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Investigations were made of varistor microstructure, the morphology of Bi203 at 
multiple ZnO grain junctions, Bi203/ZnO grain boundaries and ZnO/ZnO grain 
boundaries (especially whether Bi203 is present or not at the ZnO/ZnO grain 
boundary) by means of high-resolution transmission electron microscopy and X-ray 
microanalysis in the scanning transmission electron microscope. Bi203 at multiple 
ZnO grain junctions consists of small particles of 0.1 #m in diameter, and they are 
vitrified to some extent. It is suggested that bismuth ions dissolve into ZnO grains 
over a 30nm range from a BiiO3/ZnO grain boundary; however, there is no bismuth 
at ZnO/ZnO grain boundaries. 

1. I n t r o d u c t i o n  
The zinc oxide varistor is an electronic ceramics 
device which exhibits highly non-linear cur- 
rent voltage characteristics [1-3]. It has been 
used widely as a small-surge absorber to protect 
electrical circuits from surge, and as a lightning 
arrester for high voltage transmission lines. It is 
produced by sintering a mixture of  ZnO with 
additives of Bi203, CoO, MnO and other oxides 
at 1100 to 1300 ~ C. The microstructure consists 
of ZnO grains, a Bi203 phase which surrounds 
ZnO grains, and Zn2.33Sb0.670 4 spinels [4]. The 
highly non-linear characteristics are attributed 
to the three-dimensional structure of the ZnO 
grain, which is an n-type semiconductor, and 
the Bi203 layer which has a high resistance [2-6]. 
Many conduction mechanisms of  the varistor 
have been proposed on the basis of its micro- 
structure [7-12]. 

There are several studies on varistor micro- 
structure [13-15]. Clarke [13] has suggested that 
Bi203 is present only at multiple ZnO grain junc- 
tions as an amorphous phase, and that the 
majority of  the ZnO/ZnO grain boundaries are 
devoid of any intergranular phase. Kingery et al. 
[14] have suggested that there is a region of  
bismuth segregation over the distance from a 
ZnO/ZnO grain boundary to 10nm inside the 

boundary, independent of the presence of an 
intergranular phase. Therefore, there are con- 
tinuous regions of substantially enriched 
bismuth concentration at all grain boundaries. 
However, it is not clear how the Bi203 exists over 
a range of 10 nm, and there is little information 
on the lattice distortion of  ZnO in the vicinity of  
the grain boundary where bismuth concen- 
tration exists. 

As mentioned above, there are several 
unknown points concerning the ZnO/ZnO grain 
boundary. It is very important for understand- 
ing the conducting mechanism and the degra- 
dation mechanism to clarify the ZnO/ZnO grain 
boundary. 

To clarify these points, it is necessary to 
observe the varistor microstructure more 
minutely down to the level of atomic configur- 
ation. It is very helpful to use a high-resolution 
image and an optical diffraction method [16], 
which gives us information on the true image 
and on lattice distortion at the grain boundaries. 
In conventional electron diffraction, the dimen- 
sion of the area selected is of  the order of  1 to 
2/~m due to objective lens aberration. Thus it is 
very difficult to extract information from a small 
region, However, the area selected can be 
reduced down to about I nm by the optical dif- 
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fraction method. Thus this technique is expected 
to be very helpful for the investigation of the 
ultrastructure. 

This paper presents new information on the 
morphology of Bi203 at multiple ZnO grain 
junctions, BizO3/ZnO grain boundaries and 
ZnO/ZnO grain boundaries. In particular, an 
investigation was made to determine whether 
bismuth ions are present or not at ZnO/ZnO 
grain boundaries. This investigation was carried 
out by high-resolution transmission electron 
microscopy (HR-TEM), optical diffraction, and 
scanning transmission electron microscope 
(STEM) analysis. 

2. Experimental details 
Specimens were prepared from powders of ZnO, 
Bi203, CoO, MnO and other oxides. These pow- 
ders were mixed sufficiently and pressure mould- 
ing was carried out. The resultant pellet was 
sintered for 2h at 1250~ and heat treated for 
lh. 

The non-linear characteristics of the varistor 
are generally evaluated by the following 
equation: 

, - - ( ~  

wherein V is the applied voltage, I is the result- 
ant current flowing through the varistor and e is 
a non-linear coefficient. The non-linear coef- 
ficient of our sample was 100, and its voltage- 
current nonqinear characteristics were excellent. 

Thin foil specimens for HR-TEM and STEM 
were prepared from a thin section by argon ion 
thinning. Microscopic observation was carried 
out at 200 kV. An energy-dispersive X-ray spec- 
trometer (EDX) was used for X-ray micro- 
analysis in STEM. The approximate detection 
limit of EDX is 10 -18 to 10 19g. 

An optical diffraction pattern was obtained 
using a standard diffractometer. The film which 
was obtained at a magnification of 300 000, was 
used as a sample for optical diffraction. A rec- 
tangular aperture (3 mm • 2 ram) was used to 
select the area. The area selection corresponds to 
about 7nm • 10nm on the specimen. 

3. Results 
3.1. The morphology of Bi203 at 

multiple ZnO grain junctions 
An electron micrograph of Bi203 at multiple 
ZnO grain junctions is shown in Fig. 1. It con- 
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TABLE I Interplanar spacing of Bi2Oz33 

Diffraction plane dasTM (nm) do6 s (nm) 

004 0.8775 0.835 
006 0.585 0,581 
0 0 8 0.4388 0,437 
00 10 0.351 0,349 

sists of small particles of Bi203 of 0.1 #m diam- 
eter. Diffraction patterns from two different 
regions at this multiple ZnO grain junctions are 
shown in Fig. 1. There are mostly y-Bi203 and a 
small amount of fl-Bi203 and non-stoichiometric 
Bi202.33 in Region (i), but no fl-Bi203 at Region 
(ii). This fact shows that the Bi203 phases, which 
constitute multiple ZnO grain junctions, are dif- 
ferent at locations in a junction. 

Non-stoichiometric Bi2Oz33 [17] has not 
been reported in a varistor. Table I shows the 
interplanar spacings of Bi202.33. They were 
measured from the diffraction pattern. They 
were increased by a small amount compared 
with spacings described in ASTM 27-51. 

A ring-shaped diffraction pattern is seen 
dimly. This fact suggests two possibilities. That 
is, Bi203 in Region (i) contains a small amount of 
fine particles or coexists with glassy phase. This 
leads to the conclusion that Bi203 is partially 
amorphous. 

3.2. Bi203/ZnO grain boundaries 
Fig. 2 shows an electron micrograph at a 
Bi203/ZnO grain boundary. The (1 00) lattice 
fringes are seen to be continuous right up to the 
BizO3/ZnO grain boundary. The interplanar 
spacing was measured to be 0.280 nm from the 
diffraction pattern. The image of the grain 
boundary joining the two arrows in Fig. 2 is 
faint, and contrast is brighter than that in the 
ZnO and Bi203 grains. In order to investigate 
the grain boundary and its close vicinity more 
minutely, an optical diffraction method was 
used. A typical optical diffraction pattern, from 
the rectangular area corresponding to Region 
Al in Fig. 3, is shown in Fig. 4. A ring-shaped 
diffraction pattern, as well as a (1 0 0) diffraction 
spot is seen in Fig. 4. It is inferred that the 
Bi2 03/ZnO grain boundary consists of an amor- 
phous region of about 3 nm width, which is 
partially crystalline. The width was measured 
from the micrograph in Fig. 2. Furthermore, 
(1 00) interplanar spacings at Regions A1, A2 



Figure 1 (a) Transmission electron micrograph of BizO 3 at multiple ZnO grain junctions, (b) and (c) diffraction patterns from 
Regions (i) and (ii). 

and A3 were measured by using optical diffrac- 
tion patterns. The result is given in Fig. 5. 

In Region A1 adjacent to the Bi203/ZnO 
grain boundary, which is 3 nm from the bound- 
ary, the spacing is expanded by about 1.2% 
from the standard spacing. However, it 
decreased with distance from the boundary and 
it became constant at a point 30nm from the 
boundary. 

3.3. ZnO/ZnO grain boundaries 
Fig. 6 shows the lattice-fringe image of a ZnO/ 
ZnO grain junction. The boundary lies along a 
line joining the two arrows. This photograph 
indicates an important fact: that is, the (0 0 2) 
lattice fringes (d = 0.260 nm) and the (1 0 1) lat- 
tice fringes (d = 0.248 nm) are seen to be con- 
tinuous and straight right up to the grain bound- 
ary. It is widely believed that there is a secondary 
phase between adjacent ZnO grains, but the 
secondary phase cannot be discerned in Fig. 6. 
Only a disordered layer exists, which is less than 

1 to 2 nm in width. However, terminating fringes 
in adjacent grains, which are seen in the bound- 
ary, seem to be joined coherently across the 
disordered layer. Optical diffraction patterns 
from Regions B1, B2, B3, B4, B5 and B6 of Fig. 
7 were used in obtaining Fig. 8 which shows 
(002) and (100) interplanar spacings from 
adjacent grains. Both spacings do not change 
over a wide range, from the vicinity of the 
ZnO/ZnO grain boundary to the ZnO grain 
inside. 

4. Discussion 
4.1. Bi203/ZnO grain boundaries 
Two reasons are considered for the lattice 
expansion of ZnO, which was observed at the 
Bi203/ZnO grain boundary. One is the dissol- 
ution of bismuth ions into the ZnO lattice, due 
to the relatively large Bi 3+ radius. The other is 
lattice strain caused by mismatch at the Bi203/ 
ZnO grain boundary. 

Fig. 9 shows the results of STEM analysis at 
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Figure 2 HR-TEM photograph showing Bi203/ZnO grain boundary and (I 0 0) lattice fringe image. 
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Figure 3 HR-TEM photograph showing Bi203/ZnO grain 
boundary. Rectangular areas indicate selected areas for 
optical diffraction. 

the regions near the multiple ZnO grain junc- 
tions. Bismuth ions were detected at the 
Bi203/ZnO grain boundary (Point 1), and a 
small amount  of  bismuth ions was detected even 
19 nm inside the ZnO grain (Point 2). However, 
bismuth ions were not detected at a point 65 nm 
inside from the boundary. These results show 
that there is a distribution of bismuth concen- 
tration in the vicinity of the Bi203/ZnO grain 
boundary, and it decreases with distance from 
the boundary. 

The effect of a mismatch at the Bi203/ZnO 
grain boundary on the lattice expansion of  ZnO 
is not clear, but it is difficult to imagine that the 
mismatch could cause lattice expansion over 
such a wide range of  18 nm. Thus, it is con- 
sidered that the reason for the lattice expansion 
is bismuth ion dissolution into the ZnO lattice. 

4.2. ZnO/ZnO grain boundaries 
As shown in Fig. 6, no secondary phase is 
discerned, though there is a disordered layer 

Figure 4 Optical diffraction pattern from Region A1 in Fig. 
3. The ring-shaped diffraction pattern shows the existence of 
an amorphous region. 

which is less than 1 to 2 nm in width. If there was 
a Bi203 layer at the ZnO/ZnO grain boundary or 
dissolution of bismuth ions near the ZnO/ZnO 
grain boundary, the expansion of the ZnO lat- 
tice (which is observed in the vicinity of the 
Bi203/ZnO grain boundary) could be measured. 
Clearly, this is not the case. Both spacings do not 
change over a wide range from the vicinity of the 
ZnO/ZnO grain boundary to the inside of  the 
ZnO grain. 

Fig. 10 shows the results of STEM analysis at 
the ZnO/ZnO grain boundary. Bismuth ions 
were not detected at the boundary. The approxi- 
mate detection limit of  EDX is 10 -~8 to 10-19g, 
so the minimum number of  bismuth atoms 
needed to be detected is 2.9 x 102. Because the 
electron probe of STEM is 10 to 15nm in 
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Figure 5 Variation of (100) interplanar spacing near 
Bi203/ZnO grain boundary. 
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Figure 6 HR-TEM photograph showing ZnO/ZnO grain boundary and (1 0 1) and (0 0 2) lattice fringe images. 
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Figure 7 HR TEM photograph showing ZnO/ZnO grain boundary. Rectangular areas indicate selected areas for optical 
diffraction. 

diameter, assuming that the detection region is 
10nm x 10nm x 50nm (sample thickness is 
deduced to be at least 50 nm), this region con- 
tains almost 1.1 x 105 zinc atoms. According to 
Kingery et al. [14] there is an enriched bismuth 
concentration at the ZnO/ZnO grain boundary. 
On the basis of this report, supposing the 
bismuth concentration is 0.03 (=  Bi/Zn) on an 
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Figure 8 Variation of (10 1) and (0 0 2) interplanar spacings 
near the ZnO/ZnO grain boundary in Fig. 7. 

average in the present detection region, this 
region would contain 6.3 x 103 bismuth atoms. 
Therefore, if the bismuth concentration reported 
[14] exists, bismuth should be detected. How- 
ever, no indication of bismuth could be obtained 
from electron diffraction, H R - T E M  or STEM 
analysis at any ZnO/ZnO grain boundaries. 

Therefore, we conclude that there is no sec- 
ondary phase and no bismuth at ZnO/ZnO grain 
boundaries. Even if bismuth exists there, it is 
considered that the quantity is less than 10-19 g. 

5. Summary 
The emphasis in this paper is placed on the grain 
boundary structure, especially whether or not 
bismuth ions are present at the ZnO/ZnO grain 
boundary. The microstructure was also clarified: 
that is, only a disordered layer of about 1 nm in 
width existed at the ZnO/ZnO grain boundary, 
and no secondary phase such as a Bi203 layer 
nor bismuth ion dissolution into the z n o  lattice 
could be found. 

This conclusion leads us to the following 
suggestion. In order to cause the non-linear cur- 
rent-voltage characteristic, it is not always 
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Figure 9 STEM analysis indicating a bismuth signal in a ZnO grain near a Bi203/ZnO grain boundary. Traces refer to 
Regions (1), (2) and (3) in the micrograph.. 
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Figure 10 STEM analysis indicating no bismuth signal at a ZnO/ZnO grain boundary. Traces refer to Regions (a), (b) and 
(c) in the micrograph. 
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necessary for ZnO grains to be covered with a 
Bi203 layer. As is well known, the existence of  a 
potential barrier is needed to cause the non- 
linear characteristics. The potential barrier is 
considered to originate from two factors at least. 
They are a disordered layer of  1 to 2 nm in width, 
and a distribution of  additives at the ZnO/ZnO 
grain boundary. 

We assume that Bi203 plays the part of  distri- 
buting additives throughout the ZnO/ZnO grain 
boundaries, besides promoting the sintering of 
ZnO. 

The conclusions obtained from this investi- 
gation will be helpful for considering the con- 
duction mechanism and degradation mechanism 
of a zinc oxide varistor. 
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