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Abstract

Broadband admittance spectroscopy measurements of ZnO-based varistors are analyzed in terms of charge transport theory through doubls
Schottky barriers, hence obtaining empirical evidence on the minority 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 level transient spectroscopy or admittance spectroscopy or
capacitance—voltage techniques), assume adominant concen-
Zinc oxide has attracted much attention in the last decade,tration for the shallow donor and a comparatively small deep
as it presents a wide range of interesting applications: n-typedefect concentration, additionally neglecting any type of in-
polycrystalline ZnO is widely used in ceramic varistdrs, teraction among defects. Indeed, very little is known about
transparent conductofsgas sensor$,or phosphorg; the the concentrations and electronic properties of deep levels in
close ZnO lattice matching with GaN has recently led to its zinc oxide. Deep level transient spectroscopy (DIE%)nd
use as substrate for epitaxial GaN growtigvanced electro-  admittance spectroscopy (A8)*have been widely applied
optical applications for ZnO single crystals have been re- to single and polycrystalline ZnO but, as recently néfed
cently reviewed by LooK. From a fundamental viewpoint in relation withC-V measurements, the lack of connection
all these applications rely heavily on the concentration and between these techniques and the general theory of charge
electronic structure of intrinsic/extrinsic point defects. It is transportthrough junction barriers is disappointing. Reported
for this reason that, in the last years, the electronic struc- DLTS studies rely upon the assumption of exponential trap-
ture and formation energy of native point defects in ZnO ping transients, which is known to be incorf&et3for ZnO
have attracted a lot of attention, and have been calculatedhence yielding erroneous physical parametéf$Reported
from first principles’ One conclusion of these calculations AS studies suffer from the fact that values for physical param-
is the lack of an abundant defect with shallow donor prop- eters can always be extracted from admittance spectra but, as
erties. This fact is relevant because several, widely applied,recognized by Gafa-Belmonte et at! there is no reason
methods for the study of gap electronic states (such as deegor these values to be meaningful for a non-Debye response
(NDR). Frequency domain NOR! and time domain NET
* Corresponding author. Present address: School of Physics, The Univer—(r.lon_expcmentlal tran5|eﬁt}3 have pe.'en reported for ZnO .
sity of Sydney, 2006 Sydney, Australia. single- ar_u_d polycrystals, but its origin has been systemati-
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or unsubstantiated by any theoretical motleThis unsatis- be applied. Indeed, as very recently notédyost character-
factory situation extends to many other materials currently ization procedures applied to GBs in semiconductors have
under research (such as Snafiased varistorS), where the relied upon expressions borrowed from the well known theo-
risk exists of basing the initial stages of knowledge on unre- ries of p—n junctions and one-sided Schottky barriers in metal
liable and improperly interpreted experimental data. semiconductor contacts, neglecting the many (and extremely
The purpose of this paper is to present empirical evidencerelevant) features associated with the presence of charged
in favour of a non-majority shallow donor in polycrystalline (electrically active) GBs, field-dependent electrostatic bar-
ZnO and to show how the general theory of charge transportriers (DSBs) and coupling phenomena among the various
through charged interfaces in polycrystalline semiconductors defect-induced energy levels.
can be used without unjustified assumptions. Fig. 1 depicts a DSBE¢(X) = —ed(X) is the equilibrium
geometry of the conduction band (CR)(x) is the electro-
static potential, andbg = —P(X)|x=0 iS the barrier height.
The carrier concentration in the CBNy, corresponding to
an everywhere ionized shallow donor of enefx), and
defining the Fermi level position in the bul(—oo) [with
& =Ec(—00)—Er(—00)]. Deep lying defects have densities
N, capture cross-sections, and energief, (x) (crossing

2. Methodology

The general analytical framework for charge transport

through semiconductor GBs was developed in a series of
; 19

papers by Pike and Blatter and GreUlter-°By means of the the Fermi level at points-x_, andxg,), wherea=1, ...,

gies
d) remains constant everywhere. An interface density of
The theory provides a set of equations such that the densities
as fully adjustable parameters that can be used to fit the elec-, and @g (@=0, ..., d) were written and solved by
literature, the complete and correct expression for the GBetlon of the DC-transport component, one gets the true AC
rigor devoid of physical sense: much on the contrary, it leads

S oral@)

double Schottky barrier (DSB) model, these authors were d from shallower to deeper. The CB and the defect ener-
able to obtain useful and general expressions for the steady . bend in paralléf so £ _ Ec(d) — Eo(¥) («=0
and non-steady state charge transport properties of such im- P ' «==C AR
portant materials as poly-Ge, poly-Si, GaAs, Bag €0Zn0. statesNs(E) exists at the boundary. The equations deter-

: : mining the band geometry and thel23 unknownsx,
energies, and capture cross-sections of defect levels appea);R

o

trical response of any polycrystalline semiconductor. Despite Blatter and Greutet? Upon application of a small time-

. H — jwt _
the fact that these papers have been thoroughly quoted in th dependent signahV(f) = Voe*" (eVo «ksT), and subtrac
admittance has been barely used. Yet the understanding an :NﬁzreGac(w)/w = [Guo@)e] = (Gadw) = (=1/2)Im[C ()],
use of the proper equations is not a question of academic
to interesting new results, and it can help to gain new in- Cp(w) = gp&, =
sights on all those materials to which the DSB model can > _a=0XLala(®)
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Fig. 1. Schematic energy band diagram of the double Schottky barrier at a grain boundary in a polycrystalline semiconductor.
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with the recursive definitiong(w) =1 and 0.00001 0.001 0.1 10
1 Zfi;%(xw — xLa)ru() 120'_ = T=293K
ro(®) = . = : 2) I e T=303K
T4 iote 30 oLy — xLa)(Nyw/Na) E 100—_ A T=313K
m Fitted curves
e 804
Ty = __°  falkeT ©) ‘f_ |
AT?0,(1+ go) < ol
whereA is Richardson’s constant aryg is the degeneracy £ -
. . . 2 404
factor. Ther,s are complex functions, so the quotient in Eq. e
(2) mixes real and imaginary parts in an involved way that &, | L
does not lend itself to simplifications: the deep levels cou- ]
ple among themselves, and one has to resort to a global fit- 0+
ting in order to obtain any reasonably accurate quantitative AR U T T T
0.00001 0.001 0.1 10

information. In this sense, the set of E%-3) do indeed

fulfill the requirements pointed by several auth&tsyho frequency -o/2r (Hz )

emphasized the inappropriateness of usual assumptions forF ig. 2. Measured and calculated (with the parametefEable 3 true-AC
. . . . . . . . 19. 2. u u Wi ue-

dlelectr'lc apalysus, WhI.Cf.l involve dlst.rlbutlons of uncoupled loss curves at various temperatures.

relaxation times describing parallel, independent processes.

detailed knowledge of the interface parameters. We model
3. Experimental results Ns(E) with a Gaussian and, at any given temperature, we
sweep trap parameters in order to obtain a best fit to the ex-
The experiments were carried out on disc-shaped perimental data. For each set of trap parameters, we use the
(@11 mm and 1.6 mm thickness) samples of sintered, n- measured barrier height as an input and begin our calcula-
doped, ZnO-based varistor materials. Chemical composi-tion by adjusting the parameters N§(E) (area and energy
tion was 94 mol% ZnO, 2 mol% BO3 (which is known to position) so as to reproduce, at that temperature and with
be insoluble in the ZnO grains), and the remaining quan- those deep traps, the experimental barrier height. Within the
tity formed by various n-type dopants (MnO, CoO,8%). explored frequency range, we found an optimum fitting with
SEM microscopy, grain EDAX, and X-ray analysis, showed five levels. Examples of measured and fitted curves at various
avery homogeneous microstructure (average grain size equalemperatures are shownfig. 2 The results are summarized
to 7.5um and very narrow grain size distribution), and the in Table 1
usual distribution of phases at the inter-grain triple junc-
tions, as repeatedly reported in the literathr&he free-
electron density and shallow donor activation energy were 4. Results and discussion
measured as reported in Rét. obtaining a typical value
of (2.1+£0.1)x 107 cm~3. At each temperature, the zero- The main result is the presence of a dominant deep level,
bias small signal response was measured and the true AGwith a concentration above that of the shallow donor. Note
loss Gad(w)/w = (—1/2) Im[C (w)] was obtained. As shown that, even though the total defect concentrations can be lower
by Egs.(1-3), this quantity contains the information about in bulk single crystals or polycrystalline thin films, the rela-
the DSB electronic structure in form of adjustable param- tive abundances of native point defects are expected to be sim-
eters [three per trapN, &4, 04)], Which were used to fit  ilar. This is because of the lack of a majority defect with shal-
the experimental data through about five orders of magni- low donor properties in n-type ZnO, which has been found by
tude (10°°Hz—1Hz). There are no unknown parameters re- Kohan et al’ to be robust under variable doping and growth
lated to the interface states because the only interface parameonditions.
eter that enters the zero-bias admittance is the barrier height, Other salient feature dfable 1is the presence of several
which is an experimental input at each temperatitdence, thermal activation energies associated with a single capture
for a given set of deep trap parameters, we do not need across section and, therefore, with a single defect. This result

Table 1

Physical parameters obtained by fitting the measured true-AC loss to the double Schottky barrier model equations

Level,a DensityN,, (cm3) Energy&, (eV) Capture cross-sectios, (cm?)
1 4.8 x 106 0.41 12x 10718

2 85 x 106 0.47 25x 10718

3 20x 10% 0.51 25x 10718

4 5.0 x 107 0.56 14x 10718

5 36x 108 0.60 14x 10718
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points to a widely recognized effect, first discussed by Levin- Acknowledgement

son et aP? the broadening of the emission activation energy
of a single defect level due to its fluctuating chemical envi-
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in semiconductor alloy&® where it introduces a fine struc-
ture in the energy levels, particularly broad for vacancy-type
point defects and for defect complexes/clustérEhe 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 defeét.Indeed, activation energy dif-
ferences of 40-50 meV (similar to thoselimble ) have been
reported, for example, between fine structure peaks of substi-
tutional Fe in GaAsP alloy®! Regarding the chemical iden-
tities of the three kinds of defects appearingrable 1 it is

worth pointing out that the thermal activation energies of the 4.
levelsa =4 anda =5 in Table 1(0.56-0.6 eV below the con-
duction band) lie within the ab initio predicted range for the
oxygen vacancyAlso, the small measured capture cross sec-
tions are consistent with the fact that the oxygen vacancy has
been predicted to be a negative-U defeathich precludes it
from appearing a¥o", and forces the possible charge states 6.
for this defectto 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
allthe arguments and calculations carry on unmodified in this 8.
case, provided the corresponding capture cross-segtits
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 centres. However, neither the data re-10.
ported in this work, nor the present understanding and know!-
edge of the physical parameters of the main intrinsic defects
in ZnO, allow for any clear identification of the chemical
nature of the dominant defect.

2.

12.

5. Conclusions
13.

Most of the previous studies on polycrystalline ZnO and
other grain boundary semiconductors either completely ne-14.
glect the deep defect densifyor use methods that are only
valid in certain specific limits of GB properti€sand defect
concentratior®. 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 semi- 16.
conductors 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 struc-
ture features, a property attributable to the effect of fluctuat- 1s.
ing chemical environments. These results provide a consis-
tent qualitative and quantitative explanation to the observed 1*-
and hitherto unexplained frequency-domain non-Debye and.,,
time-domain nonexponential responses of this material.
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