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Abstract Deep Level Transient Spectroscopy (DLTS)
characterisation of sintered polycrystalline ZnO, and ZnO
doped with Mn, and with Mn plus Bi, has been carried out
to investigate the effect of these additions on the formation
and activation of electron trap states in ZnO used for
varistor applications. Samples were produced using a
conventional solid state sintering technique, and sintered
at 1100°C and 1200°C, quenching the Bi-free samples from
the sintering temperature to preserve high temperature
defect distribution and slow cooling the Bi-containing
samples to develop varistor behaviour. The two well-
known bulk ZnO traps, L1 (0.18 eV below the conduction
band edge) and L2 (0.29 eV below the conduction band
edge), were observed in both the undoped and doped
samples. Detailed characterisation of the L1 and L2 traps
indicated that they are due to point defects, since their
energy was independent of the length of the fill pulse and
the fill bias. The introduction of both 1% Mn and (1% Mn+
2% Bi) caused several additional electron traps, some of
which have not been reported previously, to appear deeper
in the band gap with energies depending on composition
and firing cycle,. The DLTS peaks associated with these
additional traps were very broad and had activation
energies that varied with fill pulse length: characteristics
that indicate they are associated with extended defects.
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1 Introduction

ZnO based varistors show non-linear current-voltage behav-
iour, allowing the passage of a large current only above a
threshold level of applied electric field, corresponding to about
3.5 V per grain boundary [1, 2]. The non-linear behaviour is
conventionally described in terms of field-dependent current
flow across back-to-back double Schottky grain boundary
barriers [3, 4], which arise due to band-bending by occupied
interface states within the bandgap [5]. The breakdown under
high electric field is due to the flow of minority carriers,
formed by impact ionisation within the depletion region,
which lowers the potential barrier [6]. This behaviour,
coupled with the high power handling and low leakage
characteristics make varistors suitable for a range of applica-
tions including: protection of electronic circuitry, electric
power distribution and transmission systems, telecommunica-
tions, power engineering and automotive electronics [7].

In order to achieve varistor action, ZnO is doped with a
former, such as Bi,O3 or PrsO;;, which enhances electron
trapping by ZnO surface states, and performance enhancing
oxides such as MnO, CoO, Sb,05 and Cr,03 [8]. The role
of additives and processing on varistor performance has
been described in detail elsewhere [2, 9-11]. Bi,O3 also
promotes liquid-phase sintering [12]. Mn is believed to be
distributed homogenously [2] but is electrically active at
grain boundaries where it introduces interfacial surface
states, acting as a deep donor in ZnO with trap energies
0.7 eV [13], 0.45-0.50 eV [10] and 2.0 eV [14] below the
conduction band edge. Increasing Mn additions systemat-
ically increase the interface state density [9, 11] pinning the
grain boundary potential barrier at low applied fields [15]
and giving rise to high non linearity coefficients due to the
rapid collapse of the grain boundary barrier by hole-
trapping at breakdown [6, 15]. The bulk resistivity of Mn
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doped ZnO reduces with increasing sintering temperature in
the range 1150-1350°C due to an increase in the concen-
tration of intrinsic donors [16].

The precise form of the [-V characteristic in grain boundary
controlled semiconducting ceramics such as varistors and
thermistors has been related to the distribution and density of
grain boundary interface states [3]. There is therefore a need
for experimental data characterising the depth, density, origin
and form of such traps in ZnO varistors, and several
experimental studies have addressed this [5, 10, 13, 17-30]
(Table 1). However the detailed structure and precise role of
many of these traps remains unclear.

ICTS (Isothermal Capacitance Transient Spectroscopy)
[26] characterisation of interface states in Bi-doped and Pr-
doped ZnO varistors identified two defects that were
common to both types of varistors, lying 0.61 eV and
0.77 eV below the conduction band edge, and were
attributed to adsorbed oxygen. A further trap lying at
0.48 eV below the conduction band edge was also observed
in the Bi-doped varistor, and was linked to the formation of
spinel phase within the microstructure.

Photo-capacitance spectroscopy [28] and photo-isothermal
capacitance transient spectroscopy (photo-ICTS) [23] studies
of Pr-doped varistors found evidence for a trap lying 0.9 eV
below the conduction band edge, which was attributed to
chemisorbed oxygen ions. A direct correlation between the
value of the varistor non-linear coefficient and the density of
this trap was reported [28].

Several deep level transient spectroscopy (DLTS) [31]
studies have identified electron traps in single crystal ZnO
[17-19], polycrystalline ZnO [20, 21] and ZnO-based
varistors [5, 10, 13, 22-30]. DLTS of single crystal
semiconductors is normally performed by observing capac-
itance changes during the emptying of majority carrier traps
at deep states in a depletion region that has been created by
applying a reverse bias to a surface Schottky contact. The
traps are filled using an externally applied bias (the ‘fill
pulse’), which is then removed to allow the traps to empty
by thermal emission. The emission rate of each peak is
measured as a function of temperature, using a series of rate
windows, from which it is possible to calculate an energy
for the trap, which approximates the trap level with respect

Table 1 Published data for trap states in single crystal ZnO and polycrystalline ZnO varistors.

System Analysis technique Ea of trap below the Suggested Defect Reference
conduction band (eV) Responsible
Hydrothermal ZnO single crystal DLTS 0.30 Vo° [17]
Proton-bombarded ZnO single DLTS 0.12, 0.1040.02, 0.29, 0.57+0.02 [18]
crystal
Single crystal ZnO DLTS 0.12, 0.29, 0.57+0.02 Vo [19]
Zn0O-BaO DLTS 0.15, 0.24 V, [20]
Zn0-Bi,03-MnO DLTS 0.18, 0.27, 0.50, 0.60, 0.89, 1.0  Point and extended This study
Zn0-Bi,04 ICTS 0.19, 0.36 Intrinsic induced by Bi ion,  [21]
Zni*° and V,°
Zn0O-Bi,05-MnO ICTS 0.60 - [5]
Zn0-Bi,05-CoO DLTS 0.14, 0.24 Intrinsic [22]
ZnO-Pr60,,-Co304 ICTS 0.9 - [23]
Commercial varistor composition DLTS 0.17, 0.26, (0.2-0.3) Zn; [24]
Commercial varistor composition DLTS 0.26 Doubly ionised Zn interstitial [9]
Zn0-Bi,0; DLTS 0.98 - [25]
Zn0-Bi,05; and ZnO-Pr,03 ICTS 0.61, 0.77 in both Bi- Chemically adsorbed O [26]
and Pr-type and 0>~
ZnO-Pr,03 ICTS 0.84 [27]
ZnO-Pr,03 ICTS single grain boundary 0.9 Chemisorbed oxygen ion [28]
measurement
Zn-Bi-Co and Zn-Pr-Co-Al Capacitance transient 0.6-0.7 Extrinsic [8]
spectroscopy

Commercial varistor composition DLTS 0.15, 0.25 Extrinsic, Zn interstitial [29]
Commercial varistor composition DLTS 0.25, 1.1 - [30]
Commercial varistor composition Admittance spectroscopy 0.21, 0.32, 0.17, 0.45-0.50 Intrinsic [10]
Commercial varistor composition Admittance spectroscopy 0.45-0.50 - [13]
Commercial varistor composition Admittance spectroscopy 0.20, 0.32, 0.45-0.50, 0.17 Intrinsic defects of ZnO [14]
ZnO varistors Admittance spectroscopy 0.20, 0.32 - [15]
ZnO varistors Admittance spectroscopy 0.36 - [11]
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to the conduction or valence band edge. In analysing DLTS
data it is normally assumed that the capture cross-section
does not depend on temperature, so the emission rate, e,, is
given by:

_AGn
e, = o,ViyN, exp( T > (1)

and is often simplified to:

E.—FE
e, = 0,vVy N, exp (kTT> (2)

where o0, is the capture cross-section, vy, is the thermal
velocity, N. is the effective density of states in the
conduction band and AG, is the energy needed to excite
an electron thermally from a trap into the conduction band,
E. is the position of the conduction band and Er the energy
level of the trap. Equation 2 is normally used to calculate an
experimental activation energy, from a plot of In (T%/e,)
against 1/T, but the value so obtained is slightly different
from the true trap level, as would be calculated from the
enthalpy term because the simplifying assumptions ignore
the change in entropy associated with electron emission
from the trap to the conduction band.

A value for the capture cross-section of the trap can be
estimated from the intercept of the plot of In (T%/e,)) against
1/T. However, the approximations described above can lead
to significant errors in this part of the analysis with
calculated capture cross sections varying by up to two
orders of magnitude from the true value [32]. Accurate
capture cross-sections of traps for majority carriers can be
extracted from studies of the capture process rather than the
emission process used in DLTS, but since capture times are
much shorter than emission times, this can be technically
demanding. For this reason we are refraining from present-
ing calculated values for capture cross-section in this study.

In single crystal materials, the area under the DLTS peak
is frequently used to calculate the trap concentration, as the
volume probed during the experiment is well-defined. In
the case of polycrystalline semiconductors, grain boundary
depletion regions are also probed during DLTS, and so it is
possible to calculate the level of grain boundary traps (i.e.
their position relative to the conduction band (CB) edge for
electron traps or relative to the valence band edge for hole
traps). However quantification of the defect concentration
remains challenging since in real materials the geometry of
the depletion regions that are formed under bias cannot be
determined accurately. It does however remain possible to
make valid judgments about relative trap concentrations in
a specific sample by comparing the areas of separate
emission peaks within the same spectrum. For example,
Fan and Freer [29] studied the effect of Ag and Al doping
on the I-V characteristics of a varistor. They found two
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electron traps at 0.15+0.01 eV and 0.25+0.01 eV below the
conduction band in both compositions, and reported that Al
doping increases the trap density, donor density and «,
whereas Ag doping had the opposite effect. Rohgati et al.
[24] found a decrease in the density of the trap at 0.26 eV
below the conduction band after annealing at 600°C and
suggested that the density of this trap is related to varistor
stability.

Although DLTS studies have been performed on several
commercial varistor formulations [24, 25, 29, 30], these
generally contain several additives in differing proportions
and are sintered over a range of temperatures. Consequently
comparison of the data is difficult and the specific effect of
each additive on trap formation has not yet been established
with certainty. In addition the fine-scale structures of the
traps that have been identified have not been studied in
detail.

In this study we have used DLTS to characterise the
effects of Mn doping and variations in sintering temperature
on trap development in ZnO. We have achieved this by
comparing trap densities and distributions in undoped and
Mn-doped polycrystalline ZnO that has been sintered at two
temperatures. We have specifically investigated the inter-
action of Mn with Bi in order to investigate the effect of Bi
on the formation, activation and development of these (Mn
induced) trap states in simple varistor structures. In addition
we have carried out a novel detailed study of the structure
of the electron traps present in one sample (Mn doped ZnO
sintered at 1100°C), to establish which states are associated
with (intrinsic or extrinsic) point defects, and which are
associated with extended defects, by characterizing varia-
tions in apparent activation energy with fill pulse and
capture cross-section.

2 Experimental procedure

ZnO (99.99% purity), ZnO doped with 1 mol.% Mn (as
carbonate) and ZnO doped with 1 mol.% Mn and 2 mol.% Bi
(as oxide) powders were prepared via a standard mixed-oxide
route by weighing, ball-milling and calcining at 500°C for 5 h.
4 mm thick pellets, 10 mm in diameter, were pressed, and
sintered at 1100°C or 1200°C for 2 h. The samples so
produced are referred to here as Z-1100, Z-1200, ZM-1100,
ZM-1200 and ZMB-1200, according to composition and
sintering temperature. The Z- and ZM- samples were air
quenched from the sintering temperature in order to minimize
the effects of oxygen diffusion during cooling and allow the
effect of Mn on the defect chemistry of ZnO to be investigated
as a function of sintering temperature. Sample ZMB-1200
was required to show varistor behaviour and so was cooled
from the sintering temperature at a rate of 2°C min ™', allowing
grain boundary electrical barriers to develop so that the trap
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structures associated with Mn and Bi additions in ZnO based
varistors could be characterised.

The sintered pellets were prepared for microstructural
characterisation by polishing with diamond paste and a
colloidal silica suspension. Backscattered (BS) electron
images were captured using a JEOL 6300 SEM with EDX
facility. Grain size was measured using the linear intercept
method and densities were established using the Archi-
medes’ method. Bulk electrical measurements were made
using In-Ga paste electrodes and a custom test rig.

For DLTS measurements, the sintered pellets were
ground to a thickness of 1 mm and polished on both sides.
An array of 1 mm diameter Ohmic, Au top contacts was
deposited onto one polished face and a second, Ohmic, Au
back-electrode deposited onto the opposite face. Each
sample was mounted on an insulating ceramic substrate,
with electrical contact made through wires bonded to one
top contact and the back electrode (Fig. 1). An electric field
was applied across the specimen, which modified the size
of the grain boundary depletion regions below the top
electrode. Since the contacts were Ohmic, no Schottky
barrier depletion region was created below the electrode
and therefore the resultant signal was localised to the grain
boundary depletion regions. The emission rate was mea-
sured as a function of temperature for each sample and the
energy of each trap established from the variation of peak
emission rate for each rate window with temperature. In the
subsequent discussion it is assumed that all grain boundary
depletion regions perpendicular to the electric field and
directly under the contacts were activated for the DLTS
measurements.

3 Results

3.1 Microstructure

Figure 2(a—) shows BS images of each of the samples.
Table 2 lists the corresponding specimen densities and grain
sizes. Samples Z-1100 (Fig. 2(a)) and Z-1200 (Fig. 2(b))

are almost fully dense, with similar grain sizes and only a

Top electrode

Back electrode }—/

Fig. 1 Schematic diagram showing the electrode configuration for
DLTS

few small pores at triple points. The addition of Mn in
samples ZM-1100 (Fig. 2(c)) and ZM-1200 (Fig. 2(d)) has
slightly reduced both the mean grain size and the sample
density. The addition of excess Bi and Mn (sample ZMB-
1200: Fig. 2(e)) has led to the formation of a Bi-rich phase,
which has pooled at triple junctions and penetrated as a
thick film along many grain boundaries, rounding the
grains and increasing the mean grain size due to liquid
phase sintering. A few large pores remain. The Bi-rich film
in sample ZM-1200 contained 0.4-0.5 mol.% of dissolved
Mn-ions, elsewhere the Mn was found to be uniformly
distributed within the ZnO grains and at grain boundaries in
all samples, within the limits of EDX analysis.

Samples Z-1100 and Z-1200 both showed Ohmic -V
behaviour with a resistivity of 4002 cm. The addition of
Mn increased the resistivity to 6x10” € cm (ZM-1100) and
3.4x10° Q cm (ZM-1200) respectively. Sample ZMB-1200
showed varistor behaviour with a non-linearity coefficient
of 9 and a leakage current, measured at 70% of the
breakdown voltage, of 13 pA cm 2.

3.2 Deep level transient spectroscopy

The fill pulse, applied between the back-electrode and one
1 mm diameter top electrode, was assumed to affect all
grain boundaries below the top electrode equally, averaging
the effects of variations in the size of the depletion region
due to microstructural or structural differences between
grain boundaries. The DLTS information so obtained was
considered to represent a ‘typical’ grain boundary, based on
all the grain boundary structures present within the
measured region.

Since the width and total area of the active depletion
regions could not be determined accurately, it was not possible
to make quantitative measurements of trap density, and so the
measurement conditions that were used were based on
achieving a good signal-to-noise ratio with spectral reproduc-
ibility. As a result measurement conditions of a—10 V bias,
20 ms long fill pulse, and a 0 V measurement bias were
adopted for all samples apart from ZM-1200 where a fill pulse
of 0.1 V for 2 ms, and a measurement bias of —3 V were used.
The voltage per grain boundary experienced by each sample
during measurement therefore varied slightly according to
sample thickness and grain size, although it was confirmed in
each case that full trap activation had taken place. Except
where stated otherwise, spectra obtained at an emission rate of
200 s ' were used to compare DLTS peak areas. All traps
were found, from the polarity of the DLTS signal, to be
electron traps and so analysis of the variation of emission
with temperature gave the energy of the trap below the
conduction band edge (Ea).

Table 3 summarises DLTS data for each sample. The well-
known L1 trap [27], at Ea=0.18+0.02 eV, was observed in
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Fig. 2 BS images of samples (a) Z-1100, (b) Z-1200, (¢) ZM-1100, (d) ZM-1200, and (e¢) ZMB-1200

all samples except Z-1100. This indicates that in undoped
ZnO a sintering temperature in excess of 1100°C is
necessary to activate this defect. The peak at Ea=0.29+
0.02 eV, corresponding to the previously reported L2 trap
[29], was found in all samples, and was independent of
dopant(s) and sintering temperature over the range studied
here. A trap at Ea=0.50+0.03 ¢V was also observed in the
undoped ZnO samples.

Table 2 Densities and grain sizes of the samples prepared for this study.

Sample Relative density (%) Grain size (um)
Z-1100 99 20+3
Z-1200 99 2144
ZM-1100 93 12+1
ZM-1200 95 16+4
ZMB-1200 85 28+4

@ Springer

The addition of 1 mol.% Mn to the ZnO suppressed the
trap at Ea=0.50+0.03 eV, but resulted in the formation or
activation of two additional electron traps at Ea=0.60+
0.03 eV and Ea=1.0£0.1 eV in sample ZM-1100 and one
trap at Ea=0.89+0.05 eV in sample ZM-1200.

Whilst the L1 and L2 traps are still present in sample
ZMB-1200, all of the deeper traps that were found in
samples ZM-1100 and ZM-1200 have disappeared, and are
replaced by a broad peak corresponding to a trap at Ea=
0.45+0 .02 eV.

Figure 3(a—e) shows the DLTS spectra from the samples,
for an emission rate of 200 s '. In sample Z-1100 (Fig. 3(a))
there are two peaks of approximately the same area (and
hence associated with traps of approximately the same
concentration). These peaks correspond to L2 at 188 K
and a trap with Ea=0.50 eV at 257 K. In sample Z-1200
(Fig. 3(b)), both these peaks are again present, but are joined
by a third, much larger, peak at 138 K, which is attributed
to the L1 defect. In the spectra from samples ZM-1100
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Table 3 Trap energies for all samples calculated from DLTS data at an emission rate of 200 s .

Sample T(K) Ea (eV) T (K) Ea(eV) T(K) Ea (eV) T(K) Ea (eV) T(K) Ea (eV) Temp. range of  Fill time (ms)
measurement (K)

Z-1100 - - 188 0.29+0.02 258 0.49+0.03 - - - - 80-300 20

Z-1200 138 0.18+£0.01 184  0.27+0.02 257 0.50+0.03 - - - - 80-300 20

ZM-1100 135 0.19+0.01 189  0.29+0.01 - - 355 0.60+0.03 385 1.0+0.1 80400 20

ZM-1200 134 0.19+0.01 188  0.30+0.01 - - 311 0.89+0.05 - - 80-350 2

ZMB-1200 135 0.16+0.02 182  0.27+0.02 - - - - 382  0.45+0.02 80-400 20

(Fig. 3(c)) and ZM-1200 (Fig. 3(d)), the addition of Mn has
decreased the area of the L1 peak relative to L2, and hence
the relative trap density. The peak observed in undoped ZnO
at 258 K has been suppressed and new peaks have appeared
in the range 300-350 K. The two, new, high temperature
peaks in sample ZM-1100 were poorly resolved at a rate
window of 200 s~' and so an additional curve, corresponding
to a rate window of 80 s " is also shown for clarity. In sample
ZMB-1200 (Fig. 3(e)) the L1 peak is now reduced to half the
area of L2, further reducing the ratio of trap densities. The
higher temperature peaks, visible in the other samples, are
also replaced by another with lower Ea. While the positions
and energies of the L1 and L2 peaks remain fixed in all
samples the higher temperature peaks show considerable
variation between samples, suggesting that their formation
and stabilisation is very sensitive to both local composition
and structure variations induced by differences in processing.

3.3 Trap structure studies

Sample ZM-1100 was selected for detailed study, and so
the fine structures of the traps present in this sample were
characterised by considering the effects of fill pulse length
and fill bias voltage on measured trap depth, Ea. The same
electrode contacts were used for all measurements within
this study, maintaining a constant sample geometry and
ensuring the same grain boundaries were activated under
each set of measurement conditions. This sample has a
mean grain size of 12um and so, based on a simple brick-
layer model and a sample thickness of 1 mm, the average
voltage per grain boundary for each measurement would be
approximately 1/80 of the overall applied voltage.

Figure 4 shows DLTS spectra of ZM-1100 showing the
L1 and L2 peaks, and peak 3, collected at an emission rate
of 200 s™', for different conditions of fill bias and pulse
length. The temperature and relative concentration of the
L1 and L2 peaks show little variation under these differing
conditions, which implies they behave as isolated point
defects within the analysed volume. Their energies are not
affected by strain field of grain boundaries, as can be seen
when a low fill bias (=3 V) is used, limiting the analyses
area to the immediate proximity of the grain boundary.

Peak 3, however, varies in peak temperature and area
according to the measurement conditions. Its concentration
relative to L1 and L2 clearly depends on fill pulse length and
the volume of material probed on either side of the grain
boundary (fill voltage). Whilst the difference between the
defect concentration measured with =10 Vand —5 V fill biases
is only slight, the drop in concentration for —3 V is significant,
suggesting that the highest density of defect responsible exists
slightly away from the exact grain boundary plane.

For the L1 and L2 traps values of Ea were found to be
unaffected by changes in fill bias voltages in the range 0 V
to —5 V, measurement bias in the range —10 V to 0 V, and
fill times in the range 20 ms to 0.05 ms (Table 4). However,
the traps, nominally at Ea=0.60+0.02 eV (peak 3) and at
Ea=1.0%0.1 eV (peak 4) both show significant variation in
apparent Ea with fill pulse length and voltage (Table 5),
indicating that the emission rate into the various rate
windows is affected by the charge state of the defect.

The activation energy of a well-behaved isolated point
defect is independent of fill pulse duration, but an extended
defect structure will charge up during the fill pulse and
change the local band bending. This gives rise to variations
both in Ea and the capture cross-section (o) of the defect
[33]. Thus electron capture into an extended defect causes a
Coulombic barrier to evolve with time, and the DLTS
signal will therefore show dependence on the fill pulse time
(tp) according to [34]:

(3)

where ny(tg) is the time dependent trap occupancy, n the
carrier concentration, vy, the thermal velocity, Nt the trap
concentration, tg the fill pulse duration and T a measure of
the time required for the trapped charge to begin to affect the
Coulombic barrier. Whilst the L1 and L2 traps show the
characteristic behaviour of isolated point defects, peaks 3
and 4 behave in a manner characteristic of extended defects.

nr(tg) = ovgntNr In(tr /1)

4 Discussion

The L1 electron trap at Ea=0.17+0.02 eV was observed in
all of our samples except Z-1100 and is widely reported in
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<« Fig. 3 DLTS spectra (for an emission rate of 200 s ') (a) Z-1100, (b)

Z-1200, (c¢) ZM-1100 with additional curve for an emission rate of
80 s ': (in this case peaks 3 and 4 are indicated according to the
nomenclature in Tables 4 and 5), (d) ZM-1200 and (e) ZMB-1200.
Corresponding activation energies for each temperature of peak are
listed in Table 3

DLTS studies of polycrystalline ZnO and ZnO-based
varistors [20, 22, 24, 29]. The same trap has been observed
in the ZnO-Bi,0O5 system by ICTS (Ea=0.19 eV) [21] and
admittance spectroscopy (Ea=0.17 eV) [10]. The precise
structure of this trap is currently unclear although it has
been suggested that it may be associated with an extrinsic
donor defect [29]. This suggestion does not, however,
explain why the trap occurs at the same energy when
different dopant species are incorporated. The sharpness
and symmetrical shape of the L1 peak in each sample
(Fig. 3) is more consistent with it being due to an isolated
point defect, as is the constancy of Ea (Table 4) as a
function of the fill bias voltage and pulse length.

The L2 defect, with Ea=0.29+0.02 eV, which was
observed in all our samples, has been reported to occur
both in single crystal ZnO [17-19] and polycrystalline ZnO
[22, 24, 29, 30]. The exact nature of this defect is also
unknown; although it has been suggested that it is
associated with a structural defect or impurity within bulk
native ZnO [19]. However, the sharpness and symmetrical
shape of the DLTS peak in each sample, coupled with our
data showing the invariance in Ea with fill time or pulse
length, suggests that it, too, is due to an isolated point defect.

The lack of variation of Ea with fill voltage and fill pulse
length for the L1 and L2 defects suggests not only that
these electron traps are due to point defects, but also that
they exist both very close to the grain boundaries and
deeper within the grains in essentially the same form. This
is because the same defect peaks with the same character-
istics are found in DLTS spectra for all values of the
depletion width (within the bias range used) and filling
density (pulse length). The energies of these defects are

20ms, -10V Peak 3
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Fig. 4 DLTS spectra of sample ZM-1100 under different experimental
conditions
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Table 4 Variation in Ea for the

L1 and L2 peaks in sample ZM- Fill pulse length (ms)

Fill bias (V)

Measurement bias (V) L1 Peak Ea (eV) L2 Peak Ea (eV)

1100 with fill bias and fill

length. 20 -10
10 -10
5 -10
2 -10
1 -10
0.5 -10
0.2 -10
0.1 -10
0.05 -10
2 -3
2 0

0.18 0.29
0.17
0.17
0.17 0.29
0.17
0.16
0.16
0.17
0.17
1 0.16 0.28
=5 0.15 0.28

S O O O O O o o o o

therefore unaffected by any localised strain field at the grain
boundaries. Our attribution of L1 and L2 to intrinsic point
defects also explains why such good agreement is found in
the literature for the properties of these defects in samples
prepared under different sintering conditions, and with
significant differences in doping level and species.

The peak with Ea=0.49 eV, observed in samples Z-1100
and Z-1200, may correspond to the ‘so-called’ E4 defect
which has been reported in single crystal ZnO [19]. A peak
with a similar Ea (0.50 eV) has previously been attributed to
a singly ionized oxygen vacancy [17]. Admittance spectros-
copy studies identified a defect with Ea in the range 0.45—
0.50 eV in commercial ZnO varistors prepared using various
additives and heat treatments [10, 13]. Its persistence over a
wide range of compositions and preparation routes is,
however, consistent with the trap being due to an intrinsic
defect. Both of the traps that are observed in sample Z-1100,
at Ea=0.29+0.02 eV (L2) and Ea=0.49+0.03 eV, have been
reported in single-crystal material [18, 19], and so no
electrically active defects solely associated with the grain
boundary structure are necessarily present in this sample.

According to the DLTS peak areas, the ratio of the
densities of these two defects in samples Z-1100 and Z-
1200 lies midway between that reported for freshly
annealed single crystal ZnO [19], where the Ea=0.49 eV
peak is much smaller than L2, and that observed in proton-
irradiated single crystal material, where it is the dominant
defect [18]. Additionally, we note that the area of the Ea=
0.49 eV peak, relative to L2, in our samples is slightly

increased at the higher sintering temperature (Fig. 3(a,b)).
On this basis the relative concentration of the 0.49 eV trap
could reflect an increasing defect density in the lattice, and
is certainly consistent with being associated with vacancies,
possibly oxygen as previously suggested, since the defect
concentration would be increased by raising the sintering
temperature or by proton irradiation.

The loss of the peak at Ea=0.49+0.03 ¢V when 1 mol%
Mn is added to ZnO (samples ZM-1100 and ZM-1200)
highlights the instability of the associated defect structure in
the presence of Mn. Although little supporting data exists in
the literature, a related electrical conductivity study of
undoped and Mn doped ZnO [14] showed that Mn addition
progressively decreased electron mobility. Such behaviour
would also reflect a change in the environment of specific
defects that might be observed as shifts in, or passivation of,
the DLTS signal.

The trap formed with Ea=0.60+0.03 eV in sample ZM-
1100 is at the same level as a trap that has been reported
previously within Bi-doped [5] and Pr-doped varistors [26],
although its nature has not been identified. The DLTS peak
appears quite broad (Fig. 3(d)), which suggests it has a
structure more complex than that of a single isolated point
defect. Our detailed characterisation, showing the strong
variation of activation energy with applied bias and fill pulse
duration (Table 5 — peak 3), strongly suggests that this trap is
caused by an extended defect. This is because increasing the
bias during the fill pulse will widen the depletion region and
hence sample a volume extending further into the grain from

Table 5 Variation in Ea for the

higher temperature emission Fill pulse length (ms)

Fill bias (V)

Measurement bias (V) Peak 3 Ea (eV) Peak 4 Ea (eV)

peaks (labelled 3 and 4 in Fig. 3

(¢)) in sample ZM-1100 with fill 20 -10
bias and fill length. 2 -10
-3
-5
0.2 -10

0 0.63+0.02 1.0£0.1

0 0.64+0.01 0.78+0.03
0 0.89+0.05 -

0 0.57+0.02 —

0 0.77+0.03 1.2+0.1
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the grain boundary. The change in activation energy with
bias is interpreted as being due to a progressive change in the
local environment, and hence energy, of the defect away
from the grain boundary. The change with fill pulse is
similar. Further, as more defect sites become occupied and
charged, distortions to the local band bending also occur,
changing the energy range of the defect.

Similarly, the strong variation in activation energy with fill
pulse length and time of the broad peak corresponding to
the previously unreported defect with Ea=1.0 eV (Table 5 —
peak 4) suggest that this too is due to a defect with a changes
slightly in structure as it extends away from the grain
boundary. It is not clear from our measurements whether
these extended defects lie within, or are simply located
adjacent to, the grain boundaries. However they must be
contained within the width of the depletion region created in
the vicinity of the grain boundaries by the application of a
reverse bias, and since they are observed even at the lowest
biases it is clear they are primarily located close to the grain
boundary. The different rates of change of activation energy
for these two high-temperature traps are attributed to
differences in the sensitivity of the energy variation to local
environment and fill rate of these particular defects: subtle
differences in local strain fields caused by the defects and the
amount of Coulombic repulsion built up at the defects by
carrier capture will result in differences in response of the
experimental activation energy to changes in fill pulse
length.

The high temperature traps, present in the ZM samples,
have all disappeared in ZMB-1200. Thus the combination
of a 2% Bi addition and a slower cooling rate has either
deactivated them or suppressed their formation. This
observation adds further support to the suggestion that
these levels are due to extended defect states, since these
are more likely (than point defects) to be affected by the
changes in the grain boundary structure introduced by the
addition of bismuth, or the change in cooling rate.

A previously unreported shallow, high temperature trap at
Ea=0.45+0.02 eV has also formed in ZMB-1200. The energy
of the trap lies close to the trap measured in Z-1100 and Z-
1200, but is distinct in that the peak emission characteristics
are different. The associated peak is relatively broad (Fig. 3
(e)), which is again consistent with being associated with a
defect more complex than a single, isolated point defect.
This peak is much larger than those associated with the L1
and L2 defects, indicating either a significantly larger capture
cross-section or greater trap density.

5 Conclusions

DLTS has been used to characterise trap formation and
structure in polycrystalline ZnO sintered at 1100°C and

@ Springer

1200°C, both undoped and with additions of either 1 mol.%
Mn, or 1 mol.% Mn+2 mol.% Bi. The undoped and Mn
containing samples were quenched from the sintering
temperature to preserve the high temperature defect
structure and the Mn plus Bi containing sample was slow
cooled to allow varistor behaviour to develop.

It was found that increasing the sintering temperature of
undoped ZnO from 1100°C to 1200°C activated the L1
defect whilst keeping the two defects found in the Z-1100
sample: namely the L2 defect and the trap at Ea=0.50 eV.
The addition of 1 mol.% Mn introduced or activated the L1
defect in the 1100°C sintered sample, but also removed the
trap at Ea=0.50 eV, while introducing new electron traps at
Ea=0.60 eV and Ea=1.0 eV. The addition of 2 mol.% Bi to
the Mn-doped sample sintered at 1200°C removes or
passivates all the observed defects except L1 and L2 and
introduces one new level with Ea=0.45 eV. The traps at
1.0 eV and 0.45 eV have not been reported previously.

Detailed fill pulse length studies of traps in Mn-doped
ZnO have been reported for the first time. The invariance of
activation energy and peak temperature of the L1 and L2
defects with measurement conditions indicate that they are
due to point defects, and that they occur very close to, or
within the grain boundaries. The L1 trap has been attributed
to an intrinsic defect (rather than a dopant as was
previously reported). The other high temperature peaks
found in the sample showed a systematic variation of Ea
with measurement conditions and were attributed to
electrically active, extended defects.

Comparison of the DLTS peak shapes for the other
samples in this study suggest that only the L1 and L2 traps
are due to single, isolated point defects, and that other
peaks are associated with more complex defects, possibly
associated with structural disorder at, or near, the grain
boundaries. The exact nature of these more complex traps,
including their depth and, where more than one appears in
the same sample, their relative density, depends on the
sintering conditions and dopant additions.
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