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Dominance of deep over shallow donors in ZnO-based varistors
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Broadband admittance spectroscopy measurements of ZnO-based varistors are analyzed in terms of
charge transport theory through double Schottky barriers, hence obtaining empirical evidence about
the nonmajority of the shallow donor inn-type ZnO. The dominant defect species is found to be a
deep donor, which agrees with recent first-principles calculations. This result consistently explains
the observed frequency-domain non-Debye and time-domain nonexponential electrical response,
and invalidates a key assumption underlying various electrical characterization studies of this
material. We find two deep levels with fine structures. These fine structures are attributable to
fluctuating chemical environments around the defects. ©2003 American Institute of Physics.
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Zinc oxide has attracted much attention in the last
cade, as it presents a wide range of interesting applicati
n-type polycrystalline ZnO is widely used in ceram
varistors,1 transparent conductors,2 gas sensors,3 or
phosphors;4 the close ZnO lattice matching with GaN ha
recently led to its use as substrate for epitaxial GaN grow5

advanced electro-optical applications for ZnO single crys
have been recently reviewed by Look.6 From a fundamenta
viewpoint all these applications rely heavily upon zinc oxi
defect chemistry and electronic structure, which have b
the subject of recent theoretical7–9 and experimental10,11

studies, most of which focus on shallow-donor-related pr
erties. Therefore, as remarked by Auretet al.,12 very little is
known about the concentrations and electronic propertie
deep levels in zinc oxide. Junction spectroscopic techniq
such as deep level transient spectroscopy13,14 ~DLTS! and
admittance spectroscopy15,16 ~AS! have been widely applied
to single- and polycrystalline ZnO. However, as recen
noted17 in relation withC–V measurements, the lack of con
nection between these techniques and the general theo
charge transport through junction barriers is disappointi
Reported DLTS studies rely upon the assumption of ex
nential trapping transients, which is known to b
incorrect15,18 for ZnO hence yielding erroneous physic
parameters.19,20Reported AS studies suffer from the fact th
values for physical parameters can always be extracted f
admittance spectra but, as recognized by Garcı´a-Belmonte
et al.,16 there is no reason for these values to be meanin
for a non-Debye response~NDR!. As noted by Omling
et al.,20 meaningful studies require the origin of the NDR
nonexponential transient~NET! to be known, the system to
be carefully modeled,21 and the measurement techniques
be suitably extended, something that has not been done
ZnO. Frequency domain NDR5,16 and time domain
NET12,14,18have been reported for ZnO single- and polycry
tals, but its origin has been systematically qualified as poo
understood,18 not presently known,13 or unsubstantiated by
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any theoretical model.16 This unsatisfactory situation extend
to many other materials currently under research~such as
SnO2-based varistors22!, where the risk exists of basing th
initial stages of knowledge on unreliable and improperly
terpreted experimental data.

The purpose of this letter is to present a meaningful el
trical characterization ofn-doped polycrystalline ZnO tha
fully accounts for the nonexponential/non-Debye nature
the electrical response and yields empirical evidence on
nonmajority of the shallow donor. The dominant defect
found to be a deep donor. This result agrees with rec
first-principles calculations and invalidates the assumption
a dominant shallow donor~necessary for an exponential tra
sient behavior23!. We also show how the theory of charg
transport through electrically active grain boundaries24–26

~GBs! can be applied to obtain relevant, not previous
found, results.

The transport theory24–26through double Schottky barri
ers ~DSBs! provides a set of equations where the densiti
energies, and capture cross sections of deep levels appe
adjustable parameters, which can be used to fit the elect
response of any polycrystalline semiconductor~such as poly-
Si, Ge, GaAs, or ceramic perovskites such as BaTiO3). De-
spite this theory has been frequently quoted in the literatu
the expressions for the GB electrical response have b
barely used, hence preventing the theory to be convenie
exploited. To fix the notation,17,26 Fig. 1 depicts a DSB:
EC(x)52e3F(x) is the equilibrium geometry of the con
duction band~CB!, F(x) is the electrostatic potential, an
FB[2F(x)ux50 is the barrier height. The carrier concentr
tion in the CB isN0 , corresponding to an everywhere ion
ized shallow donor of energyE0(x), and defining the Ferm
level position in the bulkEF(2`) @with j5EC(2`)
2EF(2`)]. Deep lying defects have densitiesNa capture
cross-sectionssa and energiesEa(x) ~crossing the Fermi
level at points2xLa and xRa), wherea51...d from shal-
lower to deeper. The CB and the defect energies bend
parallel,25 so ja[EC(x)2Ea(x) (a50...d) remains con-
2 © 2003 American Institute of Physics
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stant everywhere. An interface density of statesNS(E) exists
at the boundary. The equations determining the band ge
etry and the 2d13 unknownsxLa xRa and FB (a50,..,d)
were written and solved by Blatter and Greuter.26 Upon ap-
plication of a small time-dependent signalDV(t)
5V0eivt(eV0!kBT), and subtraction of the dc-transpo
component, one gets the true ac lossGac(v)/v
5@Gtot(v)/v#2(Gdc/v)5(21/2)Im@CL(v)#, where26

CL~v!5«0« r

(a50
d r a~v!

(a50
d xLar a~v!

, ~1!

with the recursive definitionr 0(v)[1 and

r a~v!5
1

11 ivta

(m50
a21~xLm2xLa!r m~v!

(a50
d ~xLm2xLa!~Nm /Na!

, ~2!

ta5
e

AT2sa~11ga!
e«a /kBT, ~3!

whereA is Richardson’s constant andga is the degeneracy
factor27 (ga51/2). The r as are complex functions, so th
quotient in Eq.~2! mixes real and imaginary parts in a
involved way that does not lend itself to simplifications: t
deep levels couple among themselves, and one has to r
to a global fitting in order to obtain any reasonably accur
quantitative information. In this sense, the set of Eqs.~1!–~3!
do indeed fulfill the requirements pointed by seve
authors,28 who emphasized the inappropriateness of usual
sumptions for dielectric analysis, which involve distributio
of uncoupled relaxation times describing parallel, indep
dent processes.

Our experiments were done over disk-shaped sample
sintered, n-doped, ZnO-based varistors. The free-elect
density and shallow donor activation energy were measu
as reported in Ref. 29, obtaining a typical value ofN0 (2.1
60.1)31017 cm23. At each temperature, the zero-bias sm
signal response was measured and the true ac
Gac(v)/v5(21/2)Im@CL(v)# was obtained. As shown b
Eqs.~1!–~3!, this quantity contains the information about th
DSB electronic structure in form of adjustable paramet
@three per trap: (Na , ja , sa)], which were used to fit the
experimental data through about five orders of magnit
(1025– 1 Hz). There are no unknown parameters related
the interface states because the only interface paramete
enters the zero-bias admittance is the barrier height, whic
an experimental input at each temperature.24 Hence, for a
given set of deep trap parameters, we do not need deta
knowledge of the interface parameters. We modelNS(E)

FIG. 1. Schematic energy band diagram of a DSB at a GB in a polyc
talline semiconductor.
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with a Gaussian and, at any given temperature, we sw
trap parameters in order to obtain a best fit to the experim
tal data. For each set of trap parameters, we use the mea
barrier height as an input and begin our calculation by
justing the parameters ofNS(E) ~area and energy position!
so as to reproduce, at that temperature and with those d
traps, the experimental barrier height. Within the explor
frequency range, we found an optimum fitting with five le
els. Examples of measured and fitted curves at various t
peratures are shown in Fig. 2. The results are summarize
Table I.

The main result is the presence of a dominant deep le
with a concentration above that of the shallow donor. N
that, even when the total defect concentrations can be lo
in bulk single crystals or polycrystalline thin films, the rel
tive abundances of native point defects are expected to
similar because the lack of a majority defect with shallo
donor properties inn-type ZnO was found by Kohanet al.7

to be robust under variable doping and growth conditio
Notice that the calculated curves are very sensitive
changes in the parameters of the denser levels: Figu
shows the curve obtained with the parameters of Tabl
along with curves obtained by slightly varying the para
eters of the denser trap (a55 in Table I!. TheNa , ja , and
sa for the two denser traps (a54 anda55 in Table I! can
be resolved within64%, 61%, and 68%, respectively.
Variations in the parameters of the more diluted traps are
so easily perceptible by sight, but they are still significa
enough to resolveN1 , j1 , ands1 within 640%,63%, and
645%, respectively.

Another salient feature of Table I is the presence of s
eral thermal activation energies associated with a single c
ture cross section and, therefore, with a single defect.20,30

This result points to a widely recognized effect, first d

s-

FIG. 2. Measured and calculated~parameters from Table I! true-ac loss
curves at various temperatures.

TABLE I. Trap parameters deduced from a best fit of the measured tru
loss to the DSB equations.

Lever
~‘‘ a’’ !

Density
Na ~cm23!

Energy
ja ~eV!

Cross section
sa ~cm2!

1 4.831016 0.41 1.2310218

2 8.531016 0.47 2.5310218

3 2.031017 0.51 2.5310218

4 5.031017 0.56 1.4310218

5 3.631018 0.60 1.4310218
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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cussed by Levinsonet al.30 and studied in deep by Omlin
et al.:20 the broadening of the emission activation energy o
single defect level due to its fluctuating chemical enviro
ment. This effect has been widely studied for DX centers
semiconductor alloys,31 where it introduces a fine structur
in the energy levels, particularly broad for vacancy-ty
point defects and for defect complexes/clusters.30 The same
effect should be expected in heavily doped polycrystall
semiconductors, where local stoichiometric fluctuations
abundant, and different nearest-neighbor shells can ap
around each kind of defect.32 Indeed, activation energy dif
ferences of 40–50 meV~similar to those in Table I! have
been reported, for example, between fine structure peak
substitutional Fe in GaAsP alloys.32 Regarding the chemica
identities of the three kinds of defects appearing in Table
is worth pointing out that the thermal activation energies
the levelsa54 anda55 in Table I~0.56–0.6 eV below the
conduction band! lie within the ab initio predicted range for
the oxygen vacancy.7–9 However, neither the data reported
this work, nor the present understanding and knowledge
the physical parameters of the main intrinsic defects in Zn
allow for any identification on the basis of the energy lev
position only.

In conclusion, we have provided empirical evidence
the minority of the shallow donor and the majority of a de
donor species in ZnO-based varistors. In doing so, we h
shown that the theory of charge transport through dou
Schottky barriers, when applied in its full generality a
without unjustified assumptions, accurately reproduces
spectral behavior and temperature variation of the zero-
electrical response ofn-doped polycrystalline ZnO, henc
yielding a powerful spectroscopic technique. By using t
technique we have found two deep levels with fine struct

FIG. 3. ~Color! Calculated true-ac loss curves at 293 K with slightly varyi
parameters for the denser trap. For each curve, the remaining 14 param
are exactly those appearing in Table I.
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features, a property attributable to the effect of fluctuat
chemical environments. These results provide a consis
qualitative and quantitative explanation to the observed
hitherto unexplained frequency-domain non-Debye and tim
domain nonexponential responses of this material.

The authors acknowledge support from CICYT, Proje
No. MAT2001-1682-C02-01/02.
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