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Ion migration in zinc-oxide semiconductor crystallites at long periods of the current flow has been simulated, and its influence on
the current-voltage characteristics (CVCs) of varistor structures
has been analyzed. The conditions and the parameters suitable
for monitoring the process of varistor-structure irreversible degradation have been determined.
A component of the intergrain potential barrier generated by the
space charge region in a crystallite, which turns out reverse-biased
at the degradation current flow, was found to be the most prone to
changes (the accumulation of near-surface donors, and a reduction
of the barrier height and thickness). During the degradation, the
varistor section in the direct (with respect to the degradation current) CVC branches becomes more shifted toward lower voltages,
whereas the leakage current is more growing in the weakly linear
section of the reverse CVC branch.
An agreement was obtained between the change tendencies predicted by a developed model for main varistor parameters (a reduction of the classification voltage, a reduction of the nonlinearity
factor, and an increase of the leakage current) and the available
experimental data. A possibility to estimate the diffusion coefficient of charged donors and to use this parameter to monitor the
functionability of devices based on zinc oxide varistor structures
with tunnel current-voltage characteristics has been demonstrated.

1. Introduction
The problem of degradation of varistors and other electronic elements developed on the basis of nonlinear zinc
oxide ceramics in the course of their exploitation arose
practically simultaneously with the beginning of their
wide application. Hitherto, this problem remains one
of the least studied ones, although being a subject of a
considerable number of researches [1–7].
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Recently, the following reasons giving rise to a drift of
zinc-oxide ceramics electric parameters have been established: polarization processes associated with the motion
of free electrons and their capture by energy traps [7–9],
adsorption-desorption of oxygen in the course of heating
[10, 11], and migration of ions in an electric field (as a
rule, also at elevated temperatures) [2,3,12,13]. The first
two mechanisms of degradation are classed as invertible
ones, and they are most studied. In particular, quantitative theoretical models are developed for them [14, 15],
as well as technological methods for restoring the nonlinear current-voltage characteristic (CVC) of varistor
structures (heating up the varistors with short-circuited
electrodes and holding them in an oxygen-containing environment) [11].
The third mechanism is irreversible. According to
the modern conceptions, the degradation, which is governed by this mechanism, arises as a result of the fieldstimulated diffusion of interstitial zinc [2, 16] or some
other ions of technological additives, which can occupy
interstitial sites–in particular, these are Co ions in the
near-boundary depleted layer of ZnO crystallite,–which
is accompanied by the chemical interaction with defects
of the crystallite–boundary type. Just this process gives
rise to a reduction of the barrier height and an increase
of the leakage current. The origin of interstitial zinc
is associated with the nonstoichiometric nature of ZnO.
The latter, when being heated even in an oxidizing environment, can form excess zinc donors at interstitial sites,
which become “frozen”, when being cooled down to room
temperature [2].
The degradation associated with the ionic migration
is less studied, which is evidently related to mathematISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 3
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ical difficulties arising when considering a deviation of
the shape of intergrain potential barriers in the varistor
structure from the Schottky one. The available models describing the evolution of this degradation either
have an empirical character [3, 17] or are based on an
approximate solution obtained for the heat conductivity
equation in the absence of an electric field [16]. Therefore, despite that a definite technological progress was
achieved – in particular, a certain decrease in the rate of
irreversible degradation was obtained by varying metal
oxide additives to the ceramic content (e.g., an insertion
of boron oxide [18, 19]), – the absence of a consistent theoretical model, which would describe electron-molecular
processes in ceramics, does not allow one to understand
this kind of degradation in the examined inhomogeneous
structure and to predict a distortion of CVCs for varistor
products on its basis.
In this work, we report the results of simulation of the
ion migration in zinc oxide semiconductor crystallites
in an electric field and, using the terminology of work
[20], its influence on CVCs of varistor structures with
the tunnel mechanism of electrical conductivity. We also
determined the conditions and the electric parameters,
which are suitable for monitoring the process of varistor
structure degradation. The following main characteristics were analyzed: the distribution of a charged donor
impurity, the shape of the potential barrier, and the quasistatic (i.e. corresponding to conditions, when the temperature varies slightly) CVCs of the barrier.
2. Model Equation
Our calculations of parameters for varistor structures
were based on a one-dimensional model of intergrain potential barrier (IPB), represented as two space charge regions (SCRs) in adjacent zinc oxide semiconductor crystallites connected oppositely to each other and separated
by a thin (of a few nanometers) dielectric layer of the intergrain dielectric phase (IDP) [1, 2].
To determine the variation of the spatial distribution
(the profile) of the donor concentration N + (x, t) in the
boundary regions of zinc oxide crystallites (zinc oxide is
an impurity semiconductor of the n-type) as a function of
the degradation time t, we used the expression presented
in work [21],
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√ length (for ZnO crystallites, L ≈ 10
L0 ≈ L Y0 is the thickness of SCR in a semiconductor
crystallite (L0 ∼ 10−5 cm), and Y0 is the dimensionless
energy band bending in the semiconductor near its surface at the beginning of the degradation. Expression (1)
was derived in the following manner:
– the Poisson equation was integrated taking into account that the influence of the free electron concentration n(x, t) in near-surface SCRs, where Y < 0, can be
neglected (dY /dx = N + (L0 − x)/(N0+ L2 ), where N0+ is
the initial value of N + (x, t) at t = t0 );
– the result obtained was substituted into the continuity equation for migrating donor centers N + (x, t), taking into account that the distribution N + (x) changes
smoothly enough in time t, if theRtime intervals of the
x
degradation Δt are small, i.e. ∂ 0 N + (x0 , t)dx0 /∂t ≈
x∂N + (x, t)/∂t; then, the analytical solution of the resulting continuity equation was obtained.
The potential distribution in the IPB – namely, the
voltage drop across the reverse-biased, V1 , and directbiased, V2 , SCRs in semiconductor layers and across the
dielectric layer, V3 – was determined from the conditions
of potential and electric induction continuity at the interfaces “semiconductor layer of crystallite – insulating
layer of the intergrain phase” [22]. The solution was obtained making the assumption that the current through
the IPB is not so large that it could affect the distribution of charge carriers.
It should be noted that, at the degradation, it is necessary to consider a deviation of the IPB relief from
the Schottky shape, for which N + (x, t) = const, in the
near-surface SCRs. This change takes place owing to
a variation of the donor concentration distribution in
the semiconductor according to Eq. (1). The coordinate dependence of the energy band bending Y can be
found by numerically integrating the Poisson equation
for SCR. This equation can be written down in the form
of a boundary-value problem [21],
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where ti (i = 0, 1, 2, . . . , j) are the initial time moments
for every following step Δt of the degradation time, D+
is the diffusion coefficient for charged donors, x is the
coordinate reckoned normally to q
the crystallite surface,
is the Debye
e is the elementary charge, L = εeA2εNs kT
+

(2)
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Y (0, t) = Y0 ;

Y (L0 /L, t) = 0,
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e + (x) = N + (x)/N + ,
where x̃ = x/L, ñ(x) = n(x)/N0+ , N
0
+
n(x) = N (x) exp(Y (x)), and 2a is the linear size of a
crystallite.
Using the finite difference method, we obtain a system
of equations. The table of Y (xi )-values is the solution
of this system of equations,
Yi+1 − 2Yi + Yi−1 − h2

a2 e +
N (1 − exp(Yi ) = 0;
L2 i

(3)

i = 1, 2, . . . n − 1,
e+ = N
e + (x̃i ), h = L0 /(Ln),
where Yn = 0, Yi = Y (x̃i ), N
i
and x̃i = ih. In Eqs. (2) and (3), the quantity t = const.
Therefore, to make the record simpler, the dependence
on this parameter was not included explicitly.
Quantitative calculations of CVCs for the IPB were
carried out following the general scheme [22]. The latter
was developed in the framework of the diode theory ideas
concerning the penetration of charge carriers through
potential barriers and making allowance for a complex
of electrotransfer mechanisms, which are considered to
be the most adequate to modern conceptions for oxide
varistors [2, 20, 23]. In particular, these are the overbarrier (thermionic) emission with regard for the tunneling
through a SCR, the field emission from the valence band
of one crystallite into the conductance band of another
one, and transitions with engaging the surface electron
states at the contact.
The iteration algorithm for finding IPB CVCs is as
follows:
1) the determination of surface band bendings
Y01,2 (x, t0 )|x=0 at both sides of the semiconductor layer
at the moment t0 (t0 = 0) for reverse-biased (index 1)
and direct-biased (index 2) SCRs by solving the system
of equations following from the conditions of electric induction and potential continuity at the boundaries of
the semiconductor layer taking Eq. (2) into account and
for the given degradation voltage VD in the Schottky
approximation;
2) the application of Eq. (1) with the purpose to determine the profiles of the donor concentration distribution
+
N1,2
(x, ti ) in reverse- and direct-biased SCRs at the time
moment ti = ti−1 + Δt (i = 1, 2, . . .) and at the voltage
VD across the barrier;
3) the determination of equilibrium post-degradation
(VD = 0) surface band bendings Y01,2 (x, t0 )|x=0 by solving the system of equations describing the continuity
conditions of the electric induction and the potential
with regard for Eq. (2); when determining the thickness
L0 in the second boundary condition (2), the equality
+
+
N1,2
≈ (N1,2
(x, ti ))|x=0 + N0+ )/2 was adopted;
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4) an analogous determination of post-degradation surface band bendings Y 1,2 (x, ti )|x=0 in the case where the
voltage V 6= 0 is applied to the IPB, and the corresponding voltage drops across reverse-biased, V1 , and directbiased, V2 , SCRs, as well as across the dielectric layer,
V3 ;
5) the determination of profiles for the distributions of
band bendings in the near-surface region (with the thickness L0 ), Y 1,2 (x, ti ), by minimizing the objective function composed of the squares from Eqs. (3), in which
the coordinate dependence N1,2 (x, ti ) was taken into account;
6) the determination of the current density through the
IPB following the routine described in work [22]; the
values for dY m /dxm (m = 1, 2) were obtained by interpolating the numerical dependences of the coordinate in
the band bending regions, xm (Y m , ti );
7) the repetition of items 4 to 6 in the whole necessary
range of voltages in the calculation of CVCs;
8) the next iteration loop (items 2 to 7) till the given
degradation time is achieved.
3. Results and Their Discussion
3.1. Variations of the charged donor
distribution and the intergrain
potential barrier relief
The donor distributions and the reliefs of potential barriers, which were calculated according to formulas (1)–(3)
for various voltages VD and degradation times t are depicted in Fig. 1.
As the quantities VD and t grow, the donors are accumulated (the function N + (x) increases) in the boundary
regions of semiconductor crystallites. In the SCR which
is reverse-biased at the degradation, this effect is more
pronounced; namely, the amount of accumulated donors
is much higher, which corresponds to data obtained in
work [13].
The limiting (t → ∞) concentration distributions
N + (x) were obtained as follows:
– the calculation of band bendings Y01 and Y02 by solving
the system of equations, which consists of the continuity conditions for the electric induction and the potential at the interfaces between the semiconductor layer
(the crystallite) and the dielectric layer √
of the intergrain
phase, where N0+ = nV 0 , dY /dx = 2/LG(Y ), and
G(Y ) = sign(−Y )[exp(−Y )+Y −1+exp(Y )−Y −1]1/2 ;
– the determination of the dependence N + (x) =
N0+ exp[−Y (x)], where Y (x) satisfied the integral equaRx√
RY
tion 0 2/Ldx = Y0 G(Y )−1 dY .
ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 3
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Fig. 1. Donor concentration profiles in the direction perpendicular to the surface of a semiconductor crystallite and the IPB relief in
the near-surface SCRs of the semiconductor layer at a constant degradation time t̃ = tD+ /L2 = 3400 and various degradation voltages
VD (panels a and c): initial (1, 1 0 ), 0 (2, 2 0 ), 0.3 (3, 3 0 ), 0.6 (4, 4 0 ), and 1.2 V (5, 5 0 ); and at the constant degradation voltage
VD = 1.2 V and various t̃ (panels b and d): 0 (1, 1 0 ), 2200 (2, 2 0 ), 3400 (3, 3 0 ), and ∞ (4, 40 ). Curves 2, 3, 4, 5 and 2 0 , 3 0 , 4 0 , 5 0
correspond to direct- and reverse-biased, respectively, SCRs at the degradation current flow

The maximum concentrations of donors at their migration in the electric field are reached at the crystallite
boundaries (Fig. 2). The growth of the degradation voltage VD is not accompanied by considerable changes in
the bulk donor concentration and the band bendings at
the surface of semiconductor crystallites for the directbiased SCR, with those quantities remaining practically
unchanged. For the reverse-biased SCR, we obtained
+
the dependence N1,2
(0, t) growing with VD and the dependence Y0 (VD ) diminishing with increase in VD at
t = const, the both dependences tending to the corresponding constant values (Fig. 2, panels a and c). The
+
dependences of N1,2
(x, t)|x=0 on t̃, which correspond to
ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 3

the initial stage of degradation (at VD = const), have a
growing character (Fig. 2,b), which agrees with experimental data for varistor structures [3,13,24]. As a result,
the intergrain barrier shape deforms as the degradation
voltage and the time increase, and it becomes asymmetric. The thickness and the height of the potential barrier
decrease.
The surface band bending for direct-biased SCR
changes at the degradation less than that for the SCR biased by the degradation current in the opposite direction
(Fig. 2,d ). In addition, this SCR becomes less narrowed
(curves 1 to 3 in Fig. 1,d ). The IPB reliefs are exhibited
under equilibrium conditions and after the degradation.
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Fig. 2. Dependences of the donor concentration and the band bending at the semiconductor surface on the voltage VD at various t̃
(panels a and c): 2200 (1, 1 0 ), 3000 (2, 2 0 ), 3400 (3, 3 0 ), and the initial value (4 ); and on the degradation time t̃ at various VD (panels
b and d): 0.6 (1, 1 0 ) and 1.2 V (2, 2 0 ). Curves 1, 2, 3 and 1 0 , 2 0 , 3 0 correspond to direct- and reverse-biased, respectively, SCRs at
the degradation current flow

It should be noted that this tendency was also observed
in work [3], when the degradation duration exceeded the
variations of the indicated parameters (the IPB height
and the bulk donor concentration) owing to the polarization and thermodesorption degradation mechanisms
[7, 13].

the almost total disappearance of the latter (curves 4
and 4 0 in Fig. 1,d ).

The asymmetric character of the surface band bending
at the boundaries of the intergrain phase manifests itself
to a less extent (Figs. 1,c and d ). This occurs due to the
action that the field of charges accumulated at the surface electron states of one crystallite exerts in the region
of another crystallite through the nano-sized interlayer.

The results of calculations of CVCs for a certain IPB are
depicted in Fig. 3. The CVC branches in the first quadrant (straight lines) correspond to the positive voltage
V and the current density j, which coincide by direction with the voltage, VD , and the current, jD , of the
degradation. The CVC branches in the third quadrant
(the reverse ones) correspond to the negative voltage V
and the current density j, the direction of which is op-

As the duration and the voltage of the degradation
increase, the deformation of IPB grows and results in
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3.2. Distortion of voltage-current
characteristics of the intergrain potential
barrier
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Fig. 3. CVCs of a separate IPB at the constant degradation time t̃ = tD+ /L2 = 2200 and various degradation voltages VD (panel a):
initial (1, 1 0 ), 0 (2, 2 0 ), 0.6 (3, 3 0 ), and 1.2 V (4, 4 0 ); and at the constant degradation voltage VD = 1.2 V and various degradation
times t̃: 0 (1, 1 0 ), 2200 (2, 2 0 ), and 3400 (3, 3 0 )

posite to that of VD and jD . According to the data
presented in Fig. 3, the electromigration processes lead
to a shift of both CVC branches toward higher currents
at a fixed voltage, V = const, or toward lower voltages
at j = const, and to their asymmetry, which corresponds
to experimental data [24].
A physical interpretation of those results can be given
on the basis of conceptions concerning the formation of
CVC for the IPB [1, 2] and the data on the features
of its distortion presented above. The current density
through the potential barrier at the contact is known to
be governed by the magnitude of band bending in the
direct-biased SCR [22, 25]. According to those ideas, a
reduction of the IPB thickness and height owing to the
accumulation of donors that migrate in the electric field
gives rise, first of all, to an increase of such current components through the barrier as the thermionic emission
and the electrotransfer with the participation of surface
electron states. In particular, a larger reduction of the
height and the thickness of reverse-biased SCR at the
degradation brings about a larger leakage current in the
weakly nonlinear section of the reverse CVC branch for
the varistor structure.
ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 3

On the other hand, a reduction of the IPB thickness results in that the current increases at the tunnel
electrotransfer from the valence band of one crystallite
into the conduction band of the other, i.e. the highly
nonlinear section of the CVC shifts toward lower voltages (see Fig. 3). At the field emission, the charge carrier overcomes a distance equal to a sum of the thicknesses of the interlayer and the reverse-biased SCR in
the other crystallite. Since the thickness of SCR, which
is reverse-biased at the degradation, becomes narrower,
the shift of the direct CVC branch toward low voltages
is larger.

3.3. Degradation-induced changes in varistor
parameters
The electromigration degradation brings about a CVC
distortion for the intergrain potential barrier, which, in
turn, results in a worsening of functional parameters of
metal oxide varistor structures. In particular, the growth
of the degradation voltage and duration is responsible for
the following phenomena:
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Fig. 4. Dependences of the classification voltage deflection ΔVC on
the duration of a constant degradation electric current jD . Curves
represent the results of theoretical calculations for a single IPB at
various degradation voltages VD = 0.3 (1, 1 0 ) and 1.2 V (2, 2 0 ).
Curves 1 and 2 correspond to measurements in the degradation
current direction, and curves 1 0 and 2 0 to the measurements in
the opposite direction. Points denote the experimental results for
a varistor structure [24] obtained at the jD -polarity, for which the
deflection ΔVC is maximal

– a reduction of the classification voltage VC (it is the
voltage that corresponds to the start of the varistor
2
section in the CVC; VC = V at jC = 10−4 A/cm ),
which is determined by the deflection parameter ΔVC =
[VC (tD ) − VC (0)]/VC (0) × 100% at j ≈ 0.1jC [24];
– a reduction of the CVC nonlinearity factor β in the
varistor section, β = ln(j2 /j1 )/ ln(V2 /V1 ), where it is
adopted that j2 = jC , j1 = 0.1jC , V2 = VC , and V1 = V
at j = j1 ;
– an increase of the leakage current density j0 in the
slightly nonlinear CVC section, which corresponds to the
voltage V = 0.8VC [24].
The dependences of CVC parameters on the degradation voltage and time are given in Figs. 4 and 5.
These figures also present the results of experimental
researches concerning the influence of the long-term passage of a constant electric current with a density of about
10−5 A/cm2 [1, 2, 24], which corresponds to a mode of
standard industrial tests, on the stability of varistor zinc
oxide structures. The values of voltage VD applied at
the degradation across a separate IPB, provided that
the current density jD was equal to that used under test
conditions (at a temperature of 358 K), corresponded to
the interval from 0.5 to 1.5 V. The transition from the dimensionless degradation time, t̃, used in theoretical calculations to the real one, t, was carried out by selecting
the diffusion coefficient for donor ions, D+ , so that the
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Fig. 5. Dependences of the CVC nonlinearity factor β (a) and the
leakage current (b) on the time of a constant degradation electric
current flow, t. Curves represent the results of theoretical calculations for a single IPB at various degradation voltages VD = 0.3
(1, 1 0 ) and 1.2 V (2, 2 0 ). Curves 1 and 2 correspond to measurements in the degradation current direction, and curves 1 0 and
2 0 to the measurements in the opposite direction. Points denote
experimental results for a varistor structure [18, 24] obtained at
the jD -polarity, for which the deflection ΔVC is maximal

best coincidence with the initial sections of the considered dependences should be provided. This was achieved
by moving the curves along the logarithmic time scale.
The obtained estimates for D+ ranged from 1 × 10−15 to
5×10−15 cm2 /s for data reported in works [18,24], which
agrees with the data known for polycrystalline zinc oxide
[26].
By analyzing the time dependence of a deflection of
the classification voltage, ΔVC (t), we may state a satisfactory correspondence between experimental data and
the results provided by the considered model for short
time intervals of the degradation electric current flow.
ISSN 2071-0194. Ukr. J. Phys. 2012. Vol. 57, No. 3

ELECTROMIGRATION DEGRADATION MODEL

However, with the growth of t, the experimental dependence testifies to a slower increase of the parameter under consideration. The most probable reason for this discrepancy is the inhomogeneity of the ceramic structure
and the percolation character of its electrical conductivity [27]. In the course of degradation, the resistance of
critical barriers (in terms of work [28]) decreases owing
to their distortion. This can lead to the equalizing of
resistances in the circuits of the critical sublattice.
Hence, in the course of degradation, owing to a reduction of critical IPB resistances, a redistribution of the
voltage can take place in the varistor structure. As a
result, the period of the critical sublattice can decrease,
and the voltage applied across such a separate IPB also
decreases, which manifests itself in a reduction of the
deflection, ΔVC , sensitivity to the voltage applied to the
structure.
It should be noted that, by analogous reasons, we observed a slower increase of other experimental CVC parameters (β and j0 ) as well.
To summarize, it should be noted that the procedure
of determination of the electrodiffusion coefficient of ionized donors D+ , which was considered here, allows conclusions on the stability and the service lifetime of a
varistor structure to be drawn.

change (a reduction of the classification voltage, a reduction of the nonlinearity factor, and an increase of the
leakage current) has been established by analyzing the
developed model and the known experimental data. We
have demonstrated that the data obtained can be applied
to the estimation of the diffusion coefficient of charged
donors. This parameter can be used for the estimation
of the stability and the service lifetime of products on
the basis of varistor zinc oxide structures with tunnel
current-voltage characteristics.
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ЕЛЕКТРОМIГРАЦIЙНА МОДЕЛЬ ДЕГРАДАЦIЇ
МЕТАЛОКСИДНИХ ВАРИСТОРНИХ СТРУКТУР
О.В. Iванченко, О.С. Тонкошкур
Резюме
Наведено результати моделювання впливу мiграцiї iонiв у напiвпровiдникових кристалiтах оксиду цинку при тривалому
протiканнi робочого електричного струму на вольт-ампернi характеристики варисторних структур i визначення умов та параметрiв, придатних для контролю процесу їхньої незворотної
деградацiї.
Встановлено, що бiльш схильна до змiн (накопичення приповерхневої концентрацiї донорiв, зменшення висоти й товщини)
складова мiжкристалiтного потенцiального бар’єра, яка утворюється областю просторового заряду кристалiта, є зворотно
змiщеною пiд час протiкання деградацiйного струму. У процесi деградацiї варисторна дiлянка прямої (стосовно струму деградацiї) гiлки вольт-амперної характеристики (ВАХ) бiльше
змiщується в область менших напруг, а струм витоку бiльше
зростає для слабонелiнiйної дiлянки зворотної гiлки ВАХ.
Показано вiдповiднiсть тенденцiй змiни основних варисторних параметрiв (зниження класифiкацiйної напруги, зменшення коефiцiєнта нелiнiйностi та збiльшення струму витоку),
котрi одержанi з аналiзу розвинутої моделi, вiдомим експериментальним даним i можливiсть оцiнки коефiцiєнта дифузiї
заряджених донорiв та використання цього параметра у контролi працездатностi виробiв на основi варисторних оксидноцинкових структур з тунельною вольт-амперною характеристикою.
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