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A structural study of some SnO2-Sb20,s 
semiconducting glazes 

R. H. T A Y L O R  
Central Electricity Research Laboratories, Kelvin Avenue, Leatherhead, Surrey, UK 

The use of resistive glazes on high tension insulators to control flashover caused by 
pollution has proved only partially successful as a result of deterioration of the glazes 
in service. The most promising and now most widely used glaze relies upon the semi- 
conducting properties of SnOz doped with Sb2Os, incorporated in an alumina-silicate 
base glaze. The structure of glazes containing various amounts of Sn02 has been studied 
by a variety of techniques and particularly by scanning microscopy and electron probe 
microanalysis. These techniques have revealed both the existence and composition of 
relatively conducting and relatively insulating areas in the glaze, and a detailed analysis 
of the distribution of all the elements across the glaze surface and through the glaze 
thickness has been carried out. The results of this structural survey suggest that activated 
conduction proceeds through overlapping solubility rims around Sn02 particles in the 
glaze. 

1. Introduction 
The idea of using a semiconducting glaze to con- 
trol the surface resistivity, and hence the voltage 
distribution, on outdoor insulators was first 
proposed by Forrest [1] almost forty years ago. 
The clear advantages of such an idea (see, for 
example, Lambeth [2] ) are largely offset, however 
by the progressive appearance of damage to the 
glazes in service. This is probably due to both 
electrolytic action and micro-discharging, and 
appears after only a few months in the worst 
cases. A number of different types of glazes have 
been developed, including ferrite glazes [3], 
partially reduced titania [4] and tin oxide doped 
with pentavalent antimony [5]. This last glaze 
has most nearly reached the standard of service- 
ability required for use in heavily polluted condi- 
tions and it is on this glaze that we focus our 
attention in the present paper. 

Despite the use of  doped tin oxide glazes in 
the production of high value resistors for high 
voltage applications [6], there exists little pub- 
lished material on their detailed structure or on 

the mechanism by which electrical conduction 
proceeds. A knowledge of these factors is believed 
to be fundamental to a deeper understanding of 
the more specific problem of the degradation of 
the glaze in service. In this paper, results are 
presented of a study of the structure of a number 
of  types of  tin oxide glaze, using the techniques 
of scanning electron microscopy and electron 
probe microanalysis (EPMA). 

2. Experimental 
The semiconducting glaze samples studied in this 
investigation were either home-made or provided 
by various manufacturers. The structures and 
electrical properties of  the glazes were found to 
be relatively insensitive to the details of  glaze 
preparation, firing times and temperatures. The 
home-made glazes were produced by calcining* 
Analar S n Q  with 2.5mo1% Sb2Os at 1200~ 
for a few hours and mixing the resulting powder 
into a base glaze of  approximate composition 
SiO2 70%, A1203 9%, (NaK)20 4.5%, CaO 9% 
and ZnO 7.5%. The slurry was sprayed onto 

*Samples in which the SnO 2 and Sb 20 s were not calcined but added separately to the base glaze somewhat surpris- 
ingly show similar structural and electrical character to the calcined glazes. Calcined glazes, however, do appear to give 
a lower temperature coefficient of resistance. 
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unfired electrical porcelain tiles which were then 
fired in air at 1200~ for 2 to 3 h. The samples 
were furnace cooled over a period of ~ 1 2 h .  
The fired' glaze coated the porcelain to a thick- 
ness ~ 100 to 150/~m and for 15% SnO2 samples, 
surface resistivities ~ 107fZ/square were obtained. 

The samples for analysis were in the form of 
short cylinders trepanned from the tiles using 
a diamond cutting tool. The bulk of the micro- 
scopy was performed on samples coated with a 
thin layer ( ~ 3 0  nm) of carbon or gold, to over- 
come the effects of  charging in the electron beam 
of the scanning microscope. Elemental analysis 
was performed on a Cameca "Camebax" micro- 
probe, the energy of the primary beam being 
selected to give a compromise between the require- 
ments of spatial resolution and X-ray production 
efficiency. A beam voltage of "~ 15 kV was selected 
except where otherwise stated. Analysis has been 
carried out using three crystals; PET (penta-ery- 
thrytal tetranitrate, a = 0 . 4 3 7 5 n m )  LiF ( a =  
0.20134nm) and for light element analysis 
(Z~< 14) TAP (thallium acid phthallate, a =  
2.59 nm). 

3. General features of the glazes 
Fig. 1 is a low magnification secondary electron 
scanning microscope picture and this shows a 
number of features typical of the glazes studied. 

A - AREAOF TOPSURFACE ~'//~1 ) '~ 

B GLAZE EDGES (FRACTURED ~/ ' /~ B / a ~ , ~  KEY 
ALONG ,OTTOM SECT,O.~ ~ / ' /~  ( " _ / , ~ ' / N  
THE CROSS-HATCHED ,~////L'.'~ X /"~'~..///./~J-'" 
AREAS ARE UNGLAZED ~ / / / ~  ~ 
PORCELAIN 

Figure 1 General view of an area of SnO 2 -Sb~ 05 glaze 
surface; X 30, 25 kV. 
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Figure 2 Higher magnification view of the high-lighted 
area from Fig. 1; X 210, 25 kV. 

The most notable are the pronounced irregularly 
shaped white areas on the surface which are 
attributable to the effects of  specimen-charging 
in the electron beam. One edge of this tile has 
been fractured, and examination of this fracture 
surface shows that the areas of charging also occur 
within the glaze thickness. Fig. 1 also reveals that 
there are many bubbles within the glaze, though 
fewer at the surface. 

Fig. 2 shows a higher magnification study of 
the highlighted area in Fig. 1. Structure can now 
be seen in the dark areas between the charging 
regions; the mottled appearance at very high 
magnification being almost resolved into a net- 
work of  submicron-sized particles which appear 
generally rounded. X-ray diffraction shows the 
predominant crystalline phase in the glaze to be 
SnO2 and we identify the particles with this 
oxide. 

When the charging of the surface is overcome 
by coating the exposed surface of the glaze with a 
thin layer of Au or C in an evaporator the appear- 
ance of the glaze is as shown in Fig. 3. It is diffi- 
cult to correlate exactly the features of coated 
and uncoated samples since variation in the 
sample tilt and beam current may appreciably 
alter the precise shape and extent of the charging 
areas. Nonetheless, attempts have been made to 
compare a sample surface before and after dep- 
ositing a Au film. The mottled areas remain 
visible in the coated sample and it becomes appar- 
ent that the areas which charge generally lie within 
relatively unmottled regions. It thus seems reason- 
able to assume that these latter areas are of lower 
conductivity than the rest of  the glaze surface. 



Figure 3 Scanning micrograph of a Au coated sample of 
glaze; • 4000, 30 kV. 

For samples with concentrations of less than 
about 20 to 25 mol % SnO2, stereoscopic pairs 
of photographs taken on the scanning microscope 
show fairly gentle undulations of the surface. 
The charging areas appear to lie in the valleys. 
The form and spatial extent of  the charging 
areas appears to be determined by the condi- 
tions for equilibrium between the flux of incident 
electrons and the rate at which charge is able to 
leak away through the glaze. This is vividly demon- 
strated by focusing a spot of  electrons on a section 
of the dark background close to a charging area. 
Frequently, on re-rastering the electron spot, a 
micrograph may be obtained showing a freshly 
charged area around the position of the formerly 
stationary spot. The accumulation of charge then 
leaks away with a time constant of  a few seconds. 
The degree of charging on "standard" glaze 
samples containing 15 to 20% SnO2 was com- 
pared with the charging in samples containing up 
to 40% SnO2. The same general features were 
observed at these higher concentrations but the 
extent of surface charging was reduced by a factor 
of about four. In samples containing more than 
30% SnO2, surface cracks were normally apparent. 

High magnification, high resolution micrographs 
of the glaze surface reveal a further feature. High 
aspect ratio crystals (see Fig. 4) have been found 
in clusters in the glaze and an EPMA analysis of 
these crystals is described below. Estimates suggest 

Figure 4 View of an area on the glaze surface showing a 
high incidence of needle-shaped crystalline material; 
X 2000, 30kV. 

that the crystals constitute considerably less than 
5% of the glaze volume and lines from the crystals 
have not been observed in routine X-ray diffrac- 
tion. 

Hot-stage scanning micrographs are shown in 
Fig. 5. It is observed that as the temperature is 
taken above room temperature the charging areas 
on the glaze begin to fade. At a temperature 
~200~ there is hardly any evidence of surface 
charging and the high temperature micrograph 
again illustrates the fact that few SnO2 crystallites 
exist in the areas which were charging at room 
temperature. It is clear from these results that 
the effect of raising the temperature is only to 
reduce the contrast due to charging and n o t  to 
shrink the extent of such areas. 

4. Electron microprobe analysis 
4.1. Analysis of the glaze surface 
Fig. 6(a) shows an elemental analysis in the energy 
range 2.6 to 4.1 keV obtained by focusing the 
primary electron beam on a mottled area of a 
glaze containing 30N SnO2. The major contribu- 
tion to the intensity comes from Sn and suggests 
that there is little contribution from K and Ca. 
Fig. 6(b) shows a similar elemental trace obtained 
by focusing the beam on an area of "background" 
glaze free from SnO2 particles. In this case there is 
little contribution to the X-ray intensity from Sn 
and the strongest line in this energy range is the 

875 



Figure 5 Scanning microscope pictures of an area of 15% SnO 2 glaze surface at (a) room temperature, (b) 100~ 
(c) 150~ (d) 200~ X 700, 20kV. 

CaKa. In Fig. 6a eight lines can be clearly identi- 
fied and higher resolution work enables a further 
Ca line (K~I) to be identified as well as the SbLo~I 
and L/~I lines. The most intense of these two Sb 
lines, at maximum gain, gives a signal-to-noise ratio 
of ~ 10, and careful analysis of  the peak-height 
ratios of the Sb lines to the SnLel line gives a 
value of 3% for the concentration of Sb in the 
SnO2 crystallites. This compares with the quoted 
value of 2.5 mol % and with the results of chemi- 
cal analysis on a 15% SnO2 glaze sample which 
gave a concentration of 2.8%. The results of this 
analysis strongly suggests that in the glaze, the Sb 
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remains associated with the Sn and is not exten- 
sively dissolved in the surrounding glass. 

Fig. 7 shows the covariation of the elements 
Sn, Sb, Ca, A1, Na, K and Si across a representative 
part of  the surface of a 15N SnO2 glaze. The results 
are typical of those obtained for all insulator 
glazes irrespective of SnO2 concentration and the 
details of  firing. The traces reveal that, in general, 
the elements A1, Na, K and Si contained in the 
original glass, give the same variation of X-ray 
intensity as a function of position. The Sn inten- 
sity is generally found to anticorrelate with the 
above elements, but the Ca intensity shows rather 
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Figure 6 Electron probe analysis of (a) a high Sn area, Co) an area of background glaze from a 25% SnO 2 glaze. (10 kV) 
(PET crystal). 

less consistent behaviour. Apart from a strong 
peak at point A, where the Sn X-ray intensity 
also peaks strongly, it shows little variation across 
the sample surface. The covariation of these two 
elements has been studied in some detail and 
comparison has been made with surface features 
in the scanning microscope. The points such as 
A, have been shown to be associated with the 
needle-shaped crystallites reported in Section 3. 
A point analysis from such a crystallite is shown 
in Fig. 8. This reveals that the major constituents 
of the crystals are Ca and Sn. These crystals 
appear throughout the volume of the glaze but 
it is difficult to estimate their distribution. Exam- 
ination of the hot-stage pictures (Fig. 5) shows 
that these crystals lie in areas which charge in the 
scanning microscope. 

In this investigation, another type of feature 
has occasionally been identified. At a number 
of points, a high A1 X-ray count rate was obtained. 
These areas of high At (approx. fifteen times as 
much A1 relative to Si as in the usual base glaze) 

appear to correspond to raised strips on the surf- 
ace which charge in the microscope beam. They 
appear amorphous and presumably result from 
phase separation in the glass. 

A study of the width of the Sn peaks in the 
spectrometer as a function of position would, in 
principle, allow an estimate to be made of the 
extent of any Sn diffusion into the surrounding 
glaze. The solubility of Sn 4§ into glasses has 
been shown to be low [7], and is unlikely to 
exceed ~5%; however, as will be discussed in 
Section 5, the role of the Sn dissolved in the 
glaze is believed to be crucial to an understanding 
of the conduction mechanism in the bulk material. 
The form of the Sn distribution in Fig. 7 is typical 
of  all the insulator glazes studied. Some of the 
peaks (such as B) appear to result from isolated 
SnO2 particles, whilst the majority form part of 
a cluster. Careful studies of  the isolated Sn peaks 
suggest that the intensity falls to zero over a 
distance of ~ 2  to 3 pm from the centre of  the 
Sn line. These results, however, must be treated 
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Figure 7 Covariation of the elements Sn, Sb, Ca and Na across a representative part of the surface of a 15%SNO2 
sample. The elements K, Si and A1 show a similar variation to that shown by Na. 
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10 kV (PET crystal). 
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with caution. At 15kV, the penetration of the 
primary beam in Si is ~ 2 ~ [8] and there may 
be significant fluorescent radiation emerging from 
the volume surrounding the absorption volume 
of the beam. On a complex material containing 
submicron-sized particles it is clear that such 
effects may be important. An analysis of the 
solubility of SnO2 single crystals in various base 
glaze systems is in progress. 

The results of  ESCA measurements on the 
glazes suggest that in the top few nanometres of 
an as-fired glaze surface, there are few SnO2 
crystallites. This result is confirmed by com- 
paring the average X-ray intensity from areas on 
the surface of as-fired samples with areas from the 
surface of samples where the top few microns of 
glaze have been polished away. The X-ray intensity 
levels for the elements Si, A1, Na, Zn, Ca and K 

remain in much the same ratios between the two 
samples but the results show that, on average, in 
the top 2 ~ma or so of the glaze the average Sn 
intensity is some four times less than in the as- 
fired material. 

The distribution of Sn close to the surface 
has been further analysed by reducing the primary 
beam voltage from 45 kV to 7.5 kV for the two 
types of samples. The penetration of the beam in 
a given element decreases linearly with the beam 
voltage [9]. Comparison of the intensities of the 
CaKa, SnL~, and KKc~, lines on a polished sample 
shows that the ratio of intensities remains constant 
to within 10% of its 45 kV value over the entire 
range of voltage. The form of the Sn:Ca and K:Ca 
ratio for the as-fired glaze as a function of acceler- 
ating voltage is shown in Fig. 9. For this sample 
(15% SnO2) the K:Ca ratio remains constant to 
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within 10% over the entire voltage range, but 
below ~ 2 2 k V  there is a steep decrease in the 
Sn:Ca ratio. This would imply that above 20kV 
(penetration ~2.5/1m) the Sn-deficient surface 
represents a small proportion of the total probed 
volume. As the voltage is decreased, however, 
the volume deficient in Sn plays an increasingly 
significant role in determining the ratio. The fact 
that it is still rising at 10kV, implies that either 
the Sn-deficient layer is less than 1/2m thick, or 
the layer is not in the form of a uniform "skin" 
of  Sn-free glass, but rather in the form of a pro- 
gressive Sn deficiency towards the surface. The 
second alternative seems the more likely. If 
SnO2 crystallites are largely excluded from the 
top micron or so of  the surface due to settling of 
the particles or surface tension effects, the form of 
the Sn:Ca ratio may provide some evidence for 
diffusion of Sn into the surrounding glaze. It may 
be appropriate to consider the deficient layer as 
the surface equivalent of the dissolution rim which 
we postulate to exist (see below, Section 5) 
around each SnO2 particle. Removal of the surface 
does not significantly increase the bulk conductivity 
of the glaze, although if the surface was in the 
form of a skin of pure glass, its dielectric strength 
would be exceeded by an applied voltage in excess 
of a few volts. 

A quantitative analysis of the results obtained 
here, however, is complicated by two further 
effects. Firstly the electron interaction of a solid 
is dependent upon both the beam voltage and the 
atomic number of the absorbing medium. Various 
theoretical relationships have been used with vary- 
ing degrees of success to describe results for solids 
in ranges of energy between 5keV and 30keV 
[10]. A model of  the glaze surface which postu- 
lates a "skin" of relatively light elements (essen- 
tially Ca and SO containing a gradient of  heavier 
material (Sn) implies a similar gradient in the elec- 
tron-stopping efficiency of the material. In the 
present case, this will result in an underestimate of 
the real decrease of the Sn: Ca ratio as a function 
of reducing accelerating voltage. In addition the X- 
ray production efficiency in the material will de- 
pend upon the distribution of single and multiple 
scattering processes over the range of the electron. 
There is a marked increase in multiple scattering 
as the energy of the incident electron is attenuated 
by the solid. None of these remarks cast doubt 
upon the conclusion that the concentration of 

Sn is depth-dependent for the top few microns 
of glaze surface; the clearest evidence for this is 
contained in the comparison of results on ground 
and unground surfaces. The discussion does, 
however, point to the difficulties in obtaining 
quantiative information about the distribution of 
Sn. 

This surface Sn depletion has been observed 
in a number of  manufactured insulator glazes, 
its precise form showing variation from one type 
of sample to another. 

4.2. Analysis of sections through the glazes 
Polished sections were cut through two semi- 
conducting glaze samples, one in which the SnO2 
and Sb2Os had been calcined and one in which 
they had been added to the glaze separately. 
Fig. 10 shows in schematic form the variation 
of intensity from each element through the glaze 
thickness. The results for both samples were 
similar and good agreement was obtained from 
point to point on a given sample for most of the 
elements. In the scanning microscope, the porce- 
lain-glaze boundary remains surprisingly sharp. 

The distribution of Sn through the bulk of the 
sections was similar to the surface distribution and 
the Sb again correlated with the Sn. There was a 
tendency for strong Sn peaks to occur in clusters 
close to the glaze-porcelain interface and in a 
region about 10#m below the upper surface. 
The Ca distribution was similar for all the samples 
studied. In each case the average Ca level peaked 
in a region between the centre of  the glaze and a 
point about one quarter of the way in from the 
top surface. There was evidence for diffusion of 
Ca from the glaze into the porcelain to a distance 
of about 20/~m. Since Ca is known to behave as a 
blocking ion for the ionic transport of Na + and K +, 
this diffusion into the porcelain may, therefore, 
have an important influence on the conductivity 
of the glaze. The silicon X-ray intensity showed 
a maximum near to the centre of the thickness, 
whilst the elements K and A1 showed a maximum 
concentration of the glaze-porcelain interface 
with a reduction towards the surface. This seems 
to indicate diffusion from the porcelain into the 
glaze. In some samples, the Na concentration 
showed similar behaviour but in others a uni- 
form distribution was observed. The behaviour 
of the Zn was again slightly variable. In general 
this distribution was fairly uniform, but again 
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Figure 10 Schematic representation of  the variation of  X-ray intensities of  the elements in the glaze across the glaze 
thickness. 

there was a tendency for the intensity to decrease 
close to the top surface and some evidence for 
diffusion into the porcelain. 

5. Conductivity in the materials 
Results of detailed measurements of  the con- 
ductivity of  typical semiconducting glazes will not 

be presented in this paper, but the above analysis 
of the glaze structure clearly has implications for 
the electrical properties of  these materials. 

Pure Sn02 is a dielectric with a band gap of 
3.4 eV which may be substitutionally doped with 
Sb s+ to produce levels 0.03 eV below the conduc- 
tion band. Single crystals of Sn02 give typical 
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conductivities of 104~2-1m -1 [11], and pressed 
blocks of the SnO2-Sb2Os powder used in the 
glazes ,give a conductivity ~ 1 ~2 -1 m -1 at 300 K. 
On the other hand, measurements of the con- 
ductivity of the base glaze used in these materials 
gives values < 10-8~2 -1 m -1 at room temperature. 

Samples of the glaze doped with S n Q -  
Sb2Os and fired under identical conditions give 
conductivities ranging from ~10-7~2-1m-1 for 
a 10% addition of SnO2 to a value ~5  x 10 -4 
M-lm -1 at 35% and the variation of log con- 
ductivity with volume fraction is linear. In systems 
where high conductivity is achieved by the estab- 
lishment of a percolation path of interparticle 
contacts through the material, the transition from 
the non-conducting to the conducting state is 
normally sharp [12, 13]. 

This is clearly not the case in the insulator 
glazes and supporting evidence for the absence 
of a SnO2-Sb2Os conducting network in the 
material also comes from the non-linearity of 
V - I  plots and from the fact that the glazes give 
a relatively high negative ( ~  1% deg -1) tempera- 
ture coefficient of resistance. Transmission elec- 
tron micrographs also lend support to the view 
that the individual SnO2 crystallites do not 
touch [17]. These results are in contrast with 
the electrical properties of the Sb-doped SnO2 
glazes used in the production of high value high 
stability resistors [6]. In this case the glazes are 
produced by sintering ultrafine oxide powders 
with ground glass and are rapidly cooled. The 
resulting glazes have temperature coefficients 
as low as 10-1% deg -1 and display highly linear 
V - I  characteristics. We have not studied the 
concentration dependence of the conductivity in 
these materials but it seems likely that conduc- 
tion is achieved largely by direct interparticle 
contact. 

The smooth variation of conductivity, as 
the proportion of conducting phase is increased 
in the insulator glazes, might be better explained 
by postulating the existence of overlapping "sol- 
ubility rims" between the crystallites of SnOe 
[14, 15]. The absence of a sharp cut-off in the 
extent of these rims will lead to an extended 
transition regime for the conductivity as a func- 
tion of concentration. Some experimental evi- 
dence for the existence of these areas comes from 
the SEM pictures' where the non-charging regions 
may be pictured as providing a percolation path of 
relatively conducting material. The hot-stage re- 
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sults demonstrate that at temperatures above 
about 450K, the ionic conductivity of the un- 
doped glass has increased enough to avoid speci- 
men charging and the whole glaze has become 
relatively conducting. The form of plots of con- 
ductivity against reciprocal temperature for the 
glazes, indicate that whilst the electronic com- 
ponent of the conductivity is dominant below 
about 500K, above these temperatures the ionic 
conductivity of the undoped glaze predominates. 
At room temperature, for a typical 15% SnO2 
glaze the transport number is ~ 10 - 4 .  Although 
the ionic term contributes little to the total con- 
ductivity, over the many thousands of hours 
during which a typical glaze is excited, electrolytic 
damage may still be important. 

This analysis avoids the question of how 
electrical conduction is achieved in the rims. 
Doped amorphous materials are usually not 
semiconductors since the structure adjusts itself 
so that any atom has the right number of neigh- 
hours to accommodate all the electrons in bonds. 
Since both the Sn and Sb solubilities in the glaze 
are low, it is difficult to envisage a situation in 
which close association of Sn and Sb atoms could 
occur in the rims. It is possible that activated 
conduction may be achieved in these regions 
between the particles as a result of local effects 
akin to the results of off-stoichiometry in pure 
SnO2 [15]. In bulk SnO2, off-stoichiometry 
produces levels 0.3 eV into the gap [16]. 

6. Conclusions 
A fairly detailed picture of the structure of SnO2 - 
Sb20s semiconducting glazes has been obtained 
b~/'a combination of scanning electron microscopy 
and electron microprobe analysis. It has revealed: 

(1) The existence and composition of relatively 
conducting and relatively insulating areas in the 
glaze and the effects of varying the proportion of 
the conducting material in the glaze and the 
temperature. 

(2) The distribution and morphology of the Sn 
and the association of the Sn and Sb in the SnO2 
crystallites. 

(3) The existence of small amounts of a crystal- 
line phase rich in Sn and Ca in the form of needle- 
and diamond-shaped crystals. Some evidence has 
been presented for the separation of an M-rich 
phase in the glass. 

(4) The existence (and possible form) of a Sn 
depleted layer at the as-fired surface of the glaze. 



(5) The distribution of elements through the 

glaze thickness. In particular, the existence of Ca 

diffusion into the base porcelain. 

(6 )Tha t  the electrical conductivity in the 

materials probably arises from the overlap of Sn 

solubility rims around the SnO2 crystallites. 

Conductivity is thought to arise from local effects 
on the network similar to those produced by off- 

stoichiometry at a particular site, leading to acti- 

vated conduction. 
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