HCI degraded
samples. This should be related to the formation of a significant amount of donor-type
defects, such as oxygen vacancies as previously stated. Moreover, a fraction of these
defects could bind to the present VZn-like defects to form the Zn–O divacancies.

Conclusions

During a mild degradation process of zinc oxide-based varistors, new Zn vacancies
appear in the grains as determined with PALS. The effective doping concentration tends
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to decrease after sample degradation as a consequence of the Zn vacancies acceptor
nature. The reduction of the barrier heights implies that Zn is drifted to the grain
boundaries. Electrical measurements carried out with impedance spectroscopy technique
were consistent with the results obtained using PALS and indicate that the doping
concentration changes after degradation. However, for the HCI degradation, we found
an increase in doping, indicating that eventually oxygen vacancies form outnumbering
the effect of Zn vacancies of acceptor behaviour.
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