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Abstract 

The electrical characteristics of ZnO ceramic varis- 
tors are interpreted as being due to the existence of 
potential barriers at the grain boundaries. The two 
main models describing the origin of these barriers, 
surface states at the interface, and surface oxida- 
tion, are discussed in this work, where the mi- 
crostructure and the electrical properties at various 
temperatures (up to 160°C) of a standard varistor 
composition, are used in an attempt to separate 
both contributions. The temperature dependence of 
both the distribution of surface states and the Fermi 
level, when extrapolated to high temperatures, indi- 
cates that the surface states control mainly the 
shape of the I-V curves, and that the surface oxida- 
tion contribution to the barrier, although as high as 
0.25 eV, is not suficient to account for the total 
energy of the barrier. Values for the density of car- 
riers calculated using the dependence of the Fermi 
level on temperature, were in good agreement with 
reported values determined by other techniques. 

1 Introduction 

The electrical characteristics of ZnO varistors are 
interpreted as due to potential barriers formed at 
the grain boundaries of the ceramic material. 
There are two main models describing the origin 
of these barriers: (i) surface states at the interface, 
and (ii) surface oxidation. In the first model, it is 
considered that the junction between two semicon- 
ducting ZnO grains (n-type semiconductor at 
room temperature) behaves as a p-type semicon- 
ductor, and, for the thermodynamic equilibrium, 
i.e. the equalisation of the Fermi level throughout 
the junction, a process of charge transfer between 
the grains and the interface is necessary.‘y2 As a 
consequence of this process, donors in the grains 
nearby the interface are ionized, giving electrons 
to the interface states, which also become ionized. 
The region near the junction is depleted of 
charges, and therefore, a potential barrier appears. 
In equilibrium, there is a simple relation between 

these three entities, the barrier height, @ao, the 
ionized donors, N,, and the ionized charge at the 
interface, Q,: @a0 m Qi,2/No. Since two opposite 
Schottky type barriers are formed, this model is 
also called the Double Schottky Barrier (DSB) 
model. 

In the second model, it is considered that the 
regions of the ZnO grains near the grain bound- 
aries are much more resistive than the bulk of the 
grains. The difference in resistivities is due to a 
non-equilibrium defect chemistry process, arising 
during the cooling down period. At the sintering 
temperature (> 12OO”C), all the material can be 
considered in thermodynamic equilibrium, and so 
there is a great concentration of defects, namely 
those of the Schottky type. When the sample is 
cooled, these defects must diffuse from the bulk of 
the grains to the surface where they will be annihi- 
lated. Because both the defect formation and the 
defect diffusion are thermally activated, only the 
defects near the grains surface are able to reach 
the interface to be annihilated, the others being 
frozen in the bulk. The bulk of the grains remains 
with a high concentration of defects (giving 
the n-type semiconductor nature), while the inter- 
face becomes stoichiometric, i.e. highly resistive 
(the forbidden band in ZnO at room temperature 
is about 3.2 eV). For the electron flow across 
such a junction, a potential barrier is therefore 
present.3s4 

Both models, n-p-n and n-i-n, reasonably 
describe the I-V curves of these materials, if the 
varistor quality factor (Y is less than -25.5 For 
higher (Y values, they need to incorporate other 
mechanisms of electron flow, based on impact ion- 
izatiorP’ or electron tunneling from one grain to 
the other.“,” 

In this work we used ZnO varistor samples to 
measure their electrical characteristics at several 
temperatures, up to 160°C and used these experi- 
mental results to theoretically derive the distribu- 
tion of surface states above the equilibrium Fermi 
level, in an attempt to differentiate the contribu- 
tions from the two mechanisms for the formation 
of the varistor potential barriers. 
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2 Experimental 

Varistor samples prepared via a normal ceramic 
processing route, and sintered at 13OOT, 1 h, in 
air, were used. The chemical composition of these 
samples was: 97.0 mol% ZnO and 3.0 mol% of 
B&O,, Sb,O,, Co203, MnO, and Cr,O,, with the 
molar proportion of 1 : 2 : 1 : 1 : 1. Samples were 
used for SEM observation, after polishing and 
chemically etching the surfaces. Mean grain size 
was determined by the interseption method, using 
a computer aided system. Samples used for electri- 
cal measurements were sputtered on opposite 
faces with gold electrodes, after lapping. Electrical 
measurements were preformed in an oven, heated 
via an electrically heated wire double wound 
around a supporting tube. A wire net was used to 
shield the sample from the tube. Temperatures 
were controlled with the aid of a programable 
controller, using cromel-alumel thermocouples. 
Before electrical measurements, the temperature in 
the oven was stabilized for 30 min. 

I-V measurements were made with a current 
source (Keithly 225 Current Source), and an elec- 
trometer (Keithly 616 Digital Electrometer), up to 

100 V. At room temperature, for higher voltages, 
a pulsed source (AMBO, with 60 ,US pulse duration, 
13 Hz, up to 1 kV) was used. C-V measurements 
were done with an ac bridge (Hewlett-Packard 
4280A 1MHz C Meter/C-V Plotter), at a fixed fre- 
quency of 1 MHz, up to 40 V dc applied voltage. 

3 Results and Discussion 

3.1 Microstructure 
Figures 1 and 2 show the microstructure of the 
varistor; it can be seen that three phases are pre- 
sent: large ZnO grains, inter/intragranular spine1 
particles, and a third minor phase, brighter than 
the other two, that is possibly the reported 
pyrochlore type phase. ‘2-18 By EDS, we could hardly 
detect the presence of Co as the only dopant 
inside the ZnO grains (Fig. 3(a)). The spine1 phase 
is doped with Co, Mn, and Cr (Fig. 3(b)). The third 
phase is composed by Zn, Sb, and Bi (Figs 3(c) 
and 2). This type of microstructure is the one that 
could be expected from the chemical composition 
of the sample and the sintering schedule used, as 
reported by Inada. i3-15 However, it must be 

Fig. 1. SEM micrograph of polished and chemically etched sample. The spine1 like phase (A) is normally located at the grain 
boundaries of the ZnO grains with some finer particles inside the grains. A brighter phase (B) can be found near the spine1 like 

phase, and is probably the reported pyrochlore type phase. 

Fig. 2. Antimony and bismuth profiles (by EDS attached to the SEM) of the three phases present in the sample microstructure. 
Both the spine1 like phase (A) and the brighter phase (B) contain Sb, while Bi is only present in the brighter phase. 
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emphasized that Co, Mn or Cr, were not detected ZnO grain boundaries as being due to the pres- 
in the third phase. If this phase is the pyrochlore ence of Co in the grain boundary. For these 
type phase, then it comes with ZnO from the reac- authors, this mechanism is important for the build 
tion between the spine1 like and the Bi-rich liquid up of the potential barrier in the grain boundaries, 
phases, during the cooling down of the sample’3-‘5 since foreign atoms segregated near the interface 

will shift the relative concentrations of zinc and 

3Zn,Sb,O,,(SP) + 3Bi,O,(Liq.) 95o”c\ (1) 
oxygen vacancies. Donor cations (Co, Mn or Cr) 

4Bi,,,ZnSb,,,O,(PY) + 17ZnO will decrease the oxygen vacancy concentration 
relative to that of zinc vacancy and, consequently, 

where SP is spine1 and PY pyrochlore. the Fermi level at the interface will be lower in 
Since the third phase does not contain Co, Mn energy, relative to the conduction band edge, than 

or Cr, it is possible that these dopants were incor- in the bulk of the material; this means that a poten- 
porated in the newly precipitated ZnO. tial barrier is formed at the interface. The above 
Einzinger3,4 and Schwing and Hoffmann,‘“,l’ pro- results could support this mechanism, since a high 
posed the build up of the potential barrier in the concentration of these dopants would be in the 
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Fig. 3. EDS spectra of the three phases present in the sample microstructure: (A) ZnO phase, showing faintly the presence of 
Co; (B) spine1 like phase, doped with Cr, Co, and Mn; and (C) the brighter phase, composed by Zn, Sb, and Bi, without clear 

evidence of the dopants. 

freshly precipitated ZnO layer. However, in this 
temperature range (-95O”C), most of the 
ZnO-ZnO grain boundaries are already formed 
and the material already presents varistor charac- 
teristics,” and so some doubts can be put on 
accepting this mechanism as the main contribution 
to the formation of the potential barriers. It was 
decided, therefore, to pursue this matter in some 
detail, and see if there was consistency between 
the DSB model and the formation mechanism of 
the potential barriers. 

3.2 Varistor parameters 
3.2.1 The method used to determine the density of 
surface states (DOS) 
In this work, we firstly determined the equilibrium 
Fermi level at the interface, EFo, and thereafter the 
density of surface states (DOS), at various temper- 
atures, ranging from room temperature up to 
160°C. Both parameters, EFo and DOS, were cal- 
culated from each experimentally determined I-V 
curve, using the double Schottky barrier model 
(DSB). The procedure was made by successive fit- 
tings of the theoretically calculated I-V curves to 
the experimental ones, until a good fitting between 
both curves was found. In the following, we 
describe this procedure step by step. 

Using the DSB model, there are two main steps 
to obtain the electrical parameters that allow the 
derivation of the I-V curves: in the first step, the 
relation between the barrier height, aB, and the 
applied voltage across one junction, V, is found; 

in the second one, these two parameters are 
related with the electron flux, Jnc. Once the I-V 
curve is obtained for one junction, it is necessary 
to relate it to the polyjunction system describing 
the polycrystalline material. We shall return to 
this last relation later in this section. 

To accomplish the first step, it is necessary to 
know the density of charge in the junction, p(x), 
and solve the Poisson equation for that case. This 
has been done by Blatter and Greuteti0321 who 
have found a relatively simple relation between 
the barrier height and the applied voltage 

CDB = ‘F (1 -F,i + kN,(E, - E5 ) (eiN,))’ (2) 
C v=l v=o 

In this equation, the critical voltage, Vc, is related 
to the accumulated charge at the interface, Qi, and 
to the concentration of donors in the grains, N,, 
by the equation 

(3) 

where E is the relative permitivity of the material, 
E, the vacuum permitivity, and e the electron 
charge. Each donor species, Y, with density N, is 
in the energy level Eg-q,, where Eg is the forbidden 
band of the semiconductor; Eg-et is the Fermi level 
in the bulk of the material. The second term of 
the right hand side in eqn (2), is the contribution 
of deep donor levels to the barrier height. These 



The barrier height formation in ZnO varistors 609 

deep levels tend to decrease the barrier height, and 
have some effect in the I-V curves for high volt- 
ages (normally in the breakdown region). As has 
been pointed out, 20,2’ for normal densities of deep 
levels in ZnO varistors (ca. 10% of the density of 
shallow donors), the barrier height is reduced by 
-0.10 eV, which only represents 10%20% of the 
total barrier height; moreover, experimentally it is 
difficult to observe any smooth change of the I-V 
curve at high voltages, especially in 
region. Because of that, we have 
type of contribution, and so eqn 
quite a simple one 

the breakdown 
neglected this 
(2) reduces to 

(4) 

The accumulated charge at the interface, Qi, rep- 
resents the total amount of trapped charge, 

(5) 

where &” is a fictitious Fermi level describing the 
neutral interface, N,(E) the density of surface 
states, and fi‘(E) their probability of being occu- 
pied. Upon the application of the voltage, some of 
the surface states are ionized, and so the Fermi 
level at the interface shifts upwards in energy. The 
voltage dependent barrier height is defined by eqn 
(2) (or (4)) and by eQB( L’) = EB - 4 - &(v); so 
any pair of (GB, v) values must be found in a self- 
consistent way.2o,21 

In the second step for the determination of the 
I-V curve, it was assumed that the electron flux 
over the barrier corresponds to the thermionic 
emission mechanism.‘~2~20~21 It has been shown by 
Pike22 that a diffusion mechanism will give similar 
results, so both mechanisms can be applied to 
describe the system. Other mechanisms, like the 
field emission, used by other authors,23 were not 
considered here. According to the thermionic 
emission mechanism, the electrical density across a 
junction has the form 

Jnc = A*T2exp(-(&,( v)+~$kT)(lexp(-eV/kT)) (6) 

where A* is the Richardson constant, T the abso- 
lute temperature, e the electron charge, and k the 
Boltzmann constant; [I- exp(+V/kT)] corresponds 
to the net electron flux crossing the junction.‘,2j20,21 
In a more accurate description, the electron cap- 
ture probability must also be taken into considera- 
tion in this equation, but since this is a rather 
minor correction, we have neglected it.20,21 

Having defined the relation between applied 
voltage and current density for one junction, i.e. 
the I-V curve, it is important to relate this to the 
material characteristics. It is normally accepted 

that the I-V properties of the material can be 
described by an equivalent electrical circuit com- 
posed of a network or resistors. It is also known 
that some of the grain boundaries in the material 
are not electrically active, i.e. they don’t have 
varistor properties. It has been proposed24 that in 
such equivalent circuits, it is only necessary to 
have -30% of good electrical junctions for the 
material to behave as a varistor. In view of this 
result, one can consider that the material is com- 
posed of a series of resistors between the elec- 
trodes, whose number, m, can be readily calculated 
by m - d/G (d being the sample thickness, and G 
the mean grain size of the material). This type of 
approximation can give values of 2-3 volts per 
grain boundary (V/GB) for the breakdown volt- 
age. If, experimentally, a varistor has (Y values 
greater than 25, it is necessary to incorporate a 
mechanism of impact ionization, or a tunneling 
mechanism, as already pointed above. For these 
mechanisms to operate, the breakdown voltage 
must be 23.2 V/GB. This value has been found 
experimentally for one junction, using microcon- 
tacts over a polished surface;25-28 besides, it is the 
threshold voltage for the mechanism of impact 
ionization, also found experimentally.’ This means 
that the approximation used for the determination 
of m, where every grain boundary was counted, 
can give unrealistic results. However, in these situ- 
ations where (Y 225, the number of electrically 
active grain boundaries, m’, can be easily found by 
assuming that the 3.2 V/GB have been reached for 
these samples, which allows the use of the relation 

Vbriakdown/m’ - 3.2 V/GB. Once this value has been 
found, it is thus possible to compare the theoreti- 
cally calculated (Jnc, v) curve with the experimen- 
tal (.&, Vexdm’) one. 

Knowing the relevant electrical parameters for 
each case, it is then possible to fit a theoretically 
calculated I-V curve to the experimental one, by 
manipulating only the distribution of the surface 
states. In this work, we made this approach with 
the aid of a computer program, in which the den- 
sity of surface states (DOS) was introduced as a 
set of Gaussian distributions. In practice, the type 
of distribution used is not important, since we 
could input any number of Gaussians and inte- 
grate them to fit the curves. 

Since we neglected the contribution of deep 
donors to the barrier height, N, reduces to No (v = 
0). For the density of ionized donors. No, we used 
the values determined by the known relation:29 

where C and Co are the capacitance at v and I/ = 0 
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applied voltage, respectively, and ND the total The next step is the determination of the energy 
density of ionized donors. We assumed that N,, = of the equilibrium Fermi level at the interface, 
N,, since this relation was used with results EFo, at each temperature. At zero bias, i.e. for lim 
obtained at a fixed frequency of 1 MHz.‘*~,~‘>~~ J,, (V+O) in eqn (6) 

3.2.2 Electrical characteristics (T = ek-‘A*Texp[-(e@,, + Q/kT] (8) 

To plot the I-V curves, V/GB was determined by 

Vapplied/m, where Vapplied is the voltage applied to 
the sample, and m is the total number of grain 
boundaries between the electrodes, m = 189 (with 
G = 9.8 ,um). For this value of m, at a current 
density of 0.5 mNmm2, which is the current den- 
sity normally accepted for the onset of the break- 
down regime,30 V/GB = 2.6 V, and the (Y value is 
greater than 25, (Y = 35. As already said, for such 
a high value of (Y, the voltage applied to each 
grain boundary exceeds 3.2 V. The calculated 
value, 2.6 V, is lower than this one, and we can 
presume that not all the grain boundaries are 
electrically active. Assuming that this value must 
be at least 3.2 V, then the number of electrically 
active grain boundaries is m’ = 152. Figure 4 
shows the I-V curves, plotted as In(J) versus 
ln( Vapplied/m’), where J is the current density, for 
the various temperatures. In this figure m’ = 152, 
which corresponds to -80% of good junctions in 
the material and is far above the minimum 
required for the varistor action. This fraction of 
good junctions in the material seems to be too 
high to correspond to the mechanism of segrega- 
tion of dopants in the ZnO-ZnO boundaries via 
the formation of the pyrochlore phase by eqn (I), 
since this phase is a rather minor one, and most of 
the ZnO grain boundaries must be already formed 
at -950°C.‘9 

and the conductivity, a, of the material depends 
essentially on the exponential part of eqn (8). 
Since EFo = Eg - (eQBo + Q), then EFo determines 
the conductivity of the material at each tempera- 
ture. Assuming a reasonable value for the bulk 
Fermi energy, l r, EFo can be calculated for each 
temperature by simply fitting the ohmic highly 
resistive part of the I-V curve to the theoretically 
calculated one. We assumed that Ed = 0.05 eV for 
all the tested temperatures; it is a reasonable 
energy for the semiconductor, although not neces- 
sarily constant for all temperatures. The choice of 
this energy is to be checked in the following. 

Figure 5 represents the variation of EFo with 
temperature. It is an almost straight line, with 
slop dE,,ldT = -2.3 X 10m3 eV K-l. Rossinelli et 
aL3’ have found a similar value for the SrTiO, 
based varistors (-2.0 X 10m3 eV K-l), and in view 
of the two quite different chemical systems, it is 
expected that they have the same physical origin. 
During heating, the width of the ZnO forbidden 
band is also decreasing, Eg = Ego - /3T, with p = 
9.5 X lOA eV K-‘.32 Instead of calculating the 
absolute change of EFo with temperature, we have 
calculated the relative change of EFo to Eg with 
temperature. For each temperature we plotted 
E,,/E,-w--T, and have then calculated the slope of 
the obtained curve. We found d(E,,/E,)ldT = -5.2 
X lo4 K-l. Such temperature dependence can be 

Temperature (“0 
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Fig. 4. I-V curves of the samples at the studied temperatures (legend inside the figure). In this Figure, V/GB was determined by 
Vapplied/m’, where m’ = 152 is the number of good junctions (see text). 
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Fig. 5. Variation of the equilibrium Fermi level at the interface, I&, with temperature. 

assigned to the variation of the bulk Fermi level, 
assuming that the density of carriers in the ZnO 
conduction band, in this temperature range, is 
controlled by donor defects (either intrinsic, like 
the zinc interstitial, Zni, or the oxygen vacancy, 
V,, or extrinsic, e.g. due to the presence of Co). 
As a first approximation, the density of carriers, II, 
can be considered constant,33 and Ed can be deter- 
mined by adjusting the n value in the following 
eqn (9), until it has the same temperature depen- 
dence as E,,IE, 

NC l t = kTln(--) 
n 

(9) 

where Nc = 2(2mn,*kT/h2)3’2.m,* is the electron 
effective mass in ZnO, taken as m,* = 0.25m,, and 
h is Planck’s constant. Equation (9) is, of course, 
not entirely correct, since the exact structure of 
the system is not known (type of donor species, its 
energy and concentration). However, it gives quite 
reasonable values for n and for ~6 (i) the adjusted 
n value, n = 4.5 X lOi cm-j, is in close agreement 
with values determined by other techniques 
(infrared spectroscopy, 34 high current and high 
frequency measurements3’) on commercial varistor 
samples, n -1 X 1 0i7 cme3, and (ii) the value of the 

bulk Fermi level, Ed, ranges from 0.10 eV, at room 
temperature, up to 0.18 eV, at 16O”C, values 
which fall in the range of 0.066 eV20,21 to 0.32 
eV.36 Knowing the values of EFO and E[ for each 
temperature, we are now able to calculate the den- 
sity of states (DOS). 

To calculate the DOS we used the parameters 
listed in Table 1. Figure 6 shows the DOS as a 
function of the energy at the interface, for all the 
tested temperatures. For these calculations we 
introduced four Gaussian curves for each temper- 
ature. One of these curves, E, in Table 2, corre- 
sponds mostly to the ionized surface states in 
equilibrium, i.e. to Qio. Although the density and 
distribution of the DOS below the equilibrium 
Fermi level cannot be known be this method, it is 
however necessary to use Gaussian curves that 
extend below the equilibrium Fermi level in order 
that the DOS very close to it (above and below) 
can be computed to correctly calculate the DOS 
for higher energies. This is the reason why this 
Gaussian curve is shown in Table 2. The Table 
also shows the parameters of the Gaussian curves, 
Ei, Uiy and Nip representing the energy level, the 
standard deviation, and the total surface states, 
respectively, for each tested temperature. It must 

Table 1. Used and calculated electrical parameters for the determination of the DOS: the energy of the band gap, Eg, bulk Fermi 
level, E@ and the concentration of donor species, No, were used to calculate the equilibrium values for the interface Fermi level, 
E Fo, barrier height, @aor and trapped charge at the interface, Q,,. Other important parameters are: electrical permitivity, 

8.5, effective mass, 0.25m,, grain size, 9.8 pm, grain resistivity, I 0 cm, and Richardson constant, 30 A cm-‘IC2 

Temperature 
PC) 

&fey) cg(e VI NJm-‘) E&e Vl %JeV) Qio(m-21 

19 3.206 0.103 1.432 x 10” 2.349 0.754 3.176 x 10’6 
62 3.165 0.124 1441 x 1024 2.243 0.798 3.278 X lOI 
81 3.147 0.134 1.542 x 10z4 2.199 0.814 3.426 X lOI 

100 3.129 0.144 1.804 x 10” 2.158 0.827 3.736 X lOI 
120 3.110 0.154 2.223 x 1O24 2.114 0.842 4.184 x lOi6 
140 3.091 0.165 2.084 x 10z4 2.068 0.859 4.090 x 10’6 
160 3.072 0.175 2.395 x 1O24 2.025 0.872 4.419 x 10’6 
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Fig. 6. Energy distribution of surface states (DOS) at various temperatures. 

2.90 

be emphasized that these are guideline parameters 
and not absolute ones, as pointed out above. The 
DOS curves in Fig. 6 start at the interface equilib- 
rium energy, EFo, and end at the energies corre- 
sponding to the last experimental point of the I-V 
curves. Because of this, the room temperature 
DOS curve is the one with more complete infor- 
mation about the energy distribution. This curve 
is composed of three main relative peaks, E2, E3 
and E4, in Table 2. Their origin is not discussed 
here, and will be the subject of a forthcoming 
paper. Although not evident in Fig. 6, with rising 
temperature, the peaks shift their energy position 
to lower energies at different rates, and tend to 
merge together (see Table 2). However, their mag- 
nitudes remain unchanged. This observation, 
together with the linear decrease of EFo, explains 
why the values of No (Table 1) increase slightly 
with temperature: as the temperature is rising, 
some more surface states are being ionized, since 
they are now below the equilibrium Fermi level, 

Table 2. Parameters used for the Gaussian curves that de- 
scribe the DOS for each temperature: E,, u!, and Ni, are the 
energy level, the standard deviation. and the total surface 
states, respectively. Ei shift their energy and tend to merge 
together, while q and N, remain constant throughout the 
temperature range. The I$ energies are related to the top of 

the valence band edge (EvB = 0) 

Temperature (“C) E,(eV) Eie VI Ej(e V) E.+(eV) 

19 2.12 2.41 2.51 2.58 
62 2.07 2.28 2.40 2.46 
81 2.05 2.21 2.34 2.40 

100 2.01 2.14 2.25 2.34 
120 1.97 2.05 2.17 2.25 
140 1.94 2.00 2.13 2.20 
160 1.89 1.92 2.08 2.15 

GV) 0.15 0.07 0.03 0.10 

N,(mm2) 2.9 x lOI 1.9 x lOI 4.0 x lOI 2.3 x lOI 

and, to maintain the electrical neutrality condi- 
tion, eqn (2), No must increase. If this behaviour 
can be extrapolated for higher and lower tempera- 
tures, one would expect the following situations: 

(0 

(ii) 

for higher temperatures, one should see the 
decrease of the non-ohmic behaviour, since 
the unionized surface states tend to decrease, 
and, for some very high temperatures, the 
system should be ohmic. This behaviour 
has been experimentally described in the 
literature;30,37 
for lower temperatures, more surface states 
will be above the equilibrium Fermi level, 
that is, the sample will show more pro- 
nounced varistor characteristics. Concomi- 
tantly, there is a higher probability of minor 
carrier generation by the impact ionization 
mechanism (or tunneling of electrons from 
one grain to the other, at the junction). This 
corresponds to a ‘cut-off of the higher 
energy surface states, giving the origin of a 
‘knee’ in the I-V curve, or a sharp transition 
to the breakdown regime. This, in fact, cor- 
responds to much higher (Y values, that is, 
the varistor will show (Y values higher than 
one could predict a priori.38 

It is important to have these observations in 
mind when attempting to characterize the DOS. 
In one hand, it is necessary to go to lower temper- 
atures to split the relative peaks of the DOS; on 
the other hand, at low temperatures some of the 
DOS will not be ‘detected’ by the method, namely 
those at the highest energies. So, the characteriza- 
tion of the DOS is not a straightforward task. 

Another important result is the observation that 
the concentration of donor species in the bulk of 
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the ZnO grains, is controlling the equilibrium 
Fermi level at the interface, at least in the temper- 
ature range of this work. It is expected that the 
higher the bulk donor concentration, the lower the 
temperature coefficient of EFO, and, since dE$dT is 
constant, this situation leads to a decrease of EA = 
et + d&,, (EA is normally determined by the varia- 
tion of the low voltage ohmic resistivity with tem- 
perature, i.e. p = poexp(E*/kT)). This means that, 
unless two different systems are equivalent in their 
bulk donor concentration, there is no reason to 
compare the experimentally determined EA ener- 
gies in different varistor systems. This is the rea- 
son why there is a large range of the determined 
values for EA in the literature, 0.35 I EAS 0.94 
eV 30*39 all of them corresponding to acceptable 9 
varistor characteristics. 

If the change of EFo with temperature is only 
due to the simultaneous variation of Eg and E*, one 
can extrapolate this result to higher temperatures, 
and predict what would happen after EFo reaches 
the middle of the energy gap, E,/2. For our sam- 
ple, this situation would happen at -450°C. Two 
hypotheses can be considered, either the energy of 
EFo continues to decrease after this temperature 
has been reached, and will be now under the E$2 
value, or EFo stays at the energy of Ep/2. 

The first hypothesis would then correspond to a 
situation where the interface is best described as a 
p-type semiconductor, while the bulk of the mate- 
rial is still a n-type semiconductor. The junction 
would then be of the n-p-n type, and, conse- 
quently, it would show varistor properties, even at 
very high temperatures. This is contrary to what 
has been experimentally observed and reported in 
the literature.30,37 The prevision was, of course, a 
forced one, because even in a p-type semiconduc- 
tor, at very high temperatures, the Fermi level will 
tend towards the middle of the band gap, espe- 
cially if the acceptor concentration is low. How- 
ever, it must be pointed out that to achieve a 
p-type conductivity in ZnO, it is necessary to sin- 
ter the material at very high oxygen partial pres- 
sures,40’41 or to dope the material with acceptor 
species. The first condition is not observed in 
practice, even if one assumes that the Bi-rich liq- 
uid phases are good oxygen carriers,42 since the 
maximum attainable oxygen partial pressure is a 
priori established by the ambient atmosphere. The 
second condition can only be observed if the 
acceptor species are intrinsic in origin, since all the 
normally used dopants are of the donor type 
(three- or four-valent cations). The possible intrinsic 
acceptor species are the interstitial oxygen or the 
zinc vacancy, the later being invoked, since at the 
sintering temperatures the Schottky pairs are the 
predominant defects. 43,44 A surplus of zinc vacancies, 

or, equivalently, a depression of oxygen vacancies, 
can arise by the doping process via 

or 
M2O3 ZnO 2M.z” + 300 + V”z,, (lo(a)) 

M2O3 + Vo” zno\ 2M”z, + 300 (lo(b)) 

(where Vzn” and Vo” are the zinc and oxygen 
vacancy, respectively, both completely ionized, M,’ 
is the substitution of a zinc site by the dopant 
cation, and 0, is an oxygen in its normal site in 
the ZnO matrix) that is, if the dopants are segre- 
gated to the grain boundaries (e.g. M = Bi), it is 
possible that the interface acts like a p-type semi- 
conductor. 

A second hypothesis to consider after EFo has 
reached the middle of the band gap, is that it stays 
at this position when the temperature increases. 
The interface would then be best described as a n-i-n 
type junction, where i denotes intrinsic electrical 
behaviour, or, since the density of majority carri- 
ers (electrons) is lower at the interface, it could 
also be described as a n-insulator-n junction. This 
model predicts that, at sufficiently high tempera- 
tures, the energy difference between the Fermi 
level and the bottom of the conduction band in 
both the interface and the bulk of the material, i.e. 
the barrier height, tends to disappear, and the ma- 
terial will show ohmic behaviour. This is what has 
been experimentally observed.30y37 To have intrin- 
sic behaviour at the interface, it is necessary that 
the material has neither donor nor acceptor levels, 
or that the net balance of them is null. It is quite 
unreasonable that there are no defect levels at the 
interface, since dopants are segregated there from 
the very beginning of the cooling of the samples.” 
At the sintering temperatures, the Schottky pairs 
dominate the defect chemistry of the system,43+“’ 
and, if eqns (lO(a, b)) is valid for the formation of 
associated defects, (MO,, - YZn - MoZn)X, rather 
than for unassociated species, the condition of net 
null charge at the interface only requires the anni- 
hilation of both oxygen and zinc vacancies follow- 
ing their chemical reaction (Schottky pair 
equation), during cooling. The elimination of both 
defects at the interface during cooling, has been 
the basis for the surface oxidation process.3,4 
Although the formation of the above mentioned 
associated defects is speculative, it must be 
emphasized that they could limit the density of 
unpaired species to a certain extent, which would 
explain the discrepancy between the density of 
charged interface defects (1012-1013 cm2) and the 
concentration of foreign atoms at the interface 
(-1015 cme2, for Bi atoms), as pointed out by 
Greuter and Blatter.20,21 

The second hypothesis discussed above, would 
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mean that there could be a significant contribu- 
tion of the surface oxidation process for the bar- 
rier height formation. Mahan4* concluded that the 
contribution of this process is negligible, -0.10 eV, 
which is lO-20% of the total barrier height. Tak- 
ing his own results (pure ZnO), we have calculated 
the temperature in which the bulk defects should 
be frozen, to give n = 4.5 X 1016 cm-3 at room 
temperature, and found T - 1050°C. This seems 
to be a rather low temperature, since samples 
quenched from higher temperatures already show 
varistor characteristics. l9 Taking into considera- 
tion that these calculations are reported for pure 
ZnO, we also calculated the concentration of car- 
riers, n, at the interface, for a frozen temperature 
of 450°C (temperature at which EFO in cooling 
separates from the middle of the band gap), and 
found AEF = k7ln(n(450”C)/n(1050”C)) = 0.25 eV. 
This contribution can no longer be neglected. 
Although the contribution of the surface oxidation 
process, the n-i-n model, to the barrier height for- 
mation could then have a significant value, it must 
be considered that the same type of defect equa- 
tions (eqns 10 (a, b)) can also be used to explain the 
contribution to the barrier height formation from 
a n-pn model. Subtle differences will be hard to 
clarify experimentally. 

4 Conclusions 

Varistor samples sintered at 1300°C in air, devel- 
oped a microstructure in which the distribution of 
dopants seemed to indicate that their chemical 
segregation at the ZnO grain interfaces could be 
the origin of the electrical potential barrier present 
in these devices. This type of barrier height forma- 
tion mechanism should be operative at tempera- 
tures below -95O”C, the temperature at which the 
remaining B&rich liquid phase reacts with the 
spine1 phase to give the pyrochlore and ZnO. 
However, before this temperature most of the 
ZnO-ZnO grain boundaries are already formed, 
and the material shows varistor characteristics. 
Consequently, the contribution of the surface oxi- 
dation mechanism to the barrier height formation 
should only be important at high temperatures, 
where the diffusion coefficients still allow the 
migration of the species to the surface of the 
grains. For temperatures below 95O”C, another 
type of barrier height formation mechanism 
should then be present. 

Taking the double Schottky barrier (DSB) 
model, we have calculated the distribution of sur- 
face states (DOS) above the equilibrium Fermi 
level for various temperatures, ranging from room 
temperature up to 160°C. In this temperature 

range, the equilibrium Fermi level at the interface, 
EFo, linearly decreases with temperature, indepen- 
dent of the DOS changes. This variation in rela- 
tion to the band gap of the semiconductor was 
assigned to the change of the bulk Fermi level, 
and so it was possible to derive the density of car- 
riers in the semiconductor conduction band, n. 
The calculated value, n -4.5 X lOi cm-3, is in 
good agreement with values, -1 X 10” cmm3, 
experimentally determined using other techniques. 
This procedure can thus be used in any other sys- 
tem, and it also permits the determination of the 
bulk Fermi level at any temperature. Since the 
bulk Fermi energy depends on the defect concen- 
tration inside the ZnO grains, it is related to the 
processing of the ceramic, namely to the type and 
concentration of additives and to the sintering 
schedule. Consequently, it is expected that each 
varistor system and processing procedure will 
give different energy values determined by electri- 
cal measurements, which explains the large range 
of the barrier energy values reported in the litera- 
ture. 

It was. also shown that during heating of the 
samples, the DOS peaks tend to lower energy val- 
ues, at different rates. This behaviour explains 
why the interface defect energies also have a large 
range of reported values. An extrapolation of this 
behaviour at low temperatures, lead us to the con- 
clusion that the material should show non-linear 
exponent (Y at these temperatures, higher than one 
could predict a priori; and also, extrapolating to 
high temperatures, that the material should show 
ohmic behaviour. 

The temperature dependence of both the band 
gap of the semiconductor and the energy of the 
Fermi level, was used to predict the electrical 
behaviour of the material at high temperatures. 
The contribution of the surface oxidation mechanism 
to the formation of the potential barriers, was 
estimated from the above considerations, and it 
can be as high as 0.25 eV. According to the results 
obtained up to now, it seems that the surface 
states control mainly the shape of the I-V curves. 
Other contributions to the energy barriers can 
probably be elucidated by expanding the experi- 
mental range of temperatures used to determine 
the varistor parameters. This is going to be 
addressed in further publications. 
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