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Bulk-grain resistivity and positive temperature coefficient
of ZnO-based varistors
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We analyze the conditions that allow the bulk-grain regions of a polycrystalline semiconductor to be
explored through electrical measurements. The temperature dependence of grain resistivity in ZnO
varistors (300—-430 K is presented, and a positive temperature coefficient is found. This is
consistent with a free-carrier density approaching exhaustion, and an electron mobility controlled
mainly by lattice(both optical and acoustigadcattering. No grain conductivity activation energy is

to be found above room temperature and, therefore, ac-impedance techniques can be inadequate for
the evaluation of grain conductivity and shallow donor activation energy.2003 American
Institute of Physics.[DOI: 10.1063/1.1534620

Polycrystalline semiconductors are interesting from theThis dc transport mechanism is separated from the true GB
fundamental and technological points of viéWheir nonlin-  dielectric response, which can be representgda Debye-
ear charge transport properties are described through like Rgg—Cgp series combination with a long, field-
double Schottky barrie(DSB) model?? interrelating three  dependent relaxation timfe® Upon increasing frequency, the
different microscopic regions within each grdisee Fig. 1 dielectric relaxation$**due to deep levels in the depletion
the grain boundaryGB), the depletion region, and the bulk- layer (assumed to be Debye-like within the DSB mddd|
grain region. A correct understanding of bulk-grain-relatedand represented bip 1 ,—Cpy 12 in Fig. 2), offer an easier
phenomena in polycrystalline semiconductors is importanpath to charge transport, hence taking control of the current
for at least the following reasonél) In overvoltage protec- flow. Finally, as the capacitan¢€,=Im(Y*)/w] of the DSB
tion devices, grain resistivity is closely related to the high-Structure converges to its high-frequendgeometrical
field performancé;® which is of prime functional impor- Value?**“the control of the transport properties moves from
tance. (2) Applications as microwave materiais require the depletion region to the bulk-grain region, and the bulk-
detailed knowledge of bulk-grain properties, as they controfrain resistanceRg in Fig. 2) emerges, turning the equiva-
the high frequency responsé3) Grain resistivity is very lent plrcwt into a seriefRg—Cye—L combination. The geo-
likely to be affected by any species diffused into the bulk,Metrical capacitanceCyz appears at about 1010 Hz,
hence providing clues about the shallow donor chemical nagepelrldlng on the position of the highest-frequency loss

ture, which in the ZnO case is an open and technologicallypeak‘

relevant problenf:® (4) Grain resistivity correlates with free- | Up t(t) tl?'s point, the dd|3fuss\;\$)n 'S gefnerally vazlld(;otr) any q
carrier density, which is a necessary input for characterizaP ©YCHYsStalin€ semiconauctor. We now Tocus on £nt-base

tion techniques such as deep level transient spectros€opy. varistors. Electrical measurements up to 1 GHz were per-

Despite this relevance, bulk-grain properties have no{ormed on rod-shaped samplesl.5 and 4 mm long, ma-

been extensively studied. For ZnO varistors, a few Workschlned to this size in order to delay the onset of the geometri-

have been published in which suitable electrical measure-
ments directly yield grain resistivity® alternatively, an in-
frared reflectance technicfuevas proposed that indirectly
measures free-electron density and then converts it into grain
resistivity. At zero applied field, the conditions for electrical
measurements to yield meaningful information about grain Ec

interiors can be understood through the equivalent circuit of '{tﬁl—;fi
Fig. 2. Close to the dc limit, charge transport is dominated by
thermionically emitted over-barrier currerits The dc resis-
tance Ry in Fig. 2) has a negative temperature coefficient
(NTC) due to the temperature dependence of the thermionic
current: an Arrhenius plot dRy. yields a thermal activation
energy that can be correlafedt! with the barrier height.

potential energy of electrons

depletion ngionl ldepletion region

interface

bulk grain $gion bulk grain

o oo oocoo

FIG. 1. Schematic energy band diagram of a double Schottky barrier. Open
circles represent neutral staté&s; is the valence band arfgl. is conduction
¥Electronic mail: dhevia@fis.upm.es band. Thex-direction is orthogonal to the grain-boundary plane.
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FIG. 2. Equivalent circuit for a double Schottky barrier structure over a very 300 320 340 360 380 400 420 440
wide frequency range. is a built-in inductance due to the sample geometry temperature - (K)

and leads.

FIG. 4. Bulk PTC behavior in a typical ZnO-based varistor. The figure

| 5 and t let trati f th shows the experimental points, along with calculated curves corresponding
cal resonance,and to ensure complete penetration o € £0=0.05 eV and three different values bl (the total shallow donor

electromagnetic measuring Sigﬁgﬂl-6 Samples were taken density. Two additional curves correspond to fixet=4.25x 1017 cm™3
from commercial-grade, high-voltag€3 kV-rated, 3.33 and&,=0.04/0.06 eV.

kV/cm residual voltage at 0.8 kA/cthZnO varistors. Figure

3 shows the convergence with frequency of the series resis- .

tivity, measured at two different temperaturd®g values o=0o/(1+iwT), @
have been converted & cm by using microstructural infor-

mation about the percentage of secondary phases in a pakhere oo=nue is the dc conductivity,r= um*/e is the
ished cross section of the varistor materiapproximately — average free carrier relaxation tieand m* is the free
22% in volume. The experimental points of Fig. 4 constitute carrier effective mass. Hence, carrier inertia effects are neg-
our main experimental result: we find a small but well- ligible whenwr<1; introducing appropriate values for ZnO
defined positive temperature coefficif®TC) behavior for  at  room temperatufé?? (m*=0.27m, and u
the bulk-grain resistivity that has not been previously re-=140 cnf/Vs), this condition implies w<4x 10" Hz.
ported. To explain this result, we begin by writing the grainTherefore, the electrical conductivity of bulk ZnO remains
resistivity pg as very close to its dc value up to the terahertz range, and we
pe=1/nue), (1) can safely compare our experimental results withgheval-

_ _ o ues to be calculated through Ed). To do so, we note that
wheren andy are the free-carrier density and mobility in the reported®-22 ZnO mobility—temperature curves for a wide

grains, respectively. Before proceeding further, we need t@ange of doping conditions, converge above room tempera-
clarify to what extent can we compare our high-frequencyture due to the dominance of lattice over impurity scattering.
PG values with those calculated from the |ntr|nS|Cal|y dc Eq Hence, we can select a reportﬂd_'r Curv§2 and, for each

(1). To this _e?d, we use a simplified treatment of charg&emperature, directly introduce the experimental mobility
carrier inertid’ that has been successfully applied to theyalues in Eq(1). Now, as thermodynamic calculations have
high-frequency analysis of GaAs Schottky diod®S®  shown that room temperature charge balance within varistor
Within this mOdel, free-carrier conduction in a SemicondUC'ZnO grains iS maintained between e|ectr0ns in the Conduc_

tor is represented by a complex conductivity tion band and ionized shallow dondfswe can write the
charge balance equation as

- - —&lkgT _ No

: e S el kT @

' , whereNc is the conduction band effective density of states,

2 Ny and &, are the shallow donor density and ionization en-

'% ergy, respectively, and is the Fermi levelsee Fig. 1 De-

. spite a long-standing controversy about the chemical nature

i’:’ of the shallow donor in Zn&?1%20-23there seems to be

S general agreement upon its energy position, located about

M ‘ ’ 0.05 eV below the conduction baf%.?% Hence, assuming
10° 10’ 1"39_ 169 £,~0.05eV in Eq.(3), we can solve foré andn at each

frequency - ©/2r (Hz2) temperature with the total shallow donor density as the

_ o _ _ only free parameter, to be adjusted in order for the quantity
FIG. 3. Ser|es_reS|st|V|ty for a typical _ZnO-based varistor. The Iower_ trace_z /(n,ue) to fit the experimenta,bG points. Figure 4 shows,
has been obtained at 300 K over a wide frequency range, overlapping dif- . . - .
ferent measurements. The upper trace has been obtained at 430 K in tRdONg With the experimental points, those obtained through

high-frequency region. Egs.(1) and(3) for three different values dfly. The agree-
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ment obtained foNy=4.25< 10" cm™2 is remarkable. The fined either by a high enough frequency such that the mate-
corresponding free-carrier density is=2.3x 10" cm™% at  rial reaches its geometrical capacitance, or by an applied
room temperature, in agreement with values obtained frorfield that suppresses the grain boundary electrostatic barriers.
reflectance measuremefitsVe then conclude that, at room
temperature and above, a free-carrier density approachir}g|
saturation and a lattice-scattering controlled mobility, render
a PTC for the bulk-grain resistivity.
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