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Abstract. The electrical transport in zinc oxide (ZnO) varis- riers forming at the boundaries between ZnO graBkitt
tors is analyzed using microstructural material modeling.ter and Greuterl986. These boundaries represent, in fact,
The fully three dimensional current distribution is computed Schottky-like microjunctions with an electrical response cor-
by means of a nonlinear equivalent circuit model representresponding roughly to that of a back-to-back pair of Zener
ing the assembly of current carrying grains and grain bound-diodes. The grain boundary resistances determine varistor
aries of the material. The investigation focuses on the pheeurrents for voltages in the nonlinear breakdown voltage re-
nomenon of current filamentation due to inhomogeneities ofgion of the electrical characteristics as well as in the lin-
the varistor microstructure. Numerical results highlight the ear pre-breakdown region. The resistance of the varistor at
importance of 3-D percolation effects in the modeling of higher voltages becomes again Ohmic as it is essentially de-
varistor currents as well as that of the grain bulk resistivity termined by grain bulk resistivitpjta et al, 1996.
which so far has been neglected in previous studies. Although this basic operation principle has been known
for some time, the characterization of ZnO varistors for en-
gineering applications remains a major challenge. Several
numerical models have been proposed to describe electrical
1 Introduction transport in varistorsRartkowiak and Mahan1995 \ojta

) . . . et al, 1996 Qingheng et a).2002 Hofstaetter and Supan-
ZnO varistors are ceramic semiconductor materials that arg; 2013. In these models, the varistor microstructure is

characterized by a highly nonlinear electrical response. Theigj.q¢ represented geometrically by a space filling mesh. The

resistance drops remarkably with increasing voltage. Thusy,ash cells correspond to the ZnO grains whereas cell in-
a varistor based device behaving as an insulator under NOkxfaces (mesh edges in 2-D or mesh faces in 3-D) to the

mal operating conditions, will draw large currents from the grain poundaries. Almost all of the models so far presented
circuit as soon as an overvoltage event occMeshkatod- i the literature operate in 2-D planar geometry. They are
dini, 2011). ZnO varistors are, furthermore, capable of ab- |,55¢( either on a Cartesian mesh representatjta(et al,
sorbing high amounts of energ(pta 1990. For this rea- 1998 wen and Clarke1993 or on a Voronoi-type tessella-
sons, they are most often applied as surge arresters for protegy, of the varistor sampleBartkowiak et al, 19963 Zhao et

tion against temporary electrical overstresses, such as lighty  2007. Given a microstructure representation, electrical
ning and switching surges in power distribution Iir_1es,_ trans'transport can be modeled by means of an equivalent elec-
formers and switchesStandler 2002). Further applications ¢ circuit with voltage nodes and current branches asso-
of ZnO varistors include passive voltage stabilization for low giated with the grain centers and grain boundaries, respec-

power electronicsida 1989. _ tively. The grain boundary resistances are taken into account
The properties of ZnO varistors are a result of their Crys-py jntroducing diode-like elements with specified electrical
talline microstructure. Varistor ceramics are composed of &characteristics\(ojta et al, 1996 in the current branches.
large number of ZnO grains of different shape, size and ori-the macroscopic electrical response is, then, obtained by the
entation. Small amounts of doping additives such a©Bi  soution of the resulting circuit equations. It should be noted

or Mn3O, are usually presenE(la 1984 Gupta 1990. The 4t varistor microstructure (grain sizes and shapes) as well
nonlinear electrical response is attributed to the potential bar-
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Figure 2. Grain structure representation of a cubic samagPri-
mary mesh(b) 3-D polygonal tessellatiorfc) Cross-sectional cuts
depicting the resulting grain structure.

grain boundary

Figure 1. (a) Basic procedure for the construction of a polygonal
grain tessellation on the basis of a simplicial me@). Example
barycentric decomposition of a tetrahedron.

atic manner. For this purpose, we have implemented a 3-D
rgartesian mesh model which is used in S&cL to com-
are macroscopic varistor responses obtained by 2-D and
-D simulations, respectively.

as grain boundary resistances are subject to stochastic dist
butions which makes the modeling task in the general cas

very difficult For a mor neral metrical description, an unstr
In this work, we focus on two particular aspects of varistor or & more general geometrical description, an unstruc
tured mesh representation is needed. Unlike the commonly

ling. The fi he infl f the 3-D - i .
modeling. The first concerns the influence of the 3-D geom sed 2-D tessellation8artkowiak et al, 1996a Zhao et al.

etry on modeling accuracy. Since percolation thresholds for

2-D and 3-D systems are in general very different, the Com_2007§ Hu et al, 2010, however, we aim at a fully 3-D poly-

monly used 2-D models fail to reproduce properly the cur- hedral grain model. The following 3-D tessellation procedure

rent distribution in the material and thus compute the varistor'f1 proppied. we Ttartsw'tr? a S|m[;I|C|aI tbetrahe('jlral mefh Otnd
characteristic accurately. We perform a comparison betweeﬁ € varisior sampie. such a mesh can be easily constructe
2-D and 3-D varistor models using the approach \ija using, e.g., ficor?ventlonal FE_M tool. The only constrain im-
et al, 1996 based on a Cartesian mesh representation. Thgosed on .th'$ ’p“”."ary’ mesh is that. thg average edge !ength
second aspect is related to the effect of grain bulk resistivity.ShOUId coincide with the sought grain size of the material.

This effect involving both grain geometry and the topology Ofgh ?pa?rg:ridr;aelgrﬁ; ;ggf;il:];e;ﬁﬁ%g?{:f;ﬁg;gi;?Oenb;iig
the grain network has been thoroughly neglected in previou lure L et al,, 1995. According to this procedure, new mesh

studies. Finally, we present a simulation example featuring odes are introduced at the midooints of every edae. face and
the current filamentation phenomenon using a 3-D modelin Il of th introdu h ! pt'l | MV hy I? ’f |
approach for a realistic varistor sample. cell oTthe pnmary mesh, respectively. Viesh cetis of poly-
hedral shape (representing the ZnO grains) are, then, con-
structed by connecting these nodes as exemplarily shown in
2 Varistor modeling Fig. 1a. By construction, each node of the primary mesh cor-
responds to one cell of the polyhedral mesh. These nodes can

ZnO varistors are basically composed of polyhedral grainsP€ considered as the generating germs of the resulting grain
of various shapes and sizes, typically, varying in the range oftructure. The grain boundaries are represented by the gen-
10-100 pum. The electrical current distribution in the mate-€rally non-planar interfaces between the neighboring poly-
rial is strongly affected by its microstructure including grain hedral cells. For illustration, the midpoint subdivision of a
shape, topology of the grain network as well as type and distetrahedron into 4 hexahedrons is depicted in Hig.

tribution of crystalline defects. The first modeling task con- ~ Note that, in general, grain cell convexity is not guaran-
sists, thus, in the construction of an appropriate geometrical€ed. Also, grains with sharp angle corners and very small

model of the varistor microstructure. edges may occur. It is, however, not the purpose of this con-
struction to generate a high mesh quality in the FEM sense.
2.1 Geometrical representation This procedure allows in the first place for a more realistic

representation of the varistor microstructure than that of a
The simplest geometrical model consists of a 2-D Cartesiarsimple Cartesian mesh model. Furthermore, grain size, grain
mesh of square grains. This approach was used, e.§Veén ( number and (to some extent) grain shapes can be easily con-
and Clarke 1993 Vojta et al, 1996. Because of the simple trolled. Tessellations for arbitrary material samples of, e.g.,
geometry, it is not possible to take into account local graincubic (cf. Fig.2) or cylindrical shape can be generated. Due
size variations. Also, the resulting topology of the grain net-to the robustness of modern mesh generators it is, further-
work is far from realistic. This model, however, allows for more, possible to construct large varistor models with several
investigating current flow percolation effects in a system-hundreds of thousands of grains.
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A more general approach was proposed YWjta et al,
1996 and then later used by several authatbdo et al,
2007). The grain boundary characteristic is assumed to

(a) (b)

J(V)=%V—{—%V{l—i—tanh[s(V—VB]}, @

whereVp is the barrier voltagess andog are Ohmic conduc-
Figure 3. Modeling of a nonuniform grain size distributiofa) Ge- tivities, d is the distance between the centers of the two grains
ometrical description of the defective pattern by small spheres lo-sharing the boundary ards the nonlinearity varistor param-
cated within the volume of a cubic varistor sample. 3-D@)tand  eter. A closer inspection of EqR)reveals that this is equiva-
cross-sectional vieyc) of the resulting grain structure. lent to two resistors connected in parallel across the boundary
(see Fig.4b). This configuration is able to reproduce quali-
tatively the varistor response in the full voltage range. Note
thatoy is interpreted as the conductivity of the grain bulk ma-
terial since it determines the characteristics at high voltages.
Referring to Fig.4b, however, it is not possible to separate
the contributions of grain bulk and grain boundary at lower
voltages. Thus, neither the shape nor the size of the single
ZnO grains can be explicitly accounted for in this approach.
The physical understanding that grain currents enter through
its boundaries only, implies that bulk and boundary resistors
Figure 4. (a) Equivalent electrical circuit representation of a grain Should be connected in series.

boundary according to Eql). (b) Grain boundary equivalent cir-

cuit corresponding to the model dfdjta et al, 1996. 2.3 Distributed grain conductance model

A more accurate model is obtained by employing a conduc-

Another strength of this approach is the ability to model tance matrix to describe current flow within the ZnO grains.
microstructure inhomogeneities. This is important for the In order to illustrate the idea we consider a single hexagonal
investigation of crystalline defects or inclusions and their 9rain as shown in Fig5a. Neglecting leakage resistances,
impact on the varistor characteristic. Figl@elemonstrates the model of Vojta et al, 1996 reduces to a star network
the model of a varistor with a non-uniform grain size distri- Of resistors. Applying an arbitrary voltagé at one of the
bution generated by this approach. The defective pattern i®oundaries while keeping the rest at a fixed potergalre-
initially prescribed by means of a few small spheres properlySults in an equal current distribution among the remaining
located within the sample volume. The result is an nonuni-Poundaries. This is true independently from the number of
form primary mesh and, therefore, a non-uniform polygonalPoundaries or the actual grain shape. As can be easily veri-
grain tessellation with grain size distribution closely follow- fied by simulations, however, most of the current should flow

ing the assumed defect distribution. through the boundaries closest to the excited one. For the
varistor problem, where the macroscopic characteristic de-
2.2 Grain boundary conductivity models pends strongly on the current flow pattern within the mate-

rial, this approach may lead to inaccurate results.
The J — V characteristic of a single grain boundary in the We propose the elementary equivalent circuit shown in
breakdown region can be described by the empirical relatiorfFig. 5b. The grain bulk resistance is described by the conduc-

tance matrixG of a N-port network, whereV is the number

of grain boundaries. The grain boundary resistances are con-
J(V)=kV?, Q) nected in series at each port of the network. They consist of

a leakage resistor connected in parallel to a nonlinear one
wherek is a parametek is the dynamic conductancé,is obeying theJ — V characteristic (Egl). The conductance
the current density and the voltage drop across the bound- matrix can be determined numerically by 3-D FEM simu-
ary. In terms of an equivalent electrical circuit the contribu- lations for arbitrarily shaped grains. The elementary equiv-
tion of a single grain boundary can be incorporated by intro-alent circuits constructed by this principle are, then, assem-
ducing a nonlinear resistor between adjacent grains sharingled into a global equivalent circuit which can be solved nu-
this boundary (see Figla). This approach, however, does merically for the current distribution within the varistor. The
not count for the grain bulk resistivity. Furthermore, the re- drawback of this approach is that a large number of FEM
verse leakage diode currents which are responsible for theimulations may be needed to obtain conductance matrices
pre-breakdown varistor response are neglected. for each individual grain within the material.
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portion of inactive grain boundaries (20 %). A sequence of

_ ) _ . models is considered which is obtained by adding grain lay-
Figure 6. (a) Cartesian mesh grain structure and corresponding

. ;e : o . ers in thez direction to the 2-D model (single layer in the
equivalent circuit.(b) Varistor characteristics resulting form 2-D direction) while keeping the grain size constant. The 3-D
and 3-D simulations, respectively, when a uniform distribution of ¢ Keeping the g )
the microjunction properties is assumed. varistor characteristic is shifted toward lower voltages as the

number of layers is increased. The lower switching voltage
in the 3-D case compared to the 2-D one can be explained by

the higher probability for 3-D currents to find a conductive
3 Results . :

path to the bottom electrode. By further increasing the num-
3.1 Influence of 3-D geometry ber of layers (see Figc) this effect saturates and the varistor

characteristics does not change any more. At this point, the
We consider the simplest varistor model using a CartesiafPrcolation threshold for the current paths in 3-D geometry
grain structure with microjunction characteristics given by has been reached. In general, this phenomenon depends on
Eq. @). The 3-D model consists of a 3515 x 15 mesh of  9rain size d|§tr|but|0n and on the topology of the grain net-
cubic grains with a side length of 1641 The 2-D geometry work. This _5|mple example: ho_weve_r, already de_monstrates
case is emulated by employing a mesh with1%x 1 grains the necessity of 3-D modelling in varistor simulations.
of the same size. The situation is illustrated in Fdg. For
consistency, the global varistor characteristic computed with3.2  Influence of grain bulk conductivity
the two models for a uniform distribution of microjunction
properties is shown in Fighb. In this case, all grain bound- The same experiment is repeated for the distributed grain
aries are described by the same parameters,10°3S/m, conductance model described in Se2t3 The nominal
og=1S/m, s =8 and Vg =3.2V. The current flow be- grain boundary parameters are assumedk te 4.055x
tween top and bottom electrodes is uniform, thus, 2-D andl0~18S/m?, o = 45 andos = 10-3S/m. Again, the same
3-D models yield the same varistor characteristic. shifting of the switching voltage towards lower values is ob-

The influence of 3-D geometry becomes obvious when in-served, when 20 % of the boundaries are assumed to be inac-

homogeneity is introduced into the model. We adopt the aptive. When a sufficient number of 3-D layers has been added
proach of {ojta et al, 1996 and Bartkowiak et al. 19963 the varistor characteristic converges to its final shape (see
where a number of grain boundaries uniformly distributed Fig. 8). Compared to the results obtained by the Vojta ap-
within the sample volume are assumed to be electrically inacproach (Fig.7), this characteristic appears much smoother
tive. This is implemented by setting the diode parameters folin the transition region between breakdown and upturn volt-
these boundaries to=0 andos=0S/m. Figure7 shows ages. This behavior is due to the influence of grain bulk
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Figure 8. 3-D Varistor characteristics resulting from the distributed Figure 10. Current distribution within a cylindrical sample (see
grain conductance model when 20 % of the microjuctions are asig. 9) containing 10 % inactive boundaries for different applied

sumed to be inactive. The 3-D models consis(a)f3 grain layers  voltages:(a) Leakage region(b) Breakdown voltage(c) Upturn
and(b) 10 grain layers, respectively. voltage.

10

flowing through each grain normalized to the total varistor
current. For visualization purposes, only grains carrying a
current above a certain threshold are shown. An inhomoge-
neous current distribution is observed already at low voltages
(see Fig.10a). In this case, a single grain can carry up to
50 % of the total varistor current. In the breakdown region,
this phenomenon becomes substantially stronger. As shown
in Fig. 10b, nearly the total varistor current flows along a
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— e e R single narrow path of width no larger than twice the grain
7 size. As the voltage is increased above the upturn voltage, the
1078 ‘ ‘ ‘ current distribution becomes again more homogeneous (see
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Fig. 10c). The varistor response in this region is essentially

Ohmic, thus, as expected the effect of inactive boundaries in

Figure 9. Grain structure representation of a cylindrical varistor the ﬁur.refrln Hlow dlfSFl‘IEuthﬂ IS less pronoun(]:c:'-zd. h

sample and the computed characteristics for 5, 10 and 20 % inac- T e.'n uence orin Omoge”eous cqrrent ow on the over-

tive boundaries, respectively. all varistor performance is illustrated in Fig. Three cases
with 5, 10 and 20 % inactive boundaries, respectively, are
considered. Thd — V characteristic for 5 % inactive bound-

conductivity which is properly taken into account in the dis- aries corresponds essentially to the single grain boundary

Voltage, V

tributed conductance model. response (ER). Increasing the number of inactive bound-
aries causes the switching woltage to shift towards lower
3.3 Current filamentation and varistor characteristics values while the effective dynamic conductance of the ma-

terial is decreased. The transition from fully nonlinear to
In the following, a more realistic varistor simulation is dis- Ohmic varistor response is, however, not trivial. As already

cussed. A cylindrical sample of radius 50um and heightobserved in Bartkowiak et al. 19961 using 2-D simula-
200um with an average grain size of 10um is consideredtions, the/ —V characteristic of a varistor containing inactive
The microstructure geometry is constructed by applying thegrain boundaries manifests a double-knee pattern featuring a
tessellation procedure described in Skdt. The resulting  second inflection in the current-voltage curve in the region

3-D grain model consists of a total of 1737 ZnO grains (seebetween switching and upturn voltages, respectively.
the inset of Fig9). Furthermore, the model contains 10081

grain boundaries corresponding to the number of nonlinear
resistors employed in the equivalent electrical circuit model.4 Conclusions

To model the grain boundary microjunctions we apply
the Vojta approach (EcR) with nominal parametersyg = The simulation of electrical transport in ZnO varistors re-
1S/m,05=10"6S/m, Vg = 3.2V ands = 8, respectively. quires 3-D modeling. This was demonstrated by a direct
Inhomogeneity is introduced into the model by assumingcomparison of the electrical varistor characteristics com-
a certain number of inactive microjuctions randomly dis- puted by 2-D and 3-D simulations. The simulations show a
tributed among the available grain boundaries. Figil®e systematic shift of the switching voltage toward lower val-
shows the current distribution within a varistor containing ues in the 3-D case. This can be explained by the intrinsi-
10 % inactive boundaries for three different voltages appliedcally inhomogeneous current flow pattern through the grain
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microstructure which implies that the percolation behavior Eda K.: Destruction mechanism of ZnO varistors due to high cur-
of the current paths in 3-D space is different from the 2-D  rents, J. Appl. Phys., 56, 2948-2955, 1984.

one. Furthermore, we propose a novel equivalent circuit apEda, K.: Zinc Oxide Varistors, IEEE Electr. Insul. M., 5, 28-41,
proach employing a distributed grain conductance model. 1989 o _ _ _

This approach allows to properly take into account the in-Gupta, T. K.: Application of Zinc Oxide Varistors, J. Am. Ceram.

fluence of grain bulk resistivity on the macroscopic varis- SO?" 73, 1817-1840, 1990. . . .
tor response for arbitrarily shaped ZnO grains. A procedureHOfStatter’ M. and Supancic, P.: 3-D Netzwerksimulationen von
) Varistoren mit verschiedenen KorngréRenverteilungen, BHM

for the fully 3-D geometrical rgpresentatlon of vqustor mi- Berg- und Huttenmannische Monatshefte, 158, 206—-210, 2013.
crostructures based on a particular 3-D tessellation methogy, 3 " ong, W., He, J. and Liu, J.: Simulation of Surge Repsonses
is introduced. Using this approach, simulations for arealistic  of Zno Varistors by Voronoi Network with Actual Grain Bound-
varistor sample were performed. They show the experimen- ary Model, CEIDP, Annual Report Conference on Electrical In-
tally observed current filamentation phenomenon resulting sulation and Dielectric Phenomena, West Lafayette, USA, 2010.
from microstructural inhomogeneities which strongly influ- Li, T. S., McKeag, R. M., and Armstrong, C. G.: Hexahedral mesh-

ence the electrical performance of ZnO varistors. ing using midpoint subdivision and integer programming, Com-
put. Methods Appl. M., 124, 171-193, 1995.
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