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CHAPIia - I t INTRODUCTION 

B . iiLiiCTKON SPiiCTKOSCOPr 



A. VfcidSTOhS 

In recent years , s tuuies of metal oxide type 

v s r i s t o r s have evotced keen In t e r e s t in view of t h e i r vide 

appl ica t ions in pro tec t ing e lec t ronic c i r c u i t s and components. 

These v e r i s t o r s ere not only economical but also easy to 

ft b r i ea te in to su i tab le shapes and s izes for t h e i r appl ica­

t ions in d i f ferent c i r c u i t s . 

1.1 frHAT IS A VAKIdTuK ? 

The va r i s to r i s a r e s i s t o r , whose r e s i s t ance i s a 

function of the applied vol tage . At low applied vol tage, 

the va r i s t o r looks l i k e an open c i r c u i t , so i t blocks the 

current flow. At vol tages above e ce r t a in value, i t s 

r e s i s t ance decreases which enables a la rge current to flow, 

whereby the va r i s to r effect ively becomes s h o r t - c i r c u i t e d . 

A va r i s to r i s thus a voltage dependent r e s i s t o r (.VDh). 

Metal oxide v a r i s t o r Is a two electrode zinc oxide 

based ceramic semiconductor device, with a highly non-l inesr 

current-vol tage c h a r a c t e r i s t i c s imilar t o back-to-back 

4«ner diodes, but with much greater current and energy 

handling c a p a b i l i t i e s . 
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1.2 YAfalSTOh CliAKACIihhldllCa 

1.2.1 I-Y Charac te r i s t i c s 

The moat important property for a va r i s to r i s i t s 

non- l inear current-vol tage charac te r i s t i c} which has the 

form shown in f i g . 1 .1 . I t i s c lear ly seen from the graph> 

tha t a t low applied vol tages , the v s r i a t i o n in the current 

i s l i nea r (ohaiic) s imilar to any l i n e a r r e s i s t o r , but at 

high volteges i t becomes non-l inear (non-ohmic). Thi3 

non- l inesr current-vol tage c h s r a c t e r i s t i c of a va r i s to r i s 

expressed by the following empirical equation, s imilar to 

tha t for the s i l i con carbide v a r i s t o r s Llj * 

I « ( - 5 - ) (1.1) 

where V is the voltage across the varistor body, I is the 

current flowing through the body» C is a constant correspond­

ing to the non-linear resistance end is defined by a voltage 

2 
per unit length (V/mm) when 1 mA/cm of current flows through 

the body, °C is a non-linear exponent. 

The equation (1.1) may also be written as, 

I * K.V* (1.2) 

or V = C.I^ (1.3) 

where K = ~Sr* and °( = -*— 
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where £ i s equal to the slope of the vol tage-current chara­

c t e r i s t i c vihen p lo t ted using logarithmic scales* Either «C 

or £ cesn be used t o ind ice te the non-line&rity coeff ic ient , 

however since the metal oxide v a r i s t o r s have l a rge * values 

i t i s customary to use °C. I f the voltage and current 

c h a r a c t e r i s t i c s of a v a r i s t o r are known at two points> «C 

can be determined from the equation : 

« = log 1 Q ( I g / I ^ / l o g ^ ( V g / ^ ) (1 .4) 

where V, and Vg are the voltages at the currents 1^ and Ig 

respectively. 

1.2.2 Resistance of a Varistor 

From Ohm's lew. the resistance of a varistor is given 

by 

K x "i" " I*?* s Ttftt •"*"• ( 1 , 5 ) 

or using equation (1 .3) 

B = _ * £i— = - £ - (i.6) 

From these equations* it is evident that the resistr-nce velue 

of a veristor is not constant, but depends on the values of 

voltage and current. 
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1.2.3 Power lussipatlon 

The power dissipation in varistor is given by 

i* = V.I * V.K.V* » K.V^1 (1.7) 

1.3 oPFLICAlIONa 

This non-linear voltage-current characteristic found 

in the varistor has been responsible for its applications in 

the field of electronics. 

Dienel £2 J of Bell Laboratories first used the varistors 

in telepnone sets. Here they serve as equalizers to compensate 

for differences of transmission end reception level3 caused by 

different lengths of lines. 

Proost et al. 133 showed that varistors give good 

results when protecting the contacts of relays for making and 

breaking inductive circuits, tohen the contacts open* the 

energy stored in the inductance of the relays is dissipated 

in the varistor and the voltage across the contacts is limited 

to a safe value (fig. 1.2j. 

Uno £4,6] has used the varistor as a phase shift 

resistor in a phase shift oscillator circuit, where the 

frequency of the oscillator can be controlled by the magnitude 
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of the voltage applied to the vsristor. 

Lamb et al. [6] has used a varistor-network In a 

function generator circuit. 

A typicel application for quenching sparks is one for 

micromotors. The sparking brush contacts in a small battery 

operated motor, limit the commutator life and also cause 

interference. A varistor in parallel with each rotor winding 

prevents sparking, eliminates interference and increases the 

commutator life. Varistors for micromotors are manufactured 

in a three pole configuration (fig. 1.3) so that they cen be 

easily mounted on the commutators of micromotors. Varistors 

are used in large quantities in tepe recorders for micromotor 

noise absorption. 

Veristors are also used in television receiving circuit 

for peak voltege limitation* oscillation damping) rectifieetio 

to obtain a negative voltage for stabilizing the picture width 

and the e.h.t. against supply voltsge variations and ageInst 

ageing of tubes. 

When a step-down trensformer is switched on, it can 

impress severe transients on any components connected to its 

secondary winding due to its interwinding capacitance* 

Installing a varistor across the secondary wincing (fig. 1.4) 

can eliminate this start up transient. 
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Another source of component f r i l u r e vnich i s sometimes 

overlooked can occur in the conventional t r a n s i s t o r se r i es 

pass voltage regulator c i r c u i t . When the c i r c u i t i s turned 

on, the capacitor appears to be a short c i r c u i t , end the 

t r e n s i s t o r i s exposed t o the fu l l unregulated bus vo l t age . 

Placing a ve r i s to r across the t r a n s i s t o r ( f i g . 5) allows e 

soft current r i s e t o pass through the regula tor vl thout the 

usual surge. 

1.4 Dl*r'iifrfrflT TgPiaS OJ? VAftiaTQftS 

Various kinds of v a r i s t o r s have been developed and 

i t has been customary t o ident i fy v a r i s t o r s on the bas i s of 

the ac t ive material used* such as (1) s i l i con carbide 

v a r i s t o r s (£iC va r i s to r s )* (2 ; selenium v a r i s t o r s (Se 

v a r i s t o r s ) , (3) s i l i con v a r i s t o r s ( s i or zener diode va r i s to r s , 

(4) metal oxide v a r i s t o r s (MO or ZnO ceramic v a r i s t o r s ) . 

The Sic and Se v a r i s t o r s vere developed during the 

middle 503 while the metal oxide v a r i s t o r s vere developed 

in the early 70s. These di f ferent v a r i s t o r s have d i f fe ren t 

values of the non-l inear exponent '** and d i f ferent current 

and energy carrying c a p a b i l i t i e s . Out of these , the metsl 

oxide v a r i s t o r s h&ve the highest '«0 and current and energy 

carrying capaci ty . 
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1 , 4 , 1 Sic Varistors 

Frosch Llj of Bell Laboratories, first described a 

symmetrical variable resistor made of silicon carbide. This 

is a symmetrical device, in the sense that its current-voltage 

curve for one direction of the current flow is the same as 

that for the opposite direction. In other words silicon 

carbide varistor does not rectify. Such symmetrical varistors 

find many applications in different electronic circuits. 

At very low currents, the silicon carbide varistor is 

ohmic. With Increasing current the I-V characteristic becomes 

non-ohmlc. At very high currents the behaviour becomes ohmic 

again. 

The process for making silicon carbide varistors is 

like ceramic process. The raw materials used are silicon 

carbide, carbon in the form of the graphite, clay and water. 

The carbon content controls the varistor's 1-7 curvej resistance 

decreases as the carbon content is increased. Water, along 

with clay is used to make the matrix in which the silicon 

carbide granules are embedded. The clay also contributes 

to the electrical properties of the varistors in both chemical 

and physical ways. The chemical constituents of the clay 

determine its plasticity end hence adherence of the clay to 

the granules. Also, certain orgenie compounds in the clay 
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probably react with the silicon carbide, giving effects 

similar to those of the carbon. In the mixing stage, the 

four m&terials are combined into a homogeneous mixture by 

making e slurry snd gradually evaporating the excess water. 

This leaves a coating of clay and carbon on the silicon 

carbide granules. The granular mixture is then pressed into 

disc of any desired thickness, often es thin as 0.5 mm. 

These discs &re then fired at 1100-1250°C in en ntmosphere 

containing equcl parts of highly pure hydrogen and nitrogen. 

The discs are metallized by spreying copper or tin on to 

both the surfaces* leads are then soldered to these metallized 

surfaces. Finally, discs are vacuum impregnated with a 

silicone fluid. 

A lsrge scale utilization of silicon carbide v&ristors 

originated with thair adoption as 3?ark eliiainstor in the 

cross-bar exchaaga. Since then their popularity has increased 

along with electronic semiconductor device development. The 

demand for small size silicon carbide varistors has been 

increasing especially, for micromotor contact protection and 

noise absorption, which are used in car stereos and cassette 

tape recoraers. 

The silicon carbide varistor's non-linear exponent 

'<*' is between 2-t> £l-6J. £s the current electronic products 



- 9 -

employ s la rge number of semiconductor devices l i k e t r a n s i ­

s tors* diodes and in tegrated c i r c u i t s , i t has become very 

imoortant to "util ize correc t ive devices for abnormal vol tages . 

The s i l i con carbide v a r l s t o r ' s non-linear exponent ' * ' I s 

not l a rpe enough and i t s clamping volt&ge i s too hiph, vhich 

means th=>t i t provides an unsat is fac tory protect ion against 

F bnormftl volt? ges. 

1.4.2 selenium Var ls tors 

The reverse characteristic of a selenium rectifier 

which is non-1 iner-r is utilized in selenium vpristors. The 

non-linear exponent '<*' is not large enough and their operat­

ing voltsge is fairly lov. 

1.4.3 sK^ener j Varls tor 

^ener i/7J published a tneory of excitation of electrons 

directly from the valence bend to conduction band under the 

influence of high electric fields. McAfee et el. L8J measured 

the toner current across a p-n junction formed in e silicon 

single crystal by using arsenic as the donor and gallium ss 

acceptor impurity L&-1U* The slope of the log V versus log I 

plot tor the junction wes observed to be 24. The iener diode 

is a superior non-ohmic resistor, vhich ceuses electric current 

to flow through the p-n Junction at e. critics! voltpge L12J. 
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The Zener diode excels in regard t> the u on-linear i t y expo­

nent but i t s surge-current obsorption capacity i s low. 

These protecting devices have not therefore been 

capable of meeting abnormal voltage conditions experienced 

by rapidly developing e lec t ronic devices . 

1.4.4 Metal Oxide Varla tors 

in 1968, M. Matsuoka discovered tha t the s in tered 

<inO-BigUo metel oxide type ceramic va r i s to r possessed excel­

l en t non-ohmlc c h a r a c t e r i s t i c s . From tha t time zinc oxide 

based ceramic va r i s t o r s have gained prominence snd rosesrch 

on t h i s new metel oxide va r i s to r i s proceeding in a serious 

w&y. 

Ihese Vf-ristors offer the savantsges of nanosecond 

switching speeas. They &re or smell s ize and are able t o 

handle current surges of the order of hundreds of amperes. 

This new metcJL oxide va r i s to r has a steep non-linear vol t sge-

current c h a r a c t e r i s t i c tha t mokes i t useful in voltage 

regula t ion app l ica t ion . As i t s non- l inear i ty exponent '«*' 

i s very much higher than tha t of the other va r i s to r s , i t 

can ppss widely varying currents over B narrow voltege renge. 

itt low spplieu voltaren* the metal wide type va r i s to r 

looks l i k e an open c i r c u i t , beetuse i t s unique two phase 

mater ia l assumes the proper t ies of an in su l a to r . *hen the 
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applied voltage exceeds the clamping volt&ge, the device 

effect ively becomes a short c i r c u i t ! protect ing the component 

tha t i t dhunts. The metal oxide typts va r i s to r requi res very 

l i t t l e stana-by power, making i t useful for guarding other 

semiconductor uevices . uteedy a te te power d i ss ipa t ion of 

the raetel oxiuti type va r i s to r 13 typicbi ly a f rac t ion of e 

mi l l iwa t t , es compared to the hundreds of watts d iss ipated 

by some other v e r i s t o r devices . In the case of a v a r i s t o r , 

the higher the non-l inear exponent 'oO, the lover •will be 

the standby l o s s . For the s i l i con carbide va r i s to r which 

has a t yp ica l °C of 3* the necessary steady s t a t e d i s s ipa t ion 

v i l l be 660 wa t t s . On the other hand* a metal oxide type 

v a r i s t o r with a non-l inear exponent '«(' of 30 wi l l d i s s ipa t e 

only 0.1 mi l l iwa t t . 

In summary, the excwilent characteristics of ZnO 

v&rlstors, not found in the previously prouueeo. varlstors, 

ere : 

11J non-line; rity exponent ' «<' from 20 to 50. 

2 (2v P600 A/cm surge ccpedty. 

(3) voltage-tempereture coefficient Ir^m 0.05 

to 0.001 $/ °C. 

{4.) f t s t surge response t ime. A 0.5 n s e c surge 

e&n be absorbed. 

(6) wiue range of v a r i s t o r vol tages , from 20 vo l t s 

to 60 K v o l t s . 
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(6) maximum energy handling; c?p=bi l i ty ; 0.? t o 

44000 Jou les . 

iiinc oxide v a r i s t o r s ere manufactured in a var ie ty 

of s izes ana constructed according to the requirements. 

Normally, d isc type v e r i s t o r s are used for appl ica t ion below 

1000 volts* and rod type va r i s t o r s for appl ica t ions over 

6 KV, -washer type va r i s t o r s attached t o heat sink are used 

for appl ica t ions at higher energy l e v e l s . 

isppiicrtions for zinc oxiae ceramic ve r i s t o r s are : 

il) TV end hiph voltage equipment stabilization. 

(2J stabilizing circuit voltages in home end 

industrial electronic prouucts. 

(3; ebsorbing surges when heavy electric equipment 

is turned on ana off. 

(4> protecting high voltage transformers and high 

voltsge rectifiers. 

(5) protecting household electronic equipments, 

communication equipments snd control devices. 

(6; protecting various kinds of semiconductor 

devices. 

(7) surge absorption for relays end switches. 

(8; protection from lightening surges. 
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Thus zinc oxide cereinic v a r i s t o r s c&n be u t i l i z e d 

p r a c t i c a l l y in every e l e c t r i c a l device tha t requires the 

absorption :>f abnormal voltages for vol tage s t a b i l i z a t i o n . 

To minimize the damaging of e lec t ron ic end e l e c t r i c a l 

equipments by mains-borne t r a n s i e n t s or i n t e rna l ly generated 

spikes» now, the designer ( instead of over specifying semi­

conductors or incorporating cost ly protect ion c i r c u i t s ) can 

use inexpensive and e f fec t ive ZnO v a r i s t o r s . By using ZnO 

v a r i s t o r s , equipment designers are able t o increase the 

r e l i a b i l i t y of the i r c i r c u i t s end at the same time, reduce 

component costs by specifying semiconductors with more 

moderate r a t i n g s . 

I t i s believed tha t the iAaO v a r i s t o r s wi l l become the 

future norm for v a r i s t o r s . 

1.6 KfrVlA OF UTxiiATUKa ON 4n0 VAftlaTOhS 

Much of the information avai lab le on zinc oxide has 

been summarized in reviews by the New Jersey Zinc Company [13J 

pnd Heiland et a l . Ll4j . The c rys t a l s t ruc tu re of ZnO i s 

hexagonal, analogous to the Viurtzite form of ZnS, i t i s 

an n-type semiconductor. The r e s i s t i v i t y , which i s typ ica l ly 

I _TL. _CK1 s t 25°C can be decreased by quenching from high 
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+ 
temperature. Doping with Na ions introduces electron traps 

into the material, increasing the resistivity to the point 

where space charge limited current can be observed LloJ. 

Non-linear conduction has also been reported for surface 

barriers formed on ZnO by Au end Pd contacts L16J. In general, 

monovalent ions (e.g. Li ) tend to increase the resistivity 

of doped sintered polycrystalline ZnO by creating electron 

3+ 3+ 
traps and trivalent ions (e.g. Al and Cr ) tend to 

decrease it by supplying extrp conduction electrons L17J* 

Ihe effects of ambient atmosphere on the sintering 

of ZnO can also be interpreted in terms of interstitial Zn 

diffusion as the rate controlling step Ll3»lfcU« The addition 

of a trivalent dopant increases the concentration of conduct­

ion electrons and simultaneously reduces the equilibrium 

concentration of Zn interstitials, so that the increase in 

electrical conductivity is accompanied by a decrease in the 

Zn diffusion coefficient. Thus, the effect of mono and 

trivalent o. op ants can be seen in sintering kinetics L20j 

as veil as surface catalytic activity [21j. However, it has 

been reported [28 J that 3mall additions of KgO to ZnO inhibit 

grain growth; just the opposite of what is expected for a 

monovalent dopant. 

Matsuoka et al. [23j first found the voltage non-

linearity in zinc oxide ceramics doped with alkali earth metal 
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o x i d e . The usua l semiconducting p r o p e r t i e s of z inc oxide 

have been s tud i ed by Hahn L24J and Har ison [25J . The 

c o l d - p r e s s e d bodies of zinc oxide powder wi th 9 .5 mole £ of 

a l k a l i e a r t h metal oxide s a a i t i v e s ( e . g . CaO, 3rQ» BaO, 

BeO, MgO) hsve been s i n t e r e d in a i r a t va r ious t empera tu res 

from 950 t o 1460JQ for one hour . The v o l t a g e - c u r r e n t non-

l i n e a r i t y c o e f f i c i e n t ' ^ ' has been measured in accordance 

wi th t h e method desc r ibed by /msuy&cia e t a l . L26j. 

The s i n t e r e d ZaO p e l l e t s wi thout or wi th BeO or MgO 

a d d i t i v e s have <* « 1 . Those wi th CaO, SrO or BaO a d d i t i v e s 

however produce * > 1 . tohen t h e i o n i c r a d i u s of t h e dopant 
2+ 2+ 2+ 

e . g . Be end Mg i s smal le r than t h a t of Zn then t h e 
product snows a l i n e a r v o l t a g e - c u r r e n t c h a r a c t e r i s t i c . On 

t h e o ther hand, a d d i t i v e s having t h e i o n i c r c d i u s l a r g e r 
2+ 

than t h a t of iin produce n o n - l i n e a r v o l t a g e - c u r r e n t c h a r a ­
c t e r i s t i c s . 

e l e c t r o n photomicrograph shows t h a t t h e s i n t e r e d body 

w i th l i n e a r v o l t a g e - c u r r e n t c h a r a c t e r i s t i c has appa ren t ly 

no second phase s e g r e g a t e d . Whereas t h e s i n t e r e d body wi th 

* > 1 has a second phase segregated a t t h e gra in bounda r i e s . 

I n view of genera l r u l e L27J t h a t t h e s o l u b i l i t y depends on 

t h e i o n i c r a d i u s , t h e added CaO, SrO or BaO should not 

d i s s o l v e in t h e ZnO l a t t i c e but should form a segregated phase . 
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I t i s believed t h s t t h i s segregated piiF-se mt=y be responsible 

for the observed non-linenr c h a r a c t e r i s t i c s . 

Matsuok© et a l . [23,29] have invest igated the non-ohmlc 

metal oxide type v a r i s t o r s made of zinc oxide ceramics with 

f ive add i t ives of BlgO^, CoO, MnO, 3bg03>
 C r 2°a a n d t l e v e 

found them to have non-ohsic property comparable t o those 

of a wiener diode. The e lect ron photo-micrograph and X-ray 

micro-analysis show tha t the five additLves ere combined 

together and are segregated at the grp.in boundaries during 

the s in ter ing process . The e l e c t r i c r e s i s t i v i t y and d i e l e c t r i c 
13 constant of segregation layers are estimated to be 10 ohm-cm 

and 170 re spec t ive ly . Based on tne microstructure and vol tege-

current c h a r a c t e r i s t i c s , a theory 130} on 3pace-charge l imited 

current of insulator having deep traps is discussed to explain 

the non-ohaic propartias of zinc oxide ceramics. 

The effect of single addition and combined addition 

of various oxides on non-linear resistance and average grein 

size has been studied. The sintering temperature has been 

also varied to find out the temperature at which the highest 

<*-value is obtainable. 

The single addition of Big03 or Sb^O^ produces a low 

*-value of about 3-4 but a double addition such as BigOg+CoO 

or Bio0., + MnO increases the «*~v??lue upto 18 at the highest. 
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An addi t ion of three oxides of Bi o0 0 + CoO + MnO or four 

oxides of Qi2°3 * C o ° + M n 0 * C r P°3 f a t h e r increases the 

<*-value ana an addi t ion of five oxiaes of Bip03 • CoO • MnO + 
C r 2°3 * S o 2°3 P r o a u c e s t n e *-value of 50. 

The enemies! analysis and X-ray microan&lysis has 

indicated tha t a s ingle addition of 0.6 mole $ of CoO, MnO 

or CX'gO^ dissolves in the 2.nu grains ana does not proauce 

non-ohmic proper t ies when s intered above 12oo\ ; . A s ingle 

addi t ion of 0.5 mole f of Big0rj forms a segregation layer at 

the grain boundaries and produces non-ohmic proper t ies when 

s in tered at a temperature of 960° t o 1260°C. Above 1250°C, 

the s in tered body does not include Sir/X, due t o i t s evapora­te J 

t i on and i s in en ohmic s t a t e . 2ax0 ceramics v i t h a s ingle 

addi t ion of 0.5 mole f of Stoo0Q becomes non-ohmic when 

s intered at a temperature of 950° t o 1150°C but I t changes 

to ohmic s t a t e above 1160 C due t o the evaporation of Sb g 0 3 . 

The z.n0 ceramics with a double addit ion of BigQ« + CoO or 
B i 2°3 + i 4 n 0 shov ^v&l118 °£ i a o r 1S» higher than tha t for a 

s ingle addi t ion of 3 ig0 3 when s intered at a temperature of 

1250°C or 1350°C. On the other hand, the 2.n0 ceramics v i t h 

a s ingle addi t ion of BigO^, CoO or MnO hardly show the 

non-ohmic proper t ies when s intered a t 1250 C or 1350 C. This 

fact suggests that a double addi t ion of Big03 • CoO or 

Bio0Q + MnO forms a comoound which prevents the evaporation 
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of Bio0Q at 1250°C or 1350°C. Such an explanation has been 

suoported by Levin et e l . 1.31 J who indicate.; the existence 

of a compound, Bip03.2Mn?03. The high ot-vslue of five 

addit ions of Bij, >3 * GoQ + 14n0 + Cr g a 3 + SbgO^ cannot be 

explained reasonably only by considering a mere in tegra t ion 

of ef fec ts of individual oxides . 

The effect of s in te r ing temperature on the non-ohmic 

proper t ies of ZnO ceramics with f ive addi t ivest which shoved 

the highest «(-velue> ftp, a been s tudied. Ihe <<-value increases 

es the s in ter ing temperature r i s e s upto a maximum value of 

50 at 135 )°C. When s in tered above 1350"fc, i t decreases 

s teeoly with the increasing taranerature and becomes uni ty 

at above 1450 C» the p e l l e t s having r, low room temperature 

e l e c t r i c a l r e s i s t i v i t y of about 10 ohm-cm. 

The effect of the concentration of f ive dopants on 

the «* value has also been s tudied. An addi t ive content l e s s 

than 0.1 mole f does not produce the non-ohmic property, 

but causes a s l igh t increase in the r e s i s t a n c e . Above 0.1 

mole f, the «t-v&lue increases steeply with the increase in 

the addi t ive content reaching a maximum of about 50 ?t 

3.0 mole %• After the maximum, i t decreases with the increas­

ing addi t ive content . Thirty mole f of the addi t ive gave 

oc-value of about 4 only. A pure mixture of the five oxides 

did not proauce the non-ohmic property. 
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Morris 132} has measured the non-l inear vol teee-current 

c h a r a c t e r i s t i c s , the small signal %c capaclt?mce and r e s i s t ­

ance of s intered £nQ containing 0.5 mole % 3 io°3 ' T n e 

d i e l e c t r i c propert ies of similar s in tered ceramics have been 

measured by Delaney et * 1 . t.3SJ. Levin et a l . [34] have 

reported the raost comprehensive data on phase equi l ibr ia in 

the iinO-BigO^ binary system, in general, very l i t t l e work 

hss been reported on the e l e c t r i c a l proper t ies of Bi„0o , 

although evaporated th in films were studied by ilalford et a l . l35 . 

Vionp u3 >j has studied the i n t e r granular phase in 

samples of s intered ZnO + 0.5 mole f 3i2
03» af ter etchinp 

with d i l u t e IIC104 so lu t ion . The techniques used heve been, 

electron d i f f rac t ion , e lectron ai.cr oseopy, microprobe analysis 

and X-ray d i f f r ac t ion . The s tudies have stronply indicated 

tha t the in tergranul f r t a s te r i - l i s a polycrystRll ine phase 

of te t ragonal £-Bi g0 3 r a ther than the amorphous ZnO-BigO^ 

phase reported e a r l i e r [29,32J. k po lyc rys t s l l l ne matrix 

of ZnO grains separated by thin layers of £-3i s03» forms a 

se r i e s and p a r a l l e l network of <afiO-BipQ3 b a r r i e r s . The 
o 

intergranul&r b a r r i e r s may be as th in as < 500 &. from the 

known i n t r i n s i c e l e c t r i c a l proper t ies of iinO [24,37J and 

BigOg L38,3S3 the non-ohmic behaviour of t h i s binary ceramic 

appears to a r i s e from en i n t e r f a c i a l property cha rac t e r i s t i c 

of i,nO, b.u n-type seciiconauctor ( a/ 1 ohm-cm at room tempera­

t u r e ; in contact with a t h in layer of high r e s i s t i v i t y 

( > 108 ohm-cm) BigO^ ss the in tergrcnular phase. 
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i,ong L-iuj Jru.s studied the a i c r c s t ruc tu re of <- complex 

multi-component v&ristor cer-nic brsed on ciiO with small 

audit ions oi* antlaony» blsmuthi cobs>lt» men^enes© end t i n 

oxides» uaing a v i i e t y of s t ruc tu ra l techniques such es 

scanning electron end op t ica l cticroscopes, lebye-.Jcherrer 

powaer d i f f rac t ion e t c . 

Three crystalline phases heve been found to exist in 

a complex multicomponent varistor. 

( i ) a polycrystfi l l ine bulk matrix of £n0 doper 

with Co2+ 

( i i ; p II-V i in^n^ /^ ab<?/3^04 spinel doped with 

oo and Mn 

and ( i i i ; an anion def ic ient pyrochlore Bijjin^3~>D2/3°6 

a lso doped with Co snd Mn̂  . 

The spinel phase has been found frequently at grain 

boundaries and occasionally within the g ra ins . The poss ib i ­

l i t y tha t t h i s mater ial i s the in te rgranuls r phase has been 

dismissed by the author on the frounds of i t s high i n t e r -

f s c i a l energies with i.nO end i t s strong tendency t o form a 

well-faceteci octahedral c rys t a l s in the ceramic. I t has 

been shown to play no role in the n o n - l i n e ; r i t y cha rac t e r i ­

s t i c s of the ve r i s to r ceramic» but merely to set as a gr r in 

growtn moaerat^r for <-n0 by anchoring the boundaries during 
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sintering. The pyrochlore is shown to segregate at the nodal 

regions between two or more J*nQ grains and to form a three 

dimensional threadlike network that is indicative of a liquid 

phase at high temperature. 

The concentration ratio of the spinel to pyrochlore 

is found to increase monatonically with sintering temperature 

so a pyrochlore to spinel trensfsrmation has been formulated 

by assuming a total replacement of the Big03 content in the 

pyrochlore by an equivalent amount of kinO that is reedily 

available from the bulk matrix. 

Ihe overall structure has been described as a three-

dimensional series-parallel network of 2ii0-pyrochlore thin 

film barrriers. The nature of this thin film is studied 

in deteil by Wong [41J. 

Inada J.42J has investigated the crystal phases in 

£n0 varistors containing Blg03» SbgQ3» Cog0„, MnOg snd CrgOq 

as a function of the amount of additives and the sintering 

temperature by X-ray diffraction analysis with a gr&phlte 

crystal monochromater using CuK^ radiation. 

These veristors consist of : 

(i; iinO phsse» dissolving a smell amount of Co and Mn 

cocioonentsi 

/ 
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(2) spinel type phase of Zn^SbgO^, dissolving a la rge 

amount of Co, iln and Cr components, 

(3) Bl - r ich phases b , C» D or B ' , among which the B-phs.se 
o 

i s a 6-Big0a type phase (a a 5.59 A; having the 

composition? 12Big0^.Grg03. The C phase i s tetragons! 
> o 

phase (& * 7*76 At c = 5.75 A) having the composition 
of 14Big02.Cr207 and dissolving Zn and 3b components. 

o 
The D-phase i s a £-Bi ? 0 3 type phase (a * 10.93 A, 

o 
c = 5.62 A.) dissolving a l a rge amount of 2JX component 

(about 20 mole $i end a small amount of Sb component. 
o 

The B' -phase i s a lso a 6-Big02 type phase (a. » 5.48 k) 

formed in the system BigQg-rfinO-SbgOg, and a so l id 

solut ion between B and B' i s formed. 

The non-l inear exponent ' °0 increases with the changes 

of Bi - r ich phases, B - C - D or D «• B ' , by the r i s e in the 

s in ter ing temperature. 

Inada [43J has invest igated the s t a t e s of c rys t a l 

phases in the non-ohmic zinc-oxide v a r i s t o r s with f ive 

add i t ives , 0.5 Bi g 0 3 + 1.0 $\03 + 0.5 COgOg* 0.5 MnOg + 

0.6 CrgO^ (mole fc) by various ana ly t ica l techniques l i k e 

scanning electron microscopy, X-ray microanalysis , e lectron 

microscopy, opt ica l microscopy. The microstructure i s 

shown to consist of ZnO phase dissolving Co and Mn; spinel 

phase of in^bgO-jg dissolving Co, m. and Cr; and mixed 

http://B-phs.se
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phases of £- and 6-Big0.v Almost a l l grains of diameter of 

10 to 20 mLcrons correspond to the z.nD phase, iiach of them 

i s a s ingle c r y s t a l , having a twining s t r u c t u r e . These 

s t ruc tu res are randomly oriented in the ceramics. 

The spinel phsse ex i s t s as grains of s fev microns. 

These grains pre discontinuously dotted in comparatively wide 

grain boundaries, where three or more iinO grains meet. 

jfc.de i.44,4t>j hes proposed a new energy-band model in 

the order to explsin the uon-ohmic property of a metal oxide 

v a r i s t o r . A energy bend model composed of a th in insula tor 

with t r aps sandwiched between a forward-biased Schottky 

bar r ie r and a reverse-biased Schottky ba r r i e r i s proposed. 

The non-ohmic property of 2JIG cer&mics i s mainly governed 

by the f i e l d emission for the reverse-biased Schottky ba r r i e r 

in the voltage region above the threshold voltage and by 

thermionic emission in the voltage region below the threshold 

vo l tage . 

The physics of metal oxiae v a r i s t o r s produced by the 

General E lec t r i c Company, U.S.A. under the t rade name 
T*4 OJi-Mov * has also been studied by Lionel et a l . [46-49J. 

Beside t n i s , the re are many t h e o r e t i c a l models l$0-67} 

which have been proposed to explain the non-l inear behaviour 

of âiO v a r i s t o r s based on verious mechanisms such a s , charge 

http://jfc.de
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limited current process, 1 owler-iioraheiiQ tunneling process, 

tunneling across tiie Schottky barrier, transient conduction 

etc. 

In the ppst ten years, a large variety of surface 

characterization techniques have been developed and are 

described in many recent books and review articles [68-91j, 

iiome of these surface characterizing techniques are relatively 

new and/or undeveloped end although they may give useful 

information concerning a surface, the interpretation of the 

data may be complex or the technique may be restricted to 

special clas3 of materials. 

Out of these, electron soectroscopy for chemical 

analysis {sxiCk) or X-ray photoelectron spectroscopy (X?S), 

ultraviolet photoeiectron soectroscopy (UPS), Auger electron 

spectroscopy (AiSS;, secondary ions mass spectrometry (dlMS) 

&re the more widely used surface techniques. 

Electron spectroscopy (££CA or XPi) involves the 

determination of the energy distribution of electrons emitted 

from X-rcy irrsaiattd subst&nce. It is a non-destructive 

surface analysis technique, which proauces directly the 
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electronic levels from the Innermost to the outermost shells. 

Any element except hydropen and helium csn be studied even 

If It occurs together with several other elements. The 

utility of IPo has ben tvo-iold. First* since the electronic 

energy levels of the atoms are sensitive to their environ­

ment) the technique is the best available for determination 

of chemical states of atoms fiu molecules. Secondly* from 

the photoelectron spectra, one can obtain the relative ratios 

of different elements or even of atoms of the same element 

in different environments. 

Ihe technique analyses only the first feu angstroms 

of the solid surfaces. 1 his is both good and bed. On the 

had side* great care must be taken in sample preparation 

in order to keep the surface very clean. On the good side* 

this makes a sensitive technique for many important areas 

of research in vsriou3 fields 1.92j. 

1»1 HI SI Oh Y, 

Ihe tvo Riost Important phenomena on which the technique 

of electron spectroscopy is based i.e. photoionization and 

the Auger process, were already unaerstood earlier in the 

century. Einstein i>3j in his classic paper, explained the 

photoelectric effect In 190o, while Pierre Auger L&4J 

discovered the effect naiaed after him in iS»23. Between 1910 
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and 1930, Robinson i.9&j and de Broglie [96j used magnetic 

fields and photographic recording to determine the Kinetic 

energies of photoeiectrons ejected by X-rey absorption. The 

resolution attainable at that time vas insufficient for 

observation of actual peaks in photoelectron spectre and 

therefore, the accuracy and precision of the measurement 

were far from adequate for the reel surface analysis. 

Pioneering efforts in this field were carried out in lfeal by 

Steinharo. e.na Serf ass L97j. 

Present-day high resolution pnotoelectron spectro­

scopy* however, grew out of two parallel developments that 

took place principally in Uppsala, Sweden and the imperial 

College, London. In Uppsala, the Swedish group headed by 

Prof. Kai Siegbahn [98J was interested in determining the 

binding energy for the atomic shells by X-ray pnotoelectron 

spectroscopy, whose values were Known only approximately 

from the X-ray data. It was soon, discovered, that the 

chemical shift effects occurred, and a classic paper was 

published in 1958 £99 J showing that the chemical difference 

between copper end its oxide was clearly distinguishable by 

X-ray photoelectron spectroscopy (XPS). Because of these 

observed and useful chemical effects, the Swedish group 

coined the name "electron Spectroscopy for Chemical Analysis 

(in snort, £*SCAJ to this X-ray photoelectron spectroscopy (XPS) 

technique. 
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Meanwhile, Turner and Al-Joboury in the Imperial 

College, London LlOO] vere looking for a method of directly 

studying the binding energies of the molecular orbitals. 

Instead of X-rays as the photon source, which is the require­

ment for the study of core electrons, they chose the Hel 

resonance line < s obtained in e helium grs discharge lamp. 

This radiation had enough energy (21.82 eV) to eject electrons 

from the outer orbitals (the ones which are usually the most 

important in determining the nature of the enemies 1 band) 

with a natural line width of only a few millivolts. Since 

the days of these pioneering experiments the instrument 

design has been improved considerably with better sensitivity 

and resolution. In order to improve the resolution a very 

narrow X-ray beam has been designed for the X-ray eiono-

chromator LlOl, 102j. The sensitivity has been increased 

by a factor of 100 to 1000 times by modulating the intensity 

of the primary beam. The application of position sensitive 

detector U03j, Vidicon L104J, resistive strip LlO&j and 

various electrostatic electron energy analysers (.106j have 

improved the resolution end sensitivity of the electron 

spectrometer. 

hith the rapid developments, both in technique and 

applications one can expect ii3C£ to rank among the top 

chemical research tools-
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1.2 BAD EC rtUdCIyLiiS 

The basic p r inc ip le oi' X-ray photoelectron spectroscopy 

(XPa or iftiCi*) i s extremely simple end i s i l l u s t r a t e d in 

f i g . ( 1 . 6 ; . The sfetnple i s i r r a d a t e d with X-rays having 

fixea and de f in i t e enerfy K t c h a r a c t e r i s t i c X-rays of an 

anode mater ie l of the X-rsy t ube ) . The X-ray photons are 

absorbed by the semple atoms, with each absorption event 

r e su l t i ng in the prompt emission of an e lec t ron . 

I f the sample i s meta l l ic end in good contact with 

the spectrometer, we may reasonably assume tha t the Fermi 

l eve l s of the sample end the spectrometer mater ial are the 

same. By convention, the binding energy of an e lectron i s 

the energy required to r a i s e the e lect ron to the *'ermi l e v e l . 

The ejected e lect rons carry k ine t i c energy which i s 

equal to the difference between the X-ray photon energy (Euv ) 

and the binding energy. Then the energy conservation for 

the photoemission process i s given by the r e l a t i on 

K . = JL - *_.. - 0.. ( 1 . 8 ; 
ki£ h) T3JS Sp 

where EgE is the binding energy of the electron in a parti­

cular level of the compound. E ^ is the kinetic energy of 

the ejected electron and 0,,n is the work function of the 

spectrometer material. This work function 0Sp does not 
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depend on the sample mater ial and as long as I t does not vary 

with time* one and the spme work function correct ion can be 

applied to a l l the measurements. I f photon energy (usually 

1263.6 eV end 1436.6 eV respect ively for Mg and Al X-ray 

sources; i s known and analyser work function 0„_ i s preae ter -

rainedi a plot of spectrum can be made of the number of the 

e lec t rons N(KJ j £ electron k ine t ic energies i\^i» The 

binding energies (Sg^) ere calculated using equation (1 .8) 

and as binding energies of e lect rons of an atom are character­

i s t i c of the atom, a p lot of bindln?; energies against number 

of e lectrons i s a sure way of identifying elements. 

The q u a l i t a t i v e information i s provided by peak 

pos i t ions end quan t i t a t ive information by the i r peak heights 

(area,) . 

1.3 Cri^UCAL SHIfrt 

The main vslue of X-ray photoelectron spectroscopy 

l i e s in the fact tha t the measured core e lec t ron binding 

energies are a function of chemical environment of the atoms. 

I t was discovered tha t the binding energies of the o r b i t a l 

e lec t ron were dependent on the chemical environment Ll07|108j . 

When a bond i s formed between tv.-> atoms» outer electronic 

she l l s coalesce into raolecular she l l s cal led molecular 
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orbitais at different binding energies. These changes in 

binding energy called cheadctl shifts sre carried uniformly 

from outer shells to innermost shells. So the potentials 

of the shells within en atom are shifted uniformly by the 

same amount, when a bond is formea. do these changes in 

binaing energies which are known as chemical snifts enable 

one to distinguish atoms of the same type but occupying 

different chemical states witnin e molecule. 

It was realized that the ore binding energy of an 

atom should be related to the effective charge of the 

atom [68,109j. From the simple electrostatic considerations, 

one would expect that the energy for removing an electron 

from an atom would increase as the charge on the atom became 

more positive. Plots of the core binding energy for a given 

type of atom against estimated atomic charge show approxi­

mately linear correlations L68,110]. 

A great amount of effort has been scent for systematic 

investigations of binding energies for elements in related 

compounds in order to derive chetuicel shift data ana has 

been compiled into tables [.83,111,112j. 

The bulk of the published tudCA research in the last 

fifteen years has been directed toward understanding the 

systematic shift in peak positions resulting from changes 

in the enemicel structure and oxidation state of cheri-cal 

compounds. 
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1.4 ik>CAPa D^i'Hd 

As the X-ray normally used in XPS are the ftlK^ or 

MgK^ X-rays (1486.6 ©V and 1253.6 «V r e spec t i ve ly ; , the 

photoelectrons have energies l ess than these amounts, and 

at these energies the mean free paths of the e lec t rons are 

very shor t . Such e lec t rons , t r ave l l i ng through a mater ia l , 

have a r e l a t i v e l y high orobabi l i ty of experiencing i n e l a s t i c 

co l l i s ions with loca l ly bound e lec t rons , as a r e su l t of 

which they suffer energy l o s s . These e lect rons coming out 

af ter c o l l i s i o n , have a reduced k ine t i c energy, ©nd such 

e lect rons contr ibute to the background. Electrons t ha t come 

out without co l l i s i on , obviously wi l l be from the surface, 

e lect rons l ibera ted from atoms deeper in the material wi l l 

e i ther loose t he i r energy en t i re ly in t h e material or wi l l 

emerge out of the mater ia ls with a i i ^ < (hi; - i ^ ) * 

iilectron escape depth var ies as s function of ( i ) e l e ­

ctron k ine t i c energy and ( i i ; the type of material being 

examined Lll3»114J. 

For iiSCA, the escape depth i s about 

o 
( i ; 5-20 A for metals 

a 
(ii; 20-30 A for inorganic compounds 

(ili; 50-100 A for orgenic compounds. 
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The recorded photoeiectron spectrum may contain 

satellite lines due to various phenomena such as raultiplet 

splitting, electron shake up, configuration interaction and 

characteristic energy losses. It is most important to know 

the nature of these extra (satellite; photoelectron peaks 

botn because we cannot interpret photoelectron soectra 

without this understanding and bee?use the phenomena are in 

themselves of fundamental interest. In addition, these 

phenomena csn be of extreme importence in learning about 

the nature of the chemical bonding. 

1.6.1 Multlplet Splitting 

When there are one or more electrons in the valence 

shell with unpaired spins, the act of photoionization in 

another shell of the same atom can lead to more than one 

final state, depending on the way in which the unfilled 

shells couple. Multiplet splitting is found generslly in 

3s (end 4s) peaks -when unpaired electrons are present in 

3d (and 4fJ orbitals. The relative intensities of the •s* 

peetcs, which appear as a doublet, will be the same for all 

shells ana can be predicted from the number of unpaired 

spins in the valence shell. The degree of energy splitting 

uecreases as the difference between the principal quantum 

number of the shell under consideration and that of the 

unfilled shell increases. 
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ViniKica et n l . £116j| corre la ted s p l i t t i n g of the 3s 

core l eve l s in the &SCA spectre of t r a n s i t i o n metal compounds 

with increasing covalency oi' the metal-l igand bond, oimllar ly 

mui t ip le t s p l i t t i n g in &6QA spectra has been studied for mixed 

n icke l - i ron and chromium oxide by Bantibanez et e l . [116j and 

the s p l i t t i n g of 4s and os leve ls of the r a r e ear ths by 

Mc^eely et a l . Lll 7-118 j . 

1.6.2 Shake-up 

Shake-up peaks ere found on the low kinetic energy side 

of the core level peaks ana arise from the two electron 

sha*te-up processes in which the valence-shell excitations 

take place in parallel with core electron ejection. Shake-up 

satellites have been observed for a number of transition metal 

compounds [119-123j. 

1.6.3 Configuration Interaction 

If the ion formed as a result of the photoionization 

process can be described by a wave function that includes 

excited configurations, then it is possible that the final 

state may end up as one of these excited states. Satellite 

structure from configuration interaction will usually occur 

only when photoionization takes place in the valence cell. 

These configuration interaction satellites have been observed 

for alkali metal halides by wertheim et al. [124], for argon 

by Spears et al. [126j for neon by Wuilleumier et al. [1263. 
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1.5*4 Characteristic energy losses 

As an electron moves through matter it may suffer an 

inelastic collision. It will then appear in the spectrum 

with lower kinetic energy. The energy of the characteristic 

energy losses is dependent on the material. Its intensity 

depends on both the nature of the material and the kinetic 

energy of the electron passing through the material. Pollak 

et al. (.127j have made a study of plasmon losses in metals 

using XPt>. 

1.6 Li an, moADmim 

The most ser ious l imi t a t ion to photoelectron spect ro­

scopy of sol ids i s the l i n e broadening. This broadening 

r e s u l t s from three main sources; 

( i ) Width of the photon source 

( i i ; Width of the subshell from which the 

e lect ron i s photoejected and 

( H i ) broadening due to charging. 

( i ; The width of UV source i s neg l ig ib le (1 meV) compared 

t o AliC and MgK̂  - X-ray source. The widths are due to the 

l i f e time of the K-shell vacancy and due t o spin-prbi t 

s p l i t t i n g between the 2 p 1 / 2 - 2 p 3 / 2 l e v e l s . The net ful l -width 

at half maximum (FWHM) i s about 0.9 eV for A1K- and 0.8 eV 
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for MgK^ . Thi3 source broadening csn be overcame by use 
It 2 

of a monochromator. 

(iij Line broadening occurs as --\ result of the finite 

lifetime of the vacancy created in the atom of the material 

under study. The lifetime decreases with an increase in 

binding energy. The broadening in the 2v3/a level in silicon 

has been measured and found 0*5 eV by Siegbahn et al. [128J. 

(Hi) For non-conducting solids one of the serious sources 

of line broadening is due to the uneven charging of the 

surface as a result of photoionization. This line broaden­

ing seriously affects the resolution of the electron spectro­

meter. 

1.7 SAMPLE CiiAHGING 

During the X-ray irradiation, non-conducting samples 

can acquire an excess positive charge at the surface due to 

the ejection pnotoelectrons* the conduction of the sample 

being inadequate to permit electrical equilibrium. In other 

«ords» the Fermi level of the sample may be lover then that 

of the spectrometer because of the electric charging. This 

positively charged ssmple surface retards the photoejected 

electrons. This decrease in the kinetic energy of ejected 

electrons results in hipher apparent binding energies than 
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the true values and therefore limits the amount of chemical 

information obtainable from the date. 

The error in the binding energy due to this effect can 

amount to many volts end varies with the X-ray flux and sample 

analyser chamber design. In most instruments) there are 

sufficient number of background electrons in the chember to 

either neutralize the surface charge or stabilize it at a 

small value. Ho*ever, there is a marked reduction in the 

number of background electrons when a monochromatized X-ray 

source Is used and the changing effect can then be large* 

Various techniques have been used to reduce or to 

eliminate this charging effect. In early work L63,110,129-131] 

the osrbon 1 peak due to an organic film on the material or 

from the scotch tape used for mounting the sample was taken 

as a reference. Some other workers [132-134] have ground the 

sample with graphite ta fair electrical conductor) powder 

in order to provide a carbon Is reference line in a standard 

material electrostatically equilibrated with the sample. 

Probably the most reliable method for providing a reference 

material with its Fermi level, the same as that of the sample, 

is to vacuum sputter a thin layer of metallic pold on the 

sample U35-142J. 1he gold adheres to the surface of the 

sample in small clumps or islands which are close enough 
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together to ensure thtt all regions of the sample are in 

electrostatic equilibrium with the gold and the gold 4f7/2 

peek is used as a reference. 

If in a series of compounds under study, there exists 

a common chamicel group containing an atom which may reason­

ably be expected to have the same binding energy in all the 

compounds, one of the core level pecks for that atom may be 

used as an internal reference. Such internal references have 

been taken using the carbon Is peak of ligands such as organo-

phosphines L129J ethylendiamine [134j and benzoylacetono-

raine [143j. 

In some cases surfaces can be neutralized by using an 

auxiliary low energy electron source as a flood gun [144.]. 

From the previously reported work* it is observed that 

the unusual non-ohmic property of the metal oxide varlstor 

is attributable to the second phase segregated at the surface 

of the zinc oxide grains. 

Several successful studies have been performed to 

detect the grrin boundary segregation utilizing electron 

spectroscopy. &>CA was used in studies of grain boundary 

segregation of MgO doped A1203 L145J. Coad et al. L146J 
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recently observed segregation of manganese and antimony to 

grain boundaries of 0.12 f Sb and 2 f Mn steel. A careful 

examination of the Mn peak position suggested that the 

manganese was present as manganese sulfide or antimonide. 

Similarly Cu-Bi alloy, containing Cu-doped with 0.009 f of 

Bi was suitably heat treated and studied by E3CA. The i£3CA 

results showed Bi segregation out no difference in the bind­

ing energies of segregated bismuth and elemental bismuth was 

found. Bishop et el. [147j have found out that the boron 

segregation to grain boundaries was partially responsible 

for high temperature fracture in steels containing boron. 

electron spectroscopy thus appeared to be a good 

technique to study the nature of the surface leyers and their 

effect on the electronic properties of the varistor systems. 

One expects to identify the chemical nature, oxidation state, 

surface migration, gr&in boundary segregation etc. by means 

of a systematic electron spectroscopic study. X-ray photo-

electron spectroscopy (APS) is potentially capable of throwing 

light on such problems because the electrons ejected from 

only top surface layers reach the analyser. Further, XP3 

is also capable of showing any changes in the oxidation 

states of the ions involved. To the best of our knowledge, 

electron spectroscopic studies on ZnO varistor system have 

not been reported. 
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< ltiiOUfch i*aQ containing five additives gives a better 

non-linearityt it was considered desirable from the point 

of viev of understanding to start vith a simpler system 

like £n0 containing a single auditive and then to go over to 

the study of the more complicated five additives systems. 

We have therefore prep red samples belonging to four different 

varistor systems and investigated them by electron spectro­

scopy. Complementary studies by other techniques like scan­

ning electron microscopy (SJC*U> electron probe micro analysis 

(JB.PMA) and x-r©y diffraction (XitU) have also been conducted 

and these studies have revealed some interesting features of 

of ZnO varistor systems. The details about the experimental 

techniques and results are discussed in the successive 

chapters. 
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The metal oxide veristor samples studied In the 

present investigations consist mostly of sine oxide elong 

with additives such as bismuth oxide, antimony oxide, cobalt 

oxide, manganese oxide and chromium oxide. They have been 

prepared by the conventional ceramic fabrication procedure. 

Batches of pellets have been sintered at different tempera­

tures from 600 to 1400°C for one hour, wintered pellets 

have then been examined by different techniques, like 

electron spectroscopy (isSC*.;, scanning electron microscopy (S&MJ. 

electron probe microanalysis UPMA) and X-ray diffraction (XRD). 

Electrical characteristic and density have also been measured. 

The preparation and measurement procedures are given 

in detail in this chapter. 

2.1 PKaPAKATIOfl OF SAMPLE 

2.1.1 ZnO + B1203 varistor system 

Reagent grade zinc oxide and bismuth oxide in the 

ratio 99.5 and 0.5 (mole f) were mixed by vet ball-milling 

for 20 hours using deionized vater. The mixture vas dried 

and 1.6 g. portions vere pressed in a die of 1.63 cm. in 

diameter at a pressure of 5000 lbs./in . Batches of three 

pellets viere sintered and maintained at different temperatures 

I n. to *• - * 
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from 600 to 1400°C for one hour end then furnace cooled t o 

room temperature. 

2 . 1 . 2 4nO*St>203 v a r l s t o r system 

The 2«n0~Sb803 varistor samples were prepared in the 

same way as above by using 1.0 mole f of SbgOo additive and 

sintered at different temperatures from 500° to 1200°C. 

2.1.3 ^nO • BJ20a + CoO varlator system 

These vsristor samples were also prepared in the same 

way as above by using 2 mole f (BigQg • CoO) additives and 

pellets sintered at different temperatures from 600° to 

1400°C. 

2.1.4 ZnO vsristor systems containing 

five additives 

These multicomponent vsristor samples were prepared in 

a similar way as described previously by using 3 mole f of 

five oxides (8ig03 • 3bg03 + CoO + MnO + Crg03) additives and 
o o 

also sintered at different temperatures from 600 to 1400 C. 

Out of the three pellets fr->m each batch, one pellet 

was used for the I-V characteristic measurements, the second 

pellet wes used for the X-ray diffraction characterization 

and the third pellet was used for ESCA, 3*tf* and aPMA analysis. 
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2 .2 M&ftSUK&M&NT OF TEa CUJift&EIT-VOLTAGE 

CnAKACTfchlBlICS 

For the I-V chtraetturis t ics measurements, s i l v e r was 

deposited by vacuum evaporation on t o the two faces of the 

sintered p e l l e t s . The pe l l e t s were held under pressure 

between the two copper plates in the sample holder fabricated 

in our Laboratory as shown in f i g . 2 .1- The current-voltage 

relationship was measured on the sintered pe l le t s using a 

Kelthly Electrometer (Model 61QC.) and a stabil ized d .c . 

voltage source. The voltmeter incorporated in a stabi l ised 

d .c . voltage source was used for the measurement of the 

applied voltage and an electrometer was used for the measure­

ment of the current flowing through the varistor sample. 

The I-V characteristics were measured in the current range 

upto 100 mA so that the result was not affected by the Joule 

heating. 

The voltege-current characterist ics are expressed 

by the following empirical equation similar to that for the 

s i l i con carbide varistors [ l j * 

I * ( - ~ ;* (2.1) 

The voltage non-linearity exponent 'V is calculated 

by the following equation; 
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01 dV/V d (log VJ log10V2 - l o g - ^ 

where V-, end vQ are the voltages at currents of I, and Ig 

respectively. 

'.the current -vol tage c h a r a c t e r i s t i c s of the p e l l e t s 

s in tered at d i f ferent temperatures were measured at room 

tempert t u re and are p lo t ted on a log-log scale and the non­

l i nea r exponent lot' values pre ca lcu la ted . The I-V p l o t s 

and the computed «C-v©lues for a l l the p e l l e t s are given and 

explained in the next chapter . 

2 .3 jj.LhC1i.0U 3Pi£lK0Miffliih 

All samples of metal oxide v a r i s t o r s prepared in the 

present work are character ized on a commercial e lec t ron 

spectrometer marketed by M/s Vacuum Generators S c i e n t i f i c Ltd. , 

U.K., £3CA-3, M&-IX model and the same i s described in d e t a i l 

he re . 

An electron spectrometer may conveniently be considered 

to consis t of th ree main p a r t s : ( i ) the exc i ta t ion source 

(X-rays, u l t r a v i o l e t photons, e lectrons or ions ; t o i r r a d i a t e 

the sample, ( i i ) the energy analyser to d isperse the ejected 

e lect rons according t o t h e i r energy and ( i i i ) the detector 

http://jj.LhC1i.0U
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for a quantitative estimation of the electron intensity and 

to provide a suitable output signal proportional to Intensity 

as a function of electron binding energy. 

Fig. 2.2 shows a block diagram of an electron spectro­

meter divided into its essential components. 

iiSCA-3» MX-II is a high resolution electron spectro­

meter shown in fig* 2*3 and it has been designed so that a 

variety of radiation sources cm be accommodated simultaneously. 

The electron spectrometer at our National Chemical Laboratory* 

Pune, has been fitted with the following radiation sources: 

1. A twin anode (aluminium and magnesium) X-ray 

source for X-ray photoelectron spectroscopy (XPS) 

2. An ultraviolet helium lamp for ultraviolet 

photoelectron spectroscopy (UPS) 

3. A small spot electron gun for electron Initiated 

Auger electron spectroscopy (Ai&). (The same 

electron gun is used for scanning Auger micro-

probe facility (SAM)). 

4. An argon ion gun to etch out the specimen for 

the depth profiling (DP). 

b. Low ion density argon ion gun for secondary ion 

mass spectrometry (SIMS). 
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2.3,1 X-ray source 

Ihe simplest type of X-ray source used in XP3 is the 

one which utilizes chtracteristic emission lines from a 

trrget (anodej botnbprded by high energy electrons. The 

energies of these char ret eristic lines are dependent only 

on the energy levels within the atoms in the terget since 

they result from electron transitions within these atoms. 

In addition to these characteristic lines* a conti­

nuous spectrum is also produced and this is dependent upon 

the primary electron energy. This continuous spectrum is 

normally known by the German word Bremsttrahlung and its 

maximum intensity occurs approximately at two thirds of the 

primary electron energy. The energy soectrum of X-rays 

emitted from e standard X-ray source used for XPS therefore 

consists of a broad continuous distribution with chsracteri-

stic lines superimposed upon it. A narrow monochromatic 

»rey source is desirable because the width of the incident 

X-ray line contributes to the wiath of the resultant photo-

electron peek, which in turn affects the resolution of the 

electron spectrometer, thet is, the ability of the system 

to distinguish between closely spaced peeks. Hence, when 

considering the choice of a suitable X-rey source, line width 

is a msjor consideration. Ihe other consideration is the 

energy since this determines the depth into the atomic core 

from which electrons can be released. 
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In our e lectron spectrometer, c h a r a c t e r i s t i c r ad ia t ion 

emitted from aluminium and magnesium anodes are used* The 

i y doublet of aluminium hes an energy of 1486.6 eV with a 

composite l i n e width of approximately 0.9 eV FwfcW ( f u l l 

width at half maximum height) and K^ doublet of magnesium has 

an energy of 1253.6 eV with a composite l i n e width of approxi­

mately 0.8 eV FwHM. The K^ l i ne s of the heavier elements are 

more energet ic sources of exc i ta t ion , but they have broeder 

l i n e widths, for example, the copper K^ with energy 3048 eV 

has a l i n e width of about 2.6 eV FWHM, and the molybdenum K^ 

with energy 17441 eV has a width of about 6 eV FWHM. Moreover, 

at higher energies, the «C g doublets in the X-ray spectrum 

separa te , and t h i s gives r i s e to confusing a r t i f a c t s in the 

photoelectron spectrum. Thus, the r ad ia t ion from the heavier 

elements i s normally undes i rable . Feldeg et a l . [148J have 

discussea various X-ray sources of c h a r a c t e r i s t i c energies 

as a function of t h e i r l i n e widths and i n t e n s i t i e s . 

The twin anode X-ray source assembly has magnesium on 

one side and aluminium on the other . The filament i s heated 

by means of a current which produces a high density e lectron 

cloud around the filament due t o the thermionic emission, 

e lect rons are accelerated towards the *node by the po ten t i a l 

upto lb &V applied between the anoae and the f i lament. An 

e l e c t r o s t a t i c shield i s Interposed t o el iminate a l i ne -o f - s igh t 
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from the filament to the t a rge t end thus minimize deposi t ion 

of filament mater ial onto a t a r g e t . Water I s c i rcu la ted to 

cool the anode t o d i s s i pa t e tha t por t ion of the energy which 

appears as hea t . The generated X-reys pass through a window 

and impinge on the sample surface. This window prevents the 

entry of scat tered e lectrons from the X-ray source in to the 

sample chamber. A t h in aluminium window i s used t o purify 

the X-ray spectrum by absorbing Bremsstrahlung r ad ia t ion 

above approximately 1600 eV. 

^ven then the c h a r a c t e r i s t i c X-ray l i n e s are accompanied 

by X-rey s a t e l l i t e s and Bremsstrahlung. X-ray s a t e l l i t e s 

give s a t e l l i t e peaks end the presence of Bremsstrahlung 

increases the background leve l of XPS spectrum. In order to 

remove the unwanted X-radiation» a c ry s t a l monochromator i.102] 

i s used) which improves reso lu t ion upto J.2 eV. 

Iwin anode i s useful to d i f f e r e n t i a t e between XPS peaks 

and Auger peaks. Kinetic energy peaks in XPS wi l l sh i f t by 

233 eV and Auger peaits w i l l not move. 

For the XPS study, the va r i s to r samples are i r rad ia ted 

by AlKw with 15 KV, 20 mA anode voltage and emission current 

respect ive ly and MgK̂  with anode voltage 12 AV and emission 

current 20 mA and e lec t rons from di f fe ren t o rb i t s are e jected. 

Ihese ejected electrons are analysed energy-wise by a 

spherical sector ana lyser . 
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2.3.2 Electron energy analyser 

The function of the energy analyser Is to disperse 

the ejected photoelectrons from a sample as a function of 

their energy* 

For the electron spectrometer, it is desirable that 

both the spectral resulation 8 3 well as the sensitivity of 

photoelectron detection be as high ss possible. Unfortunately 

however, both cannot be simultaneously increased, and compro­

mises need to be made. The energy resolution is limited by 

the width of the photoelectron lines and is determined by 

several factors, the inherent width of the ionizing radia­

tion, the Intrinsic width of the level which is responsible 

for photoelectron emission, and the finite resolving power 

of the electron energy analyser used. 

The resolution of an electron energy analyser is 

usually measured as the full width at half maximum height 

of the electron line divided by the electron energy. 

/\ su UfVfHM) 
hesolution = ' ' , ' (2.3) 

*o 

where /\a UfrHM) = fu l l width at half maximum of 
pnotoelectron l i n e 

and K = e lec t ron k ine t i c energy in eV. 

The inverse of the reso lu t ion i s the resolving power. 
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A reso lu t ion requirement for XPS i s around 0.2 eV 

at 1000 eV electron energy i . e . resolving power 1000/0.2 

equal to 5000. This r e so lu t ion i s suf f ic ien t for normal 

e lectron spectroscopic app l i ca t ions . For high s e n s i t i v i t y 

appl ica t ions I t i s necess&ry to be able to degrade the 

reso lu t ion in order to achieve the necessary s e n s i t i v i t y 

inc rease . A reasonable upper l imi t i s about 2.5 eV at 

1000 eV or a resolving power of 400 [149] . 

There are two basic types of analyzers using the 

p r inc ip le of (1) re tarding po ten t i a l and {2) d ispers ion 

r e spec t ive ly , d ispers ion instruments are generelly used for 

high reso lu t ion work and the same i s used in J£SCA-3> Mark-It 

e lec t ron Spectrometer. The types of energy analyser tha t 

are being used in d i f ferent electron spectrometers are 

described elsewhere [160-155]. 

An electron energy analyser may be of any type but i t 

must be pieced in a su i t ab le vacuum environment, with pressure 

l e s s than about 10 t o r r to minimize the electron sca t te r ing 

through co l l i s i on with the res idual gas molecules. S imi lar ly , 

since e lectrons are influenced by s t ray magnetic f i e lds 

( including the e a r t h ' s magnetism), i t i s necessary to cancel 

these f i e ld s within the enclosed volume of the analyser . 

The cance l la t ion of external magnetic f i e ld i s done by using 

Helmholtz co i l s and Mu-metal sh ie ld ing . 
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2.3.3 Spherical sector analyser 

The spherical sector analyser used for electron energy 

analysis in KSCA-3, MK-II electron spectrometer is shown In 

fig. 2.4. It consists of tvo hemispheres (actually 150°), 

inner and outer, of 100 mm mean radius of curvature, mounted 

so as to provide a constant separation between them. Jk 

positive voltage is applied to the inner hemisphere and nega­

tive voltage to the outer one. 

Electrons emitted by the sample enter the analyser 

through the entrance slit and come under the influence of 

the electrostatic field (V) aoplied betveen the hemispneres, 

so that they now follow a curved path of constant radius. 

High energy electrons moving at a relatively high 

speed are not deflected very much by the electrostatic field 

between the hemispheres, so they strike the outer hemisphere. 

Conversely low energy electrons moving at a relatively low 

speed are easily deflected ana they strike the inner hemi­

sphere. High energy electrons can then be detected by 

retarding them before they reach the analyzer until their 

energy is equal to the pass energy of the analyzer. Low 

energy electrons are detected in a similar way by accelerat­

ing them. A positive voltage is applied to the sample plate 

to retard the electrons end a negative voltage to accelerate 
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them. The piste in front of analyzer hemispheres which 

contains the entry and exit slits is called the "Herzog" 

or "H" plate to which the retarding potential is applied. 

The inner surfaces of hemispheres are specially 

treated to minimize the emission of secondary electrons. 

The slit at the entrance to the analyzer improves the resolu­

tion by ensuring that electrons enter the analyzer close to 

the neutral axis between the hemispheres. The resolution 

is further improved by the exit slit which allows only those 

electrons which are close to the neutral axis to resehthe 

detector. ESCA-3, Mark-II electron soectrometer is provided 

with externally adjustable 4, 2, 1 and 0.5 mm entrance and 

exit slits. 

The analyser thus, works as a narrow pass filter, 

letting through only electrons with an energy "HV", where V 

is the potential difference between the inner and outer 

hemispheres and H is a constant determined by the physical 

dimensions of the analyzer which is equal to 2.64 for our 

instrument. 

The electrons from the sample are retarded to a pass 

energy "riV by the scanned retaruing potential "ft" applied 

between the specimen and the electrical centre point of the 

hemispheres. 
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I f %& ~ ^ i n 9 t l c energy of ejected e lectron 
(conventionally re fe r red to the 
J?ermi l e v e l ; 

then, iij^ = A + iiV + vu (2.4) 

where '*' is a con3tant arising from the work function of the 

spectrometer material and is equal to 4.2 for our instrument. 

Binding energies are obtained by subtracting the 

kinetic energy from the photon quantum energy (hv ;. 

Tne spectrometer control unit incorporates a switch 

for setting the pass energies of the analyser at 2, 5, 10, 

20, 60, 100 or 200 eV by varying tae value of •v1 (voltage 

applied between two hemispneres) corresponaingly to about 

0.7, 1.9, 3.3, 7.6, 19, 38, 76 v^lts. It can provide energy 

scans of 1, 3, 10, 30, 100, 300 and 1000 volts in 30t 100, 

300, 1000 and 3000 seconds. 

The ability to select the energy with which electrons 

are transmitted around the analyser and the ability to change 

entry and exit slit widths, proviaes a great flexibility in 

choosing the optimum sensitivity or resolution to suit a 

particular application. 

2.3.4 Uetector 

The electron current emerging from the exit slit of 
-16 "2.3 

the analyser is very sou. 11. of the order of 10" to 10 
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amperes. To detect this very -weak current, e channel electron 

multiplier is used. 

A channel electron multiplier la a small curved glass 

tube as shovn in fig. (2.4). The inside wall of this glass 

tube is coated with a high resistivity material. If a 

potential is applied between the ends of the tube, the 

resistive surface becomes a continuous dynode, electrically 

analogous to the separate dynoues of a conventional photo-

multiplier together with the resistive chain used to establish 

the separate dynode potentials. 

An electron entering the low potential end of the 

channel electron multiplier generates secondary electrons 

on collision with the wall of the tube. These secondary 

electrons are accelerated along the tube until they strike 

the wall again, where they generste further secondary 

electrons. This proce3rs produces a large number of electrons 

at the positive end of the tube. A channel electron multi­

plier tube thus responds to an input of one electron by 
g 

producing an output pulse of charge containing upto 10 

electrons and its duration (full width at half maximum) is 

about 10 nanoseconds. 

The output electron beam charges a capacitor in the 

anode circuit of the multiplier which produces a voltage pulse, 
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These pulses are fed to &n amplifier and a d i sc r imina tor . 

These pulses aru then converted in to HIM standard pulse 

of o vol t eupiltucie and 500 nanosecond durations ana fed 

to the ratemeter which reads out the counts (pulses per 

second). 

The X-axis of the X-Y recorder i s connected via 

dividing r e s i s t o r s to scan the amplitude supply. The 

Y-axis i s fed from the recorder output of the r a t e meter. 

A spectrum of t o t ^ l number of ejected electrons versus 

k ine t i c energy i s thU3 plot ted on the X-Y recorder . 

binding energies are obtained by subtracting the 

kinetic energies from the energy of the X-ray source (h> ) . 

2.3.5 Vacuum system 

The heart of the electron spectrometer is its ultra 

high vacuum (UiiVj console. Ultra high vacuum (better then 

10 torr) is required for two reasons; (i; the ejected 

electron should pass from the sample through the analyser 

without making eny collisions with residual gas molecules 

and (ii; the pertiel pressure of reective residual gases 

must be reduced to such 8 level thst they will not unduly 

contaminate the sample surface and interfere with the 

study of that surface. 
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£»SCA-3, Mark-II vacuum console i s designed to accept 

a var ie ty of r ad ia t ion sources simultaneously thereby allow­

ing sequential analyses by a ranire of complementary surface 

techniques. The UHV system i s divided in two p a r t s , one i s 

the sample preparat ion chamber and the other i s the sample 

analyser chamber. 

The analyser chamber i s fabr icated from mu-metal with 

fourteen copper gasket-3eeled-flanged por ts f i t t e d with the 

e lec t ron analyser assembly, the twin anode X-ray source? 

the UV source, the e lec t ron source, the ion source, the 

channeltron electron mul t ip l i e r de tec tor , the secondary 

e lec t ron de tec tor , the plass view por t , the sample manipulator 

and the X-ray monochromator source. 

The 150 ma diameter x 340 mm long s t a in l e s s s t e e l 

specimen prep&retlon chamber has 16 flenged ports sealed 

with copper pnskets and f i t t e d with gate v*?lve, sample 

t r ans fe r mechanism, *rgon ion cleaning pun, pas sdmission 

system, 3IM3 quedrupole de tec tor , ion source, charpe 

neu t ra l i s ing pun, view port end evaporation source. 

both the chambers are independently pumped by o i l 

diffusion pumps f i t t e d wLth water cooled chevron baffle and 

l iqu id nitrogen cold t r aps and backed rotory pumps. In 

addi t ion ti tanium sublimation pumps CI»P) are f i t t ed t o both 
-11 

the chambers t o reduce the pressure down to 5 x 10 t o r r . 
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The preparation chamber is isolated frira the analyser 

(or spectrometer; chamber at all tLmes except vihen the 

specimen is being moved between them. The 3pactroraeter 

and its chenneltron multiplier is therefore protected 

against contamination from specimen preparation procedures. 

The ssmple preparation chamber also acts as a vacuum lock 

facility permitting relatively quick specimen change overs. 

The vacuum monitoring and protection system 

incorporate Pirani and ion gauges. The roughing line 

pressures are me?3ured by Pir^ni gauges which Incorporate 

facilities for protecting the diffusion pumps against 

failures in the rough vscuutn system. Ultra high vacuum 

pressures are measured by ion gauges fitted seperately 

to both chambers. 

2.3.6 Sample handling 

The electron spectrometer can handle samples which 

may be either solid with a regularly defined surface or a 

powt'er, and may be a conductor, semiconductor or non­

conductor. Powders may be pelletized» compressed into 

suitable holder or dusted onto a carrier such as double-

sided adhesive tape. 
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The mounted sample holder Is attached to the sample 

probe which Is moved in the preparation chamber end to the 

analyser chamber by means of a transfer mechanism consist­

ing of edge welded stainless steel bellows giving a movement 

of approximately 13 inches. A heating and cooling facility 

enables the temperature of the semple to be varied between 

600 C to the liquid nitrogen temperature. The sample probe 

is mounted on a precision rotary motion drive with 360° 

movement to allow the specimen to be accurately positioned 

for the appropriate analysis. 

2.3.7 tiSCA analysis of varlstor samples 

X-ray photo-electron spectra of sine oxide varistor 

samples were recorded on this instrument. 

Before analysing the varistor samples, the spectro­

meter was calibrated with the help of standard metallic 

samples. The spectroscopically pure foils of gold, silver, 

copper and platinum (obtained from M/S Johnson and Matthey 

Chemical Company, U.ii.) were mounted on the standard sample 

holder assembled on to the sample transfer mechanism and 

finally loceted in the sample preparation chamber. The 
-2 

sample preparation chamber was then evacuated upto 10 

torr by rotary pump and then upto 10" torr by the oil 

diffusion pump. The whole vacuum system was then baked at 
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150"C for 12 hours so the t any contamination on the In te rna l 

surface was removed end the system was cleaned* £f ter 

removing the bakeout shrouds* the system was cooled to room 

temperature. The ion gauge heeds, X-ray anode and filament 

were outgassed for 30 minutes* 

The l iquid ni t rogen t raps of both the o i l diffusion 

pumps were f i l l e d by suff ic ient l iquid n i t rogen . The 

t i tanium sublimation pump was f i red for 1.5 minutes and 

vacuum be t te r than 10 t o r r was achieved. 

The samples were cleaned by argon ion etching followed 

by heating at 200 C in the sample preparat ion chamber t o 

remove a l l the surface contaminations. After opening the 

sample preparat ion and analyser chamber i so l a t i on gate valve, 

samples were t ransfer red to the analyser chamber. One of 

the four samples was posit ioned exactly under the X-ray 

source and in front of the entry s l i t of the analyser with 

the help of the X,Y>£ sample manipulator. 

The ratemeter , channeltron mul t ip l ie r power supply, 

X-ray source power supply, X-Y recorder , d i g i t a l voltmeter 

and spectrometer control un i t s were switched on for half 

an hour to s t a b i l i z e before the spectra were taken. 

The spectrometer control uni t comprising programmed 

power supply, the ramp generator, hemisphere vol tage, 

HV • W c i r c u i t and pedestal supply were ca l ibra ted by 
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adjusting the calibrating potentiometers. The &P3 spectra 

were then recorded. The other three samples were alS3 

analysed in the seme way. The binding energies are given 

in table (2.1). The best available standard binding energy 

values (.156.3 are also given in the sane table for comparison. 

The binding energy values are in good agreement within 

experimental errors. 

After switching off the X-ray source, the analyser 

and the detector power supply, the samples were brought 

back to the preparation chamber and the isolation gate 

valve was closed. Then dry nitrogen was let in the sample 

preparation chamber upto atmospheric pressure. The sample 

probe was then removed from the sample transfer mechanism 

by unbolting the flange. 

The sintered 2n0 variator samples were mounted 

(three at a time; on the sample holder and were examined in 

the same way as discussed above* 

Table 2.1 : Binding energies suitable for 
use as standards for calibration 

of X-ray p h o t o e l e c t r q n spec t romete r 

Metal Level B& (eVJ BK (eV) 
L&ef. 156j [Our e x p e r i ­

mental v a l u e s 

S i l v e r 3 d 5 / 2 368.2 t 0 .2 368 .3 

Gold 4 * 7 / 2 8 3 ' 8 - ° ' 2 83 .96 
Plat inum 4 f ? / 2 71 .0 t 0 .2 71 .0 

Copper 2Pa/2 932 .8 t 0 .2 9 3 2 . 4 
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For comparative 3tudy the spectrometer parameters 

were kept constant while analysing all vsristor samples. 

All the spectra were taken at 50 eV pass energy of the 

analyser, with 4 mm entry end exit slit, at 104 counts per 

second and 0.1 second time constant, iuach spectrum was 

recorded for 300 seconds with 1000 and 100 volts scan. The 

total effective voltage to the channeltron multiplier was 

kept at 3.5 0 to avoid its damage. 

As ZnO varistor samples are highly resistive the 

carbon is (285.0 eV) peak was used as an internal standard 

for correcting of any charging effects in the ssmple. 

The surface of the pe l l e t as got a f te r s in te r ing was 

f i r s t examined by XPS. The p e l l e t was then brought out of 

the spectrometer and fractured in a i r t o expose the ins ide 

mater ia l which was a lso examined by XPtf i n a similar way. 

Las t ly , the p e l l e t was f inely powdered by grinding in e 

mortar, and pressed in the form of a t h i n layer in the gold 

mesh of the sample holder and examined by XPd. 

The recorded JtPS spectra and t h e i r analysis are 

given in the next chapter . 

2 .4 flCAMNINQ IflJiCTttOli MlChObCOPY. (flaMJ 

Scanning e lec t ron microscopy has become a valuable 

t oo l in a broad var ie ty of s c i e n t i f i c and technica l 
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investigations. Ihe main reason for this is that this 

instrument enables the user to visualize directly the 

surfaces of rough specimens over a wide range of magnifica­

tions vith a good depth of field. It is quite different 

from both the conventional light microscope and transmission 

electron microscope. The light microscope has a very 

limited depth of field at high magnifications which makes 

it difficult to study rough surfaces. The conventional 

transmission electron microscope (T&M) has a great depth 

of field and resolution associated vith its electron optics* 

but cannot vork directly vith solid surfaces and its scope 

in these applications has been limited by the problems of 

making replicas of surfaces and interpreting the resulting 

Images. Although the resolution achieved in scanning 

electron microscopy (&Mi) is generally lover than that in 

the transmission electron microscopy, the great depth of 

focus and the relative ease of sample preparation make the 

former an ideal instrument for the examination of the 

surface features, morphology and microstructure of various 

materials. During the last forty years, various people ilbl-

175] took tremendous effort in development of today's 

advanced high resolution scanning electron microscopes. 

Today a majority of ScM facilities are equipped vith X-ray 

analytical capabilities. Thus, topographic, crystallographic 

and compositional information can often be obtained rapidly 

and efficiently. 
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2.4.1 Basic function of riiSM 

The basic function of the scanning electron micro­

scope iiiuM) is to produce on a cathode ray tube (or T.V. tube) 

an image of three dimensional appearance, derived from the 

action of an electron beam, fthen a finely focussed electron 

beam impinges on the specimen surface* different types of 

signals are produced as shown in fig. 2.5 like secondary 

electrons* backscattered electrons, Auger electrons} chara­

cteristic X.-ray pnotons, transmitted and inelastically 

scattered electrons* elastically scattered electrons* absorbed 

electrons, cethodo luminescence etc. These signals are used 

to measure various characteristics of the sample like surface 

topography, elemental composition, crystallography, magnetic 

and electrical properties etc. The secondary electron signal 

is strongly dependent on the topography of the specimen, 

therefore it is used for the image formation in the SiSM. 

In the scanning electron microscope a very small 

diameter electron beam scans across the part of the specimen 

to be imaged like a television type raster pattern. 

The way in which electrons are scattered by variations 

in the specimen surface are detected and this backscattered 

information is used to vary the brightness of a T.V. type 

displey tube which is being scanned in synchronism with 

the electron beam. 



CHARACTERISTIC 
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ELECTRON 
BEAM 

BACKSCATTERED ELECTRONS 

SECONDARY ELECTRONS 

AUGER ELECTRONS 

ELASTIC ALLY 

SCATTERED 

ELECTRONS 

TRANSMITTED AND INEL AST ICALLY 

SCATTERED ELECTRONS. 

FIG. 2 - 5 : VARIOUS SIGNALS GENERATED IN THE 

SCANNING ELECTRON MICROSCOPE. 
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2.4 .2 Cambrid£e 3tereo3caa 150-a>^l 

Cambridge stereoscan-160 scanning electron microscope 

(HUM) is a three lens system with specimen deteil resolution 
o 

achievable to better than 70 A under satisfactory conditions. 

The depth of focus is at least 300 times greater than that 

of a light microscope. It has a magnification range between 

X20 and X100,000 which represents a scanned area on the 

specimen from 6 mm x 5 mm to 1.2 ̂ m x 1 /j,m at 10 mm working 

distance. Additional variable magnification of upto X3 can 

be obtained using a zoom facility. The true magnification 

at a l l w or icing dis tances i s indicated by a ^-mark on the 

d i sp lay . 

The block diagram of the scanning electron microscope 

is shown in fig. 2.6, which is conveniently divided into 

four sub-systems. 

(1> Electron optics - Responsible for generating 

and manipulating the primary electron beam. 

(2) Scanning, system - Kesponsible for producing 

the electrical signals which make up the raster 

scan, including scan coils, magnification 

control and display scanning. 

(2) yideo system - Responsible for collecting 

information about interactions of electron beam 

and specimen, processing this information, and 

presenting it to the display in a suitable form. 
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(4J Vacuum system - Responsible for maintaining 

a sufficiently good vacuum in the election 

optics, to ensure efficient generation and 

propogation of the electron beam. 

The signrls from the photomultiplier p*ss through a 

head amplifier and then to the display C.irl.T. (cathode ray 

tube), where the amplified signals modulate the brightness 

of the C.h.T. The tube is scanned in synchronism with the 

scanning of the specimen by the electron probe. The 

resultant image has a m&rked three dimensional appearance 

because the contrast is produced 'oy the variation in the 

number of electrons emitted or reflected from the different 

parts of the specimen, which is a fuction of the inclination 

of the surface to the incident electron beam. 

A 35 mm camera is mounted on the recording C.K.T., 

which can provide high quality photograph of the image 

presented on the normal visual display. 

2.4.3 SM analysis of varistor samples 

To understand the varistor mechanism and its micro-

structure, grain growth, grein boundary segregation, migra­

tion etc., ZnO varistor samples prepared for this work, were 

studied by the scanning electron microscope; Cambridge 

Stereoscan-150 model, manufactured by M/s Cambridge 
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S c i e n t i f i c Ins t rumen t s L t d . , LT.A. S3 snown i n f i g . 2 . 7 . 

The £n0 v a r i s t o r s i n t e r e d p e l l e t s a r e f r a c t u r e d and 

t h e I n s i d e p o r t i o n I3 exposed, ond mounted on t h e s t andard 

specimen mounting s t u b . The samples a r e coated by a good 

conduct ing t h i n l a y e r (up to 800-300 A t h i c k n e s s ) of s i l v e r 

by vacuum d e p o s i t i o n t echn ique t o prevent charging of t h e 

specimen. The specimen s t u b con ta in ing 7-9 smal l p i e c e s of 

t h e sample s i n t e r e d a t v t r i o u s t empera tu res a re mounted on 

a specimen s t a g e . The 3?mple chamber arid column a r e then 

evacuated by t h e o i l d i f f u s i o n pump backed by t h e r o t a r y 

pump upto 10 t o r r . 

For comparat ive s tudy , t h e e l e c t r o n beam paramete r s 

were kept cons tan t whi le ana lys ing a l l t h e v a r i s t o r samples . 

The photographs of t h e samples wi th 20 KV *HI, 2 . 7 amp. 

f i lament c u r r e n t , 390 ^A beam c u r r e n t a t va r ious magni f ica ­

t i o n s from X2K t o X10K v e r e recorded by a 35 am camera 

a t t a c h e d on t h e r eco rd ing C k . ' i . The photographs t aken for 

t h e inO v s r i s t o r e re given and d i s c u s s e d i n t h e next c h a p t e r . 

2 . 5 &Li£TftON PftOBfl tfLLx\OAHAhX$lii (&PH&) 
USING i&LKGY JlsPiiwIYia X-ftivx 

e l e c t r o n probe mic roana ly s i s i s a powerful a n a l y t i c a l 

t e c h n i q u e capable of performing e lementa l a n a l y s i s of mic ro -

volumes, t y p i c a l l y on t h e order of a few cubic microns i n 
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bulk samples end considerably less in thin sections. The 

sample is analysed non-destructively and quantitative 

analysis can be obtained with a good accuracy. Another 

important feature of the aPMA, is the capability for obtain­

ing X-ray signal scanning pictures, vhlch gives the elemental 

distribution in the area of interest. The various people L176-

185j took lots of effort to develop techniques of electron 

probe microanalysis (iiPMA) using a solid state detector 

capable of performing simultaneous analysis of all elements 

heavier than sodium. 

A block diagram of the essential components of the 

energy dispersive X-ray spectroscope (is£>3) is shown in 

fig. 2.8. 

2.6.1 X-ray generation 

when an electron beam of sufficient energy strikes 

the atom, an inner shell electron may be ejected. In order 

to return the atom to its lowest energy state, an outer 

shell electron (of greater energy; will fill the vacancy in 

the lower energy shell. In so doing, an X-ray will be 

released with an energy equsl to the difference between the 

energy of the electron in its initial and final energy ststes. 

Assume, that an electron of high energy strikes the 

atom and ejects a K-shell electron. To fill the gap created 
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by the ejected e lec t ron , an L-shell e lec t ron may drop to 

the K-shel l , lowering the energy of the atom and emitting 

K^ X-rediet ion in the process . I f an e lect ron from the 

M-shell f i l l s the K-shell vacancy, Kg X-radiat ion would be 

emit ted, s imi l a r ly , If an electron from the next outer 

she l l (M) f i l l e d the vacancy, L^ r ad ia t ion would be emitted. 

The most probable t r a n s i t i o n t o occur when a K-shell 

vacancy i s cres tea i s t he L-K t r a n s i t i o n since these are 

adjacent energy s h e l l s . Therefore K^ r ad ia t ion wi l l always 

be macie intense than the K. r a d i a t i o n . The JL r a d i r t l o n 

wi l l be of higher energy than K^ r ad i a t i on since the energy 

difference between the M and K s h e l l s (Kg rad ia t ion) i s 

greater than the energy difference between the L and K 

she l l s (K^ r a d i a t i o n ) . 

The sa l i en t fea ture of the c h a r a c t e r i s t i c X-ray 

production i s that the energy of the c h a r a c t e r i s t i c s r ad i a ­

t i o n in a given se r i e s of l i n e s var ies monotonically with 

atoi ic number. This i s expressed by Moseley's law s 

J & * Cx U - G2) (2 .3) 

where E - energy of the emission l i n e for a given X-ray 
se r ies 

4 = atomic number of the emitter 

C, and Co are cons tan t s . 
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From t h i s equation i t i s e lepr ly shown tha t i f the 

energy of e given &» L and ii l i n e i s measured, then the atomic 

number of the element producing tha t l i n e csn be determined. 

2• o.2 a i ( L l j detector 

The heart of an energy d ispers ive spectrometer i s e 

o i (L i ) diode whose ac t ive erea i s t yp ica l ly 12.5 mm and 

thickness i s 3 mm. I f a diode i s reversed-biased (by t y p i c e l -

ly 1000 vo l t s ) a deplet ion region i s es tab l i shed . All of the 

normally present e lec t rons and holes in the deplet ion region 

are removed by the external ly applied e l e c t r i c a l f i e l d . The 

absorption of an •*•-ray quantum re lease a photoelectron from 

a Si atom in the de t ec to r . This photoelectron then produces 

a wake of ion iza t ion at the r a t e of one e lectron-hole pair 

per 3.8 eV of i n i t i a l photoelectron energy. This charge i s 

co l lec ted by a bias voltage of several hundred vo l t s and 

converted t o a voltage pulse in the f i e ld effect t r a n s i s t o r 

CFiil; input f i r s t stage of the preampl i f ier . 

The F&T i s located d i r ec t l y behind the s i l i con l i thium 

dr i f t ed S i (Li ; detector and provides the f i r s t stage of signal 

ampl i f ica t ion. The ac tual charge induced in the detector i s 

extremely small, therefore , to minimize noise , the FeS must 

be located as close to the detector as possible and must be 

operated a t low temperature. In addi t ion , low temperature i s 
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required at e l l times t o l imi t l i thium diffusion in the 

s i l i c o n c rys t a l «?s l i thium i s very mobile a t room temperature. 

To achieve the required low temperature, the de tec tor and 

FfiT are connected through an e f f i c ien t heat conductor ac tua l ly 

e copper rod cal led the "cold finger" t o a l iqu id ni t rogen 

dewar. A very t h i n 0.3 mm beryllium window i s used to 

enclose the end cap t o ensure i t s vacuum in t eg r i t y while 

providing high X-ray t ransmission. 

The X-ray s ignal from the sample passes through t h i s 

beryllium window in to an evacusted chamber containing a 

cooled* reverse-biased p - i -n l i thium dr i f ted s i l i con c r y s t a l . 

Absorption of the X-rays in the i n t r i n s i c region r e s u l t s In 

the formation of e lec t ron-hole p a i r s , which are col lected by 

a charge sens i t ive preampli f ier . The s ignal i s further 

amplified and shaped by a main amplifier and passed to a 

multichannel analyser (MCA; where the pulses are sorted by 

voltage which remains proport ional t o t h e i r incident energy. 

The energy d i s t r i b u t i o n i s then displayed on a cathode ray 

tube or an X-Y recorder or i s t ransmit ted to a computer for 

further processing. 

2 .5 .3 Yaris tor sample analys is by aPMA 

To get the elemental composition and the i r d i s t r i b u ­

t i o n in the microstructure of the zinc oxide va r i s to r , 
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samples prepared for these s tud ies vere analysed by e lec t ron 

probe micro analysis (iiPMiO technique using the Link Systems 

Model 290-2K X-ray siiergy ijisporsive Spectrometer attached 

t o a Cambridge Stereoscan-laO (Scanning Electron Kicroseopa 

{&xM) shown in f i g . 2 . 7 . 

The s&me samples were used for £PMA ana lys i s , which 

were prepared for scanning electron microscopic s t u d i e s . 

The Link Systems 290 Energy Dispersive (i£); system 

cons i s t s of l i thium dr i f ted s i l i con Si(Li) detector having 

re so lu t ion of 160 eV FWHM et 5.9 KeV, using MnK̂  peak 0.3 mm 

Be window with a take off angle of 75°. 

£11 the data acqu i s i t ion , display and permanent 

s torage i s done via a Id b i t Data General 's iMOVA-2 computer 

with 16 K words of memory. 

Anologue to d i g i t a l converter UDC; keybosrd, video 

display u n i t , t e l e type pr in te r are connected to the 

computer's centra l processing uni t via the input/output bus. 

The histogram of the energy versus counts csn be 

displayed on the TV monitor (video display uni t ) which i s 

interfaced by the d i g i t a l to video convertor . There i s a lso 

a provision of alphanuraerics character storage and readout 

l o g i c . This ct»n s to re 64 x 6 b i t characters on the top and 



Fig . 2.7 > Scanning Electron Microscope 

Cambridge Stereoscan * 150 and 

Energy d ispers ive X-ray spectrometer 

Link systems 29C-2K. 
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bottom of the video displpy u n i t . This provides the display 

of various spec t ra l Informrtion l i k e count r r t e In the 

spectrum, count r a t e In the vjind^w, i n t eg ra l of a pesk» 

etomic symbol for the K, L, M l i n e s , counts and energy at 

the cursor pos i t i on . 

The microstructure elemental ana lys i s , X-ray d i s t r i ­

bution im?.ge of various elements and point analysts of 

va r i s t o r samples were car r ied out in t h i s study and d e t a i l s 

are given in the next Chapter. 

2 .6 X-hAY uUmJkCllQM UUtD) ANALYSIS 

* 

The ZnO va r i s t o r p e l l e t s were d i r ec t l y mounted on the 

sample holder of a Phi l ips X-ray diffr&ctometer model PW 1730 

for the s t ruc ture i d e n t i f i c a t i o n . The diff racted X-ray 

i n t e n s i t i e s were recorded as a function of 29 by using 
o 

copper t a rge t (CuK^t *• = 1.5404 A>. The values of the 

in te rp laner spacing ' d* were calculated using the Bragg*s 

r e l a t i o n t 

nX a 2d s ine (2 .4) 

where X i s the wavelength of the X-ray used, d i s the dis tance 

between the two neighbouring atomic planes and 9 i s the 

Bragg's angle . 

The XRD r e s u l t s for d i f ferent va r i s to r samples are 

tabula ted and discussed in the next Chapter. 



CHAPTER - I I I t JiiSaUUTS AND 0I3CUSSIOM 
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To understand the cause of the unusual non-l ineer 

property of metsl oxide v a r l s t o r s , four systems were prepared 

for t h i s study: 

System Abbreviated a a 

1 . ZaO • B i 2 0 3 2S 

2 . inO + SbgOg 2S 

3 . iaiO + Big0 3 + CoO £BC 

4 . kiiO + B i 2 0 3 + S b g 0 3 + ZBSCmr 

CoO + MnO + Cr g 0 3 

The current-vol tage c h a r a c t e r i s t i c s of these p e l l e t s 

s in te red at d i f ferent temperatures have been measured at 

room temperature and values for the non-l inear exponent {*) 

are ca lcu la ted . The va r i s t o r samples of these four systems 

a re character ised by the JtflS, &mt Jb.PMA and XRD techniques. 

*11 tne experimental r e s u l t s end t h e i r de ta i led analys is 

ere presented for each system separa te ly . They are tabulated 

and discussed in t h i s Chapter. 

3.1 ZnO + B l g 0 3 , UB) SYSTiiM 

a . 1 . 1 I-V char act e r i s t i c s 

The I-V c h a r s c t e r l s t i c s of these p e l l e t s s in tered et 

d i f fe ren t temperatures are measured a t room temperature using 

the experimental set-up described in Ch&pter-II. The r e s u l t s 
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are p lo t ted in f i g . 3 . 1 . Ihe non-l inear behaviour I s seen 

d e a r l y from the I-V plots* which shows e systematic change 

as a function of the s in ter ing temperature. These I-V 

curves of the IB p e l l e t s are expressed in a standard form 

used in the e a r l i e r s tudies on s i l i c o n carbide ceramics [ l j , 

I = ( -~~ ) (3 .1) 

The non-l ineer exponent •** in the above equation i s ca lcu la­

ted using the equation (2.2) ©s described e a r l i e r . The 

computed •<• values for these pe l l e t3 s intered at d i f ferent 

temperatures are given in t ab l e 3 . 1 . The ohmic r e s i s t ance 

of the p e l l e t s s in te red at temperatures l e s s than 800°C was 

too high leading to a high IT\ heating at currents greater 

than 10 amp. I t i s seen tha t the '«C' value increases 

slowly upto 9Q0°C, a t t a i n s a maximum in the temperature 

range 1200-130Q°C and then slowly f a l l s off. The maximum 

«-value of 6.5 i s obtained with p e l l e t s s in tered at 1300°C, 

which decreases to 4 .3 for those s in tered at 1400 C. These 

r e s u l t s agree with the reported «C values [29,32$186,1873• 

The non-l inear constant ' C i s calculated from the 

I-V p lo t s for d i f ferent s in ter ing temperatures and the 

values are given in t a b l e 3 . 1 . I t i s seen tha t constant %C% 

decreases as s in ter ing temperature inc reases . 
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Table 3.1 : Values of <*, C end density for 

Sinter ing 
temperature 

600 

326 

1000 

1200 

the iB p e l l e t s s in tered 

various temperatures 

a t 

Ion- l inea r H on-l inear 
exponent constant 

(V/mm at 1 mA) 

1.0 3.2 x 10 8 * 

1.8 632 

3.4 339 

5.7 100 

Pe l l e t 
densi ty 

3 .3 

3.3 

3 .5 

5 .3 

1300 6 .5 34 5.3 

1400 4 .3 33 5.2 

* extrapolated ve>lue 
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The density of p e l l e t s s in tered a t d i f ferent tempe­

r a t u r e s i s calculated by measuring the dimensions and weight 

of the p e l l e t s end i s given in t ab l e 3*1. I t i s observed 

tha t the densi ty slowly increases upto 1100°C» a t t a i n s maximum 

in the temperature range 1800-1300°C tnd then f a l l s off 

slowly, s imilar to the observed va r i a t ion of «C. This behaviour 

brings out the importance of s in te r ing end dens i f i ca t ion of 

p e l l e t t o get the maximum * value . 

3 .1.2 i&eetron spectroscopic 3tudy 

As indicated ear l ie r» X-ray photoelectron spectroscopy 

i s an idea l slid proven technique to study the e lec t ron ic 

s t ruc tu re ) chemical na ture , oxidation s t a t e f migration, 

segregation at grain boundary e t c . of the mixed oxide system 

s in te red a t various temperatures. F i g . 3*2 shows the typ ica l 

spectra ( i . e . i n t ens i ty versus binding energy) obtained from 

the surface of a p e l l e t of 99.5 mole f &nQ and 0.6 mole % 

flig03 and from the surface of another p e l l e t (from the seme 

batchj s intered at 1800°C. Ihe peaks have been iden t i f ied 

using known systematics of XP3 data and assigned t o kda-3d 

and a i - 4 f ? / 8 and Bi-4f 5 / 2 s t a t e s . I t can be seen c lea r ly 

tha t the i n t e n s i t i e s of Bi -4f ? / g end Bi -4f 5 / g peaks are 

considerably enhanced af ter s in te r ing the p e l l e t at 1200 C. 

This i s possible due to the migration of Bi g 0 3 on ZnO grain 

sur faces . Therefore, the in tens i ty of Bl peaks Increases and 
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in t ens i ty of tin peak decreases due t o s i n t e r i n g . No binding 

energy sh i f t was observed in ui-3& and Bi-4f XPJ peaks 

( t a b l e 3,2) before or a f te r s in te r ing the £3 p e l l e t s , 

therefore i t i s concluded tha t there i s no chemical change 

taking place in AaO ana BigD« after s i n t e r i n g . To d i f fe ren­

t i a t e between a bulk migration or a grain boundary migration, 

the same sample was analysed, a f te r (a) fracturing the pe l l e t 

and exposing the inner surface and (b) by grinding the 

p e l l e t i n a mortar end loading the powder sample on to the 

gold wire mesh of the sample holder . Kxactly s imilar r e s u l t s 

were obtained from the fractured surface as well as from the 

powder samples ana these r e s u l t s are shown in t ab l e 3 .2 . 

Migration of BigO^, there fore , i s not a bulk process but 

i t i s taking piece at the boundaries of £n0 g ra ins . Similarly, 

on grinding or f rac tur ing , the cleavage takes place along 

the old grain boundaries, so th? t the *n0 grains s t i l l 

remain coated with BigOg. This confirms the formation of 

ln tergranular layer enriched in Bi g 0 3 due to s inter ing of 

<snO-Bi203 p e l l e t at 12003C. 

In order t o understand the migration of 3 i g 0 3 i n 

d e t e i l ( i . e . the chemicrl nature of the interpranular l a y e r ) , 

the *.-ray photoelectron (XPtJ) spectre were recorded a f te r 

crushing the £B p e l l e t s , s intered at various temperatures 

end the r e s u l t s are shown in f i g . 3 . 3 . The peaks have been 
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Tpble 3.£ j XP-J r e s u l t s of R A.B p e l l e t before 
and a f t e r s i n t e r i n g ht 1200"'c 

Sample Binding energy I n t e n s i t y of I n t e n s i t y 
of Xfc oepks 51 Ri p e t k s r e t i o 

CeVj ( 1 0 4 c p . s . ) 

PM* 

P e l l e t 
su r f ace 
( a s s i n t e r e d ) 

F r a c t u r e d 
p e l l e t 

Povjder a f t e r 
g r ind ing t h e 
s i n t e r e d 
p e l l e t 

4n-3d 

10 .2 

10 .2 

10 .2 

1 0 . 2 

Bi -4f 

159 .6 

159.7 

159 .6 

159 .6 

2.n-3d 

4 .20 

3 .20 

1.20 

1.35 

Bi-4f 

0.80 

4 .80 

4 .20 

4 .70 

J t o - a d B i -4 f 

5 .25 

0.66 

0.28 

0.29 

• Pit - p h y s i c a l mix ture before s i n t e r i n g 
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i den t i f i ed and essigned to iin-3d, 2n-3p, Zn-3s, Bi -4f ? / 2 

and Bi -4 f s / g . V»e h©ve a lso recorded the 2n Auger peaks 

excited by AlK^ X-reys because the shi f t in the k ine t i c 

energy of Auger peaks i s more than the binding energy sh i f t s 

of APO peaks for zinc metel and i t s oxides* For example, 

the binding energy of *n-3d XPa peek sh i f t s from 9.4 for £n 

t o 10.2 eV for 2n0, whereas the k ine t i c energy of 

in-LjjHjHy Auger peek sh i f t s from 1016.6 t o 1012.0 eV £188]. 

That i s , the XPS binding energy s h i f t s by 0.8 eV whereas the 

Auger k ine t i c energy sh i f t s by 3.6 eV which helps in the 

i d e n t i f i c a t i o n of chemlcsl nature e a s i l y . These X-rey 

excited Auger e lec t ron (XAiitf) peaks are dis t inguished from 

the XPsi peaks by recording the spectre using the twin anode 

X-ray source (AlK^ h^ * 1486.6 eV end MgK̂  h == 1253.6 eV) 

and the r e s u l t s are shown in f i g . 3 .4 . I t i s c lear ly seen 

tha t the Auger peaks have been shif ted by 233.0 eV on the 

binding energy scale whereas the XPtf peaks hsve remained 

s t a t i o n a r y . 

From the XP*. spectra of ZB v a r i s t o r p e l l e t s s intered 

at verious temperatures ( f i g . 3 .3 ) , i t i s c lear ly seen tha t 

the Bi XPS peaks increase whereas the Zn XPS end the 2n 

Auger pe^ks decrease in in t ens i ty as the s in ter ing tempera­

tu r e inc reases . Contrary to the e a r l i e r observation, 

(M. Matsuoka's conslusion from the dJiW r e s u l t s [29j) BigOg 



Ois 

200 300 400 500 

BINDING ENERGY QeV] 

600 700 

FIG. 3-4 : XPE-SPECTRA OF (ZB) PELLET USING 

MgKoC AND AIK06 X-RAY SOURCES. 
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migration to the Intergranui&r l&yer separating inO grains 

3tarts even at 600 V and progressively becomes pronounced 

at higher sintering temperatures* as seen clearly from the 

increase in the intensities of the characteristic Bi peaks 

in comparison with that of the in peak Intensities given 

in table 3.a. To get a clear iaea about the variation of 

2n end Bi XPS peak intensities* in/Si peak intensity ratLos 

are given in table 3,4. and the variation of these intensity 

ratios as a function of sintering temperatures are plotted 

in fig. 3,5, 31 peak intensity is maximum end £n peak 

intensity is minimum in other words, Zn/Bi intensity ratio 

is minimum for pellets sintered at 1300°C, which show that 

the migration of BigOg to the intergranular layer separating 

inQ grains is maximum at 1300°C. Similarly the «*-vplue and 

density are also maximum at 1300 C (see table 3.1). It is 

thus clearly shown that et this sintering temperature, 

densiflcp.tion and maximum migration of Big03 at grain boundary 

&re more or less complete to give the maximum value of «(. 

when a pellet of the 28 v^ristor system is sintered 

at 1400°C, the Bi panics suddenly decrease in intensity 

(simultaneously in peak intensity increases). It is 

reasonable to explain the sudden increase in the intensity 

ratio on the basis of a loss in Big03 due to its sublimation 

from the surface. In fact there is a continuous loss of 
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labia 3.4 * XPo peak intensity ratios x'or the <& 

pellets sintered ^t various temperature^ 

w i n t e r ­
ing 
tempe­
r a t u r e 

°c 

PM 

600 

825 

1000 

1200 

1300 

1400 

4n-3d 

B i - 4 f 7 / 2 

5.25 

1.04 

0.79 

0.35 

0.29 

0.25 

2 .33 

*n-3p 

B i - 4 f ? / 2 

6.76 

1.42 

0.89 

0 .53 

0.43 

0 .36 

3.33 

iuQ-3s 

B i - 4 f ? / 2 

3.50 

0.73 

0.43 

0 .25 

0.20 

0.17 

1.66 

*Ji-Miger 
L I l W 
B i - 4 f 7 / 2 

7.88 

1.65 

1.10 

0 .53 

0 .36 

0.28 

3 .83 

2.n-AUger 
L I I t W 
B i - 4 f ? / 2 

16.88 

3 .85 

2.79 

1.35 

0.98 

0.75 

8 .83 

PM - physical mixture before sintering. 
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IG .3-5: Zn/Bi XPS PEAK INTENSITY RATIO AS A FUNCTION 

OF SINTERING TEMPERATURE OF (ZB) PELLETS. 
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BigO- from the surface layers during the sintering process 

at nifher tamperaturesi ?<s is seen clearly by comparing the 

intensity ratios of the surface of the sintered pellet and 

the powder sample (table 3.2j. Indirectly due to the loss 

of bicJ« from the surface layers the iresh *n0 surface 

layers are exposed to the X-ray excitation, culminating in 

the rise in intensity of the tin peaks. 

There is no X.PS binding energy shift of In snd Bl 

lines or no kinetic energy change in 2D Auger lines (table 3.5) 

thereby confirming that no new phase has been formed after 

sintering. 

From the above studies» the migration of Big Op on 

ZnO groins which plays an important role to achieve the 

unusual non-line&r varistor property is experimentally 

supported. 

3.1,3 Scanning electron microscopy (3*s.M) 

end electron probe micro analysis (aPMAj 

To understand the varistor mechanism end micro-

structure, and to check the X?S conclusions} SB varistor 

ssraples prepared for this work are also characterized by 

scanning electron microscopy, The BPMA coupled to SiiM 

was used to know the elemental distribution in the micro-

structure of the varistor pellet. Fig. 3.6 shows the 

scanning electron micrograph (X1000 magnification) of a &B 
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f i g . 3.o % Scanning electron micrograph of a ^ B p e l l e t 

s in te red at 13(X)°C. 



- 84 

p e l l e t s intered at 130Q°C. I t can be c lea r ly 3een from the 

micrograph that the big grs ins of about 20-30 microns are 

separated by a t h i n l aye r , the so-cal led in tergranular layer 

in the l i t e r a t u r e . The elemental microanalysis of these 

big grains and the in tergranular layer was carr ied out by 

the isPMA technique. 

The c h a r a c t e r i s t i c X-rays generated in the sample 

by an e lec t ron beam) s re detected by the s i l i con- l i th ium 

sol id s t a t e energy d ispers ive doteetor which measures the 

X-ray energy d i r e c t l y snd produces e spectrum of counts 

versus energy as shown in f i g . 3 .7 . The c h a r a c t e r i s t i c 

X-ray spectrum for the t o t a l area (shown in micrograph of 

f i g . 3.6) i s recorded and shown in f i g . 3 . 7 ( e ) . The 

spectrum c lea r ly shows tha t the i n t e n s i t y of ZnK^ peak 

(a t energy 8.630 KeV) i s more whereas the in t ens i ty of 

BiM^ peak (a t energy 2.418 Key) i s l e s s as i s expected 

from the composition. The spectrum shows some more peaks 

belonging t o AlK^ (1.486 KeV) coming from aluminium sample 

stub and AgL^ (a t energy 2.984 KeY) coming from the s i l ve r 

deposited on the sample surface for avoiding the charging 

of the sample. The i n t eg ra l values ( i . e . t o t a l number of 

counts under the peaks af ter fixing the energy window, 

2.28 KeV to 2.70 KeV for BiM^ and 8.34 KeV to 8.96 KeV for 

ZnKaJ for bismuth and zinc end In tegra l r a t i o s Zn/Bi for 

the &B p e l l e t s in tered a t 130Q°C are given in t a b l e 3 .6 . 
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Fig. 3.7 $ Energy dispersive analysis of X-rays (&LUX) 

spectra of a iB pe l l e t sintered at 1300 C , 

electron probe on—(a) total surface area 

covered in micrograph f i g . 3 .6, (b) big grain 

( c) intergranular layer. 
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Table 3 .6 s iuBl'J^ U^CLlii Ok'' *. <uB ?i;.LLt.l albl'iJiuiaJ 

AT 1300°C AT VAhlOUS PLACES 

P lace of ©n t ly s i s 

l o t a l s u r f a c e 
s r e a covered 
In f i g . 3 .6 

Probe on a 
big g r a i n 

Probe on an 
i n t e r g r a n u l a r 
l a y e r 

- " » * * 

i n t e g r a l 

2 ,20 ,976 

2 ,09 ,708 

73,342 

BiM^ 
i n t e g r a l 

35,642 

6,765 

1 ,49,573 

i n t e g r a l 
r a t i o 

i n / B i 

6.20 

36.38 

0.49 
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When an electron probe is plpced on the big grain of the 

micrograph (fig. 3.6) and the characteristic X-ray spectrum 

obtained is shown in fig. 3.7(b). It is clearly seen from 

this spectrum, there is a tremendous decrease in intensity 

of the BiM^ peek. It is, therefore, concluded that the big 

grain belongs to ZnO. However, when electron probe is 

placed at the intergrsnular layer, the spectrum obtained 

(fig. 6(c)) snows an increase in the BlM^ peak Intensity 

end a decrease in the Znly peak intensity (table 3.6). 

Hence it is concluded that intergranular layer belongs to 

BigOg-rich phase. The melting point of Big03 is 825°C [313 

and thst of ZnG is 1970°C (.313 and they ere separated by 

over 1160°C. The sintering of znQ-BigC>3 pellets in the 

temperature range 1000-1400°C is therefore a liquid-phase 

sintering. At these temperatures BigO« melts and goes into 

liquid phase which flows between the ZnO grains and when 

the sample is ooled to room temperature it solidifies and 

retains in solid state between the ZnO grains. We can 

therefore see in the scanning electron micrograph (fig. 3.6) 

big grains of ZnO separated by a thin layer of BigOg. 

Zinc oxide is an n-type semiconductor material having 

a good electrical conductivity (the resistivity is typically 

1 ohm-cm at 25°C) i.32,37j, whereas B i g 0 3 i s a highly 
8 resistive material (the resistivity > 10 ohm-cm at 

2b°C) L38 f39j. The vol tsge applied t o t h i s zB v e r l s t o r p e l l e t 
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i s therefore concentrated a t the highly r e s i s t i v e BigO« i n t e r -

granular l&y^k- which i s responsible for the non-ohmic property 

of these varistorlfck 

In order to understand the growth k ine t i c s of B i g 0 3 

r i c h in tergranular layer as B function of the s in ter ing 

temperature , the scanning e lec t ron micrographs were recorded 

for samples of 2B p e l l e t s s intered at various temperatures* 

The micrographs are shown in f i g . 3.8 and t h e i r &PKA r e s u l t s 

are given i n t ab le 3 .7 . From the micrographs, i t i s c l ea r ly 

seen t h a t as the s in te r ing temperature increases) the £n0 

gra in growth increases slowly upto 10Q0°C and then rapidly 

s f t e r 1200°C. Similar ly the features of in tergrenular layer 

ere c lea r ly v i s i b l e from 1200°C and become prominent at 130O°C. 

The thickness of the intergr&nular layer i s maximum at 1300°C» 

where °C value i s a lso maximum. The thickness of the i n t e r -

granular layer therefore plays an important r o l e t o get the 

maximum non-l inear property of these v e r i s t o r s . 

A S&M micrograph (fig» 8 ( e ) ; of a s imilar p e l l e t from 

the same batch s intered at 1400 C c lea r ly shows a reduct ion 
Li-/L V 

of inter granular^presumably due to the vapourization of BigOg 

at higher temperatures. The «C-v&lue also decreases possibly 

due to reduction in the thickness of the intergranular layer. 
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Fig . 3.8 t scanning electron micrographs for the 

lh p e l l e t s s in t e red at (a) 82o°C (b) 3000° C 

(c) 1200°C (d) 1300° C (e) 1400° C 
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Tsbli 3.7 : L.?M results and grain size of the 

wintering 
temperature 

PM 

600 

325 

1000 

1200 

1300 

1400 

ZBjHBl l e t s sintered 
temperatures 

Integral 

^iK^ 

83,483 

1,14,192 

1,37,262 

1,40,560 

1,57,469 

1,46,478 

1,33,040 

Bii-L 

3,744 

4 ,636 

5,990 

6,579 

23,381 

23,388 

724 

. at various 

Integral 
r e t i o 
i n / B i 

23 .63 

23 .37 

22.92 

21 .37 

6 .74 

6.22 

183 .76 

Gra in 
size 
(aileron J 

< 1 

< 1 

1-2 

3 - 6 

16-20 

15-20 

15-20 

PM - physic&l mixture before sintering. 
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Table 3.7 suows changes in the in t eg ra l r e t i o s of &n/Bi 

et various s in te r ing temperatures of 2S ve r i s to r p e l l e t s . I t 

i s c lee r iy seen from the in/Bi in tegra l r a t i o tha t the migra­

t i on of Bi g 0 3 slowly tskes pipe© upto 1000°C end suddenly 

increases in the temperatura range 12Q0-13OO°C The r a t i o 

becomes minimum et 1300°C indicat ing the formation of Big0g 

r i c h in tergranuler layer separating 2.n0 g r a in s . The 2n/Bi 

i n t eg ra l r a t i o increases tremendously for p e l l e t s s in tered at 

1400°C confirming the volatl•',,-Uoa loss of B i g 0 3 from the 2n0 

surface. 

I t can be c lea r ly seen tha t the grain s i ze and thickness 

of in tergranular layer r i ch in Bi g 0 3 play an important rol© to 

achieve the maximum value of <*. 

3 .1 .4 X-ray d i f f rac t ion (XRD; study 

In order to look for any phase changes taking place in 

the (±B) ve r i s to r p e l l e t s s intered at d i f ferent temperatures, 

the ZB p e l l e t s were character ized by the X-ray d i f f r ac t ion 

technique. The ' d ' vslues and i n t e n s i t i e s are given in 

t ab l e 3 .8 . There are no addi t ional l i n e s observed in the XBD 

spectrum of the s intered p e l l e t s . To get a be t te r icea about 

the BigO^ phase, samples containing 1 f and 5 f B1JJ03 were 

prepared and s intered at d i f ferent temperatures. I t can be 

seen tha t the samples containing 0.5 f B i 2 ° 3 show, af te r 

s in ter ing at 1300°C, l i n e due to cubic Bi 2 °3 whereas the ones 
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containing more Big0^ give r i s e to «(-(monocliriic) aigOo. Thus 

when BigOg i s c r y s t a l l i s e d from the molten phi>se on cooling 

the sample from the temperature greater than 100Q°C, the 

bismuth oxide can c r y s t a l l i s e to e i ther the cubic (Y) phase 

or the monoclinic (°t) phase. In the absence of any other 

s t a b i l i z i n g oxide, the tendency i s towards the more st&ble 

monoclinic phase and only a SBIEII por t ion (0 .5 f of the t o t a l 

weight) c r y s t a l l i s e s in the cubic phase. This i s presumably 

the layer surrounding the grains of iJiQ. The extra B i g 0 3 

which c r y s t a l l i s e s in the monoclinic phase segregates t o smsll 

discontinuous c r y s t a l l i t e s and i s therefore not e f fec t ive in 

improving the non-ohmic character! s t i e s of the systems. The 

only way of get t ing high non- l inea r i ty , there fore , r e s ides in 

s t a b i l i z i n g the cubic phase in competition t o the other more 

s t ab le monoclinic (°0 phase when Bi g 0 3 i s c rys t a l l i z ing from 

the molten s t a t e . The cubic phase apparently has the property 

of maintsinlng the t h i n in tergranuler layer l i k e in the l iquid 

ttigOo, which property the («C) monoclinic form nu?y not have. 

This s t a b i l i z a t i o n i s not obt&ined merely by the d i s so ­

l u t i o n of inO in 8 i 2 0 3 i n a siaall proportion as i s claimed in 

the l i t e r a t u r e . I f tha t wss so, there was no reason why the 

e n t i r e & $ Bio0o added in (2a; systems did not c r y s t a l l i s e in 

the cubic phase. I t looks tha t cubic oxides such as MnO or 

<joO which c r y s t a l l i s e in the face centred cubic sodium chlor ide 
s t ruc tu re tends t o s t a b i l i z e Y-BigO^. This conclusion i s borne 
out by the findings for the (2.BC) systems discussea l a t t e r . 
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3.2 £nQ * SbpQ3 (2S) VAftiSTQtt SESTSM 

3.2.1 I-V characteristics 

The current voltage c h a r a c t e r i s t i c s of &J pe l l e t s s intered 

at d i f ferent temperature from 600°C to 1200 C ere measured at 

room temperature ana the r e s u l t s are p lo t t ed in f i g . 3.9 (log V 

vs log I ) . From these I - / plots» i t i s seen tha t the non-

l i n e a r i t y increases with s in te r ing temperature and i t i s maximum 

at 660°C, then s t a r t s decreasing with fur ther increase in the 

s in te r ing temperature. The I-\T c h a r a c t e r i s t i c s become almost 

l i nea r for samples s in tered at 90CTC. At s t i l l higher s i n t e r ­

ing temperatures the I-V curve s t a r t s becoming non-l inear and 

the non- l inear i ty reaches a maximum at 1100 C and again 

decreases at 1200°C. I h i s i s wore c lear ly seen from the computed 

non-linear exponent ^-values using equation (2 .2 ) , which are 

given in t ab l e 3 .9 . 

The non-l inear constant ! C calculated from the I-V 

p l o t s at d i f ferent sinterLng temperatures are a lso given in 

t a b l e 3 .9 . i t i s seen to decrease in value upto 600 » then 

t o remain constant in the tempersture range of 660 -900"C and 

then again to drop at 100G°C ana continue t^ decrease upto 

1200°C. ine non-l inear constant 'U' for the *B pe l l e t s intered 

at 1200°C i s 10 times more than the i£ p e l l e t sintered at the 

seme temperature, and t h i s i s because the r e s i s t i v i t y of Bi^Og 

i s much more than t h s t of the ^bgO^. 
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l a b i a 3.9 J Valuas of «C» C and density of 

*k> p e l l e t s s in te red at various 

temperatures 

wintering lion-linear $ on- l inear Pe l le t 
tuaper&ture exponent constant ' C densi ty 

°C '< ' CV/mm at 1 aaA ) (g/cm3) 

500 1.1 4 .2 x 10" * 3.08 

660 4.0 240 3.08 

800 2 .5 240 3.10 

900 1.3 240 3.10 

1000 2.0 28 3.16 

1100 4.0 18 3.24 

1200 2.2 9 4.40 

* extrapolated velue 
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The density measured for the &3 p e l l e t s s intered at 

various temperatures are a lso given in Table .3.9. I t does not 

eh&ngts upto 1000°C, i t increases slowly from 100O-1100°C and 

then rapidly from 1100-120U°C. The density of JuQ p e l l e t s 

s intered at 12U0°C i s much higher (92.8 % of the t heo re t i ca l 

densi ty of £.a0) than the density of *«J p e l l e t s s in tered at the 

seme temperature (77.0 f of the theore t i ca l uensity of ^aQ)t 

"which shows tha t Big0^ helps more in s in te r ing and dens i f ica -

t i on than SbgJg. 

3.2.2 i&lectron spectroscopic study 

As in the case of the iB systems* the X-ray photoelectron 

spectra are recorded in a s imilar way af te r crushing the £S 

p e l l e t s s in tered at various temperatures which are shown in 

f i g . 3.1G. Ihe peek i n t e n s i t i e s measured from these spe . t r a 

are given in tab le 3.10. Similarly 2-n/Sb In tens i ty r a t i o s are 

given in t a b l e 3.11 and the va r i a t ion of these r a t i o s as a 

function of the s in ter ing temperatures for 2.3 p e l l e t s are shown 

in f i g . 3 . 1 1 . I t i s c lea r ly seen from these r e s u l t s tha t the 

i n t ens i t y of 3b XPS peaks increases and tha t of a l l 2,n XPS and 

£n JU»i& peaks decreases as the s in te r ing temperature increases 

upto 660°C and the in tens i ty r a t i o In/Sb i s minimum at 660°C. 

Contrary to the e a r l i e r observations L29j, <3bg03 migration on 

the kinO grain* s t a r t s even at 500JC. The concentrat ion of 

SbpOo in the enriched layer a t the surface reaches a maximum 
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at around 860*0. On the* other hand» more and more ZnQ 

grains get coated with ^kgiXj enriched intergr&nulsr layer 

thereby decreasing the in tens i ty of 2n peaks. &s the 

s in te r ing temperature increases to about 300°C, the in t ens i ty 

of the Zxk peak3 s t a r t s increasing whereas the in t ens i ty of 

the 3b pa&ks s t a r t s decreasing;. This decrease in the 

in t ens i ty of 3b pe-;k.» may bn e i ther due to the evaporation 

of ^"^2^3 ^ r a s n t i i e s u r ^ & c e and/or '3bgG3 diffusing in to the 

SnO grains due to reac t ion of ZnG and iibgQo Biid forming 

another phsse. I t may be reca l led tha t in the case of 2B 

system the 3ig0„ was found to evaporate above 1400°C which 

wss confirmed from the facts tha t the re -was no sh i f t in the 

binding energy values a~ seen from the XPa peeks, and tha t 

there w-re no extra l i n e s observed in the XRD. I t was thus 

concluded tha t no phase chrn^e was taking piece in ZB system 

and thug the f a l l in the XPi3 peak in t ens i ty of Big0« at the 

s in te r ing temperature above 1400 C was due to the evapora­

t i o n of Big Or,. However in t h i s £S va r l s t o r system s in tered 

at higher temperature ( > 800JC ) a sh i f t i n the binding 

energy values of the 3b peaks has been observed but no sh i f t 

in the 2n peaks. The binding energy values for Z3 system 

s in tered at various temperatures are measured from the XPS 

spectra and are given in t ab le 3.12. The ab-3d 3 / g binding 

energy changes from 539.2 eV to 540.0 eV at higher temperatures. 
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This sh i f t of 0.8 eV confirms tha t antimony changes f n i 

*,b to v̂ b because the observed value of 54.0.0 eV matches 

the binuing snarly for ab [ 8 3 j . 

3.2.3 Scanning electron microscopy and 

electron probe microanrlysis 

ftaciplos of 23 system sintered at various temperatures 

hrve b'.er? uxptiinoc by the S;iV. i n a *<p.y s i n i l e r to tha e a r l i e r 

i..B sempleM. I t has boen observed from the micrograph tha t 

the grain s ize of these p e l l e t s s in tered upto 1000°C i s very 

small ( << 1 micron ) . I t was therefore d i f f i c u l t to get 

d e t - l i s of the ci icrostructure of these p e l l e t s . 

The scanning electron micrographs at very high magni­

f i c a t i o n ( X2Q,000 j for samples s in tered a t 1100 end 1200°C 

ere shown in f i g . 3.12. From these micrographs i t i s c lear ly 

seen tha t a de f in i t e g ra in growth of £n0 (hexagonal) 3 t a r t s 

talcing place above 1 2 0 0 \ a t which temperature the densi ty 

a lso increased. No de f in i t e grain boundary segregation of 

SbgOg i s observed. 

The energy d i spers ive X-ray analysis of these p e l l e t s 

has been c i r r l ed out sne. the values of the A-ray In tegra l 

for £,DK^ and SbL^ and t h e i r r a t i o s are given in t ab l e 3 .13 . 

I t i s seen tha t the in t eg ra l r r t i o (iuiiAib) decreases as 



c «o 

C fa) 

Fig . 3.12 J Scanning electron micrographs oi" the 
o Zi p e l l e t s s in t e red at (a) 1KXTC (b) 1300 C 



G O 

l a b i a 3.13 i aPtMA r e s u l t s and grain s ize of 

the &i p e l l e t s s in tered at 

various temperatures 

S i n t e r i n g 
t empera tu re 

PM 

600 

660 

800 

900 

1000 

1100 

1200 

I n t e g r a l 

^nKw 

1,08,608 

1,32,932 

1,53,543 

1,53,601 

1,45,506 

1,54,641 

1,70,190 

1,66,337 

^We( 

3,260 

4 ,517 

5,455 

4,928 

4 ,646 

4 ,644 

5,067 

4 ,895 

I n t e g r a l 
• r a t i o 

iin/Sb 

33.34 

29 .43 

28 .16 

31.17 

31.32 

33.30 

33 .60 

33.98 

Grain 
s i z e 
(micron) 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

1 

2 
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sintering temperature increases upto 660D, and the ratio is 

minimum i.e. the migration is maximum at 6oO°C. The ratio 

of in/Sb integral increases slowly as sintering temperature 

increases. As the electron probe Microanalysis technique 

analyses upto a fev micron depth, the tib diffusing into the 

*nQ grains is also detectea, therefore the ratio does not 

exceed the value for the physical mixture before sintering. 

It therefore enpesrs reasonable to cmclude that Sb,s0« is 

not evaporating from the surface but it is diffusing into 

the ̂ nQ greins. At higher temperatures (i.e. llOO^C) the 

ratio exceeds that for the starting mixture presumably due 

to the increase in the grain size and some evaporation of 

SbpO- from the surface. 

The X-re.y enelysls spectrum of 2S pellet sintered at 

1100°C is shown in fig. 3.13. iio preferential concentration 

of Sb at the grain boundary Is seen contrary to what was 

seen for the &B system. 

3.2.4 X-ray diffraction stuay 

To check the formation of any new phase, XriD studies 

were car r ied out for t he Z3 p e l l e t s s in tered at various 

temperatures. The ' d' values and i n t e n s i t i e s were calculated 

and ere presented in t ab l e 3.14. These date have been 

compared wit « the standard X-ray p&ttern for d i f ferent phases 

Tb. GO 30 



• 

tfig. 3.13 : Energy d ispers ive analysis o£ X-rays ( LOAX) 

apectruia oi a £o p e l l e t s in t e red at iJDO°C 
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and Identified phases are recorded in t&ble 3.15. Ihe pellets 

sintered above 900°C shov additional lines in the XI-;L> spectra. 

These extra lines can be indexed on the basis of a spinel type 
o 

compound with 'a* value equal to 8.677 t 0.004 A. The 'd* 

values for observed phases are given in tables 3.16 and 3.17. 

Iwo spinel type compounds, namely Zndbg04 and £xuSbgO_ 

are reported in the literature. The observed ' a1 value is 

closer to that of 2n7Sb90lg phase. Direct evidence is also 

available from the analysis of the KPd chemical shift data. 

The antimony valency is different in the two spjsiel compounds 

namely pentavalent in £,n«SbgO,g phase and trivalent in 

i»ndbg04. The observed binding energy shift matches that of 

£>b°+ LB3, 189, 190J. Since there is a shift observed in the 

Sb peak position above &QQ°C it is concluded that there is a 

reaction between the two constituent oxides to form a new 

5+ spinel Zn^dbgO^g phase containing Sb . iSinee there is a 

migration and diffusion of sb&+ Ions from the Intergranular 

layer surrounding the ZnO grains due to formation of the 

spinel phese, the correspond in?; XPS peak intensity of 3b 

decreases with the increase in the sintering temperature. 

Inada i.191, 192j has also observed the formation of a spinel 

phase at higher sintering temperatures. 

As a consequence of the migration and the subsequent 

diffusion of Sb0+ ions from the Intergranular layer, the 

<* value also decreases with the increase In the temperature 
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Table 3 .15 t C r y s t a l phases observed by XhD 

lxi 23 p e l l e t s s i n t e r e d a t va r ious 

t e m p e r a t u r e s . 

TO0 PM 500 660 800 900 1000 1100 1200 

Phase 

2n0 

Spinel 

Vt> 

A 

VS 

A 

V3 

A 

VS 

A 

VS 

u 

73 

M 

VS 

s 

VS 

M 

Table 3 .16 s Values of ' d ' end ' a ' for t h e 

\ 
\ r 0~ 
\ 1 C 

hkl \ 

220 

400 

611/333 

440 

o 
a A 

PM 

A 

A 

A 

A 

A 

500 

A 

A 

A 

A 

A 

spinel phase in Zo pellets 

sintered at 

d 

660 

A 

A 

A 

A 

A 

values 

800 

A 

A 

A 

A 

A 

various temperatun 

900 

3.02 

2.14 

1.65 

1,52 

8.67 

1000 

3.02 

2.14 

1.S5 

1.52 

8.57 

1100 

3.01 

2.14 

1.65 

1.52 

8.57 

as 

1200 

3.01 

2.14 

1.65 

1.62 

8.67 

V;i - very s t r o n g , 
3 - s t rong 
M - medium 
W - veak 
A - ebsea t 
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Table 3.17 t The values of ' d ' , ' a ' and ' c ' 
for the £n0 c rys t a l phase in 2.S 
p e l l e t s s intered a t various 
temperatures. 

T"C 

h k l 

d values ?< 

PM 500 660 800 900 1000 1100 1200 

100 

022 

101 

102 

110 

103 

2.79 2.79 2.80 2.78 2.81 2.80 2.79 2.79 

2.68 2.58 2.59 2.57 2.59 2.58 2.58 2.58 

2.45 2.44 2.47 2.45 2.47 2.46 2.46 2.46 

1.90 1.90 1.91 1.90 1.91 1.90 1.90 1.90 

1.62 1.61 1.62 1.61 1.62 1.62 1.62 1.62 

1.47 1.47 1.47 1.47 1.48 1.47 1.47 1.47 

a A 

c A 

3.24 3.24 3.24 3.24 3.24 3.24 3.24 3.24 

5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 
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upto about 10Q05C ( t ab l e 3 . 9 ; . No cor re la t ion could be 

found in the «C value and the r a t i o of APS peak i n t e n s i t i e s 

of samples s intered at d i f ferent temperatures. These 

r e s u l t s are to some extent di f ferent from the analogous 

i.n0-iil203 v a r i s t o i s L193J. In case of £3 system, the grain 

boundary concentration of bipO^ increases with temperature 

i n the range 1000-1300°C end i t decreases at higher tempera­

tu res ( > 1400°CJ due t o the loss of the BigO^ by evaporation. 

On the other hand, i n case of the ZS system, the grain 

boundary concentration of ^i>2°3 i s ^g* 1 6 3 * eround 60Q-700°C 

and i t decreases a t higher temperatures > 800 C due t o 

r eac t ion with bulk &nQ leading to the formation of ^ftySbgQ^g 

spinel phase. 

Furthermore, in case of the &B system, t : iere vas a 

d i r ec t co r re la t ion between the grain boundary concentrat ion 

of Bi„03 and the «C value . Sucb a cor re la t ion i s not seen 

in the All system. A possible explanation i s es follows: 

The value of «C i s control led by the grain boundary 

layer as well as the densi ty of the p e l l e t s . In esse of ZB 

system the increase in the density by s inter ing »$ well as the 

lnc re t se in grain boundary concentration of BigOq take place 

eround 1G00-130Q°G, whereas in the esse of Z$ system, the 

densi ty i s increasing in t h i s temperature range but the SbgOg 

concentration of the surface i s decreasing, leading t o two 

opposing influences on the «C value . 
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3.3 £n0 + ^2°3 + C o Q (£BC^ VAhldlQh dYSl^rt 

I he non-linear exponent 'aC1 obtained in the f i r s t 

two i . e . d.B and £ci systems i s small . For the improvement 

of «*-velue> a th i rd set of va r i s to r samples has been prepared 

by the addi t ion of CoQ to the ZnO-SigO., system. These £B€ 

va r i s t o r p e l l e t s s intered at various temperatures ere studied 

in & s imilar way by XPS, Sj&tf, &P1*U and XKD techniques and 

the r e s u l t s are given belovi. 

3.3.1 1-V characteristics 

The current-vol tage c h c r s e t e r i s t i c s of the ZtiC 

ve r i s to r p e l l e t s s in tered at a i f fe ren t temperatures ere 

measured at room temperatures ana the r e s u l t s are s l o t t e d 

in f i g . 3.14. The I-V p lo t s show much more non- l inear i ty 

than for the f i r s t tvo systems. The '«*' velues calculated 

from the I-V p lo t s using equation (2.2) are given in 

t a b l e 3 .18. £t i s seen tna t the «*-v*lue increases s l w l y 

upto 800°C and then increases rapidly and a t t a in s a maximum 

value at 1300°C and then f a l l s off r a p i d l y . The mrximtua « 

value upto 25 i s obtained at 1300JC, which rapidly decreases 

to 5 at 140G°C. These r e s u l t s agree viith those got by 

others 129,42j. The nan-l inear exponent «* has improved 

from 6.5 t o 25 in t h i s system by ju s t adding cobalt oxide 

t o the fi-rst system. 
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Table 3.18 t Values of °ti C. ana density of 
the ZBC p e l l e t s s in tered at 
various temperatures 

Sinter ing 
temperature 

°C 

600 

825 

1000 

1200 

1300 

1400 

Non-linear 
exponent 

»«*.» 

1.0 

2 . 5 

20.0 

22.5 

25.0 

5.0 

«tf on- l inear 
constsnt 

' 0 ' 
(\f/mm at 1 m.k) 

4 x 10 6 * 

4 x 10 3 * 

96 

59 

48 

10 

Pe l l e t 
densi ty 
(g/cm3; 

3.08 

5.16 

5.17 

5.18 

5.19 

4 .8 

* extrapolated value. 
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The values of onstuit ' C calculated from the I-V 

plots for various sintering temperatures ere also given in 

table ,3.18. It is seen that the 'C velue decreases as the 

sintering temperature increases, /it low sintering tempera­

tures upto 800°C the 'C value is very high end then it 

decreases rapidly above 100G°C . 

The density of these sintered pellets 1 5 also measures 

and given in the dame table (3.18). The density remains 

constant upto 600°C and then it rapidly increases at 825°C 

and remains constant at that vslue upto 130Q°C and decreases 

at 140Q°C. By comparing these densities with those obtained 

for the ZB pellets under the similar conditions it is found 

trey are higher, for example at 82o°C the 2b pellets attain 

57.8 f of the theoretical density whereas those of 2..3C system 

attain 90.3 f. It is therefore concluded that cobalt oxide 

helps in sintering snd the liquid puase sintering starts at 

a lower temperature. 

3.3.2 electron spectroscopic study 

In order to find out whether cobalt oxide added in 

this system also segregates st the grsin boundary like bismuth 

oxide» the 2BC pellets sintered at various temperatures are 

studied by the X-ray photoelectron spectroscopy and the 

spectra are given in fig. 3.15. The intensities for all the 

IPS peaks were measured and are given in table 3.19. The 

k*n/Bi intensity ratios are piven in tsble 3.20 and the 
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variation oi these 4n/Bi intensity ratios as a function of 

sintering temperatures are shown by plotting ^n/Bi versus 

sintering temperatures in fig. 3.16. 

It 13 clearly seen from the Xft» spectre and intensity 

table that the intensity of Si peeks increases **s the sinter­

ing temperature Increases* whereas the Zn peak intensity 

decreases simultaneously* It is therefore concluded that, 

similar to ZB system, bismuth starts migrating to the 

Intergranular layer between the zinc oxide grains at 600°C. 

Ihls migration becomes progressively more pronounced at higher 

sintering temperatures as is clearly seen from the decrease 

in the intensity ratios of ̂ n/Bi peaks (table 3.20 and 

fig. 3.16). This intensity ratio is minimum at 1300°C similar 

to the £B system, the Bi intensity becoming maximum vhereas 

<Lii peak intensity becoming minimum which means that the migra­

tion of bismuth oxide to zinc oxide grain surface is maximum 

at 1300°C. 

However, unlike Big0^» cobalt peak is not detected at 

all therefore it is easily concluded thst cobalt oxide is 

not migrating on the surface of zinc oxide grains, but it is 

dissolving, during liquid sintering, into the zinc oxide phase. 

When pellets of i*BC varl3tor system are sintered at 

1400°C, the intensity of Bi pe&ks suddenly decreases (simulta­

neously LJd peak intensity increases). It is reasonable to 
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CO 

z 

400 800 

TEMPERATURE (°C) 

1200 1600 

FIG. 3-16: Zn/Bi XPS PEAK INTENSITY RATIO AS A FUNCTION 

OF SINTERING TEMPERATURE OF (ZBC) PELLETS. 
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explain this suciuen Increase in the intensity ratio (2n/Bi) 

an the basis of the I039 in Blo0« due to its evaporation 

from the surface. 

The binding energies calculated from the X?S peak 

positions for *ai and Bi electrons are given in table 3.SI. 

There is no change in the XPa binding energy of 2*a and Si 

electrons* similarly no kinetic energy change in 'In Auger 

electrons is observed. It is thereby confirmed that no 

vclency change of zinc or bismuth has taken pl&ce after 

sintering. 

3.3.3 Scanning electron microscopy and 

electron probe micro analysis 

To understand the role of cobelt oxide which improves 

the <* value nearly four ti&es over that of the &B system, 

the microstructure of these i.bC varistor pellets sintered 

at different temperatures is examined by £&&. The distri~ 

bution of BlpO« and CoO in these pellets are also stuaied 

by iiPMi*. Ihe scanning electron microgreph ( X2000 magni­

fication ) of a 2&C pellet sintered at 1300°C is shown in 

fig. a.17. The micrograph clearly shows that the larger 

grains are clearly separated by thin layers of a different 

phfse. 
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F i g . 3.17 * Scanning electron micrograph of a vi.BC p e l l e t 

s in te red at 13C0°C . 

http://vi.BC
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The electron probe microanalysis was carr ied out f i r s t 

by put t ing en e lect ron probe on a l a rge r grain and then on en 

in te rgranular l a y e r . The c h a r a c t e r i s t i c X-rey spectra obtain­

ed are given in f i g . 3 .18. The X-rey in t eg ra l s for i.n, Bi 

and Co were obtained from the c h a r a c t e r i s t i c X-ray spectrum 

which are given in t ab l e 3.22. 

I t i s c lear ly seen from the £n and Bi i n t eg ra l s tha t 

the big groin i s î nO and the in tergranular phase i s r i c h in 

BigO^. ciimilarly from the micrograph (f ig . 3.17; i t i s seen 

tha t the migration of BigO^ at gra in boundary seems to be 

much c learer than tha t in the £B> p e l l e t s s intered at the 

same tempereture ( f i g . 3 . 6 ) . In the 2.B pe l l e t micrograph 

( f i g . 3 .6 ) , small gra ins of BigO^ are d i s t r i bu t ed a l l over 

the place, whereas such greins are not seen i n the micrograph 

of <,BC p e l l e t s ( f i g . 3 .17) . This means tha t the cobalt oxide 

helps in the formation of BlgO^ in te rg ranu l s r l aye r . This 

may therefore be one of the reasons for the improvement in 

the non-l inear exponent value on adding cobalt oxide. 

The CoO may be dissolving in the k*nO during the l iquid 

phase s i n t e r i n g . This d isso lu t ion of CoO may be changing the 

r e s i s t i v i t y of iinO grains rnd that may be one of the reasons 

for the improvement in the «t-vflue. 

For a more de ta i led analys is of the migration of 

BigG3 and a lso to Know whether CoO i s migrating on surface 



Bi A7< 



CO 

\ 

Br M K 

Fig. 3.18 : Jtoergy dispers ive analysis of X-rays (*QnA) 

of a £3£ p e l l e t s in t e red at 13TG°0, 

e lectron probe on-( a) t o t a l area covered in 

micrograph f i g . 3.17 lb) big grain 

{ cO in targranular l aye r . 
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l a b i a 3.22 : j>?H& r e s u l t s et various places 

PlaCtt Of 
analysis 

i at e l 
surface 
covered 
in f i g . 3 . 17 

of a <uBC p e l l e t s intered at 1300°C 

i n t e g r a l 

&niy BiM^ 

2,71,668 97,443 

Coi^ 

3,979 

i n t e g r a l r a t i o 

^nK. inKg, 

2.79 68.26 

Probe on s 2,41,892 11,368 3,481 21.29 69.52 
big grain 

Probe on an 1,21,168 3,12,120 448 0.388 27U.46 
i n t e r granules' 
layer 
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at d i f ferent s in ter ing temperatures other than 1300°C» kSC 

p e l l e t s s in te rec s t various temperatures were studied by 

iaiiM and tuPttt* techniques. The scanning e lect ron micro reiphs 

of the 2BC p e l l e t s s in tered at d i f ferent temperatures &re 

shown in f i g . 3 .19. I t i s c lear ly seen from the micrographs 

tha t as the s in ter ing temperature increases the grain s ize 

increases ( the measured values of the average grain s iz« 

at d i f ferent s in te r ing temperatures are given in t ab l e 3 .23) . 

The 2.n0 g r r i n s ize slowly increases upto 1000°C and becomes 

maximum in the temperature range from 1200-I400°C. The 

in te rgranular layer formation i s found to s t a r t from 1000°C 

and i t s thickness i s maximum at 130Q°C, where the maximum 

ol-VHlue i s obtained. 

The 3liM micrograph of .̂BC p e l l e t s intered at 14J0°C 

f i g . 3.19(e> saows a suaden decrease in the thickness of 

the in tergranular layer obviously due to the evaporation 

of B i g 0 3 at higher temperrtures ( > 1 4 0 0 \ ) . i,t t h i s 

s in te r ing temperature the «C velue i s a l so reduced from 

25 to 6. The cha rac t e r i s t i c X-ray i n t e g r a l s iinK^» BiM^ and 

CoK^ for 2.8C p e l l e t s s in tered at d i f ferent temperatures and 

t h e i r r a t i o s are giv^n in t ab l e 3 .£3. I t i s c lear ly seen 

tha t as the s in te r ing temperature incre . ses» the i n t eg ra l 

of BiM^ increases ( i . e . migration of BigGg on surface 

i nc r ea se s ) . Coiy X-rsy in t eg ra l s are however not changing 

much except at 1400°C. The r?;tlo of Zn/Bi i n t eg ra l s i s 



(M 

CO 



(d) 

. 

wvmwvp" ^ 

( e ) 

F i g . 3.19 i Scanning e lect ron, raicrograpTw Tor t h e 

ifiC p e l l e t s a i n t r ed a t l a ) 92o°C (b) 2f00°C 

(c) ia-0°C (d) 1300° G (9) 14K3C° C . 
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miniums at 13uO'C where trie «C-vflue i s also maximum. The 

4J1/&L i n t eg ra l r a t i o increases suddenly at 1400°C due t o 

evaporation of Big^3 ^om the ZnO grains and therefore 

more x-nO grain surfaces are exposed and more cobalt X-ray 

In t eg ra l s are counted from the iuaO g r a i n s . 

3.3.4 x-ray diffraction study 

The ' d» values were calculated from the X-ray d i f f r a ­

c t ion pa t t e rn taken for the <iBC p e l l e t s s intered at various 

temperatures and the r e s u l t s are presented in t ab l e 3.24* 

These data have been compered with the standard i - r a y pa t te rn 

t o ident i fy the various phases p resen t . The analysis i s 

presented in a tabular form in t ab l e 3 .25 . The two phases 

kJiO and Y-Big03 are iden t i f i ed and t h e i r ' d ' values are 

given in t ab les 3.26 and 3.27 r e spec t ive ly . 

The most important feature about the addition of CoO 

i s i t s efficiency in s t ab i l i z ing the cubic Z^^d' ** c a n b e 

seen tha t the Big03 converts t o the cubic form even at 600 C 

much below the o .d t ing po in t . Also the proportion of the 

cubic phase i s much more enhanced. In the k»B system* the 

maximum amount of the cubic phase rot was 0.5 #» whereas 

witn tht; help of CoO, one can get the e n t i r e amount of added 

iU 2 0 3 (1 f) in the cubic phase. This la also c lear ly seen 

from the e lec t ron micrograph ( f i g . 3*17)% where CoO helps 
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Tab le 2,2b i The c r y s t a l phases observed by 

XKU in ZBC p e l l e t s s i n t e r e d a t 

var 1 cms t emper a t u r es • 

Phases 

T°C x 

inO *-Bi2°3 Y-Bi2Q3 

pa 

600 

32ti 

1000 

1200 

1300 

1400 

va 

vs 
VS 

V3 

VS 

VS 

VS 

s 
A 

A 

A 

A 

A 

A 

A 

S 

a 

M 

W 

w 

WW 

PM - Phys ica l mixture before s i n t e r i n g 
Vii - very s t rong 

3 - s t rong 
M - mauium 
•A - weak 

Wv. - very very week. 
^ - absent 
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Table 3.27 i Values oi' *df and ' a ' for the 
V-aig0a c rys t a l phase In 4BC 
p e l l e t s s intered at various 
temperatures 

1 °C 

hkl 

& values A 

Wl 600 825 1000 1200 1300 1400 

210 

400 

611 

3.173 3.178 3.213 3.213 3.222 

2.691 2.696 2.673 2.665 2.673 

1.73b 1.735 1.729 1.735 1.736 

o 
a A 

10.75 10.75 10.76 13.76 10.77 
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in spreading the BigOg in the form of an uniform layer around 

the £n0 grains* 

another interesting feature is the lover sintering 

temperature in this system, which becomes quite evident on 

comparing the densities obtained under similar conditions 

for the iS and k.BC systems. This is also connected with 

the stabilizing effect of CoO on BigQg cubic phase, A phase 

transformation in *-Big03 to Y-aig03 which sets in due to 

the addition of CoO may have the seme effect on sintering 

as a molten phase. During the phase transformation the 

structure opens out in the same way as in a liquid phase 

and thereby helps in the lntergrain transport and thereby 

in the sintering forces* A lowering in the melting point 

of SigO^ due to the instability imparted by the addition 

of CoO may not also be ruled out. In that case the enhanced 

sintering at a lower temperature would simply result from 

the appearance of the molten phase at a lower temperature. 

There was no spinel phase observed in the £BC system* 

Although cobalt oxide can be expected to form a spinel phase 

2* 3+ 2— *un cog 0. » but there is no experimental evidence to support 

this. This requires oxidation of Co + to Co . It is 

therefore likely that there are no other phases (other than 

£n0 and Y-BigO^) in the sintered £BC pellets. The cobelt is 

dissolved in the ZnO and Big03 and in the latter case it 

plays the vital role in stabilizing the Y-BigQg which is 

required for varlstor property. 
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For the further improvement of «C-value» a fourth se t 

of v s r i s t o r samples were prepared by addit ion of ShgO^ + 

MnO • Cr 2 0 3 t o the previous UBC) system. These ZBSCMCr 

ve r i s to r p e l l e t s s in tered at various temperatures are 

examined i n the usual way by Xî S, S^M, &PM and XKD tech­

niques ana the r e s u l t s are given in the following paragraphs. 

3 .4 .1 I-V c h a r a c t e r i s t i c s 

The I-V c h a r a c t e r i s t i c s of the ZBSCMCr v a r i s t o r 

p e l l e t s s in tered at d i f fe ren t temperatures and measured 

at room temperature are plot ted in f i g . 3.20. The non­

l inea r behaviour i s c lea r ly seen from these I-V p l o t s . The 

^-values calculated from these p lo t s using equation (2.2) 

are given in t ab l e 3 .28. I t i s seen t h a t the «C-value 

Increases slowly upto 825°C and then more rapidly a t 1G00°C 

onwards. I t a t t a i n s the maximum value equal to 50 at 1300 C. 

By adding 3bg03» MnO and Cr g 0 3 in the ZBC systemi R v a l u e 

has increased from 25 t o 50 in t h i s system. 

The value of the constant , C (V/mm at 1 m/t/cm ) 

calculated from the I-V p lo t s are a lso given in t ab l e 3 .28. 

I t decreases as the s in t e r ing temper&ture increeses s imilar 

t o the previous systems, lioweveri the 'C vslue has increased 



1000 

100 -

E 
E 
£ 10 
"o 
> 

1 -

• • " 

— £/ 

I i 

tgf J9 

rs 

1 I 

1 1 

So 

1 1 

1 

^O 

I 

o 

© 

• 

1 

• 

600°C 
1000°C 
1300°C 

1 

o 

1 

I 

- •— 
—o 

• • ' i ' S 

— 

• ' - " ] 

10 
10 

1 0 8 
10 

- 6 

I amp/c 

10 10 

m 

1000 

100 -

E 
E 
"^ 10 

o 
> 

id1 0 i d 8 i d 6 

I amp/cm' 

1 1 

J3r o r 

GT v 0 

- ^P _ / j / 

i i 

1 1 1 

yT O 

o 

• 

1 1 1 

1 1 

825°C 
1200°C 
1400°C 

i 1 

«« 

_• 

i d 4 10 

FIG. 3-20: I-V CHARACTERISTICS OF (ZBSCMCr) PELLETS 

SINTERED AT VARIOUS TEMPERATURES. 



- 12b -

Table 3.28 Values or '*'» 'C* and density 

of tna ̂ iiiiĜ r pellets sintered 

at various temperatures 

Sintering 
temperature 

600 

825 

1000 

1200 

1300 

1400 

'A on- l inear 
exponent 

1.0 

1.6 

45.0 

43.0 

50.0 

? . ? 

Non-linear 
csns tsnt 

(V/roa at 1 mAJ 

4 * 10* 

3 * 
9 x 10* 

240 

152 

135 

64 

Pellet 
density 

(g /CEi" ) 

3.2 

3 .4 

5 .2 

5 .2 

5 .3 

4 .9 

* extrapolated values. 
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by adding three more oxides in the iuBC system (for example 

at the sintering temperature of 1300°C> the C value is 

136 V/mm in &ii»CMCr system as rg&tinst 48 V/mm for the 

corresponding ZBC systems)* 

The density values calculated for i»BSCMCr pellets 

sintered at different temperatures are given in table 3*23. 

in this system also the density increases as the sintering 

temperature increases} it increases slovly upto 90u°C and 

then rapidly beyond 1000°C and attains a maximum at 1300°C. 

The density at 1400°C reduces from 6.3 to 4.9 g/cm3 due to 

the loss of BigO^ by evaporation from the intergranular layer. 

In this system also it has been seen that the <*-velue depends 

on the density and it attains the maximum value at the 

highest density value. The <<-value and density decrease 

at 1400°C. 

3.4.2 Electron spectroscopic study 

As seen from the l a s t th ree systems» the X-ray photo-

e lec t ron spectroscopy helped in understanding the migration 

of BigO™ and Sbg03 on the surface of the ZnO gra ins ; i t vas 

therefore decided to study t h i s system a lso by t h i s technique. 

The X-rey photoelectron spectra obtained from the p e l l e t s 

of t h i s system sintered at various temperatures are given 

in f i g . 3 .21 . The in t ens i ty of a l l the &n peaks decreases 
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and that of Bl peaks increases as the sintering temperature 

increases upto 1300°C beyond which the trend is reversed. 

The intensity of 3b-4d and ob-Sd-wg peeks increases and it 

is maximum at 660°C and again it starts decreasing as 

sintering temperature increases as observed in the ZS system 

[194j. Ihe peeks of other oxides i.e. those of cobalt) 

manganese and chromium are not detectable even at the maximum 

sensitivityi therefore it is concluded that these oxides are 

not migrating on the surface) like bismuth and antimony 

oxides. This technique only detects top surface layers of 
o 

15-20 A thickness. However» these oxides are detected by 

tuPtU* technique (results are discussed in the next pages) 

wiiich can detect upto 1 to 2 micron depth. 

The actual measured intensities for Zn> Bi end Sb 

XPS peeks are given in teble 3.29, and their intensity ratios 

ere given in teble 3.30. The variation of W B i XPS peek 

intensity ratio ss a function of sintering tempereture is 

shovn in the fig. 3.22. From these results it is clearly 

seen that the iin/Bi intensity ratio is minimum at 1300°C, 

thfct meens, the migration of Big03 at the intergrenular layer 

is again maximum like the previous £B and £BC pellets, and 

<*-value is maximum at this temperature. 

From the intensity of 3b XPS peaks it can be concluded 

that Sb migrates on the surface upto 660°C and at higher 

temperatures it diffuses into the klnO grains. Furthermore 
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from the binding energy shift, it may be concluded that 

antimony changes from Sb to Sb in this system also. 

The actual binding energies for 2a, Bi, Sb XPJ pepics are 

given in table 3.31 and from the Sb binding energy shift 

it is concluded that the spinel type cubic phase having 

antimony in pentavalent state similar to the *3 system is 

formed in this system. 

3.4.3 Scanning electron microscopy and 

electron probe microanalysis 

To know the role of other oxides particularly of 

MnO and Crg03 added in this system to improve the <*-value, 

the micr Jstructurt; of iboCMLr pellets w; s studied by diiM 

and distribution of these oxides is identified by the &PMA 

technique. 

Fig. 3.83 shows the onM micrograph of these pellets 

sintered at 1300°C, at which temperature the highest non-

linearity is obtained. The micrograph clearly shows big 

grains of 10-15 microns in size, vein like structure between 

these grains (intergranular layer). In addition to thesef 

small grslns of size from 1 to 5 microns are also observed 

in this system. These small grains were absent in the 

previous systems. 

This raicrostructure is characterized by the aPMA 

technique and the characteristic X-ray spectrum for the 
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f i t* 3.?3 t 6canning electron micrograpii ol* a 

(Z33G40r) pel le t sintered at 13 0°0, 
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t o t a l area covered in fig* 3.23 i s shown in f i g . 3 .24 (a ) . 

The c h a r a c t e r i s t i c X-ray spectra obtained when the probe 

i s moved t o big grein , small grain or to an in te rgrsnular 

layer ere given in f i g s . 3.24{t>), ( c ; and (d) r e spec t ive ly . 

The spectrum (fi*> 3.24(aj) for the t o t a l surface shows 

peaks for BiM^ at 2.418 KeV, jibL^ at 3.604 KeV, CrK^ at 

5.411 KeV, MnK̂  at 5.894 KeV, GoK^ at 6.924 KeV snd kinlC^ 

at 3.63 KeV. when the e lec t ron probe I s placed on the big 

gr.rin, the X-xey spectrum shown in f i g . 3.24(b; i s obtained 

Wiiich c lea r ly shows a strong &n peak and stiall pejks of Co» 

Mn. When the e lec t ron probe i s moved to the smaller g r r i n s , 

the iv-rty spectrum (f i t - . 3 .24(cu obtained shows c lear ly 

the Zn, Mn, Co, Cr ana enhanced tJb peaks, when the e lect ron 

probe i s moved to an in tergranular l aye r , the X-r&y spectrum 

f i g , 3.24(d; c lear ly snows enhancement of the Bi peak in ten­

s i t y together wLth m a l l peaks of 2»n, Cr and sib. The X-rey 

In t eg ra l s unaer each peak obtained by se t t ing the energy 

windows (for fllM^ from 2.28 to 2.70 KeV, for SbL^ from 3.48 

t o 3.74 KeV, for CrK^ from 6.26 to 6.52 KeV, for MnK̂  from 

6.80 t o 6.08 KeV, for CoK^ from 6.76 to 7.14 KeV and for 

*JIK^ from 8.34 to 8.96 KeV) are given in t s b l e 3.32. From 

these A-rfjy in tegra l s at various points i t i s c lea r ly seen 

tha t the big grains contain predominently zinc oxide with 

some other oxides of Co, Mn and very small amount of Bi . 

Ihe smaller grs ins also consis t mainly of zinc oxide but with 

la rger amounts of 3b, Co, Mn and c r and small amount of B i . 
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The intergr-nular layer is very rich In bismuth and e small 

amount of in, Cr, i>b end B very smsll smount of Co and Mn. 

It has been glso observed from the SiiM microrraph (fig. 3.23) 

that these small grains are situated mostly at the inter-

grenular layers but some are even on big grains, and these 

small greins are also coated with BigO^ rich layers. 

For a detailed study of this system, pellets sintered 

at various temperatures are examined by SiiM and £lPM tech­

niques. Ihe scanning electron micrographs for various 

sintering temperatures ere given in fig. 3.25. The 3&M 

micrographs clearly show that the grain growth increases 

slowly upto 825°C, more rapidly between 900-1000°C and 

reaches a msximum in the range 1200 -1400°C. The measured 

grfin size is given in table 3.28, comparing the grain 

sizes obtained under similer conditions for the ZBC and 

ZBJCMCr systems. It is clearly seen thst by adding other 

oxides in the /ZC system, the grain size h?*s reduced approxi­

mately to half. From the SbM micrographs it is clearly seen 

thet the formation of big grains, interpranular lryer <?nd 

small grains starts from the slnterinp temperature of 1000 C 

and at 1300°C it shows clear formation of intergranular 

layer around the big grains ;.;nd rlso around the smell grains. 

However at the sintering temperature of 1400 C, thi3 inter-

granular layer disappears but still small and big grains 

remains in the mlcrostructure. This disappearance of the 

intergranular layer is due to the loss of BigO,, by evapora­

tion at 1400°C. 
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The X-ray integrals obtained by ttPMA technique for 

2iB-»C4Cr pellets sintered at various temperatures are given 

in table 3.33 end these are in total agreement with the 

XPS findings. 

In short we can conclude that the improvement in 

the <*-v&lue due to addition of the five oxides may probably 

be due to the fact that the oxides of cobalt and manganese 

dissolving in ZnO grains thereby changing the electrical 

conductivity of these grains. Similarly in the intergranuler 

layer of Big03> Sbg03 and Cr20g might be dissolving therefore 

its electric conductivity might &lso be changing. Furthermore 

some additional small grains are formed from i.nO, Sbg03, 

CoO, MnO and Crg03 at the intergr&nuler layer. All these 

factors m&y be improving the non-lineer exponent ' «0 vslue 

in these systems but this will be well explained by the X-ray 

diffraction study in the following pages. 

3.4.4 X-ray diffraction study 

For the 2,B8CMCr p e l l e t s s intered at d i f ferent tempe­

ra tures* the ' d ' values were calculated from the X-ray 

d i f f r ac t ion date and are presented in t ab l e 3.34. These 

data have been compared with the standard X-ray pa t te rns 

for the d i f ferent phases and on tha t basis i t has been 

poss ib le to ident i fy the various phases p resen t . The analysis 

i s presented in t ab l e 3.3b, The following in t e r e s t i ng 
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Teble 3.35 t The crystal phases observed by XRD 
I I I I W I I I ' I •— m i w i i m w mi mi,* i inn — '•••• • • • ! mm i ••» m n n m — i ^ i m w m • n — ^ i i m n — » — — — » « — w 

i n ABciClCr p e l l e t s s in tered at 
various temperatures. 

wintering 
tempe­
rs t u r e 

PM 

600 

826 

1000 

1200 

1300 

1400 

^nO 

VS 

VS 

vs 
vs 
vs 
vs 
V8 

IflA 

VS 
s 
M 
K 

VW 
VVfc 

«-Bi 20 3 

a» 

«* 

w 

w 

A 

A 

A 

A 

A 

r -B i 2 o 3 

A 

A 

A 

W 

V, 

w 

VVfc 

phyrAcel mixture 
before s in te r ing 
very strong 
strong 
medium 
week 
very vefik 
very very weak 
absent 

Pyrochlore 

A 

A 

M 

W 

VW 

vw 

A 

Spinel 

A 

A 

A 

k 
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S 

M 
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features are worth noting. The «C-BigG3 phase is present 

upto 600°C and at 82S°C the Big03 phase is almost absetf 

and a new pyrochlore phase appears. From this it can be 

concluded that the pyrochlore phase contains all the Big03 

present in the system. Of the various possible composi­

tions suggested for the pyrochlore phese by Inada L42, 191, 

192J, the one having the formula ZngBl^boO appears the 

most appropriate. This pyrochlore phase was absent in all 

the three previously studied systems. Therefore to form 

the pyrochlore phese, the Bl and Jb oxides are required. 

It is thus likely that the composition of the pyrochlore 

system is ^ngBi^Sb^O^. as claimed by Inada {.42, 191, 192j. 

On raising the sintering temperature above 825°C, 

the pyrochlore phase disproportionates into two phases* 

bismuth oxide phase as Y-Big03 and a spinel phase containing 

2.n and iib oxides presumably of the composition ̂ n^SbgO^g. 

It is not clear as to where the other transition metal 

oxides e.g. CoO, MnO and CrgQ3 are present but in view of 

what has been discussed earlier, they are at least partially 

present in solid solution with the BigO^, whereby the 

Y-phase has been stabilised. It is also likely that these 

oxides are present in the form of a solid solution with 

ZnQ and also with the spinel phase. As the temperature is 

raised the spinel phase increases in concentration at the 

cost of the pyrochlore phase. 
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The MkQ 'd' vslues have been tabulated ns a function 

of the sintering temperature in table 3.36. The calculated 

•C and 'a' values rre also given in the table. The lettiee 

parameters remain constant uoto s sintering temperature of 

1200 C and then it shows a slight increase on sintering at 

13oo°c ma 140 J°C. 

The spinel 'd' values have also been separately given 

in table 3.37 as a function of the sintering temperature. 

The meen lattice constant 'a' calculated from these ' d' 

values is given separately for each sintering temperature. 

Ihe ' e' vrlue is constant &t 8.51 upto 1200°C end then shows 

a rise to 8.57 st 1300°C and 1400°C. These values are lower 

than what hes been got for Zn^SbgO^g spinel phese In the £S 

system. This may imply that this parse contains some smaller 

radius ions such as COI Cr and Mn. A similar conclusion is 

arrived at on the basis of earlier £.Pitf& results. 

The • u1 values for the pyrochiore phase have FISO 

been separately presented in table 3.33. This phase is 

absent belov 82o°C sna is present to the maximum extent st 

825°G beyond which it gradually uecomposas. Only three 

prominent lines were observed i.e. 222, 440 end 622, but the 

28 measurements were accurate enough to give a reliable 

value of the lattice constant, 'ihe calculated v? lues for 
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hk l 

Ifeble 3.36 t Values of ' d * , ' a ' end } c ' for 

t h e anO c r y s t a l phase in t&SCMCr 

p e l l e t s s i n t e r e d a t va r ious 

t e i a p e r e t u r e s . 

o 
d va lues A 

k>H 600°C 825 \ ; I000°C 120u°C 1300°0 1400°C 

100 2.796 2.786 2.789 2.800 2.801 2.813 2 .813 

022 2.587 2 .581 2.582 'J.587 2.592 2,601 2 .606 

101 2.461 2 .454 2.459 2 .463 2.471 2.477 2.481 

102 1.902 1.899 1.901 1.901 1.901 1.911 1.906 

110 1.620 1.617 1.618 1.620 1.620 1.626 1.626 

103 1.474 1.471 1.472 1.474 1.476 1.478 1.478 

a t 3 .24 3 .23 3.24 3 .24 3.24 3 .25 3 .25 
C /, 6.20 5.19 5.20 5.20 5.20 5.21 5.21 

PM - physical mixture 
before sintering 
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Table 3.47 » Values of ' d' and ' a 1 for t h e s p i n e l phase 

h k l 

111 

220 

311 

400 

422 

6 1 1 / 3 3 3 

440 

o 
a i-

Ph 

A 

A 

A 

Pi 

A 

A 

*» 

6QC 

A 

A 

A 

A 

A 

A 

A 

-

i n 2BSC 

temper j 

?7 825 

A 

A 

A 

ft 

A 

A 

A 

-

mr p e l l e t s 

t u r e s 

a vulu< 

1000°C 

4 . 8 y ? 

3 . 0 0 3 

2 . 5 6 1 

2 . 1 3 3 

-

1 .643 

1 .511 

3 . 5 1 

s i n t e r e d 

9 
es i* 

1200°C 

4 . 8 9 7 

3 . 0 0 2 

2 . 5 6 0 

£ . 1 3 4 

-

1 .644 

1 . 5 1 1 

8 . 5 1 

a t v a r i o u s 

13Q0°C 

4 . 9 4 6 

3 . 0 2 7 

V, 586 

a . 144 

1.749 

1 .651 

1 .517 

3 . 5 7 

140()°C 

4 . 9 4 6 

3 . 0 3 3 

2 . 5 3 8 

2 . 1 4 0 

1 .749 

1 .650 

1 .517 

8 . 5 7 

Table 3.38 s Values of 'd* and ' a ' for t he p y m c h l o r e 

phese In £B3CMCr p e l l e t s s i n t e r e d a t 

v a r i o u s t e m p e r a t u r e s . 

o 
hkl d v-: l u e s A 

*>M 600°C 825°0 1000C)C 1£00°C 13003C 1400°C 

222 

440 

622 

0 

A 

A 

A 

w * 

A 

A 

A 

«* 

2.988 3.0C>1 3.005 3.005 k 

1.838 1.339 1.847 1.847 A 

1.570 i . o 7 2 1.578 1.578 A 

1 0 . 3 8 5 10.41 10 .45 10.45 
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the l a t t i c e parameter • s ' are fiven in the t a b l e . This 

parameter also shovs a gradual lncresse with the s in te r ing 
o 

temperature. The reported value 10.45 k i s in good s r r e e -

ment with the value presented here . 

I t i s c lear tha t the pyrochlore phase does not have 

en important ro l e to play in the non-l inear behaviour of 

t h i s systemi because a f te r s in te r ing at 1300°C vihen t h i s 

property i s most enhanced*the pyrochlore phase i s almost 

absent . 

The ro l e of the cubic t rans i t ion-meta l oxide such as 

CoO and MnO appears t o be the most v i t s l as discussed e a r l i e r . 

They tend t o s t a b i l i s e the Y-form of ttigO^ vhlch has the 

desired property of remaining in the form of a th in coating 

eround the acid g r a in s . If t h i s form i s not s tabi l ized* 

Big03 c ry s t a l l i s ed es the «t-raonoclinlc form vhich tends t o 

segregate as is lands* These i s lands are c lear ly seen in the 

scanning electron micrographs of the ZB system. 

This now leaves us with the spinel phase, vhose 

useful r o l e i s not c l e c r . The same type of spinel phase 

present in the 23 system h d no benef ic ia l effect a t a l l . 

iuvan when oresent along with i3ig33 as in the i*n0-Big0j-3b203 

system reported by *&& L46.1, the non-l inear coeff ic ient («0 

Vclue had not increased at n i l . 
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At the same time the fact remains that this system 

with i'ive additives has better am-linear property as 

compared, to the simpler cobalt containing system (JOBC) 

discussed earlier* Ihe presence of spinel phase possibly 

acts as a grain growth inhibitor, leading t? small grains 

oT <inO as shown by the scanning electron micrograph as 

compared to i*BC system £n0 grains. Also the grains are 

seen to t>a more sphericrl and of uniform sizes. Such 

effects are a common consequence of precipitated phases at 

the grain boundary. They inhibit grain growth during sinter­

ing. Ihe decreased crystal size is elso seen by the increas­

ed line width of XKD peaks in c^se of these samples sintered 

at 1300QC. 

Although we have no means to know the resistivity of 

the insulating layer or of the <inO gr&ins* but it is felt 

that if the additive increases the resistivity of insulating 

layer and decreases that of Ixid grains then the varistor 

characteristics are bound to improve* It is likely that 

these aaaltlortel additives help in that direction. 
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a U A M A h X 

In t h i s work* metr<l oxide v e r i s t o r s h?ve been 

prepared by the usugl ceramic technique and invest igated 

by photoelectron spectroscopy to find out the reasons of 

t h e i r unusual non-linear I-V c h a r a c t e r i s t i c s . The metpl 

oxide v s r i s t o r i s a two electrode zinc oxide based ceramic 

(k*nO with small addi t ion of other oxides such as BipO^i 

dbg03» CoO, MnO, Crg03> device, with a highly non-l inesr 

1-V c h a r a c t e r i s t i c s imilar to tock-to-beck ^.ener diodes, 

but with much higher current gnct energy handling capab i l i ­

t i e s . These v a r i s t o r s are wiciely used in e lec t ron ic 

c i r c u i t s for absorption of t r ans ien t surges and vol tage 

s t a b i l i z a t i o n . 

The non-l inear I-tf c h a r a c t e r i s t i c i s expressed by 

I - ( W O where << i s the non- l inea r i ty exponent, V i s 

the voltage applied across the v s r i s t o r body, I i s the 

current flowing through i t and C i s a constant . 

Although k.nO containing five addi t ives gives a 

be t t e r <-value, i t was considered des i rab le to s t a r t with 

e simpler system l i k e ZnO containing s ingle addi t ive and 

then go over t o the study of taore complicated f ive addi t ives 

systems. For t h i s study four d i f ferent va r l s to r systems 

were prepared ana invest igated by &?* technique. Compli­

mentary s tudies by other techniques such ES SM, CJPMA and 
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Xiii) have also been conducted ana these s tudies have revealed 

some i n t e r e s t i n g features which are summarized in the 

following paragraphs. 

( i ; idxO *• al<?Q^ UB) Vi^ioTU^ JXaTaM 

These iiB va r i s to r p e l l e t s vera s intered at various 

temperatures from 600 to 1400°C and I-V c h a r a c t e r i s t i c s 

were measured at room temperature. The maximum oc-vrlue 

of 6,6 was obtained on s in te r ing at 1300°C. The maximum 

density or 92.8 f w? s obtained at 130Q°C . I t has been 

found tha t the s in te r ing and dens i f ica t ion of p e l l e t a re 

important to get the maximum ^-va lue . The XP& spectra of 

ZB p e l l e t s before and a f te r s in te r ing at various tempera­

tu res were recorded. The in tens i ty of the Bi XPJ& peaks 

increases where?s of the Zn XPb peaks decreases due to 

s in te r ing which confirms the migration of Bi g 0 3 *° ^ n 0 

surface . Similar r e s u l t s were obtained from the fractured 

surface as well as from the powder samples which confirms 

tha t the Bi g 0 3 migration i s not a bulk process but i t is 

taking place a t the gra in boundaries of the ii.n0 g ra in s . 

The sm micrographs a lso show the big grains c lear ly 

separated by a t h in l aye r . I t was confirmed from the &PMA 

r e s u l t s that big grains belong t o ZnO and the in tergranular 

layer i s r i ch in Blg03 . No binding energy sh i f t s in Bi 

http://ii.n0
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and 2.11 A Pis. peaks were observed. Similar ly no extra l i n e s 

were obtained in the XicuJ pa t te rns which confirm no new 

phase ha3 been forinea af ter s i n t e r i n g . The ZnO i s a good 

e l e c t r i c a l conductor and the ^i2°Q i s a highly r e s i s t i v e 

ma te r i a l . The voltage applied to t h i s £B va r i s to r p e l l e t 

i s therefore concentrated at the highly r e s i s t i v e Bi g 0 3 

in te rgranular l aye r s , which i s responsible for the non-ohmic 

property of these v a r i s t o r s . From the XPS, SteM and iiiPMA 

s tudies for the ZB p e l l e t s s intered at various temperatures» 

the dependence of << on the thickness of the in tergranular 

layer i s es tabl i shed, From the above s tudies the migration 

of BigOg to ^nO grain boundary plays an important r o l e t o 

achieve the unusual non-l inear property which i s experimentally 

supported. 

(2) ^nO + ob2Qa {'*£) VAuidTOtx oJfolaM 

In t h i s system the maximum oC-value upto four only 

was obtained. Furthermore the densi ty achieved i s only 77 f 

on s in ter ing at 1200°C as against 92.8 f obtained for the 

Z.B p e l l e t s . This ind ica tes tha t BigO^ i s helping more in 

s in te r ing and dens i f ica t ion than SbgO^. 

Contrary to the e a r l i e r observations* migration of 

Sb203 on ZJIO grains 3 t a r t s even at 500°C which i s maximum 

at 660° and again reduces above 800°C as observed by the 

kPiS, tixM and £»i*M̂  r e s u l t s . Unlike Big0^ t n e decrease in 



iib-Jci^/g peok in tens i ty i s da© t o the diffusion i n to the 

<MQ gra ins and not u'ie to the evaporation of 3b20 a from 

the su r f^c i . Tlie ^b-3d^,g binding energy ch*nped from 

oc'fc.2 to t-40 ©V libove 8D0°C. This shi f t of 0.8 eV confirms 

tha t the antimony changes from Sb to 3b . Lxtra l i n e s 

were obseived in the Z.2-..D pa t te rns for p e l l e t s s in tered 

above 8U0°C• The extrc l i ne s ore a t t r i bu ted to the forma­

t i o n of e spinel typo compound v;ith ' F 1 v?>lue equal to 
o 

8.577 A. Two spinel type compounds n~mely int bgO with 

ob and i-nySb^Ong with 3b were repor ted . Using the XJPS 

binding energy data> th* new ph£3e i s iden t i f i ed to be 

^n^brjO-io sp ine l . 

(3) ZnO + Bi2°a + Co° USC) YAriiaTOK siYSTjiM 

The «C-vt.lue has improved from 6.6 t o 25 in t h i s 

system by jus t adding CoO to the ZB system. £f ter s i n t e r ­

ing at 82b°C the density reached 90.3 % of the t h e o r e t i c a l 

densi ty whereas for the i& p e l l e t s the value vra only 

57.8 f. I t i s therefore concluded tha t the CoO also helps 

in s in te r ing end the l i qu id phase s in te r ing s t a r t s a t a 

lower temperature. 

In t h i s system a lso the migration of BlgOg to the 

inO grain-boundary was observed by the JtPd, iisM and tertiA 

s t u d i e s . However, unl ike BigOq, CoO i s not migrating at 

gra in boundary but i t i s found to go in to the 2.no phase 
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during s i n t e r i n g . In t i l l s system also no binding energy 

sh i f t of 2>n and a i JL?$ peaks was observed thereby confirm­

ing tha t no Telency change of Zn or Bi had taken place 

af te r s in ter ing* 

The oiiM micrograph of the ZBC pe l l e t s intered at 

130Q°C shows the BigOo migration to £n0 gr^in-boundary more 

c l e a r l y . This confirms the beneficial r o l e of CoO on the 

in te rgranula r layer which i3 the main reason for the improve­

ment i n the *-v&lue. 

The ZnO end Y-BigO- phases were iden t i f ied by the 

AxiD, The «C-Big03 converts to the Y-Uig03 even at 600°C 

much below the melting po in t . The CoO i s dissolved in the 

k.nO ana pleys the v i t a l r o l e in s t a b i l i z i n g the Y-aigQo 

which i s required for the var i s to r proper ty . 

(4) anO • BlgQ-g t- Sb203 + CoO + MnO • Cr 2 0 3 

In these v a r i s t o r p e l l e t s the highest cc-velue 

equal to 60 was obtained on s in te r ing et 1300°C by adding 

3b g0 3 + MnO + ^ r g°3 i n t i l e previous .̂BC system. The value 

of the constant ' C has increased from 48 t^ 136 V/mm i n 

t h i s system. 

The XPS r e s u l t s confirmed the migration of B i g 0 3 

and SbgO^ to the in tergranular layer as in the £Bf 23 and f̂lC 
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systems. The XPo peatfs for other oxides of Co, Mn and Or 

vers not detected even at the highest s e n s i t i v i t y , thereby 

i t i s concluded tha t these oxides are not migrating on 

the grain bjund&ry. 

iifiiall grains of s ize 1-4 microns in addi t ion to the 

l a rge gr&ins end in te r granular layer -were observed in the 

3&M micrographs of '&&*&&r p e l l e t s s intered a t 1300°C. 

from nflM r e s u l t s i t i s c lear ly seen tha t big gr&ins consis t 

of kinO -with small additiDn of Co, i4n and Bi oxides, whereas 

smaller grains consis t of la rge amount of Sb, Co, Mn and 

Cr and small amount of 3 i . The in tergranular layer i s very 

r i c h in Bi with a small amount of Zn, c r , Sb and much 

smaller amount of Co and Mn. 

The .̂nO, <*-Blg0.a» V-rfigO^, pyrochlore and spinel 

phases were iden t i f i ed by the XivD. The «C-Big03 phase i s 

present upto 600°C. ^ t 825°C the Bi2°3 phase i s almost 

absent and a new pyrochlore ph' se appears with the poss ib le 

chemical composition iingBl^ub^O,.. This phase wes absent 

in a l l the three previously studied systems. £bove 825°C 

the pyrochlore phase disproport ionates in to two phases ; 

Y-Bio0« and iin^iibgikg spinel phase. As temperature i s 

rn i sed , the spinel phase increases in concentration at the 

cost of the pyrochlore phese. This pyrochlore phsse does 

not have any importent r o l e to play in the non-l inear 
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behaviour of this system because the highest oc-velue was 

obtained in the peilet sintered at 1300°C where this phase 

is almost absent. The presence of spinel phase possibly 

acts as a grain growth inhibitor* leading to the small 

grains of ZnO shown in the SxuM micrographs. The other 

transition met^l oxides* CoO, MnO and CrgOq are most vital 

to stabilise the Y-BigO^ which is the desired phase and 

remains in the form of a thin coating around the &n0 grains. 

These additives presumably increase the resistivity of the 

insulating layer end decrease that of <inO grains due to 

wnich the varistor characteristics improve. 
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