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A general aging model of the double Schottky barrier was proposed to unveil the long-term aging behav-
iors of ZnO varistor ceramics, especially for those ones with steadily decreasing power loss. For those
samples, the barrier height and electrical properties were even enhanced rather than commonly deterio-
rated, which were beyond the classic ion migration model. In this paper, inspired by the unique reversible
aging of them, interface states are proposed to remain stable in those samples. The major mobile ions,
which have been in debate, are further identified to be Zn·

i ions. Based on these assumptions, a quanti-
tative dynamic ion migration-diffusion model is proposed. The calculated power loss steadily decreases
with aging time, which well supported our proposal. When the interface states are not combined with
those mobile ions, the formation of a “U-shape” ion spatial distribution in depletion layers is found to be
responsible for the unique aging phenomena, i.e., a reduction in the depletion layer and interfacial charge,
a rise in the depletion layer width, and an increase in the barrier height. However, continuously increasing
power loss would be generated if the mobile ions combined with the interface states. Therefore, a general
mechanism on the aging of the double Schottky barrier is unveiled that it is a competition process between
consumption of the interface states and the dynamics of mobile ions in depletion layers.
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I. INTRODUCTION

Formation of a potential barrier at interfaces is the
source of functionalization for numerous functional mate-
rials that are widely employed in electrical and electronic
devices, such as solar cells [1], detectors [2,3], sensors
[4,5], and varistors [6–8]. Specifically, because of excellent
nonlinear current-voltage characteristics originated from
the double Schottky barrier (DSB) at the grain boundary
[9,10], varistor ceramics are widely employed for overvolt-
age protection with voltage levels ranging from a few volts
to millions of volts. However, due to the aging of DSB,
degradation of varistors is inevitably generated during the
long-term operation, which can cause serious failures to
the entire system. Therefore, there is a pressing need to
clarify the aging mechanism of DSB, especially in the sit-
uation that current understandings lag behind the practical
development of varistors [9].

Taking the most widely used ZnO varistor ceramics as
an example, they are manufactured by sintering highly
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pure ZnO power (content >95%) and various metal-oxide
dopants, e.g., Bi2O3, Sb2O3, Co2O3, MnO2, Cr2O3 [9].
As varistors, they are connected in parallel to electri-
cal devices, withstanding long-term electrical stress, and
more significantly, protecting the devices from overvolt-
age surges [9,11]. ZnO varistor ceramics can be divided
into three types according to their dependences of power
loss on aging time [12,13]. They are traditional type I with
monotonously increasing power loss, type II with contin-
uously increasing power loss after an initial decrease, and
modern type III with steadily decreasing power loss (also
see Fig. S1 within the Supplemental Material) [14]. Type
II is under the transition stage between types I and III.
Notably, the microscopic morphology, crystal structures,
and chemical components among them are almost identical
(see Fig. S2 within the Supplemental Material), in despite
of the significant difference in aging performance [14]. It is
hard to distinguish them from a structure aspect. Therefore,
for further exploring the aging mechanism of DSB, types
I and III should be specially focused and clear understand-
ings on them need to be first established. Moreover, any
proposed aging model must be suitable for all those three
types of ZnO varistor ceramics simultaneously, due to their
same aging nature [13].
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The traditional increase in power loss of ZnO varis-
tor ceramics (type I) has been widely investigated, which
could be well explained by the classic ion migration model
[15,16]. It was reported that DSB comprises of negatively
charged interface states and positively charged depletion
layers [6,9,15]. The interface states were reported to asso-
ciate with the interfacial defects created by dislocations
between adjacent grains or impurity atoms trapped at the
interface [6]. The depletion layers consist of cations like
zinc interstitials and oxygen vacancies, compensating the
negatively charged interface states [17,18]. If an external
voltage was applied on the DSB, some mobile ions are
driven towards the grain boundary and further combine
with the interface states. Barrier height is thereby lowered
down, which is exhibited as deteriorated electrical proper-
ties on the macroscopic scale, e.g., increased power loss,
raised leakage current, and decreased nonlinear coefficient
[19]. Results that were in support of the classic ion migra-
tion model have been reported with the development of
experimental techniques [20,21]. Ion migration has been
recognized as a fundamental physical scene for the aging
of DSB.

However, the steadily decreasing power loss of ZnO
varistor ceramics (type III) is beyond current understand-
ings. In fact, it was already listed as a major future chal-
lenge by the International Council on Large Electric sys-
tems (CIGRE) in 2013 [12], again by CIGRE in 2017 [13].
The steady decrease in power loss was in direct contradic-
tion to the classic ion migration model, which predicted
a reduction in barrier height. A challenge appeared that
any hypothesis proposed to explain the increase in barrier
height during the aging process must be compatible with
the classic ion migration model, although they seem to be
conflicting [13]. Deep understandings on dynamics of ions
in depletion layers of DSB under long-term aging were
foundation to address this issue, which, as discussed above,
was missing. The absence of a general aging mechanism of
ZnO varistor ceramics, on the one hand, made it difficult
to pertinently optimize the antidegradation performance.
Electrical properties of ZnO varistor ceramics, as a kind of
high-precision electronic ceramics, were sensitive to raw
materials, sintering, and postannealing. Therefore, perfor-
mance optimization largely depends on experience from
tests. On the other hand, the declining amplitude of power
loss increases at elevated temperatures, which no longer
obeys the Arrhenius relationship. Condition assessment
and life prediction of those modern type-III ZnO varistor
ceramics could be hardly carried out because of lacking
relevant physical basis. Apparently, a general understand-
ing on the aging of DSB, which is able to explain all the
aging types, is the first priority to further develop stable
DSB and next-generation high-performance varistors.

In addition, only when species of the major mobile
ions are identified could the aging mechanism be thor-
oughly revealed. Unfortunately, this issue is still in debate.

Oxygen vacancies and zinc interstitials were all proposed
as potential candidates [22]. Although zinc interstitials
gained more and more acceptance due to the low migra-
tion energy of approximately 0.5 eV [18,21,23], debates
appeared on whether Zn·

i or Zn··
i ions were the major

mobile ions. The two zinc interstitials are basically orig-
inated from Frenkel defect reaction. Their major differ-
ence lies in the thermal transition levels, which have
been reported as 0.05 and 0.20 eV below the conduction-
band minimum (CBM) through broadband dielectric spec-
troscopy and deep-level transient spectroscopy techniques
[22,24,25]. Gupta et al. suggested that both Zn·

i and Zn··
i

ions were mobile ions [15]. Migration of Zn·
i ions was

employed by a number of researchers in their studies
[23,26]. Meanwhile, improved antidegradation properties
of ZnO varistor ceramics were also ascribed to decreased
mobility of Zn··

i ions [27–29]. By using an analytic method,
He et al. excluded Zn·

i ions from the list of candidates
and further proposed that Zn··

i ions from V×
o -Zn··

i complex
defects were the mobile ions [22]. The lack of consensus
on such a basis issue makes it hard to quantify the dynam-
ics of ions in depletion layers of DSB during aging, leaving
the classic ion migration model still a qualitative theory.

In this paper, a comparative study on the aging of type-
I and III ZnO varistor ceramics is carried out via both
experiment and simulation. A quantitative dynamic ion
migration-diffusion model is built. The unique decreasing
power loss is found to arise from dynamics of mobile Zn·

i
ions in depletion layers with stable interface states. Vari-
ation of power loss during aging is essentially a result of
completion between consumption of interface states and
dynamics of mobile ions in depletion layers. The findings
of this study unveil a general understanding on the aging of
DSB and open avenues to manipulate the antidegradation
performance of ZnO varistor ceramics.

II. EXPERIMENTS

In this paper, relatively harsh dc aging is performed on
ZnO varistor ceramics. In addition, only samples of types
I and III are investigated, because type II is the interme-
diate state between types I and III. A dc voltage, which
is 0.8 times the breakdown voltage, is applied on the sam-
ples at 120 ◦C, during which the power loss is continuously
recorded. The dc voltage is removed after the aging pro-
cess. The samples are still placed in an oven at 120 ◦C for
recovering. Nonlinear current density-electric field (J -E)
characteristics in both forward and reverse directions are
measured in situ during both the aging and recovering pro-
cesses. In addition, samples at different aging and recov-
ering stages are quickly cooled to −110 ◦C for frequency-
domain dielectric spectroscopy (FDS) measurements. The
offline tests of FDS are measured by an impedance ana-
lyzer (Novocontrol, Concept 80, Germany) at −110 ◦C
from 10−1 to 106 Hz with an ac signal of 1 Vrms.
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Based on the measured J -E characteristics, nonlinear
coefficient (α) is calculated as α = 1/ lg(U1 mA/U0.1 mA),
where U1 mA and U0.1 mA are voltages under 1 mA/cm2 and
0.1 mA/cm2, respectively. Breakdown field is defined as
Eb = U1 mA/d, where d is the thickness of samples. Leak-
age current density JL is calculated as the current density
at 0.75 U1 mA.

Moreover, dc aging is conducted in situ on both type-
I and type-III ZnO samples at room temperature in an
impedance analyzer (Concept 80, Novocontrol, Germany)
equipped with a high-voltage source module (HVB 4000).
A dc voltage (0.8 U1 mA in amplitude) is first applied for
10 h and then set to zero for the next 15 h. Leakage current
is continuously recorded during the aging process, while
FDS is in situ monitored during both aging and recovering
processes with an ac signal of 5 Vrms.

III. RESULTS AND DISCUSSIONS

A. dc aging and recovering of type-I ZnO ceramics

Figure 1(a) shows the monotonously increasing power
loss with ongoing aging time of type-I ZnO varistor ceram-
ics, which is in consistence with numbers of previous

reports [11,15,16]. It fits well with the empirical equation
p ∝ t1/2, where p is the power loss and t is the aging
time. The nonlinear J -E characteristics in both forward
and reverse directions are also measured and demonstrated
in Figs. 1(b1) and 1(b2), respectively. The whole J -E
curves in both forward and reverse directions move to the
high-current range with increasing aging time. In addition,
a severer deterioration in nonlinear J -E performance is
observed in the reverse direction. Dependences of non-
linear coefficient (α), leakage current density (JL), and
breakdown electric field (E1 mA) on aging time are shown
in details in Fig. S3 within the Supplemental Material
[14]. According to the classic ion migration model [15,22],
interface states are combined with the mobile ions driven
to the grain boundaries by the applied electric field, lead-
ing to the deformation of DSB, the rise in power loss, and
the deterioration in electrical nonlinearity.

After the aging process, the samples are kept at the
same temperature for recovering under a zero bias volt-
age. Figures 1(c1) and 1(c2) exhibit the J -E characteris-
tics in forward and reverse directions during the recov-
ering process, respectively. Apparently, the J -E curves
move towards the lower current region with increasing

(a)

(b1) (b2) (c1) (c2)

(e)(d)

FIG. 1. Electrical properties
of the type-I ZnO varistor
ceramics. Steady increase
in power loss (a). Non-
linear current-voltage char-
acteristics in forward (b1)
and reverse (b2) directions
during aging process. Non-
linear current-voltage char-
acteristics in forward (c1)
and reverse (c2) directions
during recovering process.
FDS of the ZnO varistor
ceramics at −100 ◦C dur-
ing aging (d) and recover-
ing (e).
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recovering time, indicating that the recovering is a reverse
process of the aging. Unfortunately, the J -E curves, even
after 530 h of recovering, could not recover to their ini-
tial unaged states, due to the combination of interface
states [15].

FDS results of the type-I ZnO varistor ceramics dur-
ing the aging process are demonstrated in Fig. 1(d). The
real part of complex permittivity ε′ gradually declines with
ongoing aging time. In addition, a rise in low-frequency
loss is observed in the spectra of the imaginary part of
complex permittivity ε′′. As for the recovering process dis-
played in Fig. 1(e), ε′ keeps rising up until it surpasses
the unaged values, especially in the low-frequency range.
Although a reduction in the low-frequency loss is detected,
it is still much larger than the initial losses. The above
results are in consistence with previous reports and can be
well explained by the ion migration model [15,30]. It is not
discussed further in this paper.

B. dc aging and recovering of type-III ZnO ceramics

Totally different aging phenomena are observed in type-
III ZnO varistor ceramics, compared with those type-I
samples. As displayed in Fig. 2(a), power loss of the
type-III ZnO varstior ceramics steadily decreases with
increasing aging time, which could be well fitted by dou-
ble exponential function. Generally, the current density J
flowing through a DSB follows [6,31]:

J = A∗T2e− eφb+ξb
kT (1 − e− eU

kT ), (1)

where A∗ is the effective Richard constant, k is the Boltz-
mann constant, T is the absolute temperature. φb is the bar-
rier height under the applied voltage U. ξb is the bulk Fermi
level relative to the conduction band. J is approximate
to A∗T2 exp[−e(φb + ξb)/(kT)] when U is not too low. In
other words, J is inversely correlated with φb. The detected
decrease in power loss indicates that barrier height con-
tinuously rises, which is in contrast to the deformation of
barrier predicted by the ion migration model.

Another unique aging phenomenon of type-III ZnO
varistor ceramics is found on the J -E characteristics dis-
played in Fig. 2(b). With increasing aging time, the J -E
curves in reverse direction shown in Fig. 2(b2) shift to
higher current region as a whole, which is similar to the
results of type-I samples. However, a “crossover” phe-
nomenon appears for the J -E curves measured in the
forward direction, as shown in Fig. 2(b1). The curves move
towards a higher current region at low voltages, while they
shift to a lower current region at high voltages. It indicates
that, according to Eq. (1), the barrier height decreases at
low voltages but increases at high voltages. The steady
decrease in power loss in Fig. 2(a) is associated with the
rise in barrier height at high voltages. Therefore, any model

proposed to explain the rise in barrier height must be simul-
taneously compatible with the decrease in barrier height at
low voltages.

Recovering of the samples is further conducted at the
same aging temperature after the aging process. Fig-
ures 2(c1) and 2(c2) exhibit the nonlinear J -E character-
istics of type-III ZnO varistor ceramics in forward and
reverse directions, respectively, during the recovering pro-
cess. With increasing recovering time, the curves move
towards the initial ones. Remarkably, after 580 h of recov-
ering, the J -E curves in both Figs. 2(c1) and 2(c2) almost
totally overlap with the initial unaged J -E curves. This is
also supported by the totally recovered α, E1 mA, and JL,
which is shown in Fig. S4 within the Supplemental Mate-
rial [14]. It is thus reasonable to deduce that aging of the
type-III ZnO varistor ceramics is a completely reversible
process, which differs to the irreversible aging of type-
I samples shown in Fig. 1. This might shed light on the
complex aging phenomenon of ZnO varistor ceramics.
According to the classic ion migration model, the reduc-
tion in barrier height finally arises from consumption of
interface states. Therefore, it is proposed that the interface
states of the type-III samples should stay stable to main-
tain the aging as a reversible process. In other words, the
unique phenomena might originate from redistribution of
depletion layers, which is manipulated by stable interface
states.

To further unveil the variation of depletion layers, FDS
of the samples are measured at −100 ◦C during both
aging and recovering processes, which are presented in
Figs. 2(d) and 2(e), respectively. Similar to type-I ZnO
varistor ceramics, permittivity and the relating loss peaks
of the samples gradually decrease during aging due to the
distortion of depletion layers [15,29]. They gradually lift
up with increasing recovering time. Remarkably, FDS of
the samples recovered for 370 h are identical to that of the
unaged samples. The similar reversible FDS results further
support the significance of stable interface states during the
aging process despite the variation of depletion layers.

It should be pointed out that the unique reversible aging
of type-III ZnO varistor ceramics makes it possible to fur-
ther study dynamics of the intrinsic point defects in depth.
Based on the assumption that interface states remain stable,
variation of FDS arises only from dynamics of the intrinsic
point defects in depletion layers. As a powerful technique,
electron trapping of the point defects can be character-
ized as dielectric relaxations in FDS [32–34]. Generally
speaking, the high-frequency peak and the low-frequency
peak in ε′′ spectra in Fig. 2(d) are reported to correlate
with electron trapping of Zn··

i and V·
o, respectively [35,36].

In addition, the high-frequency permittivity of the ZnO
ceramic samples is in the hundreds, which is much larger
than the optical permittivity of ZnO (8.5). Another relax-
ation peak would further appear in the radio-frequency
range (see Fig. S5 within the Supplemental Material) [14].
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(a)

(b1) (b2) (c1) (c2)

(e)

(f) (g)

(d)

FIG. 2. Electrical properties
of the type-III ZnO varistor
ceramics. Steady decrease
in power loss during aging
(a). Nonlinear current-voltage
characteristics in forward (b1)
and reverse (b2) directions
during the dc aging process.
Nonlinear current-voltage
characteristics in forward (c1)
and reverse (c2) directions
during recovering process.
FDS of the ZnO varistor
ceramics at −100 ◦C during
the aging (d) and recovering
(e). Dependence of relaxation
magnitudes on aging time (f)
and recovering time (g).

Its relaxation activation energy is calculated to be 0.04 eV
(see Fig. S6 within the Supplemental Material), which is in
accordance with the reported trap depth of Zn·

i [14,17,37].
Therefore, magnitudes of those relaxations, which repre-
sent electron trappings of Zn·

i, Zn··
i , and V·

o respectively,
could be obtained by fitting the FDS results via the Cole-
Cole equation for further investigation [38–40]. The details
of fitting are shown in Fig. S7 within the Supplemental
Material [14].

Generally, the total permittivity containing all those
relaxations is proportional to the width of depletion lay-
ers, because the measured overall capacitance is the barrier
capacitance. In addition, magnitude of a dielectric relax-
ation from electron trapping of point defect in depletion

layers follows [34,35,41]:

Ci = Nti

n
ω2

1 + ω2τ 2

(
ε0εreNd

2φb

)1/2

, (2)

where Ci is the capacitance contributed by the ith donor
point defects, Nti is the ith donor density, Nd is the positive
space-charge density in depletion layers, and n is the free
electron density. Magnitudes of all the relaxations decrease
with increasing aging time, due to distortion of depletion
layers. It is hard to directly compare their absolute vari-
ation, because of the large differences in base. Therefore,
the magnitude of each relaxation during the aging process
is normalized to its initial value, as exhibited in Fig. 2(f).
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The curve corresponding to Zn·
i and curves correspond-

ing to Zn··
i and V·

o locate on upside and downside of the
curve corresponding to the total permittivity, which repre-
sents distortion of depletion layers as a whole. The results
clearly suggest that distortion of depletion layers is mainly
manipulated by migration of Zn·

i ions. Similar phenomena
are also found in the recovering process. Normalized mag-
nitudes of the relaxations to their final stable values are
shown in Fig. 2(g), where only the curve corresponding to
Zn·

i locates on the upside.
According to Eq. (2), magnitudes of the relaxations are

proportional to their corresponding donor densities under
the identical state. Proportion of a donor defect Pi(i = Zn·

i,
Zn··

i , and V·
o) is able to be calculated. Ratio of Pi to its initial

value Pi0 is further calculated to characterize the evolu-
tion of each point defect during aging (see Figs. S8 and S9
within the Supplemental Material) [14]. In fact, only the
ratio of Zn·

i increases while ratios of Zn··
i and V·

o decrease
during the aging process. Similarly, only the ratio of Zn·

i
decreases while ratios of both Zn··

i and V·
o increase during

the recovering process. Apparently, all the results above
indicate that Zn·

i ions are the major mobile ions in ZnO
varistor ceramics. Therefore, the intrinsic point defect Zn·

i
should be specifically focused.

C. In situ aging and recovering

Almost all the studies on the aging of ZnO varistors
were carried out on the basis of offline tests, because of
the harsh conditions, e.g., the long duration time, the high
temperature and the high aging voltage. Particularly, it is
rather hard to characterize the real-time distortion of deple-
tion layers of the DSB, because free electrons are quickly
trapped by those point defects at the edge of depletion lay-
ers [32,34,37]. It is notable that the major reduction in
power loss of type-III ZnO samples in Fig. 2 appears in
only 5 h. This makes it possible to in situ investigate the dc
aging of ZnO varistor ceramics directly by an impedance
analyzer. The capacitance and leakage current of the type-
III samples are simultaneously recorded during the aging at
room temperature, as plotted in Fig. 3(b). Steady decrease

in leakage current density is clearly observed in the inset of
Fig. 3(b). It is accordant with steadily decreased power loss
that measured at elevated temperature of 120 ◦C, indicating
the same aging mechanism. Similar results are also found
in type-I ZnO varistor ceramics. The increasing leakage
current density shown in the inset of Fig. 3(a) is in line with
the increasing power loss shown in Fig. 1(a). Therefore, it
is effective to in situ characterize the evolution of depletion
layers during aging merely by monitoring the permittivity,
as demonstrated in Fig. 3.

When an external voltage is applied, the permittiv-
ity of both type-I and III ZnO varistor ceramics steadily
decreases after an initial dramatic reduction. The sharp
reduction in permittivity arises from electron filling of
interface states, leading to dramatic extension of depletion
layers [6]. This process is so fast that it can be completed
in less than 1 s at such a high voltage [34], which is
also simulated and shown in Fig. S10 within the Supple-
mental Material [14]. The subsequent steady decrease in
permittivity, indicating a continuously extension in deple-
tion layer width, could only originate from migration of
Zn·

i ions. Zn·
i ions are forced to migrate towards the grain

boundary because of a strengthened electric field in the
reversed depletion layer of DSB. This process further
strengthens the electric field and drives more Zn·

i ions into
depletion layers. It is in accordance with the classic ion
migration model.

Significant discrepancies between type-I and III samples
appear in the recovering process. When the applied voltage
is removed, permittivity of both samples dramatically lifts
up in the initial stage and then steadily increases, which
are ascribed to electron emission of interface states and
migration of Zn·

i ions, respectively. Notably, permittivity
of type-I ZnO samples shown in Fig. 3(a) quickly exceeds
the initial permittivity, while permittivity of type-III sam-
ples in Fig. 3(b) is almost identical to the initial one. Never
does it happen that permittivity grows higher than the ini-
tial value. According to the classic ion migration model,
the increased permittivity of type-I ZnO varistor ceram-
ics originates from combination of interface states, which
leads to reduced interfacial charge and extended depletion

(a) (b) FIG. 3. Permittivity (104 Hz)
measured in situ during aging and
recovering of type-I (a) and type-
III (b) ZnO ceramics at room tem-
perature. Insets are correspond-
ing leakage current curves during
aging.
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layers. Therefore, results of in situ aging and recovering
of type-III ZnO ceramics further prove it a completely
reversible process in which stable interface states are of
significance.

D. Simulation of the long-term dc aging

It can be concluded from above discussions that dynam-
ics of Zn·

i ions and electron trapping of interface states
should take responsibility for the unique aging phenomena
of type-III varistor ceramics, with stable interface states
as a premise. When a voltage is applied on a DSB, ini-
tial dynamic balance of depletion layers collapses. Mobile
Zn·

i ions are driven by the strengthened electric field to
the interface but not combined with the interface states.
Electron trapping of the interface states consequently takes
place to balance the distortion of deletion layers, lead-
ing to redistribution of electric field in the DSB. This
further affects migration of Zn·

i ions and distortion of
depletion layers. Apparently, dc aging of ZnO varistor
ceramics involves complex interaction between ion migra-
tion and electron trapping of interface states that one has to
seek help from numerical simulation. Following the clas-
sic hypothetico-deductive method, the aging mechanism of
type-III ZnO varistor ceramics is able to be unveiled if the
simulated results fitted well with all the measured data. A
flow diagram of simulation is shown in Fig. S11 within the
Supplemental Material [14].

First, a mathematical model of DSB is built on the basis
of Blatter and Greuter’s DSB model [6]. In this paper,
interface states that follow Gauss distribution are fixed at
1.2 eV below the conduction band. The major mobile Zn·

i
ions are also the dominant donors in ZnO [18]. Therefore,
depletion layers are set to comprise only of Zn·

i ions for
simplicity. The only problem left is to correlate the inter-
facial charge Qi and the barrier height φb to the applied
voltage U. φb follows Poisson’s equation, which depends
on the ion distribution in depletion layers. Qi, on the one
hand, is equal to depletion layer charge due to charge
conservation:

Qi = QDF + QDR, (3)

where QDF and QDR are charge of forward- and reverse-
biased depletion layer, respectively. On the other hand, Qi
obeys the Fermi distribution:

Qi = e
∫ ∞

ξn
i

Ni(E)fi(E)dE, (4)

with

fi(E) = 1
1 + eE−ξi(U)/kT

, (5)

ξi(U) = ξb + eφb(U) + �ξi(U), (6)

where Ni(E) is density of interface states and fi(E) is the
Fermi distribution. ξi(U) is the (quasi-)Fermi-level of the
interface under applied voltage U, ξb is the position of
bulk Fermi level, �ξi is the shift of ξi. The close relation
among φb, Qi, and U makes it impossible to be analytically
solved, as long as positively charged ions are not uniformly
distributed in depletion layers [6,34]. In this paper, the
complicated issue is solved by using the genetic algorithm,
in which φb is the optimized variable, the law of charge
conservation is objective constraints. Voltage-dependent
barrier height of a DSB with the same conditions in
Ref. [6] is shown in Fig. S12 within the Supplemental
Material as an example, which verifies feasibility of this
method [14].

Secondly, redistribution of ions in depletion layers
induced by ion migration is calculated by migration-
diffusion equations. When the external voltage is applied
on the DSB, Zn·

i ions initially in dynamic equilibrium
would migrate along electric field. The migration rate �Nd
follows [42]:

�Nd = Nd0

6
νe− u0

kT (e�u/kT − e−�u/kT), (7)

with mobility

μ = δ

6E
νe− u0

kT (e
�u
kT − e− �u

kT ), (8)

where Nd0 is the initial donor concentration, ν is the ion
vibration frequency, u0 is the migration barrier height at
zero bias, δ is the average distance between two adjacent
barrier traps, and �u is the potential drop induced by elec-
tric field that can be written as �u = eEδ/2. The current
density caused by migration part can be written as

JE = eNdμE. (9)

In addition, diffusion flux is formed as long as concentra-
tion gradient of Zn·

i ions is not zero:

JD = −D
∂Nd

∂x
, (10)

where D is the diffusion coefficient that satisfies the Ein-
stein relationship D/μ = kT/e and Nd(x, t) is the donor
concentration. Consequently, density of Zn·

i ions at any
time t and position x can be expressed as

∂Nd(x, t)
∂t

+ ∂JE(x, t) + ∂JD(x, t)
∂x

= 0. (11)

Monotone upstream-centered schemes for conservation
laws (MUSCL) method with the limit function of Koren
is employed to solve Eq. (11), because it can provide sta-
ble and high-order accurate numerical charge-distribution
results [22].
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Long-term aging of a DSB is consequently obtained
by continuously iterating and updating the above two
processes. It was reported that gradients of ion spatial dis-
tribution in unaged ZnO varistor ceramics are minimal,
because of the high-temperature sintering and later cool-
ing process [9]. Therefore, in this paper, constant density
Nd0 of 1.0 × 1024 m−3 is employed in the initial unaged
DSB. In addition, a maximum value of ion concentration is
introduced because there is definitely a physical limit in ion
density, which is set to 2Nd0 in this simulation. If the ion
concentration at the grain boundary reached 2Nd0, excess
migrating ions are set to accumulate at the grain boundary.
Breakdown voltage of the DSB is calculated to be about
4 V, so that a dc voltage of 3.2 V is applied on the DSB to
calculate its long-term responses. A list of parameters that
are involved in the simulation in detail are shown in Table
S1 within the Supplemental Material [14].

The simulated leakage current density JL and barrier
capacitance C during the aging are shown in Fig. 4(a).
The JL, proportional to the power loss, drops sharply in
the first 10 h and steadily decreases in the following time,
which fits well with the measured power loss presented

in Fig. 2(a). According to Eq. (1), the decreasing leakage
current density essentially originates from the increas-
ing barrier height. As shown in Fig. 4(b), φb gradually
increases from the initial approximately 0.89 eV to approx-
imately 0.91 eV after aging. The increase in φb, according
to Eq. (4), results in a slightly decrease in interfacial charge
Qi, which is also plotted in Fig. 4(b). Apparently, a higher
barrier height is built by less space charges in deple-
tion layers, which are equal to Qi according to Eq. (3).
In accordance with the in situ aging results in Fig. 3(b),
the calculated barrier capacitance C also declines with
increasing aging time [dramatic reduction in C from elec-
tron filling of the interface states is separately shown in
Fig. S10(c) within the Supplemental Material] [14]. All
those results suggest that the ion spatial distribution in the
depletion layers plays a significant role in the aging of
type-III ZnO varistor ceramics.

Distortion of depletion layers caused by the migration-
diffusion process during the aging is exhibited in Fig. 4(c).
Severer distortion is found in the reverse-biased depletion
layer, which mainly bears the applied voltage. Driven by
the electric field, Zn·

i ions migrate to and accumulate at

(a) (b)

(c)

(e)

(d)

(f)

FIG. 4. Evolution of leakage
current (a), barrier height φb
and interface charge Qi (b), bulk
donor distribution (c), and poten-
tial distribution (d) in the long-
term dc aging simulation of a
single grain boundary. Nonlinear
J -E characteristics in forward (e)
and reverse (f) directions.
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grain boundaries. As a result, a “U-shape” ion distribu-
tion in the depletion layer is formed. Density of Zn·

i ions
reaches the maximum limit of 2Nd0 at the grain boundary,
drops to only approximately 0.5Nd0 in the middle depletion
layer, and slowly lifts up at the edge of the depletion layer.
According to Poisson’s equation, potential distribution of
the depletion layer is calculated and plotted in Fig. 4(d).
Based on this kind of specific spatial distribution of Zn·

i
ions in depletion layers, a higher barrier height is achieved
with less depletion layer charges in total. As a result,
electric fields at the edge of depletion layers are steadily
strengthened during the aging process (see Fig. S13 within
the Supplemental Material) [14]. The reverse-biased deple-
tion layer thereby gradually extends itself by driving more
Zn·

i ions from grains into depletion layers to compensate
the large density reduction in the middle depletion layers.

Furthermore, on the basis of distributions of Zn·
i ions

at different aging stages, nonlinear J -E characteristics of
the DSB in both forward and reverse directions are sim-
ulated and plotted in Figs. 4(e) and 4(f), respectively. An
obvious “crossover” phenomenon in the forward direction
and overall shift to the high-current region in the reverse
direction are observed, which exactly coincide with the
experimental results in Fig. 2(b). It is thereby unveiled that
“crossover” phenomenon is just an explicit characteristic
of the implicit dynamic conservation between the inter-
facial charge and the depletion layer charge under varied
applied voltages. The key is that specific distributions of
Zn·

i ions shown in Fig. 4(c) with stable interface states is
formed under dc voltages. Decreased barrier height and
increased leakage current would be observed as long as
the aging voltage is low enough. In other words, it is pre-
dictable that power loss of the same type-III ZnO varistor
ceramics would steadily increase rather than decrease, if a
relatively low dc aging voltage, e.g., 0.3 U1 mA, is applied.

Additionally, for the recovering process, when the
applied voltage is removed, the electric field strength
in depletion layers transiently decreases. According to
Eq. (10), the diffusion flux overwhelms the weakened
migration flux instantly due to the dramatic concentration
gradients in the “U-shape” ion distribution. The accumu-
lated Zn·

i ions at grain boundaries then diffuse into grains,
which is accompanied by electron filling of interface states.
Eventually, the barrier height recovers to its initial height
and the samples regain their electrical properties. More
experiments and simulations on the recovering process are
needed.

IV. CONCLUSIONS

In conclusion, this study focuses on the aging mecha-
nism of the type-III ZnO varistor ceramics whose steadily
decreasing power loss is contradictory to the prediction of
the classic ion migration model. For those type-III ZnO
varistor ceramics, a “crossover” phenomenon appears on

their current-voltage characteristics, i.e., the leakage cur-
rent increased at low voltages but declined at high voltages.
Furthermore, another distinctive feature of type-III ZnO
varistor ceramics is found that they could totally recover
to their initial unaged state as long as the external volt-
age is removed. Based on this feature, stable interface
states are proposed to be of significance and the major
mobile ions are identified to be Zn·

i ions. Following the
classic hypothetico-deductive method, we, with the help
of numerical simulation, unveil that the steadily decreas-
ing power loss originates from the elevated barrier height
essentially arose from dynamics of mobile ions at the
external voltage. Mobile Zn·

i ions are forced to migrate
from depletion layers to the grain boundary but not com-
bined with the interface states under the dc bias. As a
result, a “U-shape” distribution of ion density is formed
in depletion layers, i.e., ion density lifted up at the grain
boundary, dropped down in the middle depletion layers,
and slightly went up again at the edge of depletion layers.
All the observed aging phenomena are explicit electrical
responses of the implicit dynamic conservation between
interfacial charge and depletion layer charge at applied
voltages. Once sufficient interface states are combined
with mobile ions, reduction in barrier height and contin-
uous increase in power loss would be detected in those
type-I and II ZnO varistor ceramics. A general understand-
ing is gained that aging of DSB is a competition between
consumption of interface states and dynamics of mobile
ions in depletion layers, which lays the groundwork for
future research into performance optimization and con-
dition assessment of modern ZnO varistor ceramics. In
addition, future investigations into interactions among dif-
ferent point defects (Zn·

i, Zn··
i , V·

o, and others) and the
reason why interface states could maintain themselves are
recommended.
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