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CHAPTER - 1 H INTRODUCTION

A. VARISTOR
B. BLiCTRON SPECTHUSC OPY




Ao Viunls3TOks

In recent yesrs, stuuies of metesl oxlde type
verigtors have evoxed keen lnterest in view of their wide
eppliestions in protecting electronic eircuits and components.
These veristors sre not only economiczl but also essy to
febricate into suiteble shapes and sizes for their applieca-

tions in different circuits.

1.l WwHAT IS A& VARISTOUR ?

The varistor is a resistor, whose resistance is a
function of the applied voltage. 4t low applied voltage,
the veristor looks like an open circuit, so it blocks the
current flow. At voltages above ¢ certain value, its
resistance decreases wnleh enables a large current to flow,
whereby the verlstor effectively becomes short-eircuited.

A varistor ls thus a voltage depenaent resistor (VDkL).

Metsl oxide veristor is a two electrode zinc oxide
besed ceramlc semliconductor device, with s highly non-linesr
current-voltage cnarscteristic simller to back-to-back
wener diodes, but with much greater current snd energy

hendling cspsbilities.



1.2 VahISTOUh CHAKACT e isTICS

1.2.1 I-V Cherscteristics

The most importent property for a varistor is its
non~linesr current-voltage chrracteristic, which has the
form shown in fig. l.1. It 1s clearly seen from the graph,
tnet at low appllied voltages, the vaeriation in the current
is lineer (ohmie) similar to any lineer resistor, but at
high volteges it becomes non-linesr (non-ohmie). This
non-lineszr current-voltage ch:rscteristic of a veristor is
expressed by the followlng empirical ecuation, similer to

that for the sllicon csrbide varistors (1] :

I = ('7?_ ) se e e (1-1)

wnere V 1s the voltage across the varistor body, I is the

current flowling through the body, C is & constant correspond-
ing to the non-linesar resistance and is defined by a voltage
per unit length (V/mm) when 1 mA/cmz of current flows through

the body, X 1s s non-linesr exponent.

The eguation (l.1) may slso be written eas,

I = K.V se e (132)
or Vv = c.If ceers (1.3
where K = %a* and « = —%—
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wnere £ 1s egual to the slope of the voltage-current chara-
cteristic when plotted using logsrithmiec sczles. Either «
or f can be used to indicste the non-linesrity coetfficient,
however since the metal oxlde varistors have large % vaslues
it is customary to use . If the voltage snd current
cheracteristics of a varistor are known at two points, «

can be determined from the equation :

where Vl and V, are the voltages at the currents Il and 12

respectively.

1l.2.2 HKesistance of & Varistor

From Ohm's law, the resistance of & varistor is given

by

: ' A — \
k = I .ﬁl.'-v-a'— = K.v«_l eveee (1.6)

or using equation (1.3)

. Y g.ab ¢

B b I I Il-b e s a0 (1.6)
From these equations, 1t is evident that the resist-nce vslue
of a veristor 1s not const:nt, but depends on the vzlues of

voltage and current.



1.2.3 Power Lissipation

The powser dissipation in veristor is given by
“ = V.I = v.&.vq = K.v“"’l X EER) (107)

1.3 &PPLICATIONS

This non=linesr voltzge-current characteristic found
in the varistor has been responsible for its applicetions in

the fleld of electronics.

Dienel [2) of Bell Laboratories first used the varistors
in telepnone sets. Here they serve ss ecualizers to compensate
for differences of transmission snd reception levels caused by

different lengths of lines.

Proost et sl. [3] showed that varistors give good
results when protecting the contacts of relays for making and
breaking inductive eircuits. When the contacts open, the
energy stored in the lnductance of the relasys is disslpeted
in the varistor and the voltege across the contects is limited

to a safe vzlue (fig. 1.2).

Uno {4y5]) has used the varistor as a phase shift
resistor in a phase shift oscililator circuit, where the

frequency of tine oscillator can be controlled by the magnitude

\



VARISTOR

FIG. 1:2 © THE USE OF VARISTOR TO SUPPRESS SPARKS
IN CONTACTS OF RELAYS.

VARISTOR

as

FIG. 1-3 © UTILIZATION OF VARISTORS IN A MICROMOTOR.



of the voltsge applied ton the veristor.

Lemb et al. [6] hes used a varistor-network in a

function generator circuit.

4 typicel spplication for quenching spsrks 1s one for
micromotors. The sparking brush contacts in s small battery
operated motor, limit the commutstor life and slso cause
interference. A varistor in parallel with each rotor winding
prevents sparking, eliminates interference and ineresses the
comnutator life. Varistors for micromotors are manufactured
in a three pole configuration (fig. 1.3) so that they csn be
easily mounted on the commutstors of mieromotors. Varistors
are used in large quantities in tspe recorders for micromotor

noise absorption.

Verlstors are also used in television receiving eircuit
for peak voltege limitstion, oscillation damping, rectificstio
to obtein o negative voltage for stabllizing the picture width
sand the e.h.t. against supply voltsge variations snd ageginst
ageing of tubes.

when a step-down trensformer is switched on, it ecan
impress severe transients on any components connected to its
secondary winding due to its interwinding capscitance.
Instelling a varistor aecross the secondery winalng (fig. 1.4)

can eliminste this start up translent.



VARISTOR

T )

4 '
. ]
I | / D2
LINE
VOLTAGE
" : D3
H
Lt ¢
FAl
INTERWINDING
CAPACITANCE —A\NVVWWWWA—
R

EIL

PASS VOLTAGE REGULATOR.

VFIG. 1-4 : VARISTOR CAN ELIMINATE THE START -UP
| TRANSIENTS
VARISTOR
R
. AW
| YA |
E IN 1 £ ouT
(UNREGUL ATED) — FROM DRIVER (REGUL ATED)
l AMPLIF IER 1
FIG. 1-5 : VARISTOR PROTECTS TRANSISTOR IN SERIES



another source of cHomponent frilure which i3 sometimes
overlooked can occur in the conventionsl trsnsistor series
pess voltage reguletor circuit. wWhen the circult is turned
on, the cspaclitor appears to be a snort circuit, snd the
trensistor 1s exposed to the full unregulated bus voltsage.
Placing & veristor across the trsnsistor (fig. 5) sllows e
soft current rise to pass through the regulator without the

usual surge.

l.4 DIFrineiNT TYPiS OF VARISTORS

Various kinds of wvsristors hsve been developed snd
it has been customary to identify varistors on the bssis of
the active material used, such as (1) silicon carbide
varistors (5iC verlstors), (2) selenium veristors (sSe
veristors), (3) silicon varistors (51 or zener diode varistors,

(4) metel oxide varistors (MO or 4n0 ceramic varistors).

The 51C and Se varistors were developed during the
middle 503 while the metal oxlde varistors were developed
in the early 70s. These different varistors have different
values of the non-linear exponent '«' =znd different current
end energy carrying capsbilitles. Out of these, the met:sl
oxlde varistors hsve the highest '«' snd current and energy

carrying capscity.



led4.]l 5iC Varistors

Frosch {1] of Bell Laboratories, first described a
symnetricsl variable resistor made of gilicon carbide. This
is a symmetrical device, in the sense thst its current-voltage
curve for one direction of the current flow is the same =zs
that for the opposite direction. 1In other words silicon
carbide varigtor does not rectify. Such symmetriczl varistors

find meny applications in different electroniec circuits.

At very low currents, the silicon carbide varistor is
onmic. Wwith inecressing current the I-V characteristie becomes
non-ohmic. At very nlgh currents the behzviour becomes ohmie

again.

The process for mzking silicon casrbide varistors is
like ceramic process. The rzw meterials used are silicon
carbide, carbon in the form of the graphite, clay and wster.
The carbon content controls the vsristor's I-V curve ,resistance
decreases as the carbon content is increased. Water, along
with clay is used to meske the matrix in which the silicon
carbide gr=nules are empedded. The clay slso contributes
to the electrical properties of the varistors in both chemicel
and physieszl ways. The chemlcszl constituents of the clsy
determine its plesticity end hence sdherence of the clay to

the granules. Alsoy, certein orgsnic compounds in the clay



probably reasct with the silicon carblide, glving effects
similar to those of the carbon. In the mixing stage, the
four mzterlisls are combinea into & homogeneous mixture by
meking & slurry snd gradually evzpvoreting the excess water.
This leaves a c¢oating of clay and carbon on the silicon
carbide grénules. The granulsr mixture is then pressed into
disc of zny decsired thickress, often zs thin gs 0.5 mm.
These dlscs sre then fired at 1100-1250°C in en atmosphere
contalning eqguel parts of highly pure hydrogen and nitrogen.
The discs =zre metallized by spreying copper or tin on to
both the surfaces, leads are then solaered to these metalllzed
surfaces. Finsally, ciscs are vacuumn impregnated with a

sllicone fluild.

4 lorge scsle utilizetion of silicon carbide varistors
origlnated Wwith thealr adoption as spark sliminstor in the
eross—bar exchsage. Jince then thelr popularity hss inecreased
along wlth 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 cer stereos snd cassette

tape recoruers.

The sllicon carbide varistor's non-lilnesr exponent

'%' is between 2-0 [1-6]. &s the current electronic products



ernplny # large number of semliconductor devices like transi-
storsy dlodes end integrated circuits, it has becnme very
imoortant to itilize corrective devices for sbnormel volteges.
The csilicon carblce varistor's non-linesr exponent 'o' i3

not larre enough =néd its clemring voltszge is too hish, which
mesns thet 1t provides en unsctisfactory nrotection agsinst

ebnormel voltsges.

1e¢4.2 3Selenium Varlistors

The reverse cheracteristice of & selenium rectifler
which is non-lineesr is utilized in selenium vsristors. The
non-linear exponent '«' 1s not large enough znd thelr operat-

ing voltege is fairly low.

1.4.3 5i(sener) Varistor

wener {7) published a tneory of excitstion of electrons
directly from the valence bsnd to conduction band under the
influence of high electric fields. McAfee et sl. [8] mersured
the Lener current across & p-n junction formed in & silicon
slngle crystal by using srsenic as the donor and gallium ss
ecceptor impurity (©-11]). The slope of the log V versus log I
plot for the junction wes observed to be 24. The sener diode
is s superior non-ohmic resistor, which ceuses electric current

to flow through the p-n Junction st 2 criticzl voltege (12].



The Lener diode excels in regsrc t> tne umn-linearity expo-

nent but 1its surge-current shsorrtion espaclty is low.

These protecting devices have not therefore bheen
capable of meeting sbnormal voltege conditions experienced

by rapldly developlng electronic devices.

le.4.4 Metgl Oxide Varistors

in 1968, M. Matsuoka discovered that the sintered
anO-Bigu3 metel oxide type ceramic varistor possessed excel=-
lent non-ohmic characteristics. From that time zinc oxide
bzsed cersmic varistors hsve galned prominence snd resesrch
on this new metsl oxide varistor is proceeding in a serious

wa‘y -

lhese¢ veristors offer the saventsges of nanosecond
switching speeas. They sre o1 small size snd sre able to
handle current surges of the order of hundreds of amperes.
This new mets:l oxide varistor has a steep non-linear voltsge-
current characterigtic that mskes 1t useful in voltagpe
regulation spplication. As 1ts non-linearity exponent '«!
is very much higher thsn that of the other varistors, it

can prss wicely varying currents over s narraw voltcge renge.

at low spplieu voltspes, the metsl oxlde type veristor

looks like an open circuit, bec:zuse its unicue two phase

. . the
meterisl sssumes the properties of =n insulstor. Wwhen
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eppiled voltage exceeds the clamplng volt:zgey the device
effectively becomes & snort circult, protecting the component
that it shunts. The met:zl oxide type varistor reguires very
little stanu-by power, msking it usefui ror guarcing other
senlconductor devices. wtesay state power dissipstion of
the metzl oxlue type varistor is typicuily a fraction of s
miiliwatt, #s cowparea to the hundreds of watts dissipsted
by some other vsristor cevices. In the czse of a veristor,
the higher the non-linesr exponeunt '«', the lower will be
the stzndby loss. For the silicon csrbide varistor which
has a typlezl « of 3, the necessary steady state dissipstion
- will be 660 watts. On the other hand, & metsl oxide type
varistor with z non-linezr exponent '«' of 30 will dlssipete

only 0.1 millivatt.

In sumwary, the exceilent charscteristics of Znd

veristors, not found in the previously prouucea varistors,

(1) non-line:rity exponent '«' from 20 to &0.

(2, 2500 A/cm2 surge ccpzclty.

(3) voltage-tempersture coefficlent from 0.Ub
t> 0.001 5/ %.

(4) fzst surge response time. &# 0.6 u sec. surge
¢csn be absorbed.

(5) wide renge of varistor voltsges, from 20 volis

to 50 K volts.



(8) meximum enerpy handling czp:zblliity: 0.2 to

44000 Joules.

4dinc oxide varistors sre menufsctured in a veriety
of sizes snu constructed according to the requirements.
Normelly, Gisc type veristors are used for application below
1000 voltsy and rod type veristors for applicsztions over
6 KV, w:sher type varistors attached to hest sink asre used

for applicztions at higher energy levels.

ippliccrtions ror zine oxiae ceramle vsristors are

(1) TV end hign voltzge ecuipment stabilization.

(2) stebilizing circuit voltesges in nome snd
industrial electroniec prouucts.

(3) ¢bsorbing surges when heavy electric equipment
is turned on snc ofif.

(4, protecting high voltsge transformers and high
voltzge rectifiers.

(85) protecting household electronic eguipments,
conmunicstion equipments =nd control devices.

(6) orotecting verious kinds of semiconductor
devices.

(7) surge sbsorption for relays snd switches.

(8) protzction from lightening surges.
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Thus zinc oxide ceremic varistors ecsn be utilized
prectically in every electrical device that recuires the

absorption »f sbnormal voltages for voltasge stabilization.

To minimize the damaging of electronic =2nd electricsal
equipments by meins-borne transients or internally generated
splkes, now, the designer (instead of over specifying semi~
conductors or incorporsting costly protection cireculits) ean
use inexpensive snd effective 4n0 veristors. By using 4n0
veristors, equlpment designers are able to increszse the
rellsbility of their circults znd at the same time, reduce
component costs by specifying semlconductors with more

moderzte ratings.

It 1s believed that the 4n0 varistors will become the

future norm for varistors.

leb EKoViba OF LITek4TUke ON anQ VARLIST Ok

Much of the information svailable on zine oxide has
been summsrized in reviews by the New Jersey Zine Compeny [13]
and Heiland et al. [14]. The crystal structure of Zn0 is
hexagonal, enclogous to the wurtzite form of 4ZnS, it 1s
an n-type semiconduetor. The resistivity, which is typicslly

1 = -en st 25°C csn be decressed by guenching from high
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temperature. Doplng with Na+ lons introduces electron traps
into the material, incressing the resistivity to the point
where spsce charge limited current can be observed [15].
Non~linear conduction has slso been reported for surface
berriers rormed on 4n0 by &u snd Pd contaets [16]j. In general,
monovelent ions (e.g. Li%) tend to incresse the resistivity

of doped sintered polyerystslline 4n0 by cresting electron

I+

traps and trivslent ions (e.g. 41 end Cr3+) tend to

decrease it by supplying extrs conduetion electrons {174.

l1he sffects of ambient atmosphere on the sintering
of 4n0 cen also be interpreted in terms of interstitial Zn
diffusion as the rate controlling step {(13,19]. The addition
of a trlvalent dopant increases the concentration of conduct-
ion electrons and simulteneously reduces the equilibrium
concentration of 4n interstitiazls, so that the incresase in
electrlcal conductivity is accompanied by s decrease in the
Zn diffusion coefiicient. Thus, the eifect of mono and
trivelent oopants cen be seen in sintering kineties (20}
as well as surface catalytic activity [21). However, it heas
been reported [22) thet small additions of K20 to 4Zn0 inhibit
grain growth; just the oppoasite of what is expected for a

monovalent dopant.

Matsuoka et al. [23] first found the woltsge non-

linesrity in zinc oxlde cerzmics doped with elkall earth metsal



oxide. The usual semiconducting properties of zine oxide
have been studiea by dshn [24) and Harison [25]). The
cold-pressed bodies of zine oxide powder with 0.5 mole & of
alkall earth metal oxide zuuitives (e.g. Caly 3r0, Bald,
Bed, Mgd) hzve been sintered in air at various temperstwes
from 950 to 1450°C for one hour. The voltage~-current non-
linesrity coefficient '«' has been messured in accordance

wlth the method deseribed by dasuyzma et &l.  26].

The sintered 4n0 pellets without or with Bed or Mg0
addltives have « = 1., Those with Caly Sr0 »r Ba0 additives
however produce X > 1. When the isniec radius of the dopant

- B92+ and Mgz* is smaller than tnat of zn®

* then the
product saows a linesr voltage-current chsracteristic. On
the other hand, additives having the lonic radius lesrger
than that of Zn2+ produes nsn=linear voltage~current chara-

cteristies.

slectron photomicrosgrepn shows thet the sintered body
with linear voltage-current charscteristic hss appsrently
no second phase serregatea. Whereas the sinter<d body with
A > 1 hes s second phsse segregated at the grain boundaries.
In view of general rule L27] that the solubllity depends on
the ionic rédius, the added Cald, STrQ or Bal should not

dissolve in the znd lettice but should form a serregated phase.
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It is belleved thet this serrerated phese mey be responsible

for the observed non~linesnr casrsctueristics.

Matsuoke et al. {23,29] heve iuvestigeted the non-ohmic
metal oxide type varistors made of zine oxide ceramics with
five additives of 31203, Co0y ¥nO, szOa, Crgoa and have
found them to have non-onxic property eoupsrsble to those
of a Zener Glode. The electron photo-microgreph and X-ray
micero-gneglysis show that the five additives sre combined
togetner and are segregatesd at the grsin boundaries during
the sintering process. The electric reslstivity and dlelectric

13 ohm=cr

constant of segregation layers are astimated to be 10
and 170 resgsctively. Bssed on tne microstructure and voltsge-
current casracteristics, a theory {3J] on space-charge limited
current of insulator having deep traps Ls discussed to explain

the non-ohnic propertiass of 2ine oxlde cersmics.

The effect of single sddition snd combined addition
of various oxides on non-llinear resistance andé sversge greain
size has been stualed. The sintering temperature has been
slso veried to find out the tempersture at which the highest

A=-¢yzalue 1s obtainable.

The single addaltion of 31203 or SbQO3 produces a low
«-vslue of about 3-4 but 2 double addition such as Bizaa-rCoo

or 31203 + Mn0O incre:ses the %-velue upto 18 et the highest.
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An sdoition of tiree oxides of 81203 + Co0 + Mn0O or four
oxldeg of 81203 + Co0 + MnO + Crﬂo3 further incre=sses the
d-value and an addition of five oxliaes of 31?03 + Cn0d + MnoO +

Cr203 + Sb203 produces tine A~-vslue oi 50.

Tnhe chemiczl anslysis snd X-ray nmicroanslysis has
indiceted that o single pdaltion of 0.5 mdle % of CoU, MnO
or Crgiq Gdissolves ln the Zul grains zna daes not proauce
non-ohmic properties when sintered avove 1250°C. & single
addition of 0.5 mole ¢ of Bl,0, forms a segregation layer at
the grain boundsries and produces non-ohmic properties when
sintered at a temperature of 950° to 1260°%. above 1250°%,
the sintered body cdoes nnt include 81203 due to its evapora-
tion and is in en ohmic state. 4un0 cersmics with a single
acacitiosn of 0.5 mole ¥ of 5b,0, bDecomes non-ohmic when
sintered at a tempercture of 950° to 1150°C but 1t changaes
to ohmic state above 1150°C due t> the evsporstion of 8by0,.
The snU cersmics witn & double addition of 51203 + Co) or
81203 + Mn0 show %-vzlue of 1J or 18, higher than that for s
single additlon of 31203 whein sintered at a temperature of
1250°C or 1350°C. On the other hand, the n0 cersmics with
& single adaition of Bizos, CoU or Mn0O hardly show the
non~ohmic properties when sintered at 1260% or 1350°C. This
fact suggests thiat & couble addition of 81203 + Cod or

Bi203 + Mn0 forms & comoound which prevents the eveporztion
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of 81203 at 1260% or 1350°C. such en explenation has been
supported by Levin et al. [31) who indicate:the existence
of a compound, 81203.2Mn203. The high «-vslue of five
additions of B12J3 + Co0 + Mnd + Crzo3 + Sb203 cannot be
explsined reasonsbly only by considering = mere interrztion

of effects of individusl oxides.

Tne effect of sintering tcmperature on the non-ohmic
croperties of «n0 ceremics with five additives, which showed
the hirhest «~vzlue, n2s been studied. The «H-vzlue 1ncreases
£s the sintering temperature rilses unto & maxinmum value of
50 at 1359°C. when sintered atove 13507%, it decrerses
steenly with the incressing temnerature znd becomes unity
at asbove 145006, the peilets having z lovw room taenperasture

electrical resistivity of about 10 ohm-cm.

The eftrcct of ths concentration of five dopsuts on
the « vulue has also been studlied. An gdditive content less
than 0.1 mole % does not produce the non-ohmic property,
but causes a slight increase in the resistance. &bove 0.1
wole ¥, the %-vzlue increases steeply with the increase in
the sdditive content reaching a maximum of sbout 50 -t
3.0 mole ¥. After the maximum, it decresses with the increszs-
ing additive content. Thirty mole 7 of the additive gave
«~value of about 4 only. & pure mixture of the five oxlides

did nost produce the non-ohmic property.



Morris {32] hes measured the non-linesr valtege-current
cheracterlistics, the small signal sc¢ capacltance and resist-
snce of sintered in0 contalning 2.5 mole % 31,05. The
dielsetric oproperties of similar sintered ceramics have been
measured by velsney =t »1. (32). Levin et al. [34] have
renorteu the most comorehensive data on shese ejullibria in
the ZnO-B1203 binary system. In generaly very 1little work
hss been reported on the electrical propertieg of 81203,
slthough evaporated thin films were studied by :islford et al.(35.

Wong (23] has studled the intergranular phase in
s~mples of sintered 4nd + 0.5 mole ¢ 31505 after eteninr
with dillute Hclo4 salution. The techniques used hsve been,
electron dlffrsction, elesctron micrrscopy, mieroprobe an=lysis
and {~ray diffrection. The studles have strongly indicated
that the intergrenul:r msteri-l is a polyerystelline phase
of tetragonal &-81203 rsther than the amorphous Zno-aigﬂa
phase reported earlier (29,32). A polycrystzlline matrix
of 4n0 gralns separated by thin layers of E-Bigua, forms s
series and p:zrallel network of anU—Blgoa barriers. The
intergranular barrlers may be as thin as < 500 2- From the
known ilntrinsic electrical properties of «nd [24,37) and
Blyig {38,39] tae non-ohmic benaviour of this binary ceramie
appears to arise from sn interiaclal proverty chsracteristic
of znJdy &u n~type semiconcuetor (' 1 ohm-cm at room tempera-
ture) in contzct with e thin lsyer of high resistivity

( > 108 ohm-cm) 81203 ss the intergr:znular phase.



Long [40] hes studled the aicroetructure o - e-mplex
multi-component veristor cer:nic besed on «n’ with small
gaditions of antiaony, bismuthy cobolt, menserese end tin
oxidesy using a v-riety of structursl technigues such ss
scanning electron snc optlesi nieroscopesy [eLye-icherrer

govaer ciffrsction ste.

Three crystelline phsges hzve been found to exist in

a complex multicomponent varistor.

(i) = pnlyerystslline bulk matrix of 4n0 dopec
with co®*
(11, ¢ 1Ii-v Ln(Ln4/3 Sb?/s)o4 spinel doped with
co®* ana mn%*
and (1i.) =2zn =znlon deficlent pyrochlore 8122n4/33b2/306

also doped with Co°" snd Mn®Y.

The spinel ph=se has been i>und frequently st g¢rain
boundsries =nd occsslonally within the grzins. The possibie
lity thet this materlai is the intergranular phsse has been
dismissed by the author on the grounds of its nigh inter~-
fzcinl encrgles with and snd its strong tendency to form a
well-facetea octehedrsl crystals in the ceramic. It has
been shown to play no role in the non-linecrity chsracteri-
stics of the veristor ceramic, but merely to sct as a grein

growth moueratoyr for «nd by asnchoring the bounuaries during



sintering. The pyrochlore is shown to segregate at the nodal
regions between two or more 4nd grains sné to form 2 three
dimensionsl thread  ike network that is indicative of & liguid

phase at high temperature.

The concentration ratio of the spinel to pyrochlore
ls found to incresse monotonically with sintering temperature
80 & pyrochlore to spinel trausformation has been formulated
by assuming & total replacement of the 81203 content in the
pyrochlore by an egqulvalent smount of 4n0O that 1s resdily
avallsble from the bulk mztrix.

The oversll structure has been described as a three-
dimensional series-parsllel network of usnO-pyrochlore thin
film barr-iers. The nature of tnis thin film is studied
in detsil by wong [41].

Inzds [42] hss investigated the crystel phsses in
4n0 varistors contalning Blgﬂa, Sb203, 00203, Mnﬂz snd Cr203
as a function of tire zmount of sdditives and the sintering
temperszture by X-ray diffrection analysis with a grzphite

erystel monocinrometer using Cuk, radistion.
These varlistors cons.st of :

(1) 4n0 phsse, dissolving s smzll emount of Co anc Mn

couihronents,
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(2) spinel type phase of ingiby0,. dissolving a large
erount of Coy iin snd Cr components,

(3) pl-ricn phsses by Cy U or B', smong whicn the B-phsse
is & 6-31203 type phese (a = 5.69 K; having the
composition, 12Bigoa.c,r,03 The C phase is tetragonal
phase (¢ = 7.76 A, c = 5.78 A) having the composition
of 1481203.Cr207 and dissolving zZn end 3b components.
The U=-phase is s &-31203 type phase (a = 10.93 2,

c = 5.62 2) dlssolving & lsrge amount of zn component

(about 20 mole ¥, snd = small amount of Sb component.

The B'-phase is slso & 6-B1,0; type phase (a = 5.48 &)
formed in tine system 81203-5n0-8b203, and e solld

golution between 8 and B' is formed.

1he non-linesr exponent '«' incresses with the changes
of Bl-rich phasesy B - C - D or b + B'y by the rise in the

sintering temperature.

Inada [43] has iavestigeted the states of erystal
phases in the non-ohmic zinc~oxide varistors with five
additives, 0.5 81203 + 1.0 bbgoa + 5.0 C0203+ Deb Mn02 +
0.6 Cr 05 (mole %) by verious enalyticel technicues like
scamning electron microscopy, X-ray miernanalysis, electron
mieroscopy, opticzl microscopy. The mierostructure is

shown to consist of 4n0 phsse dissolving Co snd Mn; splinel

phase of Ln7ab2012 dissolving Coy Mn and Cr; =nd mixed
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phases of (-~ and 6~51203. Almost all grains of dismeter of
13 to 20 mlerons eosrresvond to the zn?d phase. pach of them
1s a single crystsl,y, having a twining structure. These

structures are randomly oriented in the cersmics.

The spinel phsse exists as grains of s few microns.
These grains rsre discontinuoucsly dotted in comparstively wide

grein bounderiess; where taree or more 4n?) grains meet.

bde |44;4b] hes proposed a nev energy-band mocel in
the order to explsin the :on-ohmic property of & metsl oxide
varistor. A energy bsnd model composed of a thin insulstor
with traps sandwiched between a forvwzrd-bissed Schottky
berrier and a reverse-biased Schottky bsrrier 1s proposed.
The non-ohmic oproperty of «n0 cersmics is mainly governed
by the field emission for the reverse-bissed Schottky barrier
in the voltage reglion sbove the threshold voltage and by
thiermionic emlssion in the vonltage region belovw the threshold

voltege.

The physics of metsl oxlae varistors produced by the
Generz1l "lectric Compuny, U.3.4. under the trsde name

Tu

GE-Mov has also been studied by Lionel et al. [46-48].

Beslcde tnis, there are many theoreticszl models [60-67]
which have been proposed to explain the non-linesr behaviour

of 4n0 varistors bzsed on verious mechanisms such as, charge
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llmited current process, iowler=-ioruahela tun:ieling process,
tunneling scrass tie gchottky burrier, tr:mnsient conduction

ete.

B. LL:CThUN 5PECTRUSC OPY

In the pest ten years, a large variety of surferce
cheracterizstion technigues have been developed and are
described 1n many recent books snd review articles [68-91].
some of these surface charscterizing technigues are relestively
new and/or undeveloped =nd although they may give useful
information concerning a surface, the interpretation o>f the
date msy be complex or the technique may be restricted to

speclal class of meteri:zls.

Out of these, elsctron spectroscopy for chemical
anelysis (&Ch) or A-ray pnotoelectron spectroscopy (XP8),
ultraviolet pinotoeiectron spectroscopy (UP5), Auger electron
spectroscopy (&i3), secondary ions mass spectrometry (3IM3)

«Te the more widely used suriace technigues.

mlectron spectroscopy (#5C4 or XPs) involves the
determinztion of the energy distribution of electrons emitted
from X-rgzy irrsciated substence. It is & non-destructive

surface anslysls techniguey wnich procuces directly the



electronic levels from the innermost to the nutermost shells.
Any elenment except hyarogen and helium csn be studied even

if it occurs topether with seversl other elsments. The
utility of XP5 has b-.en two-io2ld. First, since the electronic
energy levels of the atoms are sensitive to their environ-
ment, the technique is the best available for determinstion

of chemleczl states of atoms ~:x: molecules. Secondly, from

the photoelectron snectra, one can obtsin the relative rastios
of different elements or even of atoms of the same element

in different environments.

The technigue anslyses only the first few angstroms
of the solid surfaces. This is both good and bed. On the
bad slde, great cere must be taken in ssiple preparstion
in order to keep the surface very clean. On the good side,
tais makes a sensitive technique for many important sreas

of research in various flelds [®2].
1.1 HISTUkY

The two wost importsnt phennmene on which the technique
of electron spectrascopy is bused i.e. photoionization and
the Auger process, vwere already uncerstood earlier in the
century. &instein [(¥3) in his classic paper, expleined the
photoelectric effect in 18Uo, while Pierre augelr (944

discovered the effect named atter nlm in 1¢923. Between 1810
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and 1930, koblnson [¥5) snd de Broglie [96] used magnetic
fields and photographle recording to determine the kinetic
energies of pnotoelectrons ejected by X-rzy absorption. The
resolution ettaineble at that time was insuificient for
observation of actusl peaks in photoelectron spectre and
thereforey, the accurszcy znd precision of the messurement
vwere far from adecuate for the reesl surface analyslis.
Ploneering efforts in this field were carried out in 1951 by

steinhara sna Serfass |[87].

Present-dey high resolution pnntoelectron spectro-
8copyy howevery grevw out of two parellel developments that
took place prinecipslly in Uppsala, Sweden snd the Imperisl
Collegey, London. In Uppsala, the Swedlsh group headed by
Proi'e Kal Siegbahn [98] wes interested 1n determining the
binding energy for the atomic shells by X-rzy photoelectron
spectroscopy, whose values were known only approximstely
from the Y-ray dats. It was soony, discovered, thet the
chemnieal shift effects ocecurred, and & classic paper was
published in 18568 (99 ] showing that the chemicnal difference
between copper =nd its oxlde was clearly distinguishable by
X-ray photoelectron spectroscooy (XPS). Because of these
observed and useful chemical eifects, the Swedlsh group
coined the name "slectron Spectroscopy I»r Chemlezl Analysis
(in sinort, wsCAJ to this X-ray photoelectron spectroscopy (APS)

technique.
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Meanvwhile, Turner and gl-Joboury in the Imperial
College, London {100] were looking for a method of directly
studying the binding energies of the molecular orbitsls.
Instead of X-rays s the photon source, which is the reguire-
ment for the stucy of core electrons, they chose the Hel
resonance line s obteined in 2 helium ges discharge lamp.
This raaiztion had enougl energy (21.22 eV) to eject electrons
from the outer orbitels (the ones which are usually the most
important in determining the nature of the chemicszl band)
with a natural line width of only a few miliivolts. Since
the days of these ploneering experiments the instrument
design has been lmproved considerably with better sensitivity
and resolution. In oraer to improve the resolution & very
narrow X-ray beam hss been designed for the X~-rasy nono-
chromator (101, 102]). The sensitivity has been increased
by a factor of 100 to 1000 times by modulating the intensity
of the primary beam. 7The application of position sensitive
detector [103], Vidicon {104, resistive strip {105] and
various electrostatic eleetron energy anmlysers [106] have
improved the resolution snd sensitivity of the e¢lectron

spectrometer.

t“ith the rapld developments, both in technigue and
applications one can expect uSCA to rank smong the top

chemicsl research tools.
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1.2 BASIC PriaCIPLus

1he basic principle of X-ruy photoelectron spectroscopy
(APS or esCi) 1s extremely simple snd is illustrated in
fig. (1.6). The szmple is irrsclated with X-rays having
flxea snd cerfinite energy by, {cheracteristic A-rays of an
anode moterisl of the X-rsy tube). The X-ray photons are
absorbed by the szmple atoms, with each absorption event

resulting in the prompt emission of an electron.

If the sample 1s metallic 2nd in good contact with
the spectrometer, we may reasonebly assume that the Fermi
levels of the sample snd the spectrometer meterial are the
same. DBy couvention, the binding energy of an eiectron is

the ener:y reguired to raise the electron to the rermi level.

The ejected electrons carry kinetic energy which is
equal to the difference between the X-rasy photon energy (Ehu )
snd the binding energy. Then the energy conservstion for

the photoemission process is given by the relation

X = : - - sseoe 108)
By = by iy - Py ¢

where bp. is the binding energy of the electron in a parti-
cular level of the compound. & is the kinetic energy of
the ejected electron end ﬁsp 1s the work function of the

. not
spectrometer material. This work function ¢3p does
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depend on the ssmple material ana as long &s it does not vary
with time, one and the same work function correction can be
applied to all tne meessurements. 1If photon energy (usually
1253.6 eV ond 1486.6 eV resnectively for Mg znd Al X-ray
sources) 1s known and¢ snelyser work function ¢3p 1s preceter-
mined, = plot of spectrum cen be made of the number of the
electrons N(ik) yg electron kinetic energies ()« The
binding energiles (EBb) are calculsted using eguation (1.8)

end as binding energies of electrons of an atom are charscter-
istic of the atom, a plot of bilndin: energles against numbver

of electrons 1s s sure way of ideutifying elements.

The cualitative information is provided by peak
vositions end quantitative information by their peak heights

(area). .

1.3 CHuilCAl, SHIF

The main vslue of X-rsy photoeleectron speetroscopy
lies in the fuct that the measured core electron binding
energles are a function of chemical environment of the stoms.
It wss discovered that the binding energies of the orbital
electron were dependent on the chemicsal envir-nment [107,108].
when s bond 1e¢ forrmed betwaeen two atoms, outer electrogie

shalls coslesce into maleculsr shells callec moleculsr
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orbitais at cifferent binding energies. These chanyes in
binaing energy cslled chemicel shifts azre carried uniforuly
from outer shnells to inueruosst shells. 3o the potentials
of the snells within zn atow are shiited unlformly by the
same amount, when & bond is formea. 50 these changés in
binaing energies wnilch are known ss chemical snifts enable
one to distinguish atoms of the same type but occupying

dlfferent chemical states witnin & molecule.

It vWas realizea that the c¢ore binding energy of an
atom should be related to the effective charre of the
atom [68,109 ). From the simple electrostatic eonsiderstions,
one would expect that the energy for removing =n eleetron
from an atom would increase as the charge on the mtom became
more positive. Plots of the core binding energy for a given
type of atom agsinst estimated atomic charge show ajsproxi-

mately linesr correl:tions [684110].

& great amount of effort has been spent for systematic
investigations of binding energies for elements in rclated
comnounds in order to derive cheudcel shift dets ana hes

been comviled into tzbles [83,111,112].

The bulk of the publishe¢ =3CA research in the last
fifteeu yeers has been direccticd towaru unaerstencing the
systematic shiit in peak positions resulting from chenges
in the cnemicel structure snd oxldstion state of cheu:cal

compounas.
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A8 the X~-ray normaelly used in XPS are the Aqu or
MgK, X-rays (1486.6 eV and 1253.6 eV respectively), the
photoelectrons heve energies less than these smounts, snd
at these energies the mean free paths of the electrons are
very short. Such eleetrons, trevelling through s meterial,
have a relatively high orobability of experiencing inelastic
collisions with loceally bound electrons, as s result of
which they suffer energy loss. These elzctrons coming out
sfter collislon, heve a reduced kinetie enercy, snd such
electrons contribute to the background. tlectrons thet come
out without collision, obviously will be from the surface,
electrons llberated from atoms deeper in the material will
either loose their enerpy entirely in the msterial or will
< (hy -~

emerge out of the materisls with s & )e

Kis Eg,
slectron escape depth varies as @z function of (i) ele-
ctron kinetic energy snd (il) the type of material being

examined {113,114}].
For SCA, the escaps depih is aboul

2
(1) 5-20 A for metals

[
(1i) 20-30 & for inorgenlc compounds

O
(iLi) 50-100 & for orgenlc compounds.
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The recordsd pihotoelectron spectrum may contain
satellite lines due to vazrious phenomena such as multiplet
splitting, electron shake up, configurstion interaction and
characteristic energy losses. [t is most important to know
the nature of these extra (satellite) photoelectron peaks
bota because we cannot interpret photoelectron snectra
without this understanding and becruse the phenomena are in
themselves of fundemental interest. In asddition, these
phenomena cen be of extreme importscnce in leasrning sbout

the nature of the canemicsl bonding.

1.5.1 Hultiplet Splitting

when there are one or more electrons in the valeace
shell with unpzired spins, the act of photoionization in
another shell of the ssme stom can lead to more than one
final stste, depending on the wsy in which the unfilled
shells couple. Multiplet splitting is found generslly in
3ds (end 4s) pesks when unpaired electrons are present in
dd (and 4f) orbitals. The relative inteusities of the 's!'
peaks, which appear as a doublet, will be the same for all
shells anu can be prealcted from the number of unpesirea
spins in the velence shell. 1he aegree of energy splitting
auecresses as the difference between the princlpszl guantum
number of the shell under conslderation and that of the

unfilled shell increuases.



Vinik«s et nl. [116] eorrelated splitting of the 3s
core levels in the kSCA spectre of transition metzl compounds
with increasing covalency o1r the metel-ligand bond. Similarly
muitiplet splitting in &3CA spectrs has been studied for mixed
nickel~-iron znd chromium oxide by Sentibsnez et £l. [116] and
the splitting of 4s and os levels of the rere earths by
slereely et 21. [117-118].

l1.6.2 ohake-up

Shake-up peaks ere found on the low kinetic eneryy side
ol the core level peaks anu arise {rom the two electron
shake~Up processes in which the vslence-shelil excitations
take place in perallel with core electron ejection. Shske-up
saeteliites have been observed tor & number of transition metal

compounds {118-123].

l1.5.3 Configurstion interaction

If the ion formed as a result of the photoionization
process can be described by a wave function that lncludes
exclted configurations, then it 1is possible that the final
state may end up as one of these excited states. Satelllte
structure from configurstion interaction will usually occur
only when photolonizetion takes place in the valence cell.
These configuration interaction sateillites have been observed
for alkeli metsl halldes by wertheim et al. Lt124]), for sargon
by speers et al. [125] for neon by wuilleumier et el. [126].
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1.5.4 Characteristic energy losses

As an electron moves through metter it may suffer an
inelastic collision. It will then apnesr in the spectrum
with lover kinetic energy. The energy of the charscteristic
energy losses is dependent on the msterial. Its intensity
depends on both the nature of the material and the kinetic
energy of the electron passing through the material. Pollak
et al. [127] have made & study of plasmon losses in metals
using XPs.

1.6 LINi BROADENING

The most serious limitstion to photoelectron spectro-
scopy of solids 1s the line broadening. This brosdening

results from three main sources:

(1) width of the photon source
(11) width of the subshell from whieh the
electron 1s photoejected and

(1ii) broadening due to cherging.

(1) The width of UV source is negligible (1 meV) compared
to ALK, and MgK, - X-ray source. The widths are due to the
1ife time of the K-shell vacency and due to spin-prbvit
splitting between the 2p1/2-2p3/2 levels. The net full-width

at half maximum (FwHi) 1s about 0.9 eV for Alel o eand 0.8 eV
’



for nggl 2. This source brosdening csn be overcome by use
?

of a monochromator.

(ii) Line brosdening occurs as = result of the finite
lifetime of the vacancy created in the atom of the materisl
under study. The lifetime decresses with an incresse in
binding energy. The broadening in the 2p3/2 level in silicon
hss been measured and found 0.5 eV by Siegbahn et al. [128].

(1ii) 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 photolonization. This line broaden-

ing seriously affects the resolution of the eleectron spectro-

meter.

1.7 SAlPLE CHARGING

buring the X~-ray irradistion, non-conducting samples
can acquire an excess positive charge et the surface due t»
the ejection pnotoelectrons, the conduction of the sample
being insdequate to permit electrical eguilibrium. In other
words, the Fermi level of the sample may be lower thsn that
of the spectrometer becsuse of the electric charging. This
positively chsrged ssmple surface retards the photoejected
eleetrons. This decrease in the kinetic energy of ejected

electrons results in hirher aopsrent binding energies than
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the true vzlues znd therefore 1limits the amount of chemiecal

informstion obtainable from the dat:z.

The error in the binding energy due to this effect can
smount to many volts and varies with the X-ray flux and sample
snalyser chamber design. In most instruments, there are
suf'ficlent number of background electrons in the chember to
elther neutrslize the surface chsrge or stabilize it at a
small value. However, there is a marked reduction in the
number of background electrons when a monochromatized X-ray

source 1s used and the changing effect can then be large.

Various techniques have been used to reduce or to
eliminete thls charging effect. In early work {63,110,129-131]
the carbon 1+ pesk due to en orgenic film on the materlial or
from the scotch tape used for mounting the sasmple was taken
es & reference. Some other workers [132-134] have ground the
sample with graphite (a falr electrical conductor) powder
in order to provide a carbon ls reference line in a standard
meterial electrostatically ecuilibrsted with the sample.
Probsbly the most relisble method for providing a reference
material with its Ferui level, the ssme as thet of the sample,
is to vacuum sputter a thin layer of metallic gold on the
ssmple (135-142]. The gold adheres to the suriace of the

semple in small clumps or islands whilch are close enough



together to ensure th:t all regions of the sample are in
electrostatic equilibrium with the gold snd the gold 4f7/2

peek 1s used as a reference.

If in a series of compounds under study, there exists
a common chemicesl group conteining an stom whieh may reason-
ebly be expected to have the same blnding energy in ell the
compounds, one of the core level pesks for that atom masy be
used &s en internal reference. Such internal references have
been tsken using the carbon ls peak of ligands such as organo-
phosphines [129] ethylendismine [134) end benzoylacetnno-
mine (143j.

In some cases surfaces can be neutralized by using an

auxillery low energy electron source as a flood gun (144].

PURPOSk Ul THi. PRiSENT sSTUDY

From the previously reported work, it is observed that
the unusual non-ohmic property of the metal oxide varistor
is attributable to the second phase segregated at the surface

of the zine oxlde greins.

Several successful studies have been performed to
detect the grein boundsry segregation utilizing electron
spectroscopy. #&SCA was used in studies of grain boundary

segregation of Mg doped Algy0g {145]. Coad et al. {146}
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recently observed segregation of manganese and antimony to
grzin boundaries of 2.12 ¥ Sb and 2 % Mn steel. A careful
exeminetion of the Mn peak position suggested that the
nangsnese was present as manganese sulfide or antimonide.
Similarly Cu-Bi alloy, contalning Cu-doped with 0.009 ¢ of
Bl was sultably heet treated and studied by L3CA. The LSCA
results showed Bl segregation vut no difierence in the bind-
ing energles of segregated bismuth and elemental bismuth was
found. Bishop et el. [147] have found out that the boron
segregation to grein boundsries wess partislly responsible

for high tempersture fracture in steels contsining boron.

mlectron spectroscopy thus appeared to be a good
technigue to study the nature of the surfzce leyers and their
effect on ths electronic properties of the varistor systems.
One expects to identify the chemical nature, oxidastion state,
surfsce migration, grsin boundery segregation etc. by means
of a systematic electron spectroscopic study. X-ray photo-
electron spectroscopy (XPsS) 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 1n the oxidation
stetes of the ions involved. To the best of our knowledge,
alectron spectroscoplic stucies on Znl veristor system have

not been reported.
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élthiough «n0 contalulng five addltives glves a better
non~linearity, it was considered desirsble from the point
of view of understandingy to start with a simpler system
like 4n0 containing a single auditive and then to go over to
the study of the more complicnted filve additives systems.
we have therefore preprred samples belonging to four different
varistor systems and investigated them by electron spectro-
scopy. Complementsry studles by other techniques like scan-
ning electron microscopy (Sui)y electron probe micro anslysis
(&PMa) end X-rey diffraction (Xitb) have also been conducted
and these studies have revealed some interesting features of
of 4nd varistor gystems. The detalls about theﬁexperimental
technigues and results are discussed in the successive

chapters.
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The metal oxide varistor semples studied in the
present investigations consist mostly of zine oxide clong
with additives such as bismuth oxide, entimony oxide, cobalt
oxide, manganese oxide and cihromium oxide. They have been
prepared by the conventional cersmic fabricetion procedure.
Batches of pellets have been sintered at different tempera-
tures from 609 to 1400°%C for one hour. 3intered pellets
heve then been examined by different techniques, like
electron spectroscopy (&3Ci), scanning electron mieroscopy (SkM),
electron probe microanalysis (uPMA) and X-ray diffraction (XRD).

lklectrical cheracteristic and density hasve also been measured.

The preparation and measurement procedures are gliven

in detsil in this chapter.

2.1 PRuPARATION OF SAMPLoS

2.1.1 4n0 + BigO3 veristor system

heagent grade zinc oxide and bismuth oxide in the
ratio 9.5 and 0.5 (mole %, were mixed by wet ball-milling
for 20 hours using delonized water. The mixture was dried
and 1.5 g. portions were pressed in a die of 1.53 em. in
diameter at a pressure of 5000 lbs./ing. Betches of three
pellets were sintered and maintsined at c¢ifferent temperestures

T h Ger2e
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from 600 to 140090 for one hour =nd then furnsce e¢»n2o0led to

roon temperature.

2.l1.2 anO*Sbgoa varistor system

The ZnO—szoa varistor samples were prepsred in the
same way as above by using 1.0 mole ¥ of Sby0, adaltive snd

sintered at different temperatures from 5007 to 1200%.

2.1e3 4nl + Bigga + Co0 varigtor system

'These veristor samples were also prepared in the sanme
vay as above by using 2 mole ¢ (Biy04 + Co0) additives and
pellets sintered at different temperatures from 600° to
1400%.

2.1¢4 4nd vsristor systems contalning
five additives

These multicomponent vsristor ssmples were prepared in
» similsr way as Gescribed previously by using 3 mole £ of
five oxides (Bi,04 *+ 8by045 + Co0 + MnO + Crzoa) sdditives and

D,
2180 sintered at different temperatures from 600° to 1400°C.

gut of the three pellets from each batch, one pellet
wes used for the I-V chsracteristic measurements, the second
pellet wzs used for the X-ray diffraction characterizetion

and the third pellet was used for ESCh, SuM snd &PMA analysis.
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2.2 MehSUKLMENT OF ThHa CURKeNT-VOLTAGH
CabhACTLRISTICS

For the I-V cheracteristics measurements, silver was
deposited by vacuum evaporstion on to the two faces of the
sintered pellets. The peilets were held under pressure
between the two copper plates in the ssmple holder fabricated
in our Laborsgtory as shown in fig. 2.1. The current-voltage
relationship was messured on the sintered pellets using a
Kelthly klectrometer (ilodel 610C) and a stebllized d.c.
voltege source. The voltmeter incorporsted in a stabilized
dece vOoltage source was used for the measurement of the
applied voltsage and an electrometer was used for the measure-
ment of the current flowlng 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

heat ing .

The voltzge-current characteristics ere expressed
by the following empirical equation similar to that for the

silicon carbide varistors [1] 3

I = ( =) (XN ) (2-1)

The voltage non~-linearity exponent '«' 1s calculated

by the following eguation:
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o

« = GL/L . aQlop D) ~ I%107p T logoly ., o
av/v d (log V) l°gluV2 - 1og10v1

where Vl znd v2 sre the volteges st currents of Il snd 12

respectively.

1he current-voltage cnsracteristics of the pellets
sintered at different temperatures were measured at room
temperrture and sre plotted on s log-log scale and the non~
linear exponent '«' values sre cslculated. The I~V plots
gnd the computed «-vslues for all the pellets sre given and

explained in the next chapter.

2.3 aLiCTroN 5PeCThOMET Lk

411 samples of metal oxide varistors prepared 1n the
present work are cheracterized on a commercial electron
spectrometer marketed by /s Vacuum Generators Scientific Ltd.,
Uehey 3Ca-3, MA~-II model ané the sesme is described in detail

here.

4n electron spectrometer may conveni::ntly be considered
to consist of three maln perts: (i) the excitation source
(X-rays, ultraviolet photons, electrons or lons) to irradiate
the sample, (ii) the energy anslyser to dlsperse the ejected

electrons according to their energy and (1ii) the detesctor


http://jj.LhC1i.0U

for a guantitstive estimation of the electron intensity and
to provide a sultable output signal proportional to intensity

as a function of electron binding energy.

Flg. 2.2 shows a block dlagram of an electron spectro-

meter divided into its essential components.

£S8CA-3, MK-II 1s a high resolution electron spectro-
meter snown in fig. 2.3 and it has been designed so that a
variety of radlation sources can be sccommodated silmultaneously.
The electron spectrometar at our Nationsl Chemicsl Laboratory,

Pune, has been fitted with the follovwing radiation sources:

1. & twin snode (aluminium and megnesium) X-ray
source for X-rsy photoelectron spectroscopy (XPS)

2. An ultraviolet helium lamp for ultraviolet
photoelectron spectroscopy (UPS)

3. 4 small spot electron gun for electron initiated
Auger electron spectroscopy (4i8). (The same
electron gun is used for scanning Luger micro-
probe facility (Sanm)).

4. 4An argon ion gun to etch out the specimen for
the depth profiling (DP).

b. Low ion density aergon ion gun for secondary ion

mass spectrometry (SIMs).
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2.3.1 X-ray source

lhe simplest type of X-ray source used in XPS is the
one which utilizes echeracteristic emission lines from &
target (conode) bombarded by high energy electrons. The
energies of these charccteristic lines are dependent only
on the energy levels wlthin the at as in the tsrget since

they result from electron tramnsitions within these atoms.

In addition to these caarzcteristic lines, a conti~
nuous spectrum is &lso produced and this is dependent upon
the primary eleetron energy. This continuous speetrum is
normally known by the German word Bremsstrahlung and its
maximum intensity occurs zpproximately at two thirds of the
primary electron energy. The energy s»ectrum of X-reys
emitted from & standsrc X-rsy source used for XPS therefore
consists of a broad continuous distribution with cherzcteri-
gtic lines superimposec upon it. A nerrow monochromstic
K-rgy source 1s desirable becsuse the width of the incident
X-ray line contributes to the wiath of the resultant photo-
electron pecky which in turn affects the res»lution of the
electron spectrometer, that is, the ability of the system
to distingulish between closely spaced pesks. dence, when
considering the choice of & guitsble X-rey source, line width
iz a msjor consideration. %he other consideration is the
energy since this aetermines the depth into the atomic core

from whieh electrons can be relessed.
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In our electron spectrometer, charascteristic radiation
emitted from aluminium znd magnesium anodes sre usea. The
K, doublet of aluminium hes zn energy ol 1486.6 eV with a
composite line width of approximately 0.9 eV FwiM (full
width at half msximum height) and K doublet of magnesium has
an energy of 1253.6 eV with 2z composite line width of anproxi-
mately 0.8 eV Fwli. The K, lines of the heavier elements are
more energetic sources of excitstion, but they have brosder
line widths, for example, the copper Kx with energy 3048 eV
has a line width of about 2.6 eV FWHM, and the mslybdenum Ky
with energy 17441 eV has a width of about 6 eV FWHM. Moreover,
at higher energles, the «1’2 doublets in the X-ray spectrum
separate, and this gives rise to confusing srtifscts in the
photoelectron spectrum. Thus, the rasdiation from the hesvier
elements is normally unde:irable. Feldeg et al. [148] have
discussea various A-rey sources of characteristic energles

&8s a function of their line wldths and intengities.

The twin anode X-rasy s»ource assembly has magnesium on
one side and sluminium on the other. The filament is heated
by means of a current which produces a high density electron
cloud around the filsment due to the thermionic emission.
slectrons are accelerated towsrds the :node by the potentilal
upto 1o KV appliec between the andie and the f{ilsment. 4n

electrostatic shield is interposed to eliminate a line-of-sight
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from the filament to the target and thus minimize deposition
of filsment materiazl onth a target. Water is circulated to
cool the snode to dissipate that portion of the energy which
spprars as heat. The genersted X-reys pass through a window
and impinge on the sample surface. 7This window prevents the
entry of scattered electrons from the X-ray source into the
sample chamber. 4 thin aluminium window is used to purify
the X-ray spectrum by absorbing Bremsstrshlung radlstion

above approximetely 1600 eV.

wven theu tine characteristic A-ray lines are accompanied
by X-razy satellites and Bremsstrahlung. Xx-rsy sstellites
give satelllte peaks end the presence of Bremsstrahlung
liicreases the background level of APS5 spectrum. In order to
renove the unvanted X-radlstion, a crystal monochromator (102]

is useu, wnich improves resolution upto 0.2 eV.

1win anode is useful to differentiate between XPS peaks
and Auger peaks. Kinetic energy pesks in xP5 will shift by

233 eV and Auger peaxs will not move.

For the XP5 study, the varistor samples are irradiated
by AlK, with 15 KV, 20 mA anode voltasge snd emission current
respectively and Mgky with anode voltege 12 AV gnd emission
current 20 mA enc electrons from different orblts sre ejected.
These ejected electrons are anslysed energy-wise by a

sphericzl sector anslyser.
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2¢3.2 blectron energy aneslyser

The function of the energy analyser 1s to disperse
the ejected photoelectrons from a sample as a function of

their energy.

For the electron speectrometer, i1t is desirsble that
both the spectral resulation ss well a3 the sensitivity of
photoelectron detection be as high ss possible. Unfortunately
however, both cannst be simultaneously increszsed, and compro-
mises need to be made. The energy resolution is limited by
the width of the photoelectron lines and 1s determined by
several factors, the inherent width of the ionizing radla-
tion, the intrinsic width of the level which 1s responsible
for photoelectron emission, and the finlte resolving powver

of the electron energy snalyser used.

The resolution of zn electron energy anslyser is
usually measured as the full width at half maximum helght
of the electron line divided by the electron energy.

/\ B AFWHM)

lesolution = . eeses (2.3)
ko

where /& (MwidM) = full width st helf maximum of
pnotoelectron line

and Eo = e@lectron kinetic energy in eV.

The inverse of the resslution is the res»>lving power.



4 resolution reguirement for XP5 ig around 0.2 eV
at 1000 eV electron energy i.e. resolving power 1000/0.2
equal to 5000. This resolution is sufficient for normal
electron spectroscoplic applicstions. For high sensitivity
applicetions 1t is necesssry to be able to degrade the
resolution in order to achleve the necessary sensitivity
increase. 4 rezsonable upper limit is about 2.5 eV at

1300 eV or a resolving power of 400 [149].

There are two basic types of analyzers using the
principle of (1) retarding potential and (2) dispersion
respectively. bvispersion lnstruments are generslly used for
high resolution work and the same is used in ESCA-3, Mark-I[
slectron spectrometer. The types of energy anslyser that
ere belng used in different electron spectrometers are

described elsewhere [160-1565].

An electron energy anslyser may be of sny type but it
must be plsced in a suitasble vacuum environment, with pressure
less than about 10-8 torr to minimize the electron scattering
through c¢»llision with the residual ges molecules. Similsarly,
since electrons are influenced by stray magnetic flelds
(including the eartn's macnetism), it is necessary to cancel
these fields within the enclosed volume of the analyser.

The csncellation of external msgnetic fleld 1s done by using

Helmholtz coils end iu-metsl shielding.
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2.3.3 Jpherical sector analyser

The spherical sector analyser used for electron energy
asnelysis in ESCA-3, MK~Ii electron spectrometer i1s shown in
fige 2.4. It consists of two hemlspheres (actually 150°),
inner and outer, of 100 mm masn rsdius of curvature, mounted
s” as to provide a constant separation between them. 4
positive voltage is applied to the inner hemisphere and nega-

tive voltage to the outer one.

slectrons emltted by the sample enter the anzlyser

through the entrsnce slit and come under the infiuence of
the electrostatic field (V) aoplied between the hemispheres,

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

high energy electrons moving at a relstively 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 # relatively low
speed are easlly deflected and they strike the inner hemi-
sphere. Hirh energy electrons can then be detected by
retarding them before they reach the analyzer until their
energy is egual to the pass energy of the analyzer. Low
energy electrons are detected in a similar way by accelerat-
ing them. A positive voltege is applied to the sample plate

to retard the eiectrons and a negative voltage 1o accelerate
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them. The plste In front of analyzer hemispheres which
contains the entry and exit slits is called the "Herzog"

or "hH" plate to which the retaraing potential is applied.

The inner surfaces of hemispheres are specialily
treated to minimize the emission of secondary electrons.
The slit at the eatrence to the anslyzer improves the resolu-
tion by ensuring that electrons enter the aneslyzer close to
the neutrsl axis between the hemispheres. The resolution
1s further improved by the exit slit which allows only those
electrons which are close to the neutrzl axis to rezch t he
detector. uSCA-3, Mark-I{ electron snectrometer is provided
with externally adjustable 4, 2, 1 and J.5 mm entrsnce 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 @ constant determined by the physical
dlmensions of the analyzer which is equal to 2.64 for our

instrument.

The electrons from the sample are retarded to a pass
energy “fV® by the scanned retaraing potential "n" applied

between the specimen and the electrical centre point of the

hemispheres.
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It Eﬁn = Kinetic energy of ejected electron

(eonventionally referred to the
Fermli level)

thm, t‘-lKE‘ = n + i’lV + w LI I WY (204}

where 'w' is a constant arising from the work function of the

spectrometer material and is equsl to 4.2 for our instrument.

Binding energies are obt:ined by subtracting the

kinetic energy {rom the photon guantum energy (h. ,.

The spectrometer control unit incorporates a switeh
for setting the pass energies >1 the analyser at 2, 5, 10,
20y 80y 100 or 200 eV by varying tane vzlue of 'V' (voltage
appliea betwsen two hemispneres) correspondingly to about
De?y 1le¥y 3.8y 7.6, 19, 38, 76 vilts. It can provide energy
scans of 1, Jy 10, 30, 1004 300 and 1000 volts in 30, 100,
J00, 1000 and 30V0Y) seconds.

The ability to select the energy with which electrons
are transmitted around the analyser and the ability t» change
entry and exit slit widths, proviaes a great flexibillty in

choosing the optimum sensltivity or resslution to suit a

particulsr application.

2.3.4 Letector

Tne electron current ewmerging from the exit slit of

A ~-16 -13
the analyser is very smsll, of tne order of 10 to 10
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amperes. 10 detect thls woery wesk current, & channsl slectron

wultiplier is used.

4 channel electron multiplier is a smsll curved glass
tube as shown in fig. (2.4). The inside wall of this glass
tube i3 coated with a high resistivity materisl. If a
potential is applied between the ends of the tube, the
resistive surface becomes a continuous dynode, eleetrically
analogous to the separate dynodes of a conventionsl photo-
multiplier together with the resistive chain used to establi:h

the separste dynode potentlials.

An electron entering the low potentisl end of the
channel electron multiplier generates gsecondsry electrons
on collislon with the wall of the tube. These secondery
electrons are accelerated along the tube until they strike
the vwall sgain, where they generste further secondary
electrons. This process produces a large number of elsctrons
et the positive end of the tube. A chennel electron multi-
oslier tube thus responds to zn lnput of one slectron by
producing an output pulse of charge contsining upto 108

elactrons and its duration (full width at half maximum) 1s

about 1D nanoseconds.

The output eleetron beam chnarges a capucitor 1ln the

anoce clrcuit of the multiplier which produces a voltage pulse.
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These pulses are {ed to &n amoliiier and & dlseriminator.
These pulses are then converted into WIM standard pulse
of b volt smplitude and 5D0 nanosecond durations ana fed
to the rstemeter which reads out the counts (pulses per

second).

The X~axis of the X-Y recorder is connected via
Gividing resistors to scan the amvplitude supply. The
Y-axis ls fed from the recorder output of the rate meter.
A spectrum of totsl number of ejected eleetrons versus

kKinetic energy is thus plotted on the X-Y recorder.

sinding energles are obtzined by subtracting the

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

2.3.5 Vzcuum system

The hesrt of the electron spectrometer is its ultra
high vacuum (ULV) console. Ultra high vacuum (better thean
10°3 torr) is required for two reasons: (i) the ejected
electron should pass irom the sample through the analyser
without meking sny collisions with residual gus molecules
and (i1i) the pertlsl pressure of reesctive 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.



e5CA~3, Mark-I1 vacuum console 1is daesiecned to accept
o veriety of radiation sources simultsneously thereby allow-
ing sequentlal anrlyses by a range of comnlementary surface
techniques. The UHV system is divided in two parts, one is
the sample preparation chamber and the other is the sample

anzlyser chamber.

The snalyser chamber is fabricated from mu-metal with
fourteen copper gasiet-sesled-flanged ports fitted with the
electron anslyser assembly, the twin anode X-rsy source,
the UV source, the electron s»yurce, the ion source, the
chenneltron electron multipller detect»r, the secondsry
electron detector, the glass view port, the ssmple manipulator

ana the X-ray monochromator source.

‘he 150 mm dismeter x» 340 mm long stainless steel
specimen prepzretion chamber has 16 flznged ports sealed
with copper gmskets snd filited with gate vslve, sample
trsnsfer mechanlsm, argon ion cleaning gun, gas esdmission
system, 31M5 cuesdrupnle detector, ion source, charge

neutrslising gun, view port snd evsporstion aource.

botn the chambers are independently pumped by oil
dirfusion pumps fittea with water eooled chevron baffle and
liquida nitrogen cold traps and backed rotory pumps. In

paaitlon titenium sublimation pumps (I.P) sre fitted to bnth

. -11
the chambers to reduce the pressure aown to 5 x 10 torr.
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The preprretion chamber i3 isolated from the anzlyser
(or spectrometer, chamber at sl1ll times ervcept when the
specimen 13 belny moved between them. The 3ractrometer
and its chenneltron multiplier is theref-re protected
agaeinst contsmination from specimen prep:zration procedures.
The s=mpnle preparatlion chember glso sets as a vscuum loek

facility permitting relstively guick specimen chsnge overs.

The vacuum monitoring =nd protzction system
incorpnrate Pirani and ion gauges. The roughing line
pressures are mercsured by Pirani gsuges whiceh ‘neorporste
facllities for protecting the dirfusion pumps ageinst
feilures in the rough vzcuvm system. Ultra high vescuum
pressures are measured by ion gauges fitted sepsrately

to both chambers.

2.3.6 osample handling

The electron spectrometer can hendle samples which
may be either solid with a regularly definea surface or a
powier, and may be & conauctor, semiconductor or non-
conduetor. Powders may be pelletized, compressed into
suitabie holder or dusted onto a carrier such as double-

sided adnesive tape.
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The mounted ssmple holder is sttached to the sample
probe which is moved in the preparstion chamber and to the
enalyser chamber by means of a transfer mechsnism consist-
ing of edge welded stainless steel bellows giving a movement
of approximstely 13 lnches. 4 heating and cooling facility
enables the temperature¢ of the sazmple t» be veried between
600% to the liquid nitrogen temperasture. The szmple prabe
is mounted on a precision rotsry motion drive with 360’
novement to> allow the specimen to be accurately positioned

for the appropriate analysis.

2.3.7 ChA gnaiysis of varistor samples

X-ray photo-electron spectrs of zinc oxide varistor

samples were recorded on this instrument.

Before analysing the varistor samples, the spectro-
meter was calibrated with the help of stsndard metsllic
samples. The spectrascorically pure folls of gold, silver,
copper ané pletinum (obtained from M/s Johnson snd Matthey
Chemliecal Compzny, U.i.) Were mounted on the standerd ssmple
holder assembled on to the sample transfer mechanism and
finslly loceted in the ssmple prepasrstion chamber. The
sample prepsration chamber was then evacuated upto 10”
torr by rotary pump snd then upto 10~ torr by the oil

diffusion pump. The whole vacuum system vas then baked at



150%C for 12 hours so tnst sny contamination on the internal
surfzce was removed and the system was cleaned. After
removing the bzkeout shrouds, the system was cooled to room
temperature. The ion gauge hesds, X~ray snode and filsment

were outgassed for 30 minutes.

The liquid nitrogen treps of both the oil diffusinn
pumps were filled by sufticient liguid nitrogen. The
titanium sublimatlion pump was fired for 1.5 minutes and

10

vacuum better than 10 —° torr was achieved.

The samples were cleaned by argon ion etching followed
by heating at 200°C in the semple preparstion chamber to
remove sll the surfece conteminations. After opening the
sample preparation and analyser chember isslatlion gste valve,
sanmples were trsnstierred to the snslyser chamber. One of
the four samples was positioned exactly under the X-ray
source and in front of the entry slit of the anelyser with

the help of the X,Y,<4 ssmple manipulator.

The ratemeter, channeltron multiplier power supply,
A=-ray source power supply, X-Y recorder, digital voltmeter
and spectrometer control units were switched on for half

an hour to stsbilize before the spectrs were tsken.

The spectrometer control unit comprising programmed
power supply, the rsmp generator, hemisphere volltage,

HV + W ecircuit and pedestal supply were calibrated by



adjusting the celibrsting potentiometers. The XPS spectra
were then recorded. The other three ssmples were 218>
enalysed in the s:zme way. The binding energies are given

in teble (2.1). The best availsble stancsrd binding energy
velues [1566] are also given Ln the same table for compsrison.
The binding energy values are in good agreement within

experimentsl errors.

After switching off the X-ray source, the analyser
and the detector power suoply, the samples were brought
back to the preparation chamber and the isoletion gate
valve was closed. Then dry nitrogen was let in the sample
preparation chamber upto etmospheric pressure. The ssmple
probe was then removed from the sample transfer mechanism

by unbolting the flange.

The sintered in0 varistor szmples were mounted
(three at a time) on the ssmple holder and were examined in

the srme way as discussed above.

Table 2.1 : Binding energies suitable for
use as standsrds for callibration
of X-rsy photoelectron spectrometer

Metal Level B (eV) Bi (eV)
Ltkef. 156} {Our experi-
mental velues
Gold afq9/0 83.8 I 0.2 83.96
Plstinum afo/g 71.0 ¥ 0.2 71.0

Copper 2p3/5 932.8 ¥ 0.2 932.4
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For comparntive study the srectrometer parzmeters
were kept constznt whlle analysing 2all vsristor ssmples.
A1l the speetra were taken at 50 eV pass energy of the

analyser, with 4 mm entry end exit slit, st 104

counts per
sgeond and 0.1 second time constent. Lach spectrum wvas
recorded for 300 seconds with 1000 snd 100 volts scan. The
total effective voltage to the channeltron multiplier was

kept at 3.5 KV to svold its damage.

&s Zn0 veristor semples are highly resistive the
carbon ls (2856.0 eV) peak was used as an internal standard

for correcting of any charging effects in the s=mple.

The surface of the pellet as got after sintering was
first examined by XPS. The pellet was then brought out of
the spectrometer and fractured in zir to expose the inside
meterial which was also examined by XPs in a similsr way.
Lestly, the pellet was finely powdered by grinding in &
mortar, and pressed ln the form of a thin layer in the gold

mesh of the sample holder and exzmined by XPs.

The reesrded XP5 spectra znd their snalysis are

given in the next chapter.

2,4 SCANNING bLiCTnON MIChUSCOPY (SuM)

5canning electron microscopy hss become a vazluable

tool in s broad variety of scientific and technical
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investigstions. The main reason for this is that this
instrument enables the user to visuallze directly the
surfzces of rough specimens over & wide range of magnifics~
tions with a good aepth of field. It is quite different
from both the conventional light microscope and transmission
electron microscope. The light microscope hes a very
limlited depth of field at high magnifiestions which makes

it difficult to study rough surfaces. The conventionsl
transmission electron microscope (TeM) has a great depth

of fleld and resolutlon associasted with its electron opties,
but cannot work directly with solid surfaces and its scope
in these applications has been limited by the problems of
making replicas of surfaces and interpreting the resulting
images. A4lthough the res»slution achieved in scanning
electron microscopy (Suil) is generzlly lower than that in
the transmission electron microscopy, the great depth of
focus and the relative ease of gsample preparstion mske the
former an ideal instrument for the examination of the
surface features, morphology and mierostructure of various
materisls. During the last forty years, various people [167-
175] took tremendous effort in development of today's
advanced high resolution scanning electron mieroscopes.
Today & mejority of SuM fscllities are equipped with X-ray
snalyticsl cepsbilities. Thus, topographic, crystallogrephic

and compositional iniormatlion can often be obtained rapidly

and efficlently.
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The basic function of the scanning electron micro-
scope (SkM) 18 to produce on s cathode ray tube (or T.V. tube)
an image of three dimensional epnezresnce, derived from the
action of an electron beam. when a finely focussed electron
beam impinges on the specimen surfsce, different types of
8lgnals are produced as shown in fig. 2.5 llke secondesry
electrons, backscattered electrons, Auger electrons, chara-
cteristic 4-ray pnotons, transmitted and inelsstically
scattered electrons, elastically scattered electrons, absorbed
elaectrons, ccthodo luminescence etec. These sisnsls are used
to messure various characteristics of the sample like surface
topography, elemental composition, crystallogrsphy, msgnetie
and electrical properties etce The secondary electron signal
is strongly dependent on the topogresphy of the specimen,
therefore it is used for the image formation in the SikM.

in the scaaning elsciron microscope & very small
diameter electron beam scans across the part of the specimen

to be lmaged llke & television type raster pattern.

The way in which electrons are scattered by variations

in the specimen surface are detected snd this backscattered
information is used to vary thne brightness of a T.V. type
displey tube which is being scanned in synchronism with

the electron bean.
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Cambrldge sterenscan~-150 scanning electron miecrosecope
(884) 13 » three lens system with specimen deteil resolution
achievable to better than 70 2 under setisfactory conditions.
The depth of foecus is at least 300 times greater than thsat
of a light mlcroscope. It has a magnification range between
A20 and X100y 000 whleh represents a scanned area on the
specimen from 6 mm x & mm to 1.2 ym x 1 m at 10 mm working
distance. additional vsrlabie magnifiestion of upto X3 can
be obtained using a zoom fzeility. The true magnification

st all worklng distances is indicated by a y-mark on the

display.

The block dlagrsm of the secanning eleetron microscope
1s shown in flg. 2.6, which is conveniently divided into

four sub-gystems.

(1) nlectron optics - Responsible for genersting

snd manipulsting the primasry electron beam.

(2) Scanning system - Hesponsible for praducing
the electricsl signals which make up the raster
scan, ilncluding scan colls, magnification

control and display scanning.

(2) Videp gystem - Lesoonsible for collecting
information sbout interactions of electron beam
and specilmen, processing this information, &nd

presenting it to the displey in & suitsble form,
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(4) Vscuum system - Responsible for maintaining

& suifielently good vacuum in the electron
cpties, to easure eificlent generstion snd

propogestion of the slectron beam.

The slgnels from the photomultiplier psss through e
head amplifiser and then to the displey C. T. (cethode ray
tube), where the amplified signals modulate the brightness
of the C.keT. The tube is scanned in synchronisum with the
scauning oi the specimen by the electron probe. The
resultzsnt image has a marked three dimensionsl appearance
becauss the contrast 1s produced by the varistion in the
number of elecirons emitted or reflected from the different
parts of the specimen, which is a fuetion of the inclination

of the surface t> the incldent electron beam.

A 35 mm csmera 13 mounted on the recording C.R.T.,
which ean provide high quality photograph of the lmage

presented on the normal visusl dlspley.

2.4.3 oSaM analysis of varistor samples

To understand the vsristor mechanism and its micro-
structure, grain growth, grein boundary segregation,jmigra-
tion etc., Zn0 varistor samples prepared for thls work, were
studied by the scanning electro-n mlicroscope; Cambridge

Stersoscan-150 model, manufactured by M/s Cambridge



sclentific Instruments Ltdey JexXs 23 snown in filg. 2.7.

The 4n) varistor sintered pellets are fractured and
the inside portion is exposed, and mounted on the standsrd
speclmen mounting stub. The samples are coated by o gnod
conducting thin layer (upto 200-300 2 thickness) of silver
by vacuum deposition techalque t» prevent charging »f the
specimen. The specimen stub conteining 7-9 small pieces of
the sample sintercd at verious Lemperatures are mounted on
& specimen stoge. The semple chomber and column are then
evacutted by the oll diffusion pump backed by the rotery

pump upto 1072 torr.

ror comperative study, the electron beam perameters
were kept constant while analysing 511 the waristor samples.
The photogrephs of the samples with 20 KV :HT, 2.7 2mpP .
filsment currenty 390 A beam current st verious nsgnifica~-
tions from X2K to X10K were recorded by 2 35 zm cemera
attached on the recording C.s.i+. The photographs teken for
the zn0 varistor sre gliven and discussed in the next chapter.
2.6 BLECTRON PROB& MICHUANALYSIS (nPMa)

USING LhiialY LIolPiaoiVi Kby

slectron probe microanslysis is a powerful anslytical
technique capable of performine elemental anslysis of miero-

volumes, typlcally on the order of a few cublc micrwms in



bulk samples znd conslderably less in thin sectiong. The
szmple is ansliysed non-destructively and guantitative

englysis can be obtalned with a good accurscy. another
importent festure of the wPMs is the capablility for obtain-
ing X~-ray signal scamning plctures, which gives the element:]
distribution in the area of interest. The various people [176-
185] took lots of effort to develop techniques of electron
probe microanalysis (iuPMA) using a solid state detector
capeble of performing simultzneous analysis of all elements

heavlier than sodium.

A block diagram of the essential components of the
energy dispersive X-ray spectroscope (#DS) is shown in

fig. 2.8.

2+5.1 X-ray generation

hhen an electron beem of sufficient energy strikes
the atom, an lnner 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 vacency in
the lower energy shell. In so dolng, sn X-rey will be
relezssed with en energy equasl to the difference between the

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

Assumey, that an electron of high energy strikes the

atom snd ejects a K-sheil electron. To flil the gap crested
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by the ejected electron, sn L-snell electron may drop to
the K-shell, lowvering the energy of the stom and emitting
K“ X-rcdliestion in the process. If an slectron from the
M-shell fills the K-shell vescancy, Kﬁ X=radiztion would be
emitted. oimilsrly, 1f an elec¢tron from the next outer

shell (M) filled the veczncy, Ly radlstion would be emitted.

The most probsble trensition to occur when a K-shell
vacancy 1is cresteu is the LK trznsition since these are
adjacent snergy shells. Thercfore Ky radistion will slways
be maue intense than the Kk radlation. The Kb radiction
will be of higher energy thean Kx radliation since the energy
difference between the M and K shells (KE radiatlion) is

grester than the energy difference between the L and K

shells (Kq radiation).

The sezllent feature of the charescteristic X-ray
production is that the energy of the characteristies radis-
tion in a given series of lines varles monotonically with

ator ic number. This is expressed by Moseley's law :

__/ E = Cl ((n - 02) A XX (2.3)
where i = energy of the emission line for a given X-ray
saerlies
4 = atomic number of the emitter

C1 and 62 are constsnts.



From this equation it is clesrly shown that if the
energy of & gilven £, L and :i llne 1s measured, then the atomie

number of the element producing thet line c:zn be determined.

2.0.2 51i(Li) detector

The heart of zn energy disperslve spectrometer is s
51(L1) dlode whose active area Ls typlezlly 12.5 mm2 and
thickness 1s 3 mn. If a diode i3 reversed-biased (by typlicel-~
ly 1000 volts) = depletion region is established. 4l1ll of the
noraslly present electrons and holes in the depletion region
are removed by the externally applied electricsl fleld. The
absorption of sn s-ray quantum releasse a phntoelectron from
8 S1 atom in the detector. This photoelectron then produces
a wake of ionization et the rate of one electron-hole pair
per 3.8 eV of initial photoelectron energy. This charge is
collected by a blzs voltsge of severzl hundred volts and

converted to & voltage pulse in the field effect transistor

(FuT) input first stage of the preamplifier.

The FeT 1s located directly behind the silicon lithium
drifted S1(Li) detector and provides the first stzge of signal
amplificeotion. The actual charge induced in the detector is
extremely small, therefore, to minimize noige, the Ful must
be located as close to the detector as possible and must be

operatea at low temperature. In addition, low temperature 1s



reguired at sl1l times to limit lithium diffusion in the
silicon ecrystal »s lithium is very wobile at room tempersture.
To achleve the reguired low temperature, the detector and

FET are connected through an efiflclent heat conductor actually
& copper rod called the "c¢old finger" to & liquid nitrogen
dewar. & very thin 9.3 mm beryllium window 1ls used to

enclose the end cap to ensure its vacuum integrity while

providing high X-ray tronsmission.

The X-ray signsl from the sample passes through this
beryllium window into an evacusted chamber contalning a
cooled, reverse~-bilased p-i-n lithium drifted siilcon crystal.
sbsorption of the X-rays in the intrinsiec region results in
the formstion of electron-hole pairs, which are collected by
a charge sensitive preamplifier. The signal is further
amplifled and sheped by & main smplifler and passed to a
multichannel anslyser (MCA, where the pulses are sorted by
voltage which remaims proportional to thelir incident energy.
The energy distribution is then displayed on s cathode ray
tube or an X~-Y recorder or is transmitted to a computer for

further processing.

2.5.3 Varistor sample analysis by uPMA

70 get the elemental composition and their distribu-

tion in the microstructure of the zinc oxide varistor,
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seniples prepered ior these studies were anslysed by electron
prove micro analysis (LPMi) tectinigue using the Link Systems
fodel 29U~2K X~-ray cnergy uvlspersive Spectrometer esttached
1o a Cumbricge stereoscan-1o0 scanning bklectron Miersscope

(5uil) shown in fig. 2.7.

The ssme samples were used for EPMA analysis, which

were prepasred for scaenning electron micrnscopic studles.

The Link Systems 280 uncrgy Dispersive (i&D) system
consists of lithium drifted silicon 5i(L1) detector having
resolution of 1560 eV FWHM gt 5.9 KeV, using Mn&x peak 0.3 mm

Be window with a take off angle of 75°.

£11 the dats scquisition, display and permanent
storage 1s done via a 19 bit Late General's NOVA-2 computer

with 16 K words of memory.

&nologue to digitsl converter (4DC) keybosrd, video
displey unit, teletype printer are connected to the

computer's centrsl processing unit via the input/output bus.

The histogram of the energy versus counts cen be
displeyed on the TV monitor (video displey unit) which is
interfaced by the digltsl to video convertor. There is elso
s provision of elphsnumerics character storesge and readout

logic. This cun store 64 x 6 bit characters on the top and



Filg. 2.7 1 Scanning Electron Microscope

Cambridge Stereoscan - 130 and
Energy dispersive X-ray spectrometer
Link systems 290C-2K,
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bottor of the viden displey unit. This nrovides the display
of vorinus aspeetrel informction like count rate in the
spectrum, count rste in the wind-w, intepgrsl of = nezk,
stomic symbol for the K, Ly M lines, counts snd energy et

the cursor position.

The miceroastructure elemental snalysis, X-ray distri-
bution imzge of various elements end point analysis of
veristor samples were cerried out in this study and details

are glven in the next Chapter.

2.6 X-haY VIrFRACTION (XRD) ARALYSIS
Or° VARLGSTOn SamPlis

*

The Zn0 varistor pellets were directly mounted on the
semple holder of s Philips X-ray diffrsctometer model Pé 1730
for the structure identificstion. The diffracted X-ray
intensities were recorded as a function of 29 by using
copper target (Cuxq, A = 1.5404 2). The values of the
interplaner spacing 'd' were calculated using the Bragg's

relation 13
F37 N = 2d Sing seans (204)

where A is the wsvelength of the X-ray used, d is the distsnce
between the two neighbouring atomic plenes end © is the

Bragg's angle.

The XKD results for different varistor sesmples are

tzbulsted and discussed in the next Chapter.

-y an v
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To understend the couse of the unusual non-lineer
property of metsl oxide veristors, four systems were prepsred

for this study:

System Abbreviated as
2. 4no + Sb203 8
d. &nd + B1203 + Lol 4BC

Co0 + ¥MNO + Cr203

The current-voltage cherscteristics of these pellets
sintered st diiferent temperatures have been measured at
room temperature and volues for the non~linear exponent («)
are calculsted. The varistor samples of these four systems
are characterlsed by the XPS, sSiM, &PMé end XKD techniques.
#11 the experimental results =nd their detslled anslysis
gre presented for esch system separztely. They are tabulsted

sand discussed in this Chapter.

3.1 Zn0 + BiyOg, (4B) SYSTuM

Jdelel I~V characteristics

The [~V charscteristics of these peilets sintered et
different temperatures are measured at room temperature using

the experimental set-up described in Chepter-ii. The results
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are plotted in fig. 3.1. ‘“he non-linear behaviosur is seen
clearly from the I-V plots, which shows & systematic change
as a functinon of the sintering temperature. These I~V
curves of the 4B pellets are expressed in a standsrd form

used in the earllier studies on silicon carbide ceramies (1],
I = ( — } sesse (301)

The non-linesr exponent '«' in the azbove ecuation is ecauleuls-
ted using the equation (2.2) ss described earlier. The
computed '«' values for tnese pellets sintered st different
temperatures sre given in table 3.1. The ohmic resistznce
of the pellets sintered at temperatures less than 800°C was
too high leading to e high Izﬁ heating at currents greater
than 10'6 emp. It 1s seen that the 'o' vaslue increnses
slowly upto 900°C, attains a meximum in the temperature
range 1200-1300°C snd then slowly falls off. The maximum
«-value of 6.6 is obtained with pellets sintered at 1300°b,
which decreases to 4.3 for those sintered at 1400°%. These
results agree with the reported < values [29,32,186,187].

The non-linear constasnt 'C' is calculated from the
I-V plots for different sintering temperatures snd the
values are given in table 3.1. It i3 seen that constant 'C’

decreases as sintering tempersture increases.
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Table 3.1 : Values of «, C gnd density for
the 4B pellets sintered at
various temperatures

Sintering Non~-linear Hon-linear Pellet
temperature exponent constant densit§
% v (rm/emd )

(V/mm at 1 ma)

600 1.0 3.2 x 108 ° 3.3
825 1.8 632 3.3
1000 3.4 339 3.5
1200 5.7 100 5.3
1300 6.6 34 5.3
1400 4.3 33 5.2

* egxtrapolated velue
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The density of pellets sintered at different tempe-
ratures is calculated by messuring the dimensions end weight
of the pellets end 1s given in teble 3.1. It is observed
thet the density slowly increases upto 1100%, attains maximum
in the temperature range 1200-1399°C rnd then falls off
slowly, slmilzr to the observed variation of . This behavisur
brings out the importance of sintering end dci:ification of

pellet to get the meximum « vslue.

Jd.1.2 &lectron spectroscopie study

4s indiceted earller, X-ray photoelectrsn spectrascopy
is an idesl s=nd proven technique t» study the eleetronic
structure, chenlcel nature, oxidation state, migrstion,
segregatlion st grain boundsry ete. of the mixed oxide system
sintsred at various temperatures. Fig. 3.2 shows the typiesl
spectrs (l.e. intensity versus binding energy) obtsined from
the surfsce of & pellet of 99.5 mole ¢ Zn0 and 0.5 mole ¥
B150, and Irom the surfece of another pellet (from the seme
bateh) sintered at 1200°C. The pesks have been identified
using known systematiecs of XPS date and assigned to in-3d
ana 31-4f7/g and Bi'4f5/2 states. It can be scen cleerly
that the intensities of Bi-qf7/2 snd Bi—4f5/2 pesks are
considersbly enhanced after sinterlng the pellet at 1200°%C.
This is possible due to the migrztion of 31203 on Zn0 grain

surfacaes. Therefore, the intensity of Bl peaks lucreases and
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intensity of 4n pesk Gecreases due t» sintering. WNo binding
enargy shift was observed in in-3d and Bi-4f XPs pesks
(table 3.2) before or after sintering the 4B pellets,
therefore it 1s concluded that there ls no chemical change
teking plsce in snv and 5&203 after sintering. To differen-
tiate between a bulk migrstion or a grain boundery migrstion,
the same sample was snalysed after (a) fracturing the psellet
and exposing the inner surface and (b) by grinding the
pellet in a mortar and loading the powder szmple on to the
gold wire mesh of the s:zmple holder. &xactly similar results
were obtained from the {ractured surface as well as from the
powder ssmples snu tnese resulis are shown in table 3.2.
Migrastion of 31203, thercforey ls not a bulk process but

it is taking plzce at the bounderies of 4nld grains. simllsrly,
on grinding or fracturing, the cleavage takes plzce along

the 0ld grain boundsries, so that the anvU greins still
remaln coated with 8i,04. This confirms the formation of
intergranular layer enriched in 81203 due to gintering or
4n0-B1,0, pellet at 1200%C.

In order to understand the migration of 31203 in
deteil (i.e. the chemicrl neture of the intergranular layer),
the i-ray photoelectron (XPs) spectrs were recorded after
erushing the 4B pellets, slintered at various temperztures

end the results are shown in fig. 3.3. The peaks hsve been
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Teble Jo2 3 AP, results of & «B peilet before
gnd after sintering »t 12007%C

Semple Blnding enervy intensity of intensity
of Xto pesks APS penks retio
(eV) (10% cupes.)

4n-3d¢  Bi-4f n-3d Bi-4f in-dd Bi-4f

€

PM 10.2 159.6 4,20 0.80 .25
Pellet 10.2 158.7 320 4.80 0.66
surface

(as sintered)

Fractured 10.2 182.6 1.20 4.20 0.28
pellet

Poyder after 10.2 15906 1.35 4,70 0.29
grinding the

sintered

pellet

+ Pi - physicnl mixture before sintering
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identified and essigned to in-3d, Zn-3p, Zn-3s, Bi-4f7/2
and Bi-4£5/2. we hove s8lso recorded the in iAuger peaks
excited by AlK‘ X-reys because the shift in the kinetie
energy of Auger peaks ls more than the binding energy shifts
of 4P5 peaks for zinc metsl snd its oxicdes. For exemple,
the binding energy of 4n-3c¢ XP5 pezk shifts from 9.4 for Zn
to 10.2 eV for «n0, whereas the kinetic energy of
an-Ly (M M, Auger peek shifts from 1015.6 to 1012.0 eV [188].
That is, the XP5 binding energy shifts by 0.8 eV whereas the
duger kinetlc energy shifts by 3.6 eV which helps in the
icentiiication of chemicsl nzture easily. These X-rsy
exclted Auger electron (XALS) pesks are distinguished from
the XPs pesks by recording the spectrs using the twin enode
X=ray source (AIKK hy = 1486.6 eV end Mgk, h = 1263.6 eV,
and the results are shovn in fig. Jd«4. 1t 1s clearly seen
that the Auger peaks have been shifted by 233.0 eV on the
binding energy scale wiherezs the XPs peaks hsve remsined

stationary.

rom the XPu spectra of ZB varistor pellets sintered
at vsrious temperatures (fig. 3.3), 1t 1s clearly seen that
the Bi XPs5 peaks increase whereas the Zn XPS end the Zn
suger pezks decresse In intensity es the sintering tempers-
ture incresses. contrary to the earlier observation,

(M. iatsuoke's conslusion from the Suil results {ee ) 81203
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migrztion to the lntergramnuisr lsyer sepsrating in grains
starts even et 600°C and progressively becomnes pronounced

at higher sintering temperatures, as seen clearly from the
increass in the intensities of the characterigtic 81 peaks

in comparison vwith thet of the 4in peak intensities zivem

1n table J.d. To get & clear icea about the varistion of
in =2nd Bl XP5 peak intensities, 4n/8i pesk intensity ratlos
ere glven 1in table J.4 and the voriation of these intensity
ratios s3 & function of sintszring temperatures sre plotted
in fig. 3.5. 31 pesk intensity is meximum and 4n peak
intensity is minimum in other words, Zn/Bi intensity ratio
is minimum for pellets sintered at 1300%, whieh show that
the migr-tion of 81233 to tne intergranuler layer separating
«n0 greins is maximm at 1300°C. 3imilsrly the «-velue and
density are also maximum at 1300°C (see tabie 3.1). It is
thus clearly shown thst et this sintering temperature,
densificstion and maximum migration of 31233 at grzin boundery

«re more or less complete to give the maximum value of «.

“hen a pellet of the 4B varistor system is sintcred
at 140006, the 31 peanks sudaenly decrease in inteasity
(simultanesusly in peak intensity incresses). It 1s
reasonable to explain the sudden incresse in the intensity
rztio on the basis of a loss in 31,05 due to 1ts sublimation

from the surfece. In fact there 1s a continuous loss of
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lgble de.4
pellets sintered at yarious temperatures
Sinter- “n=-3dé wn=3p un-3s fn-éuger un=-suger
tggpa- BL-4fp, Bl-df,,, Bi-4f,, frrfviy ittty
’ag“re Bi-af,/n  Bi-4f,,,
c
PM 5425 6.75 3.50 7.88 16.88
600 1.04 1.42 0.73 1.65 3.85
825 0.79 0.89 0.43 1.10 2,79
1000 3.35 0.53 0.25 0.53 1.356
1200 0.29 0.43 0.20 0.36 0.98
1300 0,26 0.36 Jel7 0.28 0.75
1400 2,33 3.33 1.66 3.83 8.83

P4 - physical mixture before sintering.
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81203 irom the surface lryers during the sintering process
st nigher tomperatures, =< ls seen clearly by comparing the
intensity ratios oif the suriace o1 the sintered peilet and
the powder sample (table 3.2). Ilundirectiy due to the loss
of 51233 from the suriace layers the iresh 4nv suriace
layers are exposed to the A-ruy excitstion, culaminating in

the rise 1in lntensity of the 4n peaks.

There is no XPS bilnding energy shift of 4n =nd Bi
lines or n»n kinetic energy chanege in 4n iuger lines (table 3.5)

thereby confirming that no new phsse hss been formea after

sintering.

rrom the above stuuies, the migration ot 81203 on
4any groins waleh plsys an imporvent role to achiave the
unusuai non=-linesr varistor property is experimentzily

suported.

d.1.3 scanning elsetron miernscopy (Saii)
end electron probe micro snalysig (nPis)

To underst:nd the varistor mechanlsm snd mlero-
structure, snd to check the XP5 econciusions; &B varistor
szmplas prepsred for this work sre also characterized by
scanning elactron mleroseopy. The &PML coupled to Su¥
was used to know the elementsl diatribution in the unicro-
structure of the varistor pellet. Flg. J.6 shous the

scanning electron micro:sraph (X1000 megnificetion) of a PA:)
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Fig. 3.6 1 Scanning electron micrograph of a 4 B pellet
. sintered at 1300°C.
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pellet sintered st 1300°C. It can be clesrly seen from the
micrograph that the big greoins of about 20-30 microns are
separated by a thin layer, the so-called intergrsnular layer
in the literature. The elemental microanalysis of these

blg grains and the intergranular layer wes carried out by
the &PMA technique.

The characteristic X-fays gensrated in the ssmple
by an electron beam, sre detected by the silicon-lithium
solid state energy dispersive dcsteector which measures the
X-ray ensrgy directly :nd produces = spectrum of counts
versus energy &s shown in flg. 3.7. The characteristic
X-ray spectrum for the totel area (shown in micrograph of
fig. 3.6) is recorded and shown in fiz. 3.7(e). The
spectrum clearly shows thet the intensity of ZnKu pesk
(2t energy 8.630 KeV) is more whereas the intensity of
BiM, peak (at energy 2.418 KeV) is less s 1s expected
from the composition. The spectrum shows some more peaks
belonging to AlK, (1.486 KeV) coming from sluminium sample
stub and AgL, (at energy 2.984 KeV) coming from the silver
deposited on the semple surface for avolding the charging
of the semple. The integrazl veslues (i.e. total number of
counts under the pesks after fixing the energy window,
2.28 KeV to 2.70 KeV for BiMq snd 8.34 KeV to 8.96 KeV for
ZnK,) for bismuth and zine snd integrsl ratios i4n/Bi for
the ZB pellet sintered at 1300%C are glven in table 3.6.
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Fig. 3.7 s Energy dispersive analysis of X-rays (EDAX)
spectra of a 4B pellet sintered at 1300°¢ ’
electron probe on—(a) total surface area
covered in micrograph fig. 3.6, (b) big grain

(e) intergranular layer.
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Table 3.6 H

Pl HeolLliS UF b6 wi Juliwl 51iN]ubiaw

oT 1300°C AT VARIOUS PLACLS

Place of snclysis anKy Binq integrsl

integral integr=1l retio
in/Bi

Total surface 2,20,276 J6, 642 6.20

area coverszd

in fig. 3.6

Probe on = 2,00, 708 5,765 36.38

big grzin

Probe on an 73, 342 1,489,573 0.43

intergranular
layer




When sn electron probe 1s pleced on the big grasin of the
micrograph (fig. 3.6) and the ciharacteristic 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 Biﬁq pesk. It 1s,therefore, concluded that the big
grain belongs to un0. However, when electron probe is
placed at the intergrsmular layer, the spectrum obtslned
(fig. 6(c)) shows an increase in the BiM, peak intensity
and a decrease in the ZnK, pesk intensity (table 3.6).
Hence it 13 concluded that intergranular layer belongs to
B1,0g-rich phase. The melting point of Bi,0, is 826°%C [31]
and thet of zn0 1s 1970° [31] and they sre separated by
over 1150°C. The sintering of 4n0-Bi,0, pellets in the
tempersture range 1000-1400°C is therefore s liquid~-phase
sintering, At these temperstures 81203 melts and gnes into
ligulid phsse which {lows between the 4n0 grsins and when
the semple 1s cooled to room temperature it solidifies and
re:ains in solid stzte between the Zn0 grains. ke can
therefore see in the scanning electron microgrsph (fig. 3.6)

blg grzins of Zn0 separated by a thin layer of 81203.

Zinc oxide is an n-type semiconductor materiel heving
a good electricel conductivity (the resistivity is typleslly
1 ohm-cm at 26°C) (32,37, wherees Biy0g is a highly
reslstive material (the resistivity > 108 ohm-cm &t

25°C) [38,39). The voltrge anplied to this «B veristor pellet
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is therefore concentrated at the highly resistive Bizoa inter-
granulsr 1sJWiA yhich 1s responsible for the non-ohmic property

of these varisto k-,

In order to understandé the growth kinetics of 81203
rich intergreanular layer as 2 function of the sintering
temperzture, the scanning electron microgrephs vwere recorded
for samples of 4B pellets sintered at various temperstures.
The microgrspns sre shown in fig. 3.8 and thelr wPMA results
gre glven in tsble 3.7. From the microgrsphs, it is clearly
seen that as the sintering temperature incresses, the in0
grzin growth increasses slowly upto 1000°C anc then rapldly
sfter 1200°%. 5imilsrly the features of intergranuler layer
sre clearly visible from 1200° andé become prominent at 1300°C.
The thickness of the intergranular layer is maximum at 1300%,
vhere « vzlue is also meximum. The thickness of the inter-
granuler layer therefore plays an important role tn get the

maximum non-linear property of these veristors.

4 SbM micrograph (fig. 8(e)) of a similer pellet from
the same betch sintered at 1400°%C clearly shows a reduction
of intergranulaéféilsnmably due to the vapourlzation of 81203
et higher temperatures. The «-vzlue also decreases possibly

due to reduction in the thickness of the intergranular lasyer.






Filg. 3.8 3 Scanning electron micrographs for the
zB pellets sintered at (a) 825°C (b) 000°¢C
(e) 1200°¢C (@) 1300°¢C (o) 1400°C
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Teble 3.7 3 w2i results ond grala size of the
ZB pellets sintered at various
temperatures
5intering Integrel Integral Grain
teaperzture  w-eccccccmacccccccncaa retio slze
% anky B, wn/B1 {(micron)
PM 83,483 3y 744 23.643 <1
600 1,114,182 4,886 23.37 <1
8256 1,37,262 5,990 22.92 1-2
1000 1,40,660 Gy 579 21.37 3=-5
1200 1,657,469 23,381 6.74 15-20
1300 1,45,478 23,388 6.22 16-20
1400 1,33,040 724 183.76 15-20
Pii = ophysiesl mixture before sintering.



Teble 3.7 suovws changes in the integral ratios of 4n/Bi
2t various sintering temperatures of ZB veristor pellists. It
is cleerly seen from the un/Bl integral retio that the migra-
tion of Bl,05 slowly tsikes plece upto 1000°C end suddenly
incresses in the tempersture range 1200-1200°C. The rstio
becomes minimum st 1300% indiesting the formation of 31203
rich intergresnuler leyer separating in0 grains. The in/Bi
integrel ratio increases tremeundiusly for pellets sintered at
1400%C confirming the voletl : 1oa loss of B1,04 from the zn0

surface.

It can be clearly scen that the grain size anc thickness
of lntergranuler leyer rich in 81203 play an importent role to

achleve the maximun value of «.

d.1:.4 X-ray diffraction (XRD) study

in order to look for any phase changes taking place in
the (4B) verlstor pellets sintered st different temperatures,
the B pellets were choracterized by the X-ray diffrection
technique. The 'd' vslues snd intensities are given in
table 3.8. There zre no additional lines observed in the XEi
spectrum of the sintered pellets. 7To get s better 1lces sbout
the Biy0, phase, semples containing 1 g snd 6 7 B1,0, were
prepared and sintered at ditferent tempsratures. It can be
seen that the samples eomtsining 0.5 ¢ Bi,0, show, after

sintering at 1300°C, line due to cubie Bi,0, wneress the ones
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contalining more Bi,0, glve rise to «-(monoeclinic) B1505. Thus
when 31203 ls erystullised from the molten phose on cooling
the sample from the temperature grester than 1000°C, the
bismuth oxide can erystsilise to either the cubic (Y) phese

or the monoclinic (%) phase. In the ubsence of any other
stabilizing oxidey the tendency iz towards the more stszble
monoclinic phease and only e sm=ll portion (0.5 ¢ of the total
weight,) crystallises in the cubic phsase. This 1s presumsbly
the lsyer surrounding the grains of «nl. 7The extra 81203
which eryst:-llises in the monoclinic phause segrégates to smesll
discontinuous crystellites and is therefore not eifective in
improving the non-ohmic characterl stics of the systems. The
only vwey of getting high non~linearity, thereforey, resides in
stabllizing the cublc phase in competition to the other more
stable monoclinic («) phase when 31203 is crystellizing irom
the molten state. 7The cubic phase apparently has the property
of maintsining the thin intergranuler layer like in the liquid
51203, whieh property the (%) monoclinic form mey not have.

This stabilizetion is not obtzined merely by the disso-
lution of «nd in 31203 in & small proportion ss is cleimed in
the litersture. If that wss soy there was no rezson why the
entire 6 ¢ Bi,04 added in (28) systems did not crystzilise in
the cubic phase. It looks that cubic oxides such as ¥nC or

¢20 which erystszilise in the fsce centred cuble sodium chloride
structure tends to stabllize Y-Bigoa. This conclusion is borne

out by the fincings for the (4BC) systems discussec latter.
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3.2 4n0 + 3bo0q (Z5) VARISTOn SYSTEM

d.2.1 1-V characteristics

The current voitsge characteristics of 45 pellets sintered
et aiffereat teupersture from 500% to 1200% sare measured at
roon tenperature snu the results are plottea in fig. 3.9 (log V
¥s log I). #rom these I~V plots, it is seen that the non-
linearity lacresses with sgintering temperature and it is meximum
at 660°C, then starts decreesing with further increase in the
gsintering tempersture. The I~V cnarscteristics become almost
linezr for samples siatered at ©90°C. &t still higher sinter-
ing temperctures the I-V curve stzrts becominy non-linesr and
the non-lineerity reaches a maxlmum at 1100% and again
decreases at 1200°%. 1his is wore clesrly seen from the computed
non-linesr expounent X-vslues using equation (2.2), which are

given in table 3.9.

The non-linesr constant 'C' calculsted from the I-V
plots at cifferent sintering temperstures are also given in
teble 3.8. 1t is scen to decresse in value upto SOQQ, then
to remein constent in the tempsrature range of 660°-900°C and
tnen agein to drop st 1000% and continue to Gecrease upto
120u°% . 91ne non-linesr constzat 'U' for the «B pellet sintered
ot 1200°% is 10 times more thun the 48 pellet sintered at the

srme tempersiure, ana this is becsuse the resistivity of 31203

is much more than thzt of the sbzos.
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Table 3.9 : Vsluos of «y C and density of

< pellets sintered at various

temperatures

Sintering Non-linear Non-linesr Pellet
temperature exponent constent 'C! density
% ty! (V/mm at 1 wA ) (g/cma)
N
500 1.1 4.2 x 10° 3.08
660 4.0 240 3.08
Y00 1.3 240 3.10
1000 2.0 28 3.16
1100 4,0 18 d.24
1200 2.2 9 4.40

* extrapolsted vslue



The denslty measured for the 48 pellets sintered =t
varisus temperstures are also given in Table 3.9. It does not
chenge upto 10097, 1t lncreases slowly from 1000-1100°C and
then rzpidly {rom 1100-1200% . The density of 4B pellets
sintered at 1200°% 1s much higher (92.8 ¢ of the tneoretical
deasity of 4nd) thsn the dsusity of o pellsts sintered at the
scme tempsrature (77.0 £ of the theoretical density of sn0),
wnich shous that 51203 helps more in sintering and densiiica-

tion than Sb203 »

J.2.2 ulectron spectroscopic stidy

43 in the case of the 4B systems, the X-ray photoelectron
spectra sre recorded in a similar way after crushing the 4s
peilets sintered at various temperatures which sre shown in
1igs JelUs Ghe pesk intensitles measured from these spectra
are given in tsble 3.10. Similarly zn/Sb intensity retios sre
given 1in table J.11 sna the v:riation of these ratios as =
function of the sintering temperatures for 43 pellets are shown
in fig. 3.11. It 1a clearly seen from these results thet the
intensity of Sb APS pesks incresses and that of all n XPS and
in X4ed peaks decreases ags the sintering temperature inecreases
upto 650°C end the intenslty ratio Zn/sb is minimum at 660°C.
Contrsry to the eariler observetions [29], Sby0, migration on
the 4n0 grasins sterts even at 500%C. The concentr=tion of

Sb203 in the enriched layer at the surface resches a maximum
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FIG.3-10: XPE -SPECTRA FOR (ZS) PELLETS SINTERED
AT VARIOUS TEMPERATURES.
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at arouné 660°C. On thc othor hauady more and more Znd
greins get coated with 3b203 enriched intergronulsr layer
thereby decressing the intensity of Zn peaks. &3 the
sintering temperature inecraasses to about BOOOC, the latensity
of the Zn resks sberts inerersing waereas the intenslity »f
the 5u pexks starts decressing. Tals dscresse in the
lntensity of Sb pe-ks may b slther due to the eveporation
of 3byJdg from the surfeace and/ or 30y diffusing into the
Zind gralng due to reaction of Znd and 5b203 snéd forming
snother phegse. It may he recniled that in the cass of ZB
systam the 31203 was [found to evaporate above 1400°C whieh
wss eonfirmed from the facets that thers was no shift in the
bindine aenergy v=lues as scen from the APS peaksy, and that
there w.re no extra lines ocuserved in the XRD. It wes thus
coneluded that no phess ehrnve was toking plsce in ZB system
=nd thus the £3)ll in the XP3S pask intensity of 812ﬂ3 at the
gintering temperature sbove 1470°C was due to the evapora-
tion of 51203. However in this 45 varlstor system sintered
at higher tempersture ( > 800°C J a shift in the binding
energy values of the 3b pesks has been observed but no shift
in the én peaks. The binding energy values for 45 system
sintered st various temperatures are measured from the XPS
spectra and are given in table 3.12. The Sb-3d3/2 binding
energy changes from 539.2 eV to 540.0 eV at higher temperstures.
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This shkift of U8 eV confirms thal antimony chsenges Irom

3

L3 5+ =
b to b beczuse the observed value of 540.0 eV matches

. : . O rean
the blnouing enerpy fov anb 182j.

3d.2.3 oScanning electron microscHpy end

electron probe microsinclysis

Sapnles of 243 system sintoered at varisus temperctures
heve boen exerdned by the 850 in a uwpy siniler to the esriier
o3 setinless TE hes been observed from the mlerogrsph that
the graln size of these pellets slntered upto 1909% ts very
stizll { << 1 micron ). It was therefore difficult to get

det:1ls of the microstructure of these pellets.

The scanning electron microgrzphs at very high magnl-
ficetion ( X20,000 ) for semples sintered at 1100 end 1200°C
gere shown in fig. 3.12. From these micrograephs it 1s cleerly
' geen that o definite graln growth of zn0 (hexagonsl) starts
taking place above 1200°C at waleh temperesture the density
8lso increased. No definite gruin boundary segregetion of

3b203 is Observed.

The energy Gispersive X-rzy snclysis of these pellets

tias been crrried out snc the values of the a~-ray integrsl
for wnky and SbkL, and their ratios are given in table 3.13.

It is seen thast the integrzl rctio (wn/ub) decreases as



Fig. 3.12 1 Scanning electron micrographs of the
23 pellets sintered at (a) 1100°C (b) 1200°C.



Table 3,13 ¢ u&PMA results and grain size of

the 4o pellets slntered at

various temperatures

sintering Integral Integral Crain
temperature ~=emeecccceccrcccnnccaa- ratio size
9% 4nk, 5BLy an/sbo (mieron)
PM 1,08,608 3y 260 d43.34 <1
000 1,32,932 4,017 28 .43 <1l
660 1,53y543 59450 28.16 <1
800 1,583,601 4,928 31.17 <1
©00 14456,006 4,646 3l.32 <1
1000 1,054,641 44 644 33.30 <1l
1100 1470,190 by 067 33.60 1
1200 1,664 337 4,895 33.98 2
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sintering temperature incresses upto 6609, and the ratio is
minimum i.a. the migration is maximum at 650°C. The ratio
of un/5b integral increases siowly &s sintering temperature
increases. 4s the electron probe microanslysis technique
anslyses upto a fevw micron cepth, the ub diifusing into the
on0 grains 1s slso detectea, therefore the ratio does not
exceed the value for the pnysicsi mlixture before sintering.
It therciore enpesrs rezsonable to conelude that Sb, g is
not evsporsting from fhe suriace but it 1s diffusing into
the 4n0 grsins. &4t higher temperstures (i.e. 1100°C) the
retio exceeds that for the starting mixture presumably due
to the increase in the graln size snd some evaporation of

Sb203 from the surface.

The X-rzy enelysis spectrum of 4S5 pellet sintered at
1100° is suown in fig. 3.13. o preferential concentration
of Sb st the graln boundsry 1s seen contrary to what wes

seen for the 4B system.

J.2.4 X-rsy diffraction stuay

To check the formation of any new phase, XuD studles
were carrizd out for the 43 pellets sintered at various
temperstures. The 'd' values end intensities were calculated
end sre presented in tsble J.l4. These datz have been

compared wit ( the stsucard X-ray pattern for different phases

Th. 6020
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Fig. 3.13 : knergy dispersive analysis of X-rays (iDaX)
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spectrum ol a 43 pellet sintered at iMC C .
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and identifieu pheses are recorded in teble 3.15. The pellets
sintered above $00°C show additional 1lines in the Xkl spectrs.
These extra lines can be lndexcd on the bssis of a spinel type
compound with '&' vzlue equal to 8.577 ¥ 0.004 Z. The 'd*

values for observed pheses are given in tebles 3.16 and 3.17.

iwo spinel type compounds, nsmely Znszoé and Zn78b2012
ere repo>rted in the literature. The observed 'a' vesiue is
closer to that of Zn73b2012 phase. ULlireet evidence is also
avellable from the anslysis of the XPs cheuiezl shift dats.
The antimony valency is different in the two spinel compounds
namely pentavalent in Zn.?szol2 phese and trivslent in
anﬁb204. The observed binding energy shift matches that of
sbb+ L83, 189, 190]. Since there is a shift observed in the
5b peak position above 900°% it is concluded that there is a
reaction between the two constitueant oxides to form a new

5+. 3inee there is =

spinel Zn73b2012 phase containing 5b
migration and diffusion of Sb5+ long from the lntergranular
leyer surrounding the Zny grsins due to formation of the
spinel phese, the coiresponding XPS5 pesk intensity of 8b
decrezses with the incresse in the sintering“temperature.
Inada {191, 192] hes 8ls> observed the formstlion of a spinel

phase at higher sintering tesperatures.

4s & consequence of the migrstion znd the subseguent
diiffusion of 5b5+ ions from the intergranulsr lezyer, the

« yvulue also decresses with the increase in the temperature
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Table 3.16 ¢ Crystal phases observed by XKD
in 45 pellets sintered at verious
temperatures.
N T°C P4 500 660 800 900 1000 1100 1200
Phasé'
4ano Vo V3 v VS5 VS V3 Vs Vs
Spinel A A A ¥\ ! M 8 M
Table 3.186 ¢ Values of ‘d' sng 'a' for the
spinel phase in 45 pellets
slnterec at various temperatures
\\\ 1 d velues ?
N ¢ PM 500 660 800 ©00 1000 1107 1200
hkl \\
220 A A A A 3.02 J.02 3.01 3.01
400 A A A & 2.14 2.14 2.14 2,14
511/333 A & & A 1.660 1.856 l.686 1.66
440 & A A L 1.52 1.82 l.52 1.562
Vo = very strong,
3 =~ atrong
KM = medium
W = weak
A = egbaent



Teble 3.17 1

The values of 'd',

Ya' snd 'c!

for the Zn0 erystal phase in 45

pellets sintered at various

temperatures.
TOC d values 2

\\\\\ PM 500 660 800 900 1000 1100 1200
hkl

100 2.79 2.79 2.80 2.78 2.81 2.80 2.79 2.79
022 2,58 2.58 2.59 2.57 2.59 2.58 2.58 2.58
101 2,45 2.44 2.47 2.45 2.47 2.46 2.46 2.46
102 1.90 1.90 1.91 1.90 1.81 1.90 1.80 1.80
110 1062 1.61 1.62 1.61 1.62 1.62 1.62 1.62
103 1¢47 1.47 1.47 1.47 1.48 1.47 1.47 1.47
8 4 3.24 3.24 3.24 3.24 3.24 3.24 3.24 3.24
c A 5.20 5.20 520 5¢20 5.20 5.20 5.20 5420
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upto about 1000°C (tzble 3.9). No correlstion could be
found in the « vslue and the retio of XP3 pesk intensities
of szmples sintered at different temperstures. These
results are to some extent diiferent from the snalogous
LnO—Bigoa varistors [193]). In case of 4B systemy the grain
boui:dary concentration of Bizca increases with tempersture
in the range 1000-1300% ena it decreases at higher tempers-
tures ( > 1400°%) due to the loss of the Bi,05 by evaporation.
un the other hsnd, in case of the 45 system, the yrain
boundary concentration of &bzoa is highest sround 600-700"C
and it decreases at nigher temperstures > 8007C due to
resctlon with bulk Zn0 lesding to the formation of an73b2012
spinei phase.

Furthermors, in cese of the 4B system, tiere¢ was a
direct correlation between the grzin boundary concentretion
of Bi,045 snd the « vslue. 3Such a correlation is not seen

in the 45 system. & possible explanation is zs follows:

The vslue of « 15 controiled by the grain boundery
layer s well as the density of the pellets. In csse of 4B
system the incresse in the density by sintering =s well as the
ineresse in gresin boundery conceantrztion of ‘31203 take place
arsunc lGOD-l&UOOC, wheress in the csse of 45 system, the
density is ineressing in this tempersture ranpge but the szoa
concentration of the surface is decressing, laading to two

opposing influences on the « value.
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3.3 4ino + B¥ZE§7+ Co0 (4BC) VanlsTOh SY3T .M

The non-linesr exponent '&' obtzines in the first
tvo l.e. 4B and 4«5 systems 1ls small. For the improvement
of «=vglue, a third set of varistor ssmpies has been prepsred
by the audltion of Co0 to the Zn0-81203 system. These 4BC
varistor pellets sintered at various temperstures gre studled
in a simller way by XPS, Sod, P4 snd XD technigues and

the results sre given below.

3d.3.1 I~V charscteristics

The current-voltsre cherscteristics of the aiC
varistor pellets sintered at clifferent temperstures sre
measured at room temperatures sno the results are plotted
in fig. 3.14. The I~V plots show much more nan-linesrity
than for the first two systems. The '4A' velues calculated
from the [~V plots using eguation (2.2) are given in
table 3.18. [t is seen thet the X-vzlue incresses slowly
upto 200% end then inecreases rcpidly and attains a maximum
velue at 1300°C and then fells oif rapidly. The meximum «
value upto £6 is obtaineé st 1300°C, which rapidly decresses
to 5 st 1400°%. 7hese results sgree with those got by
others L29,42). The non-linesr exponent « has improved

from 6.5 to 25 in this system by Jjust adding cnbslt oxlde

to the f.rst systum.
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FIG.3-14 . I-V CHARACTERISTICS OF (ZBC) PELLETS

SINTERED AT VARIOUS TEMPERATURES.
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V=lues of %, C and density of

the 430 pellets sintered at

various temperatures

Sintering Non-linear ¥on=linear Pellet
tenperature exponent constant density
% ot o (g/cn’)
(V/mm at 1 m4)
! 6 L]

601 1.0 4 x 10 J.08

- .. g *

825 Ze0 4 x 10 .16
1000 26.0 96 .17
1200 22.5 59 5.18
1300 25.0 48 5.19
1400 5.0 10 4.8

* extrapolated value.
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The values of c¢onstent 'C' calculsted from the I1-V
plots for various sintering temperatures =re slso given in
tzble J.18. It 1ls seen that the '' vslue decresses &s the
sintering tempersture incresses. 4t low sintering tempers-
tures upto 800°% the 'C' velue is very high end then it

decreazses rapldiy above 1000°% .

The denslity of these sintered pellets 13 slso messured
and given in the szme table (3.18). The density remsins
constant upto 600°% and then it repioly iicresses st 8257
and remalins constent at that v:lue upto 1300% anc decresses
at 1400°% . By compsring these densities with those obteined
for the 48 pellets under the similar conditions it is found

°¢ the 4B pellets sttein

trey are higher, for example at B25
57.8 # of the theoreticel density whereas those of 4ZB8C system
attein ©0.3 ¢ 1t is therefore concluded that eobalt oxide
helps in gintering #nd the liquid pusge sintering sterts st

s lower temperature.

3.3.2 ilectron spectroscoplce study

In order to find out whether cobalt oxice added in
this system zlso segregetes st the grsin boundsry like bismuth
oxide, the 4BC pellets sintered at various temperstures are
studied by the A-ray pnotoelectron spectrisecopy end the
spectrz are given in figf. J.16. The intensitles for all the
%P5 peaks were measure¢ and sre given in table 3.19. The

«n/bi intensity ratios ere given in table J4.20 and the
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FIG.3-15 : XPE-SPECTRA FOR (ZBC) PELLETS
SINTERED AT VARIOUS TEMPERATURES.
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veriation oi these u4n/isl intensity ratios as a function of
sintering temperatures are shown by plotting un/Bi versus

sintering temperatures in fis. 3J.16.

It 1s clesrly seen from the XPS sgpectrs and intensity
table that the intensity of Bl pesks increases szs the sinter-
ing tempersture increases, whereas the Zn peak intensity
decresses simultzneously. It 1s therefore concluded that,
slmller to 4B systeum, bismuth sterts migrating to the
intergranular layer between the zinc oxlde grainsg st 600°C .
ihis migrztion becomes progressively more pronounced st higher
sintering temperatures as 1s clearly seen from the decrease
in the Intensity ratios of 4n/Bl pesks (table 3.20 and
fig. 3.16). This intensity ratio is minimum at 1300°C similsr
t> the 4B system, the Bl intensity becoming meximum whereas
«n peak intlensity becoming minimum which means thst the migra-
tion of bismuth oxide to zinc oxide grezin surface 1ls maxioum

at 1300°C.

ilowever, unlike 81203, ¢obalt peak 1s not detected at
all therefore it is easily concluded thszt cobelt oxide 1s
not migrating on the surface of zlnc oxide grsins, but it is

dissolving, durlng liguid sintering, into the zinc oxide phase.

when pellets of 4iC varlstor system sre sintered at

1400°C, the intensity of Bi pesks suddenly decresses (simulte-

neously «n pezk intensity ilnereszses). It 1s ressonable to



4.0 ———

Zn 3d
Bi4f 7/2 1
Zn 3p o
Biaf 7/2 o

o Zn 3s
Biaf 7/2
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FIG. 3-16 : Zn/Bi XPS PEAK INTENSITY RATIO AS A FUNCTION
OF SINTERING TEMPERATURE OF (ZBC) PELLETS.
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explain this sucden increesse in the intensity ratio (zn/bBl)
on the basis of the loss in 81203 due to its evegporstion

from the surface.

The binding energies calculsted from the XPS pesk
positions for «i and Bl electirnsnus are glven in table Z.21.
There is no chznge in the XP3 binding energy of 4in snd 31
electrons, siwmilsrly no kinetle energy change in & 4iuger
electrons 1g obgervede It 1s thereby confirmed that no
velency chenge of zinc or bisuwutn has taken place after

sintering.

3.,3.3 Scanning electron microscopy send

electron probe micro snelysis

To understand the role of cobglt oxlde which improves
the « vzlue nearly four tiumes cvef taat of the 4b system,
the microstructure of these aisC varistor pellels sintered
at diflferent temper=tures is exzmlned by &Suwii. The dlstri-
bution of Bigﬂa and Co0 in these pellets are also stualed
by wi’¥é. The semnning electron microgreph ( X2000 mgghni-
ficution ) of & 4BC peilet sintered at 1300% 1is shown in
fige 2.17. The microgruph clearly snows that the larger
gr=ins are cleerly separsatea by thin lzyers of a diiferent

phese.
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Fig. 3.17 3 Scanning electron micrograph of a ZBC pellet
sintered at 1300°C .
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The electron prove microasnalysls was carried out first
by putting sn electron probe on a larger grain and then on en
intergranular leyer. 7The chsracteristic X-rzy spectra obtain-
ed sre given in fig. 3.18. The X-rzy integrzls f»or aun, Bi
and Co vere obtsined from the characteristic X-ray spectrum

which are given in table 3.22.

It 18 clearly seen from the 4in snd Bl integrzls that
the big groin is 4n0 and the ilntergr=nulsar phase is rich in
81203. oimllarly from the microgreph (fig. 3.17) it is seen
that the mipgr:ation of 81203 at grain boundsry secems to be
much clearer then that in the iB pellets sintered at the
same tempersture (fig. 3.6). In the ZB pellet mierograph
(fige 3.6), small greins of Bi, 0, sre distributed all over
the place, whereas such grsins are not seen in the microgr:zph
of 4bBC pellets (flg. 3.17). This means thet the cobeslt oxide
helps in the formetion of 51203 intergrenulsr layer. This

mey therefore be one of the reasons for the improvement in

the non-linear exponent value on adding cobslt oxide.

The 20 may be dlssolving in the «n0 during the licuid
phase sintering. This dissnlution of CoU may be changing the
resistivity of 4n0O grzins rnd that may be one of the ressons

for the improvement in the «-vclue,

For & more detziled anzlysis of the migration of

Big{:)a and also to know whether Co0 is migresting on surfsace



(a)

‘l“““‘l /:29(”3.18
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Fig. 3.18 : Energy dispersive analysis of X-rays (BEDAX)
of a 45C pellet sintered at 13(z0°u,
electron probe on-{a) total area covered in
micrograph fig. 3.17 (b) big grain

(¢ intergranalar layer.



Gable Je28 ¢ wiiih results st vsrious plsces

of a «3C peilet gintered at 1300%

Plucu of integreal integral ratio

anplysls = = ==-mcmscccccccccaee- wm—m meec e ———— --
&nx“ BiMq CoK“ anx anx“

BiH« Con

u»tal 2, 71’{358 979443 3’979 2,7 63.25

surface

coverea

in fig.3.17

Probe o0 8 2y41,992 11,368 3,481 21.29 63 .52

big graln

Prove on en 1321,168 3,12,120 448

intergranuler
laver

0.388 27U.46
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st different sintering temperatures otier tnan 130096, 4BC
pellets sinterea st vsrious temperstures were studled by
SLii sand wPMh techniques. 7The scanning eleectron miero rephs
of the ZBC pellets sintered at different temperatures sre
shown in fig. 3.19. It is ciearly seen from the micrographs
thet as the sintering tempersture incresses the grein size
incresses (the measured values of the aversge grain size

et different sintering temperatures are given in teble 3.23).
The Zn0 grein size slowly increszses upto 1000°C and becomes
maximum in the temperature range from 1200-.400°C. The
iantergranulsr layer formation is found to start from 1000%
sand its thickness is maximum at 130000, vwhere the maximum

A-vzlue 1s obtalined.,

The SuM micrograph 31 4350 pellet sintered at 1600%C
fige J.1l¥i{e, snous & suaden cecrease in the thickness of
the intergranuier layer obviougly due to the evaporation
of 81,0, &t higher temperctures ( > 1400°C ). it this
gsintering temper:sture the « velue 1s glso reduced from
20 to 5. 1he cheracteristic X-rey integruls unKy» 1My, end
COK« for 48C pellets sinterec at difierent temperstures and
thelr retios are glven 1lu teble 3.23. It Ls clesrly seen
that as the sintering temper:ture inerec-sesy the integrsl
of BiMq inereases (le.e. migration of 31203 on suriace
inecrecses). Colig X=-razy inteprals sre nowever not changlng

much except at 1400°C. The rstio of Zn/Bi lntegrals 1is






1OHEM

Fig., 3.19 : Scanning electron micrographs for the
ZBC pellets sintered st (a) 828°C (b) 1000°¢C
(e) 120°%c (4) 1300°c (o) 2400°C .
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minlous at 13u0°C where tane %-velue ls als» meximum. The
«n/pi integrel ratio incresses sudcenly at 1400°C due to
evaporation of 31203 from the 4nU gresins snd therefore

wore «nd grain suryaces are exposed and more ¢obslt A-ray

integrzls are counted from the und grains.

Jdeded a=-ray dlifraction study

The 'd' values were c¢slculated from the X-ray diffra-
ction pattern teken for the 4iC pellets sintered et verinus
temperatures and the results are presented in table 3.24.
These data have been compered withi the standard i-rey pattern
to identify the various phsses present. The anslysis is
presented 1ln a tabular form in table 3.26. The two phoses
«nd and Y-Bi,0, are ldentified and their 'd' vslues are

given in tables 3.26 and 3.27 respectively.

The mwost importsat ifeature about the addition of Cod
is its etficiency in stabilizing the cuble 81203. 1t can be
seen that the 81203 converts to the cubic form even at 600°C
much below the m-lting point. 4lso the proportion of the
cublc phase is much more enhanced. In the 4B system, the
maximum smount of the cublc phsase rot was V.5 ¥, whereas
witn the help of CoUy one can get the entire amount of added
81,0, (1 9, in the cubic phase. This 1s zlso clearly seen

from the electron miecrngraph (fig. 3.17), where Co0O helps
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Table 3.20 1 The crystzl pheses observed by
Abl in ZBC pellets sintered at
various temperatures.

\\\ifases 4nd 1-31203 Y-BiZOS
7% N\

P4 \F S A

6uL V3 A S

8206 Vs A 8
1902 V3 A M
1200 Vs & W
1300 L] & L
31400 Vs A VU

PM =~ Physicrl mixture hefore sintering
Ve - very stirong

a =~ strong

M = msulium

% = weak
VV. <« vwvery very weak

£ = =nabsent
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Tsble 3.27 ¢ Velues oi 'd' snd 'a' for the
Y-8ioc04q cerystal phase in 4BC
pellets sintered at various
teuperatures

P
d velues &
.9

\\\\3 C P 600 825 1000 1200 1300 1400
Rkl \
310 - 3173 3,178 3.213 3.213 3.222 -
611 = 1.735 1.735 1.729 1.735 1.735 -

Q
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in spreading the 81203 in the form of an uniform layer around

the 4n0 grains.

Another interesting festure is the lower sintering
temperasture in this system, which becomes qulte evident on
comparing the dengsities obtained under similar conditions
for the 4B and 4BC systems. This is 2139 connected with
the stabllizing effect of CoO on 81203 cubic phase. &4 phase
trensformation in K-Blzoa to Y-81203 vhich sets in due to
the addltion of Co0 msy have the same effect on sintering
as a molten phase. During the phase trensformetion the
structure opens out in the same way ss in & liquid phase
and thereby helps in the intergrain traznsport and thereby
in the sintering forces. A lovering in the melting point
of Biy 04 due to the ingtabllity imparted by the sddition
of Co0 may not also be ruled out. In thet case the enhenced
sintering at & lower temperature would simply result from

the appearance of the molten phase at & lower temperature.

There was no spinel phase observed in the ZBC system.
Although cobslt oxide can be expected to form a2 spinel phase

Lng*Cog+0§°, but there is no experimental evidence to support

this. This requires oxldetion of Co>' to Co®*. It is
therefore likely that there are no other phases (other than
4n0 and Y-Bizos) in the sintered 4BC pellets. The cobslt 1s
dissolved in the 2n0 and B1203 and in the latter case it
plays the vital role in stebllizing the 7—81203 vwhich is

reguired for varistor property.
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ViiISTOx SYSTuM

For the further improvement of «-value, s fourth set
of vzristor sazmples were prepared by addition of Sb203 +
Mn0 + Cr,04 to the previous (4BC) system. These ZBSCMCr
verigtor pellets sintered at various temperatures are
exsmined in the usual way by iP5, SuM, bPli4 and XkD teche

nigues anu the results are given in the following parsgraphs.

d.4.1 1~V characteristies

The [~V charsecteristics of the ZuSCMCr varlstor
pellets sintered at diiferent temperatures endé messured
et room temperature gsre plotted in fig. 3.20. The non-
linesr behnaviour is clesrly seen from these [~V plots. The
«~-yalues cszlculated from these plots using equation (2.2
ere given in table 3.28. It i3 seen that the «-velue
increases slowly upto 826°% ond then more rapidly at 1000%
onwards. It attains the maximum value equal to 50 at 1300°C.
By adding Sb203, MnO and Cr203 in the ZBC systemy %~vslue

has increassed ifrom 2% to 50 in this system.

The value of the constent 'C' (V/mm st 1 m4/cm®)
eslculated from the 1-V plots are also> glven in teble 3.28.
It deersases as the sintering tempersture incresses similsr

to the previous systems. iowevery the C vslue hes lncreased
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FIG. 3.20: I-V CHARACTERISTICS OF (ZBSCMCr) PELLETS
SINTERED AT VARIOUS TEMPERATURES.
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Table 3.28 : Vsalues of '«', 'C' and density
of tne 4bLuC¥lr pellels sintered
at verlous temperztures

sintering son-llnesr Non-linear Pellet
temperzture exonent constent density
o Py e .
c ; 3
(V/om et 1 mA) (g/c™)
4!
600 1.0 19 3.2
3*

826 l.6 9 x 10 3.4
1000 45.0 240 5.2
1200 48.0 1562 5.2
1300 50.0 1356 De3
1490 77 64 4.9

* extreponleted values.
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by adding three more oxides in the uBC system (for example
at the sintering temperature of 130000, the C value is
1356 V/mm in 4sSCHMCr system as :g:inst 48 V/mm for the

corresponding ZBC systems).

The density velues cslculated for 4BSCHCr pellets
sintered at different temperatures are given in table 3.23.
in this system slso the density increases as the sintering
temperasture inerezses; it lneresses slowly upto 900°C end
then rapidly beyond 1000°C ond attains a maximum at 1300°C.
The density at 1400°C reduces from 5.3 to 4.9 g/cm3 due to
the loss of 31203 by evaporztion from the lntergranular layer.
In this system zlso it has been seen that the «-vslue depends
on the density and it attains the maximum velue at the
highest density value. The «-value and density decrease

at 1400°%C.

J.4.2 Electron spectroscopic study

48 seen from the last three systems, the X-rsy photo-
electran spectroscopy helped in understanding the migretion
of B1,0, and Sb,05 on the surface of the Zn0 gralns; it was
therefore declded to study this system z21so by this technique.
The X~rzy photoelsctron spectrs obtained frnm the pellets
of this system sintered at various temperatures are glven

in fig. 3.21. The intensity of all the in peaks decresases



Zn 3s Zn2p3y S

Sb3d 3/2 ;\ /\/ 1400°C

Sb 4d

—

A /\ A 1200‘6 « :

A
]ﬁ\ Y SO
i
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e e ——

A /\_ A g2s°c
A 600°c

A /U\ /\ /\ PM

1 lhl i ) | L () i e i 1 I i L i 3

16 28 a0 83 95134 146 154 see 540 1014 1026 1039 {051
BINDING ENERGY [eV]

FIG.3-21: XPE - SPECTRA FOR (ZBSCMCr) PELLETS
SINTERED AT VARIOUS TEMPERATURES.
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and that of Bi peaks increases ass the sintering temperature
incresses upto 130000 beyond which the trend is reversed.
lhe intensity of sSb-4d and Sb-ade/g pesks increases and it
is meximum st 660°C and azaln it starts decressing as
sintering temperature incresses as observed in the 43 system
{194j. 7The pesks of other oxides i.e. those of cobalt,
mangesnese and chromium are not detectable even at the maximum
sengitivity, therefore it is concluded that these oxides are
not migrating on the surf:cey, like bismuth and sntimony
oxides. This technicue only detects top surface layers of
15=20 2 thickness. However, these oxldes are detected by
LPih technique (results are discussed in the next pages)

wilch can detect upto 1 to 2 micron depth.

The actual measured intensities for Zny Bl and Sb
APs pesks are given in teble 3.28, and thelir intensity ratios
sre given in teble 3.30. The veriation of un/Bi XPS pesk
intensity ratio sa a function of sintering tempersture is
shown in the fig. 3.22. From these results it 1s clearly
seen thet the in/Bi intensity ratio is minimum st 1300°C,
th:t meens, the migrestion of 81203 at the intergrenulsr layer
is agaln maximum like the previous 4B and 4BC pellets, and

X-value 1s maximum st this temperature.

From the intensity of 3t XPS pesks it ean be concluded
that Sb migrstes on the surface upto 660°C snd at higher

temperatures it dirfuses into the 4n0 greins. Furthermore
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FIG. 3:22 : Zn/Bi XPS PEAK INTENSITY RATIO AS A FUNCTION OF
SINTERING TEMPERATURE OF (ZBSCMCr) PELLETS.
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from the binding energy shift, 1t mey be concluded tnat

a+ to Sbs* in this system also.

entimony changes f{rom Sb
The actual binding energles for «n, Bi, Sb AP35 pecks are
given in teble 3.31 snd from the Sb binding energy shift
it is concluded that the spinel type cubic phase having

entimony in pentsvaient stute similar to the u5 system is

formed in thls system.

3.4.3 sScenning electron microscopy and

electron probe microasnczlysis

To know the role of other oxides particularly of
MO and Cry04 added in this system to improve the «-value,
the microstructurc of ZboCMur pellets w:s studied by onM
and alstribution of these oxides is identified by the wnPMA

technique.

Fig. 3.23 shows the Sui micrograph of these pellets
sintered at 130000, at wnich tempereture the highest non-
linearity is obtained. The micrograph clearly shows big
grains of 10-15 micr-ns in size, vein like structure between
these grains (intergrznulsr lsyer). In addition to these,
small grzins of size from 1 to 5 microns are also observed
in this system. These small grsins were absent in the

previous systems.

This microstructure is characterized by the rPMA

technique and the cherscteristic X-ray spectrum for the
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Fig. 3.23 1+ Scanning electron micrograph of s

( ZB3GMCr) pellet sintered at 1300°C.
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totsl area covered in fig. 3.23 is shown in fig. 3.24(s).
The charzcteristic X-ray spectra obtained when the probe
ls moved to blg grzin, smsll grein or to an intergranuler
layer sre given in figs. *.24(bJ)y (c¢J) and (d) respectively.
The spectrum (fi:. 3.24(2a,) for the totzl surface shows
peaks for EiMx sl 2.418 keV, Bqu at 3.604 KeV, Cqu at
De4l]l aeV, Man 2l 5.894 eV, Coﬁq
at 3.63 KeV. when the electron probe 1s pleced ou the big

gt 64924 KeV sznd ZnK«

gr:iny the X~rey sceetrusm shown in flg. 3.24(b) is obtzined
wialch clearly shows a strong «n peck snd suell pesks of Coy
¥n. wheui thie eleetron prove is moved to the smaller greins,
the .-ray spectrum ({il;. J.24(cJ), obtained shows clearly

the 4«n, Mn, Coy ¢r snd enhanced ub pesiks. when the electron
probe is woved to an iutergranulsr lsyer, the i-rzy spectrum
fig. 3.24(d) clearly snows enhzncement of the Bl peak inten-
sity together with ~mall pesks of Zn, Cr and Sb. The X-raoy
integrels uncer each peak obtsined by setting the energy
windows (for B1M, from 2.28 to 2.70 KeV, for SbL, from 3.48
to Jd.74 KeV, for Criy from 5.26 to .52 KeV, for MnK‘ from
©.80 to 6.08 KeV, for CoK, from 6.76 to 7.14 KeV and for
«nk, from 8.34 to 8.86 KeV) are given in table 3.32. From
these X-rey integrsls at various points it is clesrly seen
that the big gr:ins contsgin predominently zine oxide with
some other oxides of Coy Mn »nd very small asmount of Bi.

The smaller grzins also consist mainly of zinc oxlde but with

lerger amounts of Sby Coy in snd Cr and small amount of Bi.



336 INT 6940 BV 261 CHR

276 INT 6240 EV 206 CNY




1984 INT 6240 |V 242 CNY

S?72 INT 4760 EV’ S84 CNT

'/‘ L o 5:;1 ‘, S ot | Co K X\ Coy, e
PhK,

N

Fig. 3.24 : Bnergy dispersive analysis of X-rays (LDaX) o
spectra for a (43sCuir) pellet sintered at 1300C,
electron probe on-(a) total surface area covered
in £1g.3.23,(b)big grain, (¢) small grain,

(d) intergranular layer.
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The intergr-nular lesyer 1s very rich in bismuth and = small
smount of Zn,y Cry, 5b gnd & very smsll cmount of Co and Mn.

It has bcen elso observed from the oM microsraph (fig. 3.23)
that these small grizins are situated mostly et the inter-
grenular layers but some are even on big grains, and these

small greins are also costed with 81233 riech leyers.

For & detailed study of this gystem, pellets sintered
st varlous temperatures are examined by SiM snd wPika tech-
nigues. T1he scanning electron micrographs for warious
sintering temperatures sre given in fig. 3.25. The SkM
micrographs clearly show that the grain growth increcses
slowly upto 825°C, more rapidly between 900-1000°C end
resches a msximum in the range 1200°-1400°%C. The measured
grein size 1s given in tsble 3.28, comparing the grain
slzes obtalned under similsr conditlions for the ZBC and
4BICMCr systems. It is clesarly seen thet by adding other
oxides 1in the iBC system, the grain size hmas reduced evnnroxi-
riately to hself. From the SiM micrographs it 1s clearly seen
that the formation of blg greins, intersranulsr lr-yer ~nd
small grains starts from the sintering temperature of 1009%
and at 1300°% 1t shows clear formation of Intergrenuler
layer around the blg grains und »130 around the smell gralns.
Howsever at the sintering temperature of 1400°C, this inter-
grunulsr leyer clsappears but stlill small and big grsins
rewmalns in the miersstructure. This disappesrznce of the
intergranular lsyer is due to the loss of 81203 by evzpora-

tion at 1400°%C.






<,

Fig. 3.20 : Scanning electron micrographs oi the (455QMC r)
O
pellets sintered at (a) 820 C (o) woee®e
(e) 120°C (a) 1300°C (o) 1400°C.
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The X-rey integrsls obtained by wPMs technique for
4BoCMCr pellets sintered at various temperatures are given
in teble J.33 2nd these are in total sgreement with the

AP5 findings.

In short we can conclude that the ilamprovement in
the X-vzlue due to adaition of the five oxides mey probably
be due to the fuet that the oxides of cobslt snd manganese
dissolvine in 4n0 greins thereby changing the electriesl
conductivlity of these grains. Similsrly in the intergranulsr
leyer of ﬁizoa, sb203 and crzo3 might be dlssolving therefore
its electric conductivity might =«lso be chenging. Furthermore
some additionsl smsll grains are iormed from «nO, szaa,
Cody MnO and Cr203 at the intergrznuler layer. All these
factors mey be improving the non~linesr exponent '4«' wvslue
in these systems but this will be well expleined by the X-ray

diffrection study in the following psages.

Jeded X-rzy diffrsction study

For the LBSCMCr pellets sintered st different tempe-
ratures, the 'd' values were cslculsted from the X~ray
diffreaetion dete sndé are presentea in table 3.34. These
dates have been comparea with the standard X-ray patterns
for the different phases snd on that basis it has been
possible to iGentify the various pheses present. The analysis

is presented in table 3.35. The followlng interesting
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T
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The crystal phases observed by XRD

in 4BoCHCr pellets sintered at

varlous temperstures.

clntering
tempe~ «n %-B1,0 Y-Bi, 0 Pyrochlore sSpinel
23 23
r=ture
f.)c
PM Vs w f & A
600 Vs W A A A
826 Vs A A M A
1900 Vs A L W W
1200 Vs b W W M
1300 Vs A W VW 8
1400 V3 'y VVi & M

- physicel mixture
beruvre sintering

very strong
strong

medium

week

very wasnk

very very wvwesk
sbsent

[ S T T SR I |



features sre worth noting. %he «-31203 phase is present
upto 600°C and at 825% the 51203 phase 1ls almost absen’
and & new pyrochlore phzse appesrs. Irom thls it can be
concluded thst the pyrochlore phaese contsins all the 81203
present 1n the system. Of the various possible composi-
tions suggested for the pyrochlore phase by Inada (42, 191,
182 )y the one having the formula Zn2B136b3014 appesrs the
most appropriate. This pyrochlore phnse was absent in all
the three previously studied gystems. Therefore to form
the pyrochlore phsse, the Bl and Sb oxides are recuired.
It is thus likely that the composition of the pyroehlore
gystem 1s zngBIESbaol4 as claimed by Inada [42, 191, 192].

On ralsing the sintering temperature above 825°b,
the pyrochlore phase disproportionates into two phases:
bismuth oxide phose as Y-81203 end a spinel phase containing
<n and Jb oxides presumably of the composition Zn73b2012.
It 1s not clesr as to where the other transition metsl
oxides e.ge L00y #nd snd Cr203 are present but in view of
what has been discussed earlier, they are at least partially
present in solid solution with the 31203’ whereby the
Y-phase hess been stabllised. It is also llkely that these
oxides are present in the form of e solid solutlion with
<«n0 and slso with the spinel phase. As the temperature 1s
ralsed the spinel phsse incresses in concentration at the

cost of the pyrochlore phease.
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The 4n0 'a' vslues have been tsbulated ss a function
of the sintering temperature in tsble 3.36. The calculsted
'CY znd 'a' vezlues rre also given in the tszble. The lattice
parameters remain constent upto z sintering temper:ture of
1200% =né then it shows a slight incre-se on sintering &t

1300°C ena 140900.

The spinel '4' vaiues have zlsn been separately given
in table 3.37 e3 a function of the sintering temperature.
The mean lettice constant 'a' calculeted from these 'd!
values 1s given separstely for each sintering temperature.
The 's' velue 18 constant st 8.51 upto 1200°C snd then shows
a rise to 8.57 at 1300° and 1400°C. These vslues ere lower
than vhat hues been got for Ln75b2012 spinel phzse in the 45
system. This may imply thst this phrse contalns some smaller
radius ions such &3 Coy Cr and in. & similer conclusion is

arrived st on the basis of earlier wPis results.

The 'a' veolues ior the pyrochlore phase have =lso
been separetely presented in table 3.38. This phase is
gbsent below 825°C end is present to the maximum extent szt
826°% beyond which it gradually uecomposss. Only three
prouinent lines werc observed i.e. 222, 440 znd 622, but the

©8 me:surements were accurste endugh to give a rellable

value of the lattlce constant. 'he calculsted volues for
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Teble 3.36 s Values or 'd', fa!

sna ‘e

for

the «n0 crystzl phase in wBsCMCr

pellets sintercd at vsrious

temperstures.

2
d values A
nkl ——
2hl 602% 82uc  1000% 1200°%C 1300% 1400%

100 Z2.796 2,786 2,789 £.800 2,801 2.813 2.813
101 D.461 2,404 2.409 £.465 2.471 2.477 2.481
102 1.802 1.809 1.801 1.901 1.901 1.211 1.906
11.¢ 1.620 1.617 1.618 1.620 1.620 1.626 1.626
108 le474 1,471 1.472 1.474 1.476 1.478 1.478

o)
a b 3.24 3.23 3.24 Je24 3.24 3.25 3.25

D
¢ i 5020 5-19 5.20 5620 H5.20 b.?l 3.21

PM ~ ophyslesl mixture
before sinterlng
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Velues of 'd' sna 'a' for the spinel phase
in ZBsC/Cr pellets sintered at various
tamper: tures

e et ¢ o det Mo

hkl a4 vualues 3
P 600% s2s% 1o00%c  1zoo%  1309% 1400%
2290 £ A A 3003 3008 3.027 3.033
430 A & & 2.133 z.134 Z.144 2.140
3422 A A & - - 1.74% 1.749
8l11/333 & A & 1 .642 1.644 1.651 1.650
440 A A A 14511 1.811 1.517 1.517
mem e e - o e e o e 0 o e e e e e ——— ————————
a ¢« - - badd 3051 8.61 8057 8.57
Table 3.38 : Values of 'a' znd 's' for the pyroehlore
phese in 4BSCMCr pellets sintered at
various temperatures.
nxl ¢ v: lues L
Pr eo0’c 828% 1o00”c 1205% 1300 1400%
292 A 2.988 J.00L 2.005 3,005 A
440 1.838 1.83¢ 1.847 1.847 A
622 A 1.070 1.572 1.578 1.678 A
& 3 - - 10,38, 10.41 10.45 10.45 -
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the lattice parameter 's' zare given in the teble. This

parameter ulso shows a gradusl incresse with the sintering
0

temperature. The reported vslue 10.45 4 1s 1n good srree-

ment with the value presentea here.

f{t 1s clear thet the pyrochlore phase does not have
sn important role to play in the non-linear behaviour of
this system, because aiter sintering at 1300°% when this
property is most enhsnced, the pyrochlore phese is slmost

absent.

The role of the cublec transition-metzl oxlde such zs
Co0 znd ¥n0 zppesrs to be the most witsl 2s dalscussed earlier.
They tend to stebllise the Y-form of 51203 which hess the
desired property of reuaining in the form of & thin costing
ground the «nd grains. 1f this form is not gstabilized,
51203 crystalilised =3 the «-monoclinic form which tends to
segregate as islands. These islands are clesrly seen in the

scanning electron mierogr:phs of the «B system.

This now leaves us with the splnel phagey whose
usaful role is aot clenr. The same type 2f spinel phase
present in the 45 system h:d no beneflelrl effect at all.
mven when sresent clong with 31233 as ln the LnO-Bizﬂa—Sbgoa
system reported by «da (45}, the non-linear coefficlent (&)

v:1lue hsc not incre-.sed at nlle.
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At the gswe time the fact remaing that this systenm
with {ive additives has better noim-linear property as
compareda to the simpler cobalt coutalning system (u3C)
discussed earlier. 1The presence of spinel phese possibly
acts as a grain growth inhibitor, leading t> small grains
nl Zn0 as shown by the scenaning electron mierograph ss
compared to «BC system zZnO greins. 4£1so the gralns sre
seen to ue more gpherlecl and of uniform sizes. Such
eifects are a common consecuence of preelpitated phases st
the grain pboundary. They inhibit greln growth during sinter-
ing. 1he decressed crystsl size is slso seen by the increass-
ed line width of Xhb peaks in c¢sse of these samples sintered

st 1300%.

slthough we have no means to know the resistivity of
the insulating layer or of the 4nd gr:ainsg, but it is felt
thaet if the adaitive incresses the resistlvity of insulating
layer and decreases that of inJ greins then the varistor
charscteristics zre bound to improve. It 1s likely that

thesge adultionsl adaitives help in that direetion.

- e n e
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o UMdMARY

In this work, met-l oxlde wvrristors h-ve heen
prepered oy the ususl cersmic technigue and investirsted
by nhotoelectron spectrnascorpy to find out the ressons of
thelr unususl non-linecr I-vV cheracteristics. The metsl
oxide vsristor is s two electroce zinc oxide based ceramic
(and with small sdditlion of other oxides such as Bl,04s
Sbgﬂa, coly Mnd,y Crzaa) gevice. with a highly non-linesr
[=-V charscteristic similzr to back-to-bzck ~ener diodes,
but with much higher current snu energy hsndling capabili-
ties. These varistors are widely used in electronic
circults for absorption of transient surges and voltsge

stabilization.

The non-~linear I-V characteristic is expressed by
A
I = (V/C) where « is the non-linearity exponent, V is
the voltage mnplied across the varistor boay, I 1s the

current flowing through it znd C is a constant.

Although anU contelning five additives gives a
petter «-vulue, it was considerec deslrable to start with
£ simpler system like Zn0 contsining single sdditive and
then go over to the study of more complicated five additives
systems. For thls study ifour difierent varistor systems
vere prepared anc investigated by XPs technigue. Compli-

mentary stuales by other technigues such s SwuM, sPMA snd
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A heve 2150 been conducted ana tihese studies have revesled
somne lnteresting features wnlch sre suamarized in the

following pesrzgrephs.

(1) un0 + piolq (&B) VeniloTun s¥oTul

Thege 4B verlstor pellets were sintered at vezrious
temperstures from 600 to 1400°% and I-V characteristles
were messurcd at room temperature. The meximum X-v:lue
of 6.5 was obtzined on sintering ot 1300%. %he meximum
density or 92.8 ¥ wzs obtalned at 1300°% . It hes been
found that the sintering and densification of pellet sre
important to get the meximum «-vziue. The XPi& spectra of
4B pellets beiore snd after sintering at vsrious tempera-
tures were recorded. 7The intensity of the Bi APu pesks
incresses wheress of the Zn XPk pesks decreases due to
sintering which confirms the migration of 51203 to ind
surface. Similsr results were obtszined from the fractured
surface as well &s from the powder samples which confirms
that the 51203 migration is not a bulk process but it is
teking plece at the grein boundzries of the «nO graina.
The siuM microgrephs elso show the big grrins clearly
separated by a thin layer. It was confirmed from the LPMA
results that big greins belong to Zn0 snd the intergrsnular

layer 1s rich in B1,05. No binding energy shifts in Bi


http://ii.n0

- 159 -

and 4n AFk pesks were observed. Similarly no extra lines
vwere obtained in the Lnhv patterns whiech confirm no new
phase has been forwee after sintering. The 4n0 is a good
electricsl conductor and the 51203 is a3 highly resistive
material. The voltage applied to this ZB wvaristor pellet

is therefore concentrated at the highly resistive 81203
intergranular lsyers, which is responsible for the non-shmic
property of these waristors. irom the XPS5, Siki and nPMa
studies for the 4B pellets sintered at various temperatures,
the dependence of X on the thickness of the intergranular
layer is establlshed. irom the above studies the migration
of 81203 to 4nl grein boundary plays an important role to
echieve the unususl non-linear property which is experimentslly

supported.

(2) an0 + 5b50, (45) VAnLIsTOn SYSThe

In this system the maximim «-vzlue upto four only
was obtgined. rurthermore the density aschieved is only 77 %
on sintering at 1200°C as sgeinst 92.8 7 obtalned for the
4B pellets. This indicates that B1203 is helping more in

sintering and densification than Sbaoa.

Contrery to the earlier observstions, migration of
Sb203 on 4n0 grzinsg stserts even at 500°C which is maximum
at 660° and agaln reduces above 800°% as observed by the

APs, 5eM and wPMa results. Unlike 81203 the decrease in



Sb-dda/g peck luntensity ls cuse to the diffusinn into the
Ny grains and not wie to the eveporstion »f 3b203 from

the surfuce. The sb-8d3/2 bindiny energy ch=snpg=d from
USE.2 to t40 eV sbove 800°C. This shift of 0.8 eV confirms
that the sntimony choliges from Sba+ to Sb5+. Lxtre lines
were observed in the XbU putterns for pellets sintered
gbove 800°C. The extr: lines are sttributed to the forma-
tion of & spinel type cowpound with 's' vazlue equal to
8.577 E. Two splinel type counounds namely z.n:‘bz()q with
sb7" and LnSby0,, with 5b°% were reported. Using the irs
binding energy data, the new phese is identified to he

Zn75b2012 soinedl.

(3) 4n0 + B;aqa + Co0 (4BC) VARISTOK oYSTmi

The «-vzlue has laprovea from 6.5 to 25 in this
system by just adding CoO to the 4B system. é&fter sinter-
ing at 825% the density resched 90.3 % of the theoreticsl
agensity whereas for the uB pellets the vslue wss only
57.8 ¢. It is therefore concluded that the Co0 also helps
in sintering znd the liguld phase sintering stsrts at a

lower temperesture.

In this system slso the mlgrsztion of Bl,0, to the
sn0 grain-boundsry was observed by the XP5, oSuM and krMA
studles. However, unllke 31203’ Co0 is not migrating st

grzin boundsry but it is found to go into the «nvU phase
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during sintering. In thls system z1so no binding energy
snift of sn and 8i APS pesks was observed tuereby confirm-
ing that no vslency change of 4n or Bi hed tsken pl=zce
after sintering.

The Sl microyreph of the 4BC pellet sintered at
1300% suows the B1,0, migration to 4n0 grsin-boundary more
clearly. 7This confirms the peneficial role of Co0 on the
lntergrenular layer which is the main reason for the improve-

ment in the «-vzlue.

The Zn0 snd Y-Bi,0, phases were iaentified by the

AxD. The «-Bi,0, converts to the Y-U1,0, even st 6800

much below the melting point. The Co20 1s dissolved in the
«nl gna plsys the vital role in stebillzing the Y~31203

which is reguired for the varistor property.

(4) 4n0 + 1&312?;j + Sbag§ + Co0 + MnO + CrgBQ

(aBoCHCr) Vaklol ik S5YSTwm

In these veristor pellets the hipghest «-vyalue
equal to 50 wes obtsined on sintering st 1300°C by sdding
Sb203 + MnO + Cr203 in the previsus «3C system. The vzlue
of the constant 'C' has incrersed from 48 t» 136 V/mm in

thls systenm.

The XP5 results confirmed the migraztion of 31?03

and sb203 to the intergranular lzyer as ln the 4B, 45 and 4BC
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systems. The APJS pesks for other oxides of Coy Mn and Cr
vwere not detected even st the highest sensitivity, thereby
it is concluded thst these oxides sre not migrsting on

the grain bsundsry.

Smeil grsins of size 1-4 microns in addition to the
lergs gralns end intergranular layer were observed in the
Swmil micrographs of «uBeC.Or pellets sintered at 1300%.
srom &rild results 1t 1s clearly seen that big gr:ins consist
of 4n0 witn small addition of Coy i‘n 2ané B1 oxides, whereas
smaller grsins conslst of large amount of sby Coy Mn and
Cr and smsll smount of 8i. The intergrsnular lsyer is very
rich in B1 with & small =smount of uny Cry Sb end much

smaller smount of Co and Mn.

The «no, d-Bizoa, Y-ﬁizua, pyrochiore and spinel
phzgses were ildentified by the Xiub. The «-8120. phase 1s
present upto 600°C. &t 825°%C the Bi203 phsse 13 zlmost
zbsent znc &z new pyrochlore phease appesrs with the possible
chewical compositiosn bn2E133b3014. This phage wrns absent
in 211 the three previously studied systems. £bovs 825°C
the pyrocniore phase disproportionstes into two phzses :
Y—Bigo3 and Zn7db2012 spinel phsse. &As tempersture 1s
roised, tne spinel phuse increrses in concentrstinn st the
cost ol the pyrocnlore phsse. This pyrochlore phase does

not hzave zny lmportsznt role to play in the non-linesr
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behaviour of this system because the highest X-velue wes
obtzined in the peilet sintered at 1300°C where this phsse
is almost absent. The presence of spinel phese possibly
scts as a greln growth inhibitor, leading to the small
greins of 4n0 shown in the 5uM mierorraphs. The other
trsnsition mete1l oxides, CoCy, MnO and Cry0, ere most vital
to stsbilise the Y-31203 vhich 1s the desired phnse and
renalns in the form of a tnin coating sround the «n0 grains.
These additives presumsbly inerezse the resistivity of the
ingulsting leyer e&nd decrease that oi «n0 grzins due to

winich the waristor charscterigtics improve.
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