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of charge transport theory through double Schottky barriers, hence obtaining empirical evidence

on the non-majority of the shallow donor in n-type ZnO. The dominant defect species is found to

be a deep donor, in agreement with recent first-principles calculations. This result consistently

explains the observed frequency-domain non-Debye and time-domain non-exponential electrical

response of these materials. Also, it invalidates several assumptions that have been made through

the years in the study and characterization of polycrystalline ZnO. We find two deep levels with

fine structures, which are attributable to fluctuating chemical environments around the defects.
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1 INTRODUCTION

Zinc oxide has attracted much attention in the last decade, as it presents a wide range of interesting

applications: n-type polycrystalline ZnO is widely used in ceramic varistors,1 transparent conductors,2 gas

sensors,3 or phosphors;4 the close ZnO lattice matching with GaN has recently lead to its use as substrate for

epitaxial GaN growth;5 advanced electro-optical applications for ZnO single crystals have been recently

reviewed by Look.6 From a fundamental viewpoint all these applications rely heavily on the concentration and

electronic structure of intrinsic/extrinsic point defects. It is for this reason that, in the last years, the electronic

structure and formation energy of native point defects in ZnO have attracted a lot of attention, and have been

calculated from first principles.7 One conclusion of these calculations is the lack of an abundant defect with

shallow donor properties. This fact is relevant because several, widely applied, methods for the study of gap

electronic states (such as deep level transient spectroscopy or admittance spectroscopy or capacitance-voltage

techniques), assume a dominant concentration for the shallow donor and a comparatively small deep defect

concentration, additionally neglecting any type of interaction among defects. Indeed, very little is known about

the concentrations and electronic properties of deep levels in zinc oxide. Deep level transient spectroscopy8,9

(DLTS) and admittance spectroscopy10,11 (AS) have been widely applied to single− and polycrystalline ZnO but,

as recently noted12 in relation with C−V measurements, the lack of connection between these techniques and the

general theory of charge transport through junction barriers is disappointing. Reported DLTS studies rely upon

the assumption of exponential trapping transients, which is known to be incorrect10,13 for ZnO hence yielding

erroneous physical parameters.14 Reported AS studies suffer from the fact that values for physical parameters

can always be extracted from admittance spectra but, as recognized by García-Belmonte et al.,11 there is no

reason for these values to be meaningful for a non-Debye response (NDR). Frequency domain NDR5,11 and time

domain NET9,13 have been reported for ZnO single- and polycrystals, but its origin has been systematically

qualified as poorly understood,13 not presently known,8 or unsubstantiated by any theoretical model.11 This

unsatisfactory situation extends to many other materials currently under research (such as SnO2-based

varistors15), where the risk exists of basing the initial stages of knowledge on unreliable and improperly

interpreted experimental data.

The purpose of this paper is to present empirical evidence in favour of a non-majority shallow donor in

polycrystalline ZnO and to show how the general theory of charge transport through charged interfaces in

polycrystalline semiconductors can be used without unjustified assumptions.
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2. METHODOLOGY

The general analytical framework for charge transport through semiconductor GB’s was developed in a

series of papers by Pike and Blatter and Greuter.17-19 By means of the double Schottky barrier (DSB) model,

these authors were able to obtain useful and general expressions for the steady and non-steady state charge

transport properties of such important materials as poly-Ge, poly-Si, GaAs, BaTiO3 or ZnO. The theory provides

a set of equations such that the densities, energies, and capture cross-sections of defect levels appear as fully

adjustable parameters that can be used to fit the electrical response of any polycrystalline semiconductor. Despite

the fact that these papers have been thoroughly quoted in the literature, the complete and correct expression for

the GB admittance has been barely used. Yet the understanding and use of the proper equations is not a question

of academic rigor devoid of physical sense: much on the contrary, it leads to interesting new results, and it can

help gaining new insights on all those materials to which the DSB model can be applied. Indeed, as very recently

noted,12 most characterization procedures applied to GB’s in semiconductors have relied upon expressions

borrowed from the well known theories of p-n junctions and one-sided Schottky barriers in metal semiconductor

contacts, neglecting the many (and extremely relevant) features associated with the presence of charged

(electrically active) GB’s, field-dependent electrostatic barriers (DSB’s) and coupling phenomena among the

various defect-induced energy levels.

Fig. 1 depicts a DSB: EC(x)=−e×Φ(x) is the equilibrium geometry of the conduction band (CB), Φ(x) is

the electrostatic potential, and ΦB≡−Φ(x)|x=0 is the barrier height. The carrier concentration in the CB is N0,

corresponding to an everywhere ionized shallow donor of energy E0(x), and defining the Fermi level position in

the bulk EF(−∞) [with ξ=EC(−∞)−EF(−∞)]. Deep lying defects have densities Nα capture cross-sections σα and

energies Eα(x) (crossing the Fermi level at points −xLα and xRα), where α=1…d from shallower to deeper. The

CB and the defect energies bend in parallel,18 so ξα≡EC(x)−Eα(x) (α=0…d) remains constant everywhere. An

interface density of states NS(E) exists at the boundary. The equations determining the band geometry and the

2d+3 unknowns xLα xRα and ΦB (α=0,..,d) were written and solved by Blatter and Greuter.19 Upon application of

a small time-dependent signal ∆V(t)=V0eiωt (eV0<<kBT), and subtraction of the dc-transport component, one gets

the true ac loss Gac(ω)/ω=[Gtot(ω)/ω]−(Gdc/ω)=(−1/2)Im[CL(ω)], where
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where A is Richardson’s constant and gα is the degeneracy factor. The rαs are complex functions, so the quotient

in Eq.(2) mixes real and imaginary parts in an involved way that does not lend itself to simplifications: the deep

levels couple among themselves, and one has to resort to a global fitting in order to obtain any reasonably

accurate quantitative information. In this sense, the set of equations (1)-(3) do indeed fulfill the requirements

pointed by several authors,20 who emphasized the inappropriateness of usual assumptions for dielectric analysis,

which involve distributions of uncoupled relaxation times describing parallel, independent processes.

3. EXPERIMENTAL RESULTS

The experiments were done over disc-shaped (∅11mm and 1.6mm thickness) samples of sintered, n-

doped, ZnO-based varistor materials. Chemical composition was 94mol% ZnO, 2mol% Bi2O3 (which is known

not to be soluble in the ZnO grains), and the remaining quantity formed by various n-type dopants (MnO, CoO,

Al2O3); SEM microscopy, grain EDAX, and X-ray analysis, showed a very homogeneous microstructure

(average grain size equal to 7.5µm and very narrow grain size distribution), and the usual distribution of phases

at the inter-grain triple junctions, as repeatedly reported in the literature.1 Our experiments were done over disc-

shaped samples of sintered, n-doped, ZnO-based varistors. The free-electron density and shallow donor

activation energy were measured as reported in Ref. 21, obtaining a typical value of (2.1±0.1)×1017cm−3. At each

temperature, the zero-bias small signal response was measured and the true ac loss Gac(ω)/ω=(−1/2)Im[CL(ω)]

was obtained. As shown by Eqs. (1)-(3), this quantity contains the information about the DSB electronic

structure in form of adjustable parameters [three per trap: (Nα, ξα, σα)], which were used to fit the experimental

data through about five orders of magnitude (10-5Hz−1Hz). There are no unknown parameters related to the

interface states because the only interface parameter that enters the zero-bias admittance is the barrier height,

which is an experimental input at each temperature.17 Hence, for a given set of deep trap parameters, we do not

need a detailed knowledge of the interface parameters. We model NS(E) with a Gaussian and, at any given

temperature, we sweep trap parameters in order to obtain a best fit to the experimental data. For each set of trap

parameters, we use the measured barrier height as an input and begin our calculation by adjusting the parameters
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of NS(E) (area and energy position) so as to reproduce, at that temperature and with those deep traps, the

experimental barrier height. Within the explored frequency range, we found an optimum fitting with five levels.

Examples of measured and fitted curves at various temperatures are shown in Fig. 2. The results are summarized

in Table I.

4. RESULTS AND DISCUSSION

The main result is the presence of a dominant deep level, with a concentration above that of the shallow

donor. Note that, even when the total defect concentrations can be lower in bulk single crystals or polycrystalline

thin films, the relative abundances of native point defects are expected to be similar because the lack of a

majority defect with shallow donor properties in n-type ZnO has been found by Kohan et al.7 to be robust under

variable doping and growth conditions.

Other salient feature of Table I is the presence of several thermal activation energies associated with a

single capture cross section and, therefore, with a single defect. This result points to a widely recognized effect,

first discussed by Levinson et al.:22 the broadening of the emission activation energy of a single defect level due

to its fluctuating chemical environment. This effect has been widely studied for DX-centers in semiconductor

alloys,23 where it introduces a fine structure in the energy levels, particularly broad for vacancy-type point

defects and for defect complexes/clusters.22 The same effect should be expected in heavily doped polycrystalline

semiconductors, where local stoichiometric fluctuations are abundant, and different nearest-neighbour shells can

appear around each kind of defect.24 Indeed, activation energy differences of 40-50 meV (similar to those in

Table 1) have been reported, for example, between fine structure peaks of substitutional Fe in GaAsP alloys.24

Regarding the chemical identities of the three kinds of defects appearing in Table I, it is worth pointing out that

the thermal activation energies of the levels α=4 and α=5 in Table 1 (0.56-0.6eV below the conduction band) lie

within the ab-initio predicted range for the oxygen vacancy.7 Also, the small measured capture cross sections are

consistent with the fact that the oxygen vacancy has been predicted to be a negative-U defect,7 which precludes it

from appearing as VO
•, and forces the possible charge states for this defect to be (0) and  (++): this implies the

simultaneous transfer of two electrons at the edge of the ionization region under non-steady state transport

regime. We have verified that all the arguments and calculations carry on unmodified to this case, provided the

corresponding capture cross-section σν is properly interpreted as that for a two-electron capture event: it is

reasonable for this capture cross-section to be smaller than the usual cross sections for non-radiative

recombination at Coulomb-attractive centers. However, neither the data reported in this work, nor the present
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understanding and knowledge of the physical parameters of the main intrinsic defects in ZnO, allow for any clear

identification of the chemical nature of the dominant defect.

5. CONCLUSIONS

Most of the previous studies on polycrystalline ZnO and other grain boundary semiconductors either

completely neglect the deep defect density [17] or use methods that are only valid in certain specific limits of GB

properties [19] and defect concentrations [20]. We have presented here empirical evidence in favour of a non-

majority shallow donor in polycrystalline ZnO. Also, we have shown how the general theory of charge transport

through charged interfaces in polycrystalline semiconductors can be applied without unjustified assumptions in

order to devise a powerful spectroscopic technique. By using this technique we have found two deep levels with

fine structure features, a property attributable to the effect of fluctuating chemical environments. These results

provide a consistent qualitative and quantitative explanation to the observed and hitherto unexplained frequency-

domain non-Debye and time-domain nonexponential responses of this material.

We acknowledge support from CICYT, project MAT2001-1682-C02-01/02.
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FIGURE CAPTIONS

FIG. 1. Schematic energy band diagram of the double Schottky barrier at a grain boundary in a polycrystalline

semiconductor

FIG. 2. Measured and calculated (with the parameters of Table 1) true-ac loss curves at various temperatures.
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Table 1: Physical parameters obtained by fitting the measured true-ac loss

to the double Schottky barrier model equations.

Level Density Energy Capture cross-section

(“α”) Nα (cm−3) ξα (eV)   σα (cm2)

1 4.8×1016 0.41 1.2×10−18

2 8.5×1016 0.47 2.5×10−18

3 2.0×1017 0.51 2.5×10−18

4 5.0×1017 0.56 1.4×10−18

5 3.6×1018 0.60 1.4×10−18
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