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wiblhis 4
. L LNiAQDUCTIO8
() dbdn Liiss, Lhedr pature. strucltures sid orogerties

It is over s century, thst Grove (1852, studied
the glow cischerge st recuced gss pressures snd
observed sputtering of the cathode by positive ion
bomberament and the deposition of 8 metel film on Lhe
glass enclosure, Since then, the study of thin films
hes come s long way. 3Jodsy the study of thin films has
cessed to be of mere casusl scademic interest, (he
phenomens]l rise in toe investigstions of the propertics
of these two dimensionel solics is due to their
extenslively wide applicetions in elcoctronic, opticsl,
plastic, textile, gircraft soa cefcnce iocustiries,
Intensive resesrches io this ficld have been rewsrded
in the form of useful inventious such s» ¢ variety of
active sua passive micromioiaturised coamgonents enc
devices, solar celis, raatasction sources «ud detectors,
meghetic "emory devices, plezo eleciric transducers,
eryotrons, bolometers, interference filters, refiection

and sntirceflection coatings enc many others,

An idesl film is geoerslly regarced as bound by
two parslliel planes extended infinitely in two dircctions



but is restricted slong the third direction (i.e.
thickness) which is perpendicular to the other two. :he
thickness of such filss may vary fro= one stomic layer
to 8 few times the wavelength of light or more, dut
slweys remsining less than the other tvo dimensions. In
reslity, however, solid filss deviate very much from= the
ideslised cese since the two surfsces (planes) are
unlikely to bde exsctly persllel cue to tne gro«th
conditions of the deposits, snd 8lso biceause the material
contained between (he two msy not be tne same snd/or
uniformly distributed. Numerous defecils such as voias,
discontinuities, impurities, greioc bouncaries,
¢islocstions, surfasce ssperities, etc. sre often
predominent in the growing film unless the deposition i»s
msde in sn ldesllised condition, which is genmerally not
fessible in reslity; even then, these cannot altogether
be elimineted,

¥llms csn be prepared by variocus methods, nawely,
chemicel depositions, electrodeposition, cathodic
a’atuu‘u (resctive or otherwise), anoccic oxidation,
electron beam or leser bombardment, pyrolysis, vacuum
eveporastion, etc. Of these the last method is commonly
used becsuse of its simplicity. It 1is now well known

that verious film properties such ss mechenicsl, opticel,



electirical, dielectric, structural, etec. sre influenced
by the purity of the msterial, but more so by the
prepsrative concitions of these fiims. Some of the
latter fsctors which affect the physicsl properties of
solid films are tne rete of deposition, substrste
tezpersture, clesnliness of tane substrete, film thickness,
smbient gss pressure, snnesling, phase transition,
morphologicel festures of the deposits, grain size, ete,
fhus it was shown by Meyer (1959, 1961, , Neugebsuer and
sebb (1962) thet slksli metsls like potassium, sodium,
rubidium, cesiun, etc. snd noble metals such ss gola,
platinum, etc. with positive temperature coefficient of
resistance, behaved like semiconductors showing negstive
temperature coeificient of resistence in the thin film
form., Similsrly thin bismuth fil=ms unlike the bulk
exhibit superconductivity a2t low temperstures (Buckel
snd lilsch, 1954).

Ihe growth mechesniss of these films [rom the
vapour phase lnvolves seversl processes, namely, the
ispingenent of vepour molecules on Lhe subsirste,
sGsorption snd sticking of them to it, recrystaliisstious,
surisce migretion, cluster formstion, res«vaporstion ian
8 finite time anc sometimes the compiete bouncing off
of the vapours from the surfsce, etc. Lepending upon
the deposition concitions, such os the rete of deposition,



substrate tempersture, elc., some of the above processes
becorze more predominsnt over the others. iccording to
Pashley ot al (1964), the growth of films from their
initisl ouclestions to the continuous fiim state may

be visuslised by the following stages: (1) nucleation
sod island structure, (il) coslescence stage of tae
islands, (111) elongated growth of the islsnds to form @
coatinucus network structure in which the deposited
msterisl is separsted by long, irregulsr snd parrowv
chaonels {chanoel stage) and (iv, the comtinucus film
forsed by the bridging of these chsnnels, It may be
sentioned here that films «<ven in the lsst stage oay
2130 have some voids. Many of the phyrical properties
of thin films sre structure seansitive., Passhley (1959),
Mathews (1950), Phillips (1960) snd seversl other
workers have slready shown the presonce of meny defects
viz. dislocations, stacking feults, voids, impurities,
ete. in the ceposited filas., 1Ihese cefects play o
predouinsnt role in the clectricsl (Meyer, 19059),
dielectric (vesver, 1965; Harrop eud wenklyn, 1965
Argsll snd Jonscher, 1368) mecusnicel (Cempbell, 1970),
opticel (Heovens, 1955) snd other propsrtics of these
films,

Although extensive work hes beenm carried out on



these properties for Llhe bulk msterisl (Shockley, 1950
Smyth, 195853 rrohlich, 1958; Moss, 1959; Kittel, 1966),
it is only recently that specisl interests have been
teken for the study of thin film properties (desvens,
19653 Hollsna, 1958; Axel;on. 19683 Choprs, 1969;
Vratny, 1959; Maissel snd Glsng, 1970). Our interest in
the present ilnvestigstions would be mostly on dielectric
sod optical behaviour of vacuum deposited films, In the
follovwing sections the general theories for these have
briefly been summsrised.

(B) Lislectric rropcrties

ine study of dielectric mstericls sprsng irom
the practicsl need of insulstors, and with the sdavent
of microelectronics in the rccent years, the properties
of these moterials neve been studied more closely for
their increasing prscticol demsnds in both sctive and
possive circuits, Lielectric properties such ss the
storasge of electricsl snd megnetic energy are observed
for solids, »s well as for liquids and geses, In Lhe
present investigetions, however, we shall restriect our
work mainly to solids perticulsrly in the form of thin
films, These materisis have resistivities ranging
betweon 10‘ to 1.01'3 ohm ¢m or grester, thus embracing
meterisls heoving lerge forbiddem band gep which could



incluce both semicomductors sud insulstors.

(1) Jepers] theory of c¢lelectrics

Coulomb's law introduces the conmcept of
permitiivity es

- 4% -
F meto ., —h2. .7 onewtons (in M5 units) .. (1.1)
am € r%

woere F 1s cefined ss toe force between lhe charges 3l
Y g end o 1s & uait veclor pointing from one charge
Girectly away from Loe other. r is the uistunce between
the charges snda € is a constant cefiuing the inherent
property of the medium Celled its permittivity sod nss
the dimensions of farsds/metre., Another way im which
the permittivity ( € ) of & mcdium enters into the
paysicel laws 1s through one of the well known Msxwell's
materiel equetions (to be mentioned later),

E = € i .. .. (102)

where L 1s the displecenent vector or the electricsl
flux censity of the dielectric when kept in en electricsl
field .

Bow Af @ cspecitor mede of parsliel pistes of

ares ‘a' (um.)z snd separsted by a distance d (metres)



spart in vscuum, carries a cosrge Q due to & potentisl V
epplied between the plates, then from s sculer equetion
of the form (l.2) (‘ocerson, 1964) we have,

€ =B /8
£ v/d

But /¥ = ¢ (capacitence io larsds)

¢« X9
. e.

farsds/metre oo (1.3)
. - .
which in tue case of vacuum would have s value,

eo = 8.88x10" 4% fareds/metre or -lhsﬁ MekoS. units,
3

(11) Belative permittivity

Ibe tera relstive permittivity (& p 18 defined

er = e/eo - . (10‘)

where € . 1s & pure number. this is slso referred to s
the spperent dlelectric comstsnt. If now the psrsllel
plate condenser hes s cspacitance Co in air, snd the
spsce between the plstes 1s filled by & medium of
persittivity €, , then neglecting fringing effects the
capscitsnce becomes C = C-r\-?‘-



(111) Lislectric loss

when & clelectric is subjected to an siternating
field E = Eg5 cos () t, then tne displscement :; electric
flux density L will slso very io the ss»e fssniom but
lags beulod in phase relative to I 50 lhat the scalar

egustion becomes,

belgoos (Wt =5) =Dy cosut + Lg sda @t
where % 13 the phsse sngle. Inen

Ly =bg o085 end bp = Ly sin § e @9

For most dielectrics though Dy is proportional to ig,
the rotio D/ 1s generslly freguency dejendent., lHence
the ebove equstions sre modified to intro.uce two

freuency dependent dielectric constants viz.
€' (W) s Dy/fig = DofEg c08 5 es (1.60)

€% (1) = Dyfig = Lo/ 8185 ee  (148D)

These cab Dow be expressed by o single complex dlelectric

coostent (é,‘) where
€F = €'=3c" .e (D)

the loss fsctor of such e capscitor 1is then given s3



éﬂ
C"'

ten 5 =

. (1.8)

snd 1s somotimes referred to as the ratio of the loss
current due to the resistence of the medium between the
plates Lo the charging current of the cepscitor. Iu case
of » loss free modiua < " 13 zero.

Another lmportaut persmeter which gives s messure
of the performsnce of the diecleetric ss sa imsulator is
the dielectric concuctivity ( ¢ ), where,

Ip = we,€” - (1.9)

represcnts the sum of all the loss mechenisms in the
material. 7Ihis conauctivity mey be csused by the sctusl

migretion of charge carriers, or by some other sources

such as the oriontstion of aipoles etec. ( ee Polarisstion).

(1v) Polerisatiocn

It 1s well koown thet a dlelectric msterial
incresses Lhe storsge cepecity of a capscitor by
meutralising some of the {ree chasrges st the electrodes
which would otherwise contribute Lo the potentisl

Gilfference opposing the cherglng voltage. Ihis cen be



visulised as srising from the aligonment of the
electrostatic dipoles (with positive chnsrge st occe end
sud negetive st tne other) iu tne medium under tne
influence of the spplied {ield end tae binding of the
counter chsrges with their free c¢nus on the metsl
surfasces (Vom Hippel, 1967,. Ib colug so more casrge csn
flow into the condenser which mow hss an incressec

storsge capecity givea by

where Lo is the originel cspscity inm sir. 1Ihis phenomenon
is known 33 cielsctric polarisstion and wss {irst
Giscovered by lersday (1837-1838,. Polarisetion cen be

writton in s vector form r s0d 18 related to b and L es

L = 60}: « 7 (for vacuum,

fdowever, [or s dielectric materisl of permittivity < °

this reduces to

? = €, (€= 1) E ee  (1.10)

P is slso known as the dipole woment per unit volume of

the meterisl snd is expressed ss



F - N

ol

oo (1.11)
=

where p is the averuge dipole moment due to the charged

perticles, snd N is the number of dipoles. GSince p is

assumed to be proportionsl to the electric fleld jpslde

the dielectric, then Iy, ( # 3pplied f1eld ¥) 1s the

value of fleld sctiag on the dipoles, we cen defline p as

p - O( Lh‘ . {1012)
where X is the polarissbility of the dipole. Thus the
relation

? L. - .o .

P = (€ x,co'i'- s <E . (1.13)
w

koown as the chuup e ustion, links the mscroscopically

measured permittivity to three moleculsr perameters vi.,

B, X and E A study of these psrsmeters helps in

int’
the understending of the phemomenon of polsrisstion snd
its dependence on toe freguency, tempersture and applied

field strength.

From equation (l1.12) it can be seen thet
permittivity (£ ') 1s determined by the polarizability
(<) of the constituent chsrges or ions snd is little
sfiected by the structure of the msterisl. Hence
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peraittivity of thin films should slso exhibit values
similsr to those of bulk materisls from which the film

is made.

There sre in genersl four mechanisms that
contribute to the velue of < .,

(s) Electronic polarisstion (<)

.

Iais sarises from the cisplacement of the electron
c¢loud in an stom relstive to the nucleus viz. from the
deformation of the electronic shell about the oucleus,

In such csses the polarissbility per unit volume (mole)

is given by the Igoremts egustiom at opticel frejuencies as,

N -
Tr = °°<'. 8 -1 . K .. (1.13)
360 n‘o 2 b

where N, 1s the Avogsdro's number, X is the moleculsr
weight of the materisl, f is its density snd n is the
refrective index, These meterisls show little sbdsorption
in the infrsred region and hemce < obtained at opticel
and redio freguencies should yield the seme vslue., In
other words obe would obtsin the square of the refractive
index (l‘) of the materisl at opticsl fre uencies to be
egual to the dielectric constant of the mesterisl st low
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fre uencies, Diclectrics having single type of stoms
whether solids, liguids or gsses, and group IV elements
such 88 C, 51 and Ge exhibit electronic polerissbility
(darrop end Campbell, 1970).

(b) Ionic polarisation (<,)

ihis srises {rom the displacement of ioms of
opposite signs when an electric field is applled ond slso
from the deformstion of the electron shells of the ions
2s & result of the motion of the ions. In gemersl,
solids containing wmore thsn ome type of stom, but no
permanent upolnlunbit ionic polarisstion e.g. slkall
balides.

In such materisls absorption takes place in the
infrered and the sguaré of the refrsctive index is mot
equal to the low fre uency or static dlelectric constant.
The difference A€ between the stetic sod optical
dielectric constants is ascribed to the iloamie
polsrisability, and has been snown by Born Llhst

2
87

A€ = ° =2l .. Quae
z 3 s W
w2 .

where 'e' is the electronic charge, ' (W,' 1s the lafrered



14
fre uency sbsorption, 'a' is the lattice constsant and m

K sre the mssses of the respective ions (Kittel, 1966).
In the csse of ionic crystsls polsrisstion P is given as

P - o (L - L) . (1015)

Woere Eg 1s the fleld.

(e) grientationsl polsrisstion

ihe orientstionsl or dipolsr polarisation, giving
rise to nigh dielectric constsats, arises when the
substance 1is built up of molecules possessing ¢ permsunent
electronic dipole momentswhich mey be more or less free
to chenge oriemtation in en applied electric fiecld
(bebye, 1912). 1Tne verietiom of €' end € ™ with
frequency is then given by the Lebye egustions,

& ¢
6. (W) = go’ K < .o (l.16a)
1+ 0% 7'2
€® (0, (Ea=% DOT % (1.16b)
1 « 6037/8
s ten & . tE8=Cx 8/ e (l.6e)

G. . QaTa



where C 4 snd €_, sre the ststic end high frequency
dielectric comstents, () 1is the sngulsr frequency snd |
is the relaxstion time or the time interval
characterising the restorstion of e disturbed system to
its equilibrium configurstion, Ihe maximum velus of
tsn & 1s obteined when ¥ T = 1 1.e. when & = 1/ T
is the relsxstion freguency. For fre uencies <<,/—£ vl
is equsl to the stetic uielectric constsnt., At this
frequency, the loss vsnishes snd the dipoles contribute
toelir full snsre to polarissiion. On the other hend,
for freguenclies larger than 1/7 the dipoles are no
longer able to follow the fleld veristions smd <!

spprosches & 0

(4, Interfescisl polsrisation "3&

io real crystels and more 50 in case of thin fiims
there exists o lorge oumber of cdefects such o9 lattice
vacancies, impurity centres, dislocationmns, etc. Under
the influence of sn applied field free charge carriers
migroting through the crystsl may be trapped or pile
up asgeinst such defects., Ihis mey cause the crestion
of 8 localised scocumulation of charge which will induce
its imege charge on sn electiroce and thus giviang rise
to & dipole moment, TIThis mechenism is known ss
interfecisl polarisstion. Vecuum deposited tuinm film
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dislectrics are more likely to show this type of polarisa-
tion on sccount of the lsrge concentratiom of cefects

that sre generally present in the film (Suttonm, 1964y
Argsll snd Jomscher, 1968). Ine Msxwell-wagner theory
gave a classicsl trestment for this type of polarisstion.
Anderson (1964) treets this s 2 psrallel plste condenser
with two dielectric slsbs of thicknesses d) and dg,
persittivity ¢ ; ond Eajrnht-MOl R) snd %, and
relaxstion times 7| ; ond T 2« The resl snd imsginsry
perts of the dlelectric constant therefore become,

2~
gt = 500(6.-2)/(10@ 7% .. (1.17s)

.l =
P l;wuo “‘1'“2’J v (€4 -go)le(hwﬂ)
ee (1.170)

whe re T is the relsxation time of the total system and
Vo 18 the cspzeity without the dielectric.

Although €' vaeries 1o the seme maoner as in
the Cose of Lebye eguations, < " however tonds o
infinity es 0 > (. Thus below the relsxstion freguency
67 = 1y loss contimuously incresses.



The tempersture coefficient of cu;s.c.i-i.om Yo
is sn importent peremeter for sssessing the applicetion
of bulk materizls ss well as films in cifferent circuits,
% (V) 1s cefined ss

1 [
. at

L ((.) = - YP * P s (1.18)

where Yp = .éL._.%{_. soa /3 is the linesr expansion

coeificient of the dielectric. According to Gevers
(1946) loss factor (ten S ,, permittivity (€ ),
polsrisability (b(.). Y, snd /3 are related as

£ w- C v 2 =24 - e 2
Yc'( 1) ( 2) é -)_/3(6 1) (€+2)

(—= -
3e =g ) £
« A ‘..é v P .o (1.19)

for laotrinsiec coatribnuoh to permittivity i.e. when
peraittivity cdue to the structurel cefects of the
materieal are shsent. It mey be mentioned here thst
permittivity due to interfscisl polerisstion amd dipolar

)
orientstions sse not intrimsic.

\

4 5 37.226(047)

53923
50S



For extrinsic contributions to permittivity

Y‘ = A tan 5 + /3 .o (lm)
where i 1s & constenl. These relations have been
experimentally verified for bulk ceramics (Cockdsin snd
Herrop, 1968) a5 well ss for thin films (Earrop and
Campbell, 1968).

(vi) Eregusucy dopendent behaviour of tsm 5 ic thio fiims

Ine cependence of ten S on fre uency io case of
orientstiocnsl snd intcrfecis. polarisation hss slircsdy
been briefly msentioned. Pesks in loss fsctor have b.en
found for fllms of 510 (argell snd Joascher, 1968) snd
ssay slksll nslides (wesver, 1965; Mazcfarlsne snd
sesver, 1966) st low freuencies, say nesr 0,01 Hz, snd
these have been atiributed to the interfacial polarisstion.
Peaks in dielectric loss sre rere betweem 100 Hz and 1
Miz snd when found cspecielly at low temperstures hsve
often been sscribed to the relaxstion of peirs of point
defects, exsmples being fluworine in 2r02 films (Harrop
snd Wanklyn, 1964) snd 51 im 510p films (Burkhardt, 1966).
At higher frequencies pesks sre caused by the structursl
vibrastions as observed in polymer fillms (Mikhailov snd
Borisova, 1964). Io all csses these peaks shift to higher
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fregquencies ss the temperature is reised.

Plelectric losses inverisnt with fre uency have
#1850 been observed in meny dielectiric fiims. GSeveral
models have been put forwerd to explain this csuse,
Initislly 1t was thought thet such @ loss in s dielectric
srises cue to pinholes in the deposited films, but this
speculation has been rejected by Harrop snd Cempbell
(1968) on the ground thst tsm S  shows some correlation
with the forbidden energy gsp of the dielectric. Young
(196]) suggested that the loss was Cue to sn exponential
varistion of conductivity through the thickness of the
fiim, However the sligntest devistion from the
exponentisl law caused the model to breskdown.

ihe model proposed by Limmons snd coworkers (1970,
has been sblie to explein both wWelitatively anc
quantitatively the s.c. behsviour of vscuum Geposited
highly doped g0 films, by assuming the presence of an
sdded series cspscitance due to Schotiky barriers at toe
electrode~dielectric interfsce., However, very recently
we (Coswasmi snd Goswami, 1973, have proposed & capscitor
model comprising of an inherent cspscitesnce in persliel
with the dielectric resistence and in series with a very
ssall lesd resistance. This has proved to be eifcctive
in expleining the e.c. behoviour of inS films.
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(vii) Breskdown voltage and dlelectric ficld strenzth

Breskdown voltage (Vg) end dielectric field
strength (Fg) are two importsnt pesrsmeters of s dielectric
materisl. 7This represents the wvoltage or thne ol;ct.ucal
field Lhe dielcetric csan witnstana before luuu*ng to
8 large conuuction in tue msterisl. Tuis probles in
cese of thin films 1is complicated decsuse of Lhe presence
of ssperities, wesk spotls sud flaws (Klein, 1966; 1967)
snd stresses (Campbell, 1970, present in the deposited
film, However some of the mechsuisms which may cause such
8 breskdown are - (1) electrom avalsnching by impact
iocnisztion of the lattice, (1i) collective breskdown by
electron-electron iatersction, (111) breskdown from ionic

trensport, (1v) Joule heating breskaway, etec,

Mecbanism (1i) suggested by Frohlich snd
Paranjape (1956) svems Lo be unlikely in good emorphous
ionsulators es the nusber of electrons necessary
) 103%/ce3) for this process is too lsrge compsred to
the nusber sctuslly svelilable., Mcchanisa (111, 1i» sliso
not possible ss it reguires the cdestruction of tohe
electroues by the build up of ioms and tais occurs only
sfter long periods (Looper, 1966). Breskdown observed is
therefore most likely to be due to mecosnisms (1) and
(4v).
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wener (1934, suggested tunnelling between the
valence snc comduction bands, bdbut this was foumd to be
restricted to very toin films onu, say less thsm 20 2.
Forleni snd Minnsjs (1964, considered the growth of the
electron curreat by collision lonizetion when the
initisting clectrons sre injected by fleld emissions st
the cothode. They observed thst the field stremgth
followed the relstion

¥g = aa P . (1.21)

for s given solid or film, vhere 1/2 < B < 14,4
is the fils thickness snd A is s comstisnt., iKlein et sl
(1966, 1967, on Lhe other hend, have <eslt with

breskdowns csuscd by Joule hesting.

(v) Optical Properties

The growth of interest in the optical propertics
of thin solid filns has srisen becsuse of thelr extensive
spplications in verious opticel snd slectro-opticsl devices,
These studies slso offer » relatively simpler techanique
to probe into the eclectronic snd bend structures of @
msterisl, their degenerscy, energy bsna gap, lsttice
bonding #nd @ host of other informetioms. Im the
subsequent perasgraphs we shall ciscuss some of the importsot



opticsl properties of msterisls thet srise chlefly because
of the interasction of the electromsguetic radistion with
the cherged perticles in the msterial,

(1) Zlectromsspetic wave

Faxwell's msthematicsl treatment of the electro-
magnetic field theory hss for the first time showed s
connection between c¢lectromsgnetism snd optics., The
space snd time derivatives of the different vectors sre
relsted by Maxwell's meterisl egustions which hold st
every point in whose nmelighbourhood Lhe physicsl properties

of the medium are coutinuous. Ine ejustions sre,

B . .o (lecin)
wurl i = - a T * p
wurl : - -'1- . ?—E- .o (logob)
¢ t
Li': = ‘Trf .o (1.420)
PAVE = 0 eo  (1.224)

where I is the electricsl flela, H 1s the mognetic field,
D 1is the Gisplscement ceused by 'E:. B is the megnetic
induction snd J 1s the electric current density; the



scalar § 41s the electric chsrge density end ¢ is the
velocity of lignht, Ihe sbove vectors sre further related
by

T-J‘T.L-érouguﬁ

where (~ 1is the specific conductivity, & 4s the
permittivity (or dielectric constsnt) and M is the
megnetic permesbdility of the weciuam.

sith the help of these e ustions, Mexwell arrived

ot the wave equations of the electromsgmetic field, viz.

R 4 PR 4
s = é—p 2 ee (le23s)
)= Jt
2= \ L -
J “2 PR R - Sk ee (1.230)
2
Z b 4 a t

ibe solution of the differentisl equations (1.23e snd b

is & plane weve,

P o= -Z° exp (JWt - Yx) ee (le248)

B o= iy exp (ot = Vx) e (lo24b)
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varying perioccically in time with s freguency S = W2
and moves in the +x cirectiom =ith a complex propogation

fsctor,

Y = Jw(ep,m -0(03/3 oo (1.25)

where = 1is the ottenustion factor snd /£ is the phase
fector. 1ibhe phsse velocity of the wave is then given as

\9‘ = U(é P)Uz .o (1026)

In vecuo thls wave Lrsvels with & phese velocity equal to
thet of light (¢), but slows down in any other m«dium so
thet the ratio of the two phese velocitles gives tne
refractive index 'a' of the medium as (eguatiom 1.26),

n = (é F)Ua - (1.27)

It may be mentioned here thet sioce the dielectric
constant 15 @& complex guantity ss explsined esriler,
in the sbove equations should sctuslly be replaced by & °,
nyZouuu snalogy it cen be shown that permesblility (m)
too is & complex qusatity snd hence should be replsced
88 p*., For s loss free non megnetic msterlol, p = 1 %o

that the egustion (1.27, reduces to



2 e

. (1.28)
€eo

“imilsrly one defines the absorption index (k) as
the sttenustion per unit racian, viz.

X AN
40

.o (1.29)

where ) is the spece period defining the distance the
wave moves in s periocic time, ana <X which was
previously called the attenustion of the wave is now
known as the sbsorption coefficlent. 1Ibe lstter is given
by Lsmbert's law

I = I, exp («X x)

where x 1is the distamce through which the electromsgnetic
wave travels to change its intensity from I, to 1.

The sbove relstions clearly show that both the
dielectric constants ( <' snd € ") snd the optiecsl
constants (n and k) sre interrelsted. is a Conseguence
of equations (1.25) snd (1,28, the refrsctive index is
very often expressed ss s complex quantity n* where



a* = (n - }k) .e (1.20)

Tais 1s snalogous to ihe complex clelectric comstant ¢*.
Since both n* snd < * ere related by e ustions similer
to (1.28) we then have

c' = 0" -k .o (1.31s)
sod " = %ok .e (1.71b)
c' ond (" sre then known ss the optical dielectric
constsats of the meterisl. In csse of a rponmegnetic

meteriol n snd k ere relsted to C ' emd tens s
(von dippel, 1967)

o = {Ug € o{ 1.;.525 ‘ 1}} e eel(le32s)

- K J-V,l;tuza{-_L__ e ee(1.32b)
LJ lstanS e 1

(14,

Haxwell's e-ustions show that refrsctive index
(n) which is equel to the sjuare root of the dielectric
coastent ( €) is invarisnt st all frequencles (1.28, as




the latter is s constent qusntity. This is in coatrast
to sctusl observed experimentsl results, Hence ¢ * must
be a function of the eppliec fre ueoncies, Iuis csn be
explained from the stomic structures of the msterisls,

In the case of dielectric materisls, one generslly
consider:z the intersction of the electromagnetic wave
with the bound cherges in the dielectric. Uncer the
influence of the applied fleld (electromsgnetic radistion)
the bound electrons are displasced from its eguiliibrium
position. Assuming e restoring force proportionsl to the
displscement x, and @ damping force (due to the scettering
of the electromsgnetic wsve by electrons, or collisions
with the lsttice) proportionsl to the velocity .g..:_; then
1f the restoring force is given by m m:‘;x end the demping

be =g _ﬁ_. the s ustion of motion of the electrom becomes,

dax

2 ' .
at

W
+ 2 W il = .?.J t .o (1.33)

@
at

where Lot i3 the spplied electromsgnetic field end &,
is the natursl freguengy of the electrons. ine solution
of this equstion shows that 'x' varies sinusoidslly with

the spplied fre ueney with sn ampliitude given by



X = .i/. “e 1 03‘)

a\)i o‘\)zo ‘6\)'

How 1if there sre N electrons per unit volume, the
polerissbility will be P = Kex/ so that the dielectric
constent (C*) given by 1+P/ €, (Mi5 units) becomes
(¥oss, 19%9),

2 lozlué °
c® = (ae)k, = « 1
w: - w?eyug
2 2 .2 ’)
Ne e (J
or %k’ -( . /lé Do F ee  (1.38)
pA 2 2
"o (L =® +u 8 N
o)
. 2V,
2 ( .
[ 4 .
m a .< '. )2 (A) . (1.30)
€ 2 2 2
= ) (CJ: - 2) 0 8

ihe sbove forsulee show that in the neighbourhood
of () = (J, there is en sbsorption msximum snd thet o
increases rapidly with decreasing 4 through this regionm.
With continuing decresse in 40 , n passes through a
ssximum snc then fells ssymptotically as the fregucney
gots further sway from O s°



A more detsiled jusntum mechanical trestment of
dispersion (Rosenfeld, 1951; Mott snd Jom:s, 1936;
Nozieyes and rines, use)’ where the intersction of the
field ond sbsorbing atom vre also taken into oceount/ leads
to the following equstions

4

2 2 X
(Ne L, /m € ) (W_ = W)
I E__° » v (1.37)

L 2 8 4~ 2

m’r’/- o) ¥ &y
“ “ = . (1.38)

22 22
(020 W0 5,

p P

having close simflarity with those obtainmed by the
semiclessical treatment. It is now possible to obtain
the static dielectric constant of materisls from the
opticel dats slone (Mcss, 1959), because st very long
wavelengths viz, whea &) >0, k 1a (1.35) becomes
insignificent snd the e ustion reduces to,

4

2 2
By - 1 = Bef/ma € o (1.39)
° )

Using Bode's (1945, formulse, it cen be shown thst ot any



frequency 's', the real (nz - ka) and imaginery (2nk)
parts of the cielectric constant are given ss,

>0
2 2 2 Znk - .(Zaka.
(a" -k ). -1l= -r—T- = ew
0 A 8 - B
= -
% | nz--k2 - (n"-kz) s
end (2nk) = - ) - 4w
” 0 6\) B -8

. (1.“)

At zero frequency (s = 0) for a nonconducting medium

(kg = 0) the sbove formuls reduces to (Moss, 1959)

o0

el a3 f Zok 92 ee  (1.41)
m 0 P

Hoss (1953) integrated graphically .. over s wide

range of ) and computed B, for PbTe, 51 and Ge, These
values sgreed well with the experimental velues of n,
obtsined from the sudlo freguency messurements of
dielectric coastant.

(111) Dispersions in metols and semicopductors

In the case of metsls the electrons sre no longer



a

bound but sre free to move thus giving rise to s large
concuctivity, If the classicsl treatment (eguations
1,35 ond 1,36) 1s espplied, them in the sdsence of »
restoring force we shall have,

~ 2
2
A
iozln
C'Ja - .2

Inp a steacy fleld the latter eyustiocn caa be rewritten

os (Moss, 1959),

20k = (_‘5_;L_>/[1 + ( c\)’ﬂo)z] oo (1e43)

where O is the static conductivity sod p is the
mobliiity st the fre uwencies involved,

In the case of & sesmiconcuctor, howcver, both
the bound «s well as frce electrons Iinteract with the
electromsgnetic wave and hence the complete expression
for 2nk will be given by a series of terms like equastion
(1.38) slong with s term like egquation (1.43) for esch
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type of free cerrier present. it long wavelengths, however,
only the lstter term is important.

(iv) lnirabapd transitions

“e Dove alresdy seen that in insuletors and
sexiconuuctors the lotersctiom of tne incident «lectro-
megnotic racistion «ith tne bound sid free Charges can
explsin toe asbsorption snd dispersion iu the spectrsl
reglon. Ie cise of semicomcuctors ond insulstors thoe
valence band clectroas sre of considersble importsnce. In
the sbeence of any essistance (rom therwssl energy, 1.0. ot
2aro tempercture, the oaly possible sbsorption that cen
take plece is when the guants of incident reciation have
sulfficlent energy to excite the velence electrons scross
the forbidden zone into the empty conduction bamd. In
prectice the resulting sbsorption spectrum is g continum
of intense sbsorption st short wavelengtns, bounded by a
sore or less steep sbsorption edge beyoud which the meteris)

is relstively tronsperent,

If the msterisl or crystel is free fro=
isperiections, then from gusntum mechsnicsl trestments soc
selection rules it com be shown thet Girect s allowed
transitions {rom toe valence banu to ihe comduction band
csd take plece (Brooks, 1965; Berceen et ol, 1956;



Pexter, 1956, only when

X (absorption coefficient, is proportionsal to

<
(b - k‘)v e (lede)

wbere h 7 is the incident emergy eond ig i3 the forbidden
energy bend gap. I1f, however, the power index 1is 3/2
instesd of 1/2 then direct but forbiuden tresnsition takes
place, whea Lhe crystsl comtalns defects such ss
impurities, dislocstions, etc., then one hes Lo consider
the perturbstion in tne system cue Lo these Gefects and
slso the intersction with the phonons as gqusauta of toe
vibretions)l modes of the erystal lettice. All these
perturbstions give rise to an additional tramsition

mcchenism, called incirect trspsition wnich is sllowed

(rardeen ot al, 1956, 1956) ocaly when

oL o (nv-;‘)“ ee  (le4Se)

end forbidoen Af
3
i oG (B -L‘) ee  (1.45b)

(v) Qptical copstants of thin [ilms

Since the opticsl behsviour of s msterisl 1is



determined principslly from its optical constents, visz.
refrsctive incex (m) end sbsorption index (k), it is
therefore of utmost importence to determine tnese
sccurstely. In the cese of thin films, however, the film
thickness 'd' plsys s very importent role, Some of the
commonly used techni ues Lo deterpirne the opticzl constants
of films sre outlined below:

(s) Ahbe's refrsciozeier

ihis instrusent which employs the principle of the
eriticsl angle theory nus deen successiully used Lo com ute
the refractive inuices of msny filws of thlckness le2 |
snd over. OSchulz (1949, showed Lhe remarksble
potentisliiiies of tals metood, from which considerable
iaformstion about fiim structure could Le oblalmed. Since
we sre interested in films < 5000 2 thick, the sbove
method is not very suiteble snd some other experimentel

techniques have to be adopted.

(v) bhale's Method (I250)

Abele's method makes use of tne foct thst for
light polarised with the c¢leetric vector in the plsne of
incidence, the reflectonce of 8 film of iudex ny on »
substrate of index my st the sngle defined by ten P . =

-1/1. (I' = refrsctive index of air) is the same as Lhat
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of the uncovered substrate. Inhis method which 1is independent
of the film thickness b:s been successfully used by msay
workers (Kelly snd Heevens, 1959; Hscsksylo, 1964, .

Hacsksylo clsims an eccuracy of 1 0.0002 in the messuresent

of n using improved light uetection tecnanigues.

(¢, Eolarimetric Method

Ine refractiive index and sbsorption index csn slso
be calculoted from the refl.ctsnce cata of the psrallel
(8, snd perpenmdiculsr (ig) comyovents of s polsrised light
(lleavens, 19868).

(d) Ellipsometric Method

Ihis is perhaps one of the mort widely employed
techniques for messuring o sud k. :llipsometry is based
on evalusting tne cnange in thae state of polerisstion of
ligut reflected from o film (Vasicek, 1960j Hesvens, 1965;
Mayer, 1950). Ine state of polsrisstion is determined
by tae relative smplitudes of the parsllel and perpencicular
components of the nouuoa. sid Lhe phase cillerence

between Lhe two components,
(e) Suecirochotometric Method

This involves the messurement of r flectance snd

transmittence of films st o near normsl sogle of incidence
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using en unpolsrised light. This mothod y however, requires
sdditionsl informstiom sbout the film thickmess, refrsctive
index of substrate snd the wavelength of the incicent light.
Although the messurements involves sre very simple, this
technique rejuires lsborious computetio:s for obtaining

tre opticel comstents,

Hadley (1947, nss greatly simplified tols process
by prepering e compresensive set of curves Culeculating R
8d T a5 @ function of 4/  (thickness/weaveclength) ior s
rsage of velues of n producing one set of curves for esch
of a renge of velues of k end & given substrate locex.

(vi, Nermal trapamitisnce sod reflcctancs through 2 thin
da

In the present stucy, =s we shall be utilizing the
noymal
spectrophotometric method dealing with :bcktronsutnnce
snd reflectance of films deposited on ;lass sudstrates,
it would be therefore worthwhile for practicel purposes
to give en outline of the theoretical treatment for tais

mechsnism,

It nas elready been shown that the solutions to
Maxwells' equstions sre descrid«d by two prpendiculsr
plane weves E snd 5, the forms of which sre gives im
oqustions l.24e end 1.24b. when the vlectromsgnetic wave

pesses from a meuium '=' to 2 medium 'm+l', then for the
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eontinuity of the eguations to be valic the boundary
concitions must be setisfied. Strstton {1941) showed th:t
the magnitude of the electricsl snd mugnotic vectors iLgy

Hg in the medium 'm', snd taeld snd 2o ) io the mclium

‘mel’ would De detersioesc Dy tue refrective indices esnd

the thickoesses of the medis, #s well #s Lhe waevelongtin

of the incident clectromsguetic resdistion. Howewver, for »
sore precticsl cese such as ine trsnssission sid reflcoction
througn & tain flim cn @ sealinfinite oon sbsorbing
substrete (e.g. glass,, one gemerslily considers taree

ioterigces nascly

(s) siresubstrate interfoce
(b) Bubstrete-Iilm interface

spd (¢) film-pir int.rface

Further, reflections snd transmissions at all the
three interfaces must be ts.en into sccount slong with the
boundary conuitions. Harris et sl (1981, nuve Gesit «ith
tals probien Lo cvelsiis. Ihelir snalysis shows loat toe
mormel trsnsaittence (i,) snd reflectince (4,) can be

writtien ss
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the sbove forsulse have been utilized by seversl
workers (Hass and Selzberg, 1954; Hass, “amiey snd Thun,
1959 to compute the opticel comstsnts of thin fil=s inm
the infrarcd, visible sand ultrsviolet rcgions. In order
to compute the values of ng snd kg the sbove eguatioms



have been solved by us by adopting the iterstive procedure
snd the solutions hsve been shown in J#é Chapter II
(Experimentsl) without imcluding the different steps,

Present sork

Froa the above survey it can be seen that toe
studies of aielectric and opticel properti.s give sn
insignt loto tue structure of msitler viz, the neture ol
charges and specles comstituting the mestlter, the stete of
poiarisstion, bend structure, bonc strength betw.en atoms,
bend gopy ¢tce :vVen Lhough extensive investigstions have
been mace for the dielectric properties of bulk =msterisi,
very {ew studies have so far been carried out on the
Glelectric properties snd much less on tne simultsneous
stucies of diclectric snd opticsl densviour of thin films.
Further, since meny of the clectrical perameters of thin
films have b.en founc to be structure semsitive ond olso
dependent on the evaporstion conditions as well ss film
thickness, it hes b.en fell worthwhile to investigste the
influence of these psraneters on the dielectric smd
opticel properties sud obtain @ coherent picture of the
electronic and band structure of the vecuum deposited
films, With these idess in view, tue followlug investige-
tions have beem undertsken for the dielectric, optical snd
structursl studies of inS ond ».80 various oxidiec (ilms

deposited by thermal eveaporsiion techuigues.
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io order to study the cielectric snd the opticsl
properties of thin filmss, seversl c¢xperimental tecuniques
were adopled 300 Lthese ecre described in cetails io tne
subseguent persgrephs. Gpecisl cere wes tsken in their
preparations so that these [(ilms were homogeneous,
unifora in thickness, structure, etc. Ihe reproducibiiity
of the messurements for different physicsl parsmeters was
found to be very much fsciliteted by msintsining the sbove
concitions. A4s these films were flimey in nature =nd
very much prome to scratches and pinhole formetion due to
dust psrticles, ctc., every possible precsution wes taken

to avoic or minimise them,
() Rislegtric Propertica
(1) Ereperation of films

The dGeposits were generslly prepared by the
ther=mal evaporstion of the bulk msterisl in vacuo
( ~ 10°% =m of Hg, or by other metuous s cescribec in
the sppropriste chepters. In the thermal eveporstion
methody & smell smount of the bulk meterisl wss evsporated

directly from molybdenum bosts or tungsten fllements
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which were initislly flashed to remove the surfasce
contaminetion if eny. Some times speclal m-thods hed to
be sdopted to ensure uniform depositions, etc,

(11) Labricstion of cepacitors

'Gold scal' glass slices 2.5x2.0 CIz were used ss
substrates for the preperation of thin film capecitors.
Ihese substrates were cleaned with caromic scid sol.tion
snd them washed with running distilled wster for sbout
Belf so hour. Ihey were thenm 'fire polishcd' ov.r a
flame ond kopt 1in en ovenm st about 100°. Occeslonslly
prior to the sctusl ceposition, the substrites thus cleanec
were degessed 1in vacuo (2 10™5 mm ig) st sbout 200°%C for

two hours sud Lhen cooled down to the roos tempersture.,

Aluminium wire (92,3 purity) was flash Geposited
in vecuo (o 10'5 me g, from s multistrend tungsten spiral
filawent on ;lsss substretes through 'i' shaped mesks st
room tempersture. Inese films formed tne base electrodes
of the cspacitors. TIThe substrstes with sluminium
electrodes were them pleced in contact with snother set
of masks through whieh the Glelecctric leyer wes deposit«d
on the bese eleciroces. In order to have uniform
C¢eposition and slso to avoid spitting, the dlelectric
mstorial was initielly degassed by slow hesting of the
powder 1n vacuo st s low hest which wes below the sctusl



temperature of deposition. Ihe thuicknesses of the
dielectric films were controlled by sdjusting the time and
the rete of dGeposition. 1Ihe latter wes nowever sdjusted
by verying the cistsuce between thne substrate zod the
Sourcc. ihe counter clectrodes slso of tnick slusinium
films were vscuum deposited cross wise (rig. il.l) over
the dlelectiric layers so thst the effective geometricsl
sres of the cepscitors deterazined by the electrodes was
sbout 0,30 ca-. These fila electrodes were about 100 &
thick and had a resistence less thsn s few ohms. It =ay
be menticned here that during the capocltoi prepsration the

vacuum hed to be broken st successive stsges of deposition.

A special substrate holder with sppropriste ms ks
were designed so thst the deposition could be mde on
toree glasss substrstes simultaceously, taus avoiding
unccrteintics io the deposition conditions. When the
dlelectric films were deposited st higher temperatures a
flat ceremic nester was used for hesting the substrates.
The temperstiure wes messured by a chromel-p-slusel thermo-

couple kept io contaet with the substretes.

(111) Agedog

All fil=m capacitors were sged in air for s period

of ten to tventy days end Lhe chenges in cspacitsnce and



loss f{ector were 4130 measured. ihe semples were further
stabilised by cyclic heating end cooling in vecuo. These

semples were gemerally stored im en sir-tight dessicstor.
(iv) keasursssnt of {ilz tolckness

Unlike bulk materiels {ilm tnickness plays & very
important role in the semicomcucting, dielectric asnd
opticel properties of thin filas., The dielectric constant
of & deposited lsyer was evelustea from the knowledge of
the caspacitsnce of the sendwiched lsyer, the effecctive
electroue sres snd the dielectric film tnickness,
8imilsrly toe different opticsl perameters viz, refrazctive
index snd absorption incex, etc. were computed using
sppropriate relstions wnerein the knowledge of the film
thickness wes essentisl. Thus the sccurscy of the resulils
depenced on tae precision with which the taickness messure-

ments were cerricd out.

Une of the simplest =ay of measuring to: film
thicknuss is by the weighing method. [rom the knowledage
of the mess of the film deposited end its surfece srea,
the file thickness can be determined assuming the censity
of the deposited {iim to be comstant snd same as that of
bulk (Semmett snd Scott, 1950; Phillip sud Tromptee,
1965; Kemezsnov, 1962). Since 1o the present csse tne

density of most of the meterisls «¢specislly in the film
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state is unknown, the error in estimeting fillm thickness
by the differerce in weight m:thod is often lergely
msgonified. Iherefore the multiple busm futerferometry
method (lolsnsky, 1948), was adopted by us for the
sessurement of film thickness, 4 simple ianstrument
employing the sbove technigue hes b ¢n designed snd built
by us in this lsborstory (Fig. 11.2).

fhe substrate AD supports a film AiCLE whose

thickness 1is to be measured. Over this eo opsque lsyer
CLUIBE of sluminium or silver is eveporsted thus foraing
e step VE, An opticelly flst gless slice costed with s
pertislly trapsmitting lsyer of sluminium or silv-r is
plasced in contsct with tiils so that the two pletes form a
wedge whose sngle is very smell. / monochromstie light of
wevelength ' ' is reflected by & beam splitter on to the
piates sna then reflected bsck normally into s low power
microscope (Fig. 11.2,. Derk fringes can be observed
waich trsce out tne points of egusl sir gsp thickmess, tne
frioge uistonce being .%L.. By edjustiong the relative
positions of the plates the fringes could be made to run
in streight lines perpendicular to the steps on the opsjue
film, thus giviog rise to » fringe displscement es they

pess over this step edge (Fig. 11.2). The film tnickness
(d) is then expressed ass



d=bA /28
uhro‘ b is the frioge displacement ot the step edge, ‘ o,
is the fringe width end A 1s the wsvelength of the lignt
useG. AnD instrument designec by us could measure film
thickness down Lo about 70-80 f. Ihe only sssumption made
ioc thls method is Lhat the films were uniform in thickness

wiich is o genersl true if they sre carefully prepared.

(v, »2¥oaiast

#1ll cleleciric messurements were csrried out in »
¢rjostal where lhe temperstiure could be variec between 77
to 400%. ihe Cepecitor leads wé;c put inside s glass tube
oue enc of which wes closed. 4 rulber bumg through which
the lesas for tne capscitor, therwocouple, etc. were taken
Out was used Lo close the other ond of the tube snd the
sel-up was continuously evscuated by e rotary oil pump.
Short lengths of r.f. cables were used as lecads for the
capacitsnce bridge. Ihe cryostot which wes kept inside
& Lewsr flssk wes cooled by liquid nitrogen. By adjusting
the level of the liquid nitrogen io the flask, the
tempersture of the cryostet could be vsried to any desired
value (Fig. 11.3). 4in externsl heater wss however used

for sll messurements to be mede sbove the roorm temperasture.
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(vi) Measurements of csoscitance sud tan ©

Cepscitence (L) and loss factor (ten & ), the two
most important psrameters in the dielectric study were
directly messured by using s Marconi 1IrZ700 universal
bricge. Ihe bssic cspscitence bricge network is shown in
Fig. I1l.4. 1This 1s sctuslly s slightly scuified form of
the ~neststone bridge circult where the two resistive
sras of the bricge are replsced by Lhe unknown cspecitance
Cx 200 8 stamasra capacitsnce “std having a value of
Oud p=j R, snd By ere two stancsra resistsnces. 1Ihe
bridge is excited by en internsl oscilletor of 170 W snd
1l kiizg end the bslance point (null point in this case) 1is
reasd on s sensitive nmicroammeter. 7To increase the
sensitivity of the null point, the output of the signal 1i»
smplified by s three stage transistorised amplifier and
this is then rectified anu fed to the meler, so that the
needle of the meter slwasys deflects Lo one nide of zero
for sll 8.Cc. messurepentis. Wwhen both the srms of the

bricge sre balasnced tnen,

“x Ro

= or v, =4
b 4 std
C‘t‘ a

2

-

Thus the unknown cepecitsnce (Ly) 1is evslusted from the

retio of the two resistances snd Cgeqe In this instrument
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when K, and Ry sre properly sdjusted toe unknown capscitance
csn be directly read from the cisl rescings.

Ihe instrument nas siso s small veriable resistance
(0 176 51 ) comnected in serics with Cg. . (sec Fig. 11.4)
known as the loss balsnce resistor wuich helps to measure
the loss fector or tan$ directly. 1Ihe instrument also
hes two positions i.e, LU and  for messurevenis of loss
fector. In the L position of the briuge the measured
qusotities ere known ss (g snd tsn § . For higher values
of tan$ the '.' range is selected, where the standerd
cupscitence becomes pirslliel to a lerger verisble resistance
sod 1ne messured capscitance '-"p" in ',' renge, is

relsted to Cg of 'L' range by toe relstion
~ - 2
Cgfly = 1« ( where | = /ten $

In all our cxperimental resulls cspecitance hes been
expressed in terms of (g, only.

Ine above briuge hss slso the provision for
messuring ¢ snc ten S st variable freguencles (100 Hz to
100 kiiz) by using an externsl oscillstor 'Philips PM S100).

Ihe loss {sctor is then given ss
f

ten 5 = t.néfxw



where ten 5 ¢ 1s the loss measured st sny frequency f.
ihis bricge hes s sensitivity of asbout 0.5 pF at 10 pF
renge end cen messure tam & down to sbout 0,001.

(vid) clectric constant

ihe cspacitance C of s ssudwiched layer of thickness
d (metres, with the e.fective geometricsl area of the

persllel electrodes bLeing 'A' (l-sroz) csn be expressed us

C = 8.85 x 10~ ¢ -f- fersas e (I1.1)

where € 13 the permittivity of the ssndwiched layer.
verzittivity ocs therefore the cimensions of farsd/metre.
tor precticsl purposes s dimensionless jusntity, nsmely
relstive peraittivity or clelectric constsnt, which is

the retio of permittivity of tne meaium to thet in vecuo

is used. Iu the present work tnils dimensionless dielectric

constent term hes constsntly been used.

(viil) Breakdown voltsge (Vp) anc diclectric field
streagth 'Fp)

/ lthough there sre numerous sophisticatecd mcthods
svallsble for measuring tnhe breskdown voltsge eecurestely
(Budenstein et al, 1967; Klein et al, 19665 1967, here,

hosever, & simple circult cousisting of & verlable c.c.



source (U > 50 volts,, a microammscter in series with the
test cepacitor end & voltmeter parsllel to it has been
used. Ihe voltage was slowly incressed anc the current
pessing through the condenser is noted. As th voltage
approsches the breakdown voltuo,a lsrge amount of
conduction will take plsce through the coandenser giving a
sucden increase in current for s very smsll change in the
spplied voltage, I(he .-V curve is then plotted snd through
the steepest portion of the curve & streight line is drawn
which intersects the voltage sxis st Vge Vg is then tsken
to be the breskdown voltage. The dielectric fileld strength
Fg 1s then given as

v
" T— volts/cm

da

}B L -» (11.2)

vhere ¢ is tne tuickness of the alelectric leyer{wa om).

It msy be pointed out here that since both tne
electrodes of the cepscitors were of the ssme msterisl
(eluainium), no :ppnchbl‘ chsnge in the J-V cherscteristics
snd hence in Vg wes observed when the polarity of the

electroces vas reversed.,



(8) Qptise) Properties
(1) fil= preperstion

For stucying the optical properties of thin filss,
clesned glass substretes of dimensions sbout 1.4x3.0 eme
end refractive index (ny) 1.:‘:2,un placed on & substrate
holder at about 10 to 15 e¢m sbove Lhe source. In order
to have fllms of differcat thicknesses froa the ssme set
of evoporstion the substrstes were spsccd spsrt sueh thst
the cistance betwren lhe source and the substrate varied,
After the opticel studies were mede, the film thickness
wes ¢stimated by luterferometric mcthods ss described

before.

(11) cpticsl messurements

Optical properties of these {ilms were chiefly
studied by tronsaission and reflection im the visible
region ( A 7000 : toA4000 %). 1Ibe film thickness studied
ves in the range of 200 2 to zooof for semi trsuspsrent
films, snd often grester tham 3000 : for trensparent fiims,
Froms the knowledge of trensmittance sna reflectance ot
nesr normal sngle of i.cidence the opticsl constsats og¢
(refractive index), ke (sbsorption index) amd <
(sbsorption coefficient) were estimnted,
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111) ignxgn

(a8 & CGouble bDesm Beckmsn LAZ with an sutometic
recording srrsngement was used (or measuring transamittance
through the fllms, 7Tuis lnstruacaot had s msximum error of
2 6: io its wavelengtha calibrstion, snd an error 2 1§
for the recorded tronsmittisnce velue. # Unicem Sr800 was
8130 used for measuriog trsansmittance in the visible
reglon. Inis wes however & single besz fostrument snd had
to be operatedc menually. The renge of errors in the

Unicam SPS00 was Of the sauwe order &s tae Beckmsn VA2,

(b) Unfortunstely these instrumcnts hsc no
srrangement to measure reflectsnce st near normsl sogle of
incidence which offers s very convenient and precise metinoc
for evaluating tne opticel constsnts, witn tnis in view,
e specisl spectrophotometerg wes designed snd comstructed
in this lsborstory by Goswemi (A G.)e The genersl
festures of this instrusent which messures rellectsnce
between 20° sna £0° engles of incidences have been
briefly described by Goswsmi sod Reo (1972., It hsas been
further modified to ensble the angle of incidence to vary
betweon 5° snd 80° (Fig. Il.5s and b).

Ihe spectrophotometer consists of s light source 1,

s conuensing lens, 2, » polsrold 3, & collimtor 4, o
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prism 5, on ¢ rotsting table moving owver s grascusted scale
6y a telescope 7, & focussing lens 8, s sample holder 3,

& photocell 10 end & gracusteu cisc ll. 1he light source
consisted of a tungsten lomp (1O V, 7.5 oamp, which wss
excited by s high cspecity 12 V accumulstor or s stablilised
povw.r source (0.lf regulstion). Both the collimstor snc
the telescope were proviced with adjustsble siits (5; end
52). The prism 5 can be rotsted on the gredusted bsse €
30 o8 to sclect the suitsble monochromstic light. The
ssuple holder 9 plsced nesrly et the focus of the second
lens 8 can be rotated freely sround its verticsl axis
coinciding with the centrasl shift of the dise 1l and its
portion over the déisc (mot showm) csb be resd by a pointer.
Ine photocell placed very close to the sample holder can
similarly be rotsted sround the ssmple axis say to positicn
10* and its position similarly recorded (not shown). Ine
intensity of light incicent on the photocell (Philips

80 WV or 92 iV) or the photocell current was mensured by
meesuring the potentisl arop scross & 470 L Ohm resistance
with the help of s micro voltmeter. TIhe prism scele &

wes calibroted with resp ct to the wsvelength by inserting
suitsble narrow bend wicth filters im place of polsroid 3,
and mepsuring the meximum intensity of light emerging
through the telescope by adjusting the position of the

o
scale 6. 1he sccurscy of the calibration wes 3 50 A,



Necessary precsutions were token (o eliminste extreneous
1lignt felling on the sa=ple and photocell. The whole
instrument wes kept in 8 light proof cese. Kecesssry
csre was nlso token to see Lhat the same position of the

phctocell was exposed st sll sngles of incicence,

Since in the normsl reflcctance = thod unpolarised
ligat 18 used, the polaroid 3 wes removed from the
sysitem, beposits formed on glass substirates (n‘ s 1.52)
were placed verticelly on the sam,le nolder in such a way
thst the monocaromatic besm was transmiited normslly to
the film surface, ond csught on the photocell benind it
st cosition 10. 7Inis was, however, &chicved Dy 8 suitsble
adjustment of tne positions of the sample holder snc slso
of the photocell s0 23 to obtain » meximum deflection on
the =icrovoltmeter. This then corresponced to the nor=msl
incicence of the beam and the zero position of the
photocell. The position of the photocell eould be resd
fro= the gradusted disc 1ll.

io mcasure rcfl.ctasnce st neer normsl sngles of
luciuence,soy about 10°, the ssmple and puotocell
essesbly (rigs 1l.58, was shifted sbout & cm avay from
the collimeter slit Sg, but wes kept in lipe with the
optical sxis of the system, If the sample holaer with the
file was shifted by an angle G eround its sxis 1o en



suticlockvwise cirection, then the reflected light could be
obtsioed at 2 § by rotsting clockwsise tne photocell to
e position 10'. 1Ihe =inimum sngle of incicence so obtaimed

by this instrusent wss about 3°,

(iv, Messurement of optical constsuts

ibe optical constants viz. refrective index (ng),
sbsorption imcex (kg) sod sbsorption coeffiel nt ¢ X ) con
be computed froa reflectonce snc transmittance ¢sts at
por=zl angie of iocicdence., Cince the messuremcnt of
refl:ctence st sn exsct norwl sagle of lncidence is not
possibley & recourse his been adopled L0 masure rellectance
st very smsil sugles of incicence (< 129, and the
¢velustled og snd ky from such mestur.ments Go not
siguiiicsntly ciifer from those of the idesl normsl

focicence meinod.

Although there ere vesrious methods svelladble for
celeulsting ng and key in the prusent study only the
specirophotometric mathods which sre outlined below have
been sdopled.

(s) As explsined esrlier in Chapter I, Harris et al,
(1951, applied the Maxwell boundary conditions for s film
oo gless substrate snd obtein«d ihe expressions of T, snd
o (Herris et sl, 1961; Hess snd Sslzberg, 1954, 2s
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These two complex equstions have been solved by removing
the imsginsry terms in the expression with the help of
sodulus qusntities. 1ibe complete solutios for I 2nd &,
involves msny steps snd hence not given. The finsl

expressions for I, snd Ry then assume the form,

‘ 1
-—ﬁ— = - L (11.5)
‘o {LJ.-kZJ‘oG"kz}
end
-
i%& [- - i ] * “.‘.‘.‘ . (11.6,
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The simplified expression cen now be solved for
ne sod kt by an iterative procedure ss given below.

A rough velue of k. is selected snd different

f
velues of n, sre fitted into the equation so that the
LiS and HES of the trsnsmittance equation have the same
value, the other peremeters being experimentally
determinec. Once the proper value of ng is selected
(sey ny), snother velue of x‘ (ssy kz) wesr to kl is
chosen snd ithe computation is continued to obtaim the
best it value say o . The same method is adoptec for

computing ag snd "t from the reflectance data, say (n'.k‘)






sod (ngy l‘). Now to get & unique solution for og and kt
thst sptisfies both the trsnsmittsnce snd reflectance
equstions, graphical plots of o end k from the two dsts
sre made (Fig. 11.6). The polnt of intersection (ng, k)
of the two curves will then sstis{y both the ogustions.
10 obtsin & better sccurscy ouserous velues of n's and k's

ere computed,

Ihis method involves heavy computations snd is
very lsborious. However, if one of the psrameters ng, Or

ke 15 known them the computation 1is very much simplified.

(b) Graphicsl method for computing kg

Absorption iodex (kg) csn be celculsted graphically
from the slope of log 2° (transmittonce) versus thickness

(4, curves for verious wsvelengins (A), ko 1s then given

by

8.303 (10g,, 3) = 108, Ip) o 1

ke = :
4 N ‘(‘2'41)

However this method 1s not very suiteble if k¢ is
Gependent on fila thickness.



(¢, Estimeting l‘ from !Lom ano-u

k.‘ can also be estimated from the knowledge of
T. and Ro s

I, = (1-R)) exp (=41 Kgd/p ) .o (11.8)

ihe vslues of lr 80 obtained sre in good sgreement
vith those computed from equations (II1.3) sod 11.4).

(d, Honeabsorbing films

For those filas where sbsorption is very smsll,
viz. ke T o)th.n fro= equations (II.3) end (II.4) we have

I bl
o ° 71 2N 2
[(nbon cos j;d - n" * n‘) sin ]
.o (11.9)
nd
8 [( 2/ n,d LB _— 2;;n0]
-l) ¢ * - sin
By = b o

‘H. h 21‘7.“ —]L
[(%01) cos -—L}\ -1 ™ . .f) sin p) _}

.e (11.10)



when “t‘ = (<3 + 1) _>..\. the sbove eguations reduce to

L,
a, = [nb (hao*)/u-aohj " for nf S8y +e (I1.11)

t 2
ng = [n' (L-R:)/(loao*;] for nr(nb oo (I1,.12)

The trsnsmission curves in the visible region would then
have interference fringes sssocisted with mexime and
sioims, Hefrsctive index ng can slso be computed from
these using the relatioas

(“ nr‘ .—-—.i- .. (11.13/

-
-

for mexims, shere m 1s the order of the fringe mexims snd

is the wavelength ior the mth orcer,

for minime, wvhere m is the order of the fringe minimas,
and )\ is the wvevelength associsted with the mth order.

The order of the fringe may be cslculsted from

the relstion m = — wnere 7, snd >, sre the wave

V™,
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nusbers of the m'd and (m+1)%P fringes.
(d, abserption cosfficicot (X)

o{ csh very essily be caslculstea from the sbsorption

incex k, s

{
ik, on r11.15
= e . J
A
(C) structure
Llsciron Qiliraction siuclies

In order to icentify the nsture of the films and
slso their phsse composition these were exsmined in an
electron diffrection camera both by reflection end
transaittsnce technigues. 7These studies were msde on
separate samples prepered simultsneously with the
dielectric film of the cspscitor. The substrates used
for transmission methocs were polycrystalline NeCl tablets
and (100) feces of NeCl crystels. Films deposited on
these both at room and high substrate temperstures were
stripped off in distilled water snd picked up on s grid
having a thin collodion film on it ss @ support., Fillms
deposited on glsss substrates, however, vere exsamined in
the electron diffrsction camera by the reflection method.



CBAPLEL 111
SAVLIES OF Zlic SULPSIDE LIS
(4) ANIRQLUCTION

<inc sulphice occurs in nsture in two foras nsmely,
sphalerite (or sinc blende, S -in5) snd wurtzite (o( -imd),
toe former baving s cubic structure (Bg type) wheress the
lastter h.c.p. type (B‘ type,. Hochshild (1908) made »
crystallographic study of the sphslerite miperal., Wwurzburg
(1908) y on the other hand, investigsted the heat effect
for the phsse trsnsition from the zinc blende to wurtzite
forss. Xersy investigstions by Brsgg (1980) showed thst
whilst the former hed s cubic structure, the letter wss
heCepe type. Various other workers (Aminoff, 190233 Ulrich
end Zacharissen, 1926) lster slso investigsted the
structurcs of these formss end the lsttice constants for
the cubic snd h.c.p. respectively wvere found to be,
035.4062000.-3.8202.0-6.2602. The phase
transitions of the two forms were slso investigated by
seversl workers. Remdhor (1931, observed thst the S -form
chsnged to the o/ -phsse between 880°C and 1020°%C.
Bricgmen (1939) found thst the lstiter irreversibly chsoged
to the former by shesring e¢ven at room temperature. This
phase trsosition wes however found to occur more essily in

thin film state. Aggarwal sond Goswami (1963) observed



that eveporsted ip8 [lims growing epitexislly on different
feces of NaCl, could develop either S or =« structure or
both depending on substrate temperstures even though the
bulk might bsve either of these structures, GSimiler phase
changes were slso observed for other chalcogenides of iInm
snd ¢ (Dhere snd Goswaml, 1969,, Prepsrstive technigues
of epitsxiel films or wafers have recently been reported
by seversl workers (Temuras et al, 1965; Vohl et al, 1971}
Behrnct end Moreno, 1971, .

Although zinc sulphide has been sudbjected to
intensive investigations for its photoconducting, insulsting
snd other p}oportiea during the lasst thirty yeor:s, very
little work has however been carried out on the bulk ZnS
crystals for their opticel properties. Gudden and rohl
(1921, 19:2) reported s sharp rise of the photocomauctivity
at a vavelength of about 3350 : in natural zin¢ blende
erystals. 7This was later confirmed by Piper (1953, end
severel other workers (Reynolds end Ciymak, 1950; 1954)
who found tost the wavelength in gquestion was the region
of the fundsmentsl absorption edge of ZuoS crystals.
Similar results were slso obtsined for the sctivated iZmS
powders (Gisolf, 1939)., Refrsctive indices of these
materials were found to vsry between 2.4 to 2.9 between
the wavelength region 5000 : to 3300 2 respectively.

Investigstions on thin films have, however, been
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foirly exhsustive., Hemmer (1943), Roocd (1951) and
Kuswsbars snd Ishiguru (1952) calculated the refractive
indices of ZnS films and founc them to be non absorbing
in the visible region., Hsll snd Fergusson (1955) studied
the sgeing effect of these (ilms. They observed that Lhe
opticel constsnts were indepencent of the film thickness
and the values of refrsetive index were similsr to bulk.
Since the presence Of voids in the evaporsted LS [iims
was founc to slter its refrective index (Polster and
¥oodruff, 1953), Heevens end Smith (1957) investigsted
the effects of pressure, rate of ceposition, film
thickness, volds, e¢tc. on the opticsl properties of ZuS
filss, Coogsn (1957, observed thst the sbsorption edge
shifted with the temperature and this shift vas sbout
«4x10"% eV/% between -186%C snd 20°C. The opticsl
properties of ZmS films were slso studied in the u.v,
region by Cox et al (1959, . They found that Lhe
refractive index decressed rapidly from 3.13 st A 2200 2
to 0.64 et A 736 2, snd thst the sbsorption imcex which
hed s minimum velue of 1.75 st A 1800 P cecressed to
0.s3 st )\ 584 2. These psrsmcters were found to be
incepencent of tuie deposition conditions snd sgeing.
Huldt spd Staflin (1959, reported that the refractive
indices of thick (1 to 5 m) ZeS films were higher then
the bulk values. Recently Miloslsvskil et sl (1967)



showed that the long wavelength sbsorption edge becanw
steeper when the substrste or sanesling tempersture of
«o8 flims was incressed, snd this was sdduced to the
incresse in the grein dimensions s well ss the recuction

of the lattice defects in these films,

Electrolusinescence in Zo5 {ilms doped with ¥n, Cu
end .1 hove been studied in grest Getsils. (Koller et al,
13603 Soeys #:d Kimurs, 1966; Seski et al, 1068; Uchice,
i268; Mslkin et al, 1971). cCatbocolumipescence of LuS
films @5 8 function of substrate tempaorstures has been
studied by thelimovs et al (1971). Lerge photo voltsges
upto seversl hundred volts were observed for these films
(Merz, 1958; Gegslisno et sl, 1967), 7This property wos
utilised by Kszen and Kicoll (19567) to prepere eff.ctive
solid stste light amplifiers. Iu s similsr way other
opticel properties of inS filles have beem cxtensively
exploited for the prepsration of reflectors, interferonce
filters snd frustreted total internsl reflectors (uLollscd,
1956; Hesvens, 1956).

Iransport properties of bulk ZnS have been studied
by a few workers, Pilper (1953) messured the lempersture
dependence of the conductivity of high resistence ZoS

crystals between 500°k and 700%k, iis dats obeyed the
relation O (conductivity) = & exp (F/2 kI) with



E = 3.77 £ 0.1 oV ond found the bend gep energy to be

3.67 2 0.1 oV snd 3.56 £ 0.1 eV at near O  sod 300%K
respectively. Aroger (1956) messured the Hall mobility of
seversl n-type wurtzite crystals uncer illuminstion snd
found that mobility ( p“) wes between 110 to 14 clzﬂ .5€C
ot 300°n. Aven suu coworkers (1962, 1965, measured Lne
tespersture cepencence of the Hall =mobility of coped b
crystels. DNarite ond Negesecka (1965) measurec the Hasll
mobility snc free electrom concentration ss a function of
the light iatensity. The conuuction mechanism in these
crystals was found to be generslly joverned by the scattering
cue to the 1onized impurity levels lying in the forbidden
gepe Several such impurity l:ovels have been observed by 2
nu=der of workers using Hsll effect (Aven snd Mesd, 1965),
thermoluminescence (Hoogenstratten, 1958) and thermally

stisulsted current (Kroger, 1956, measurements,

Al/ioS /Al thin fila cepecitors have been successfully
prepared by ruchshuber et sl (1960) who found the dielectric
constant (€ ) of Zns films to be about 10.3, Hacsksylo
ond relaman (1962) reported an snomelous rise in € (34.7)
for s film thickne¢ss of 900 2, snG sls0o its decrease o a
shellow minimum velue (5.3) at 1 m thickness, Msddocks smd
Thun (1962) snd later choprs (1965 on reinvestigstionm cia
not observe any such snomaly in the dielectric coanstant

which was sbout 8.5 snd more or less invariant with the



frequency. Chopra, however, found thet € was dependent
on fiim thickne:s in lhe cose of very thin films oaly
( £ 500 2). weover (1963, mede @ Getailed study on the
sgeing effect of «uS [iim cspacitors. Lsksmensn asnd
Mitchell (1965) prepared Zns film cspacitors by resctive
spu.tering and reported them to hive s low loss factor,

moderate breskdown voltages and good stability.

From the sbove survey it i: scen thst although s
good amount of work hss been carried out on the optical
properties of ZoS films, very little investigstions have
80 far been mede on Lhe s.c. behsviour of these films,
Recent investigstions by a pumber of workers snd especially
by Gosvasi snd his collsbor:tors (1964, 1966, 1968) have
showa that the semiconducting properties of thin films
sre considersbly influenced by film tnickmess, deposition
comditions, sanesling snd substrste tempersture., It is
therefore likely that some of the sbove fsctors msy slso
iofluence the clelectric and opticel properties of thin
filmss, Unfortunstely no such work hss yet been reported
on o6 {ilms., wWith this end in view, s systemestic study
hss been mace On the dielectric and opticsl properties of
S films.

(B) EXPLALSNIAL
(1) gxeperation of films
Thin film cspscitors with ZoS films as ssndwichec
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layers (Al/inS/hl) were prepored by the vacuum deposition
method, Aluminium fils electrodes depositea fro= a
tungsten spirsl were in gemeral about 1000 : thick and

hed & resistance of sbout a few ohms. The unifora
deposition of oS films presented guite a problea as

48 powaer invarisbly spiited off cduring evaporstion from

8 molybienum bost. i raciation type of hesting (Fig. Iil.l)
wWes, therefore, sdopted for lhis purpose. Pure Lné powder
(¥/s Aledel de Hsen AU) was placed in & clesn shsllow
8111cs boat of sbout 1.5 cm in dismcter. A tungsten wire
shaped 4in the form of s flat spirsl vhich wes at first
¢lesned by repested flashing in vecuo wss then placed Just
sbove the ZInS powder kept in the bost, The powder wos

at first slowly heated in vacuo 50 o5 to dega"s it, When
this was over the temperalure of the spirsl wes further
reised so that the evaporstion of the ZpS powder could
co™wenge, Iihese deposits were in genersl trenspsrent and
show d interference colours. ZnS films were ©l1s0 Geposi ed

et higher substrate temperstures (130%) .

For stuaying the opticsl properties, ins films
having thickness varying fro=m 3000 to 7000 2 were also
deposited on glass substretes (refractive index oy = 1.52)

heving dimensions 3xl.4 clg ond them soneeled in vscuo.

Filla thickness wous estimeted by the interferometric



method o daseribed earlier.

In oraer to investigatle the nature and the phase
structure of 4n8 films used for the dielectric snd optical
properties, the electron diffrsction technique ves
employed, For these studies depositions were also made
simultoneously on polyerystaliline HaCl tablets or om (100)
faces of NnCl, The films were then stripped off from the
surface in the usual way snd examined in the electron

aiffrsction csmers by transmission methods.

(11, Mcasurements of c.osciiance &) and tand

Messurezents of C and tsn & were generslly msue
in vacuo st <ifferent temperstures., The sctual
messurements were carricd out iu s special eryostat
described im Chspter 1l. Both C sna tan § were measured
by s Msrconi IF 2700 bridge at varisble frequencles
(m* to J.O6 B2). The dlelectric coastant (£ ) was then
calculsted from the value of the capscitance (C), dielectric
thickness (d), end from the elect®ode ares A of the
capescitors ss explained esrlier.

In order to messure C snd tend st various
fregquencies (102 Lo 108 Hz) sn externsl oscillstor (Philips
PM 5100) wss used Lo excite the sbove bridge., Measurements
were 5130 made st verious temperstures (779K to 380°k) for
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different dlelectric film thicknesses.

It wes observed thet Al/.nS/k)l cspecitors did oot
sttain stebility even if the dielectric films were annealed
st 180° . In order to have reproducible resulis, these
Cepecitors were sllowed to age for & few deys and Lhen
subjected to cyciic hesting (< 380°%) snc cooling (300°K)
processes im vacuo. Further measurements on these

cspucitors were then csrried out.

iemperature coefficient of capecitanmnce (T.C) which

is cefince as _l_ = d_"_ was c:loulsted from the varistion

“ aT

of C »ith temperature ot 1 kiaz,

When all the dlelectric measurements wvere completed,
the breskdown voltsge 'B wzs estimsted because this

involves the destructioa of the fila capscitor,

(111) Messurcsenis for apticel aludles

ine trensmittance of Zos fiims (film taickness
renging between 3000 : to 7000 f) wus scanned in 8 Beckman
Lke2 double bess spectrophotometer in the visible region
viz. A 700 & to ) 4000 :. These curves showed
interference fringes consisting of mexime and minims st
¢i.ferent wavelengths so. from these extrems Lhe order

of the fringes (m, could be csleculsted, Refrsctive index
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(ng) of these films were then evslusted from the knowledge
of film thickness (d) snd the order of the fringe (=,

tsking help of equations (II.14) ond (II.15).°
(C) BLSVLIS
(2, Siructure

ibe bulk ZpS powder when subjected L0 Xeray
snalysis showed to have & h.C.p. structure ( « =form).
The deposits formed om polycrystslline KaCl teblets st
rooa tempersture or st 130°C, on the other hand, yielded
polyerystalline ring pstterns corresponding to sm f{.c.c.
structure when stucied by trensmission in the cleciron
aiffrection cemers (Fig. I11.2/ . Reflection pastterns of
thick Zr8 filmss formed on glass also conformed to the
zioc blemde type of structure,

(b) Lislegtric Properiles

(1) igeing eifect

As mentioned earlier sll cspscitor films had to
be sancaled in vacuo by heating amd cooling cycles for
stabilizetion. Samples thst were not snnesled by this
process showed considersble ageing elfects when kept at

room tempersture in oir for seve.sl days. Fig. (I111.30,
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shows the typicsl sgelng effect on capacitance and tan b
for s film capacitor about 2400 2 tuick. In some ceses
it was found thst cue to the absorption of stmospheric _
moisture, both cspacitance and ten 5 incressed with time,
but recuced to lower vslucs whemn messured im vacuo

(F4g. 111.3b), Heating snd cooling cycles (snncaling) in
vacuo reduced both C snd tsn 5 , end eventuslly they
beceme constant showing o finsl stsbili:stion of the
cepscitors, All messurements siter the stsbilization
becsme reprocducible evem when messured eiter loang pericas.
In fset such snnesled samyles showed o veristion less than
2% in C enc ten 5 when messurements were made on thes

after an interval of about s year or So.

(14) Affect of Lilla foickuess

It was found that whilst the cepseity cecressed
vith the rise of film thickness as expected, dlelectric
constant, on the other hsnd, showed initislly = gradual
rise and lster on it deceme comstant. Tnis trend wes found
to be true for a.l ZoS film capscitors, irrespective of
whether the dielectric films were deposited at room or
higher substrete temperstures. Ihese [estures sre clesrly
shown when both C and € asre plotted sgainst % &m d
p-0hg e (rig. 111.4,. Filims ceposited st room

tempercture sttained s constsnt value of € st s
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comperatively lower thickmess (= 900 2; than those formed
at about 120°C. Tsn 5 of these filas was found to be
low, of the order of 0,005 enc independent of the film
thickoness (isble IliI.l,).

(111, iemperaiurs seeificient of cepacitance (lve)

Fig. (111.5) shows the effect of tempersture on
capscitsnce snd tsn § for three different film thicknecses
wvhen measured st 1 kiz. It can be seen thst with the
increase of temperzture both C snd tsn 5 increased. TIhis
rise wes, however, small betw en roo= tempersture and 80°c.
but beyond this renge the incresse : bR @ s ton 5 wes
rapid. 7Ten S of these samples varied from 0.005 to 0.012
botween £7°C and 100°c snd ves indepencent of the film
thickpess. I.C wes positive snd it varied betweem 200 ppa/°C
to 600 ppw/%C in the temperature region studied snd wes atso
found to be more or less independent of the film thickness
(Fig. 111.6).

(iv) Effect of trogucng snu tempersture on chquo

The varistion of cspacitence with frequency in the
fre ueney spectrum of 0.l to 100 kiz snd temperetures
(77° to 390°K) was stucied for cifferent film thicknesses.
Fig. 111.7 shows the typical graphs of capacitance with

the frequency at different temperatures for @ ZnS capescitor



Thickness (g, vepscity € ten §
° ok
- I R v TP
4.1 «3 9800 3.36 0.01
840 21 4000 6,2 008
250 23,4800 2.19 0«01
1230 17 4200 8.35 0.0086
1300 16,400 8.36 0.007
1456 14,400 8.28 0.013
1780 114200 .28 G007
1880 10 4800 8.2 0.007
“400 8,600 8.2 0.007
23500 € 4300 8.2 0.010
Resosited at A30°C
&2 30 4,000 3.8 0.01%
ED V) 16,700 G0 0.0086
20 13,800 6.6 0006
1760 1i 4600 8.06 0,008
20850 109040 847 0.01
2500 24070 8.95 0.008
2500 74700 240 0.005
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(d = 2500 £) formed st room temperature. It is seen from
the sbove figure thst in generszl capscitance decressed

with the increase of sppliec frejuency. This cCecrease

was however rapid st lower freguencies (0.1 to 5 kis)

sod st higher temperstur.s, The varistion in C becewe less
st lower temperstures snd higher freguencies (say )J 60 kHz)
snd eventuslly mesr liguid nitrogen-tempersiure cspacitence
decame slmost invarisnt with the fre uency. Similsr

results were slso obtained for cifferent films deposited

at rooa as well a2s at higher subsirete w-poraturos.(lao°-).

(v) aifect of frecuency o0 Lan?

Fregquency had a pronoumced influence on the loss
foctor of @ fils cspscitor. In fect this is one of the
most widely stucied persmeters lor understamding the
behsviour of = dielectric meterisl. Fig. I1I.8 shovs
the behaviour of ten 3 for & ZnS film cepecitor
(d = 2600 :> in the frequency spectrum of 0.l to 100 kiiz
when messurements were msde st different temperstures, It
is interesting to see that st all temperatures ten 5
groduslly cdecressed with increasing frequencies, attained
s wminisum velue (ten S sin) 8t 8 frequency fain 80¢ then
a;sin incressed at higher frequencies. From the sbove
figure it is seen thst the value of tam 5 at a fixed

fre uency slso incressed with the rise of tempersture.
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A peculiar festure of these curves wes the shifting of the
position of tem 5 ., to higher frequencies with the rise
of temperature, Its msgnitude slso incressed (cf. Fig.
111.8,. At higher frequencies, the velues of ten 5 were
larze snd independent of temperature, Similsr results
vere slso obtained for io8 capecitors of cifferent film

thickness,

(vi, Pergeptage verdstiop of cepscitonce with {reguengy

It is slso useful to know the varistion of
cspscitance with the frequency. This is defined ss the
percentage change of the cepscitsnce st sny frequency
(C¢)y from the value of capscitsnce st sny arbitrary
frequency (Cg) which is tsken in the preseat case as 1 kiz.
Mothemotically it can be expressed ass

L o (cg - x W0/,
Fig. 111.9 shows the percentege chsnge of cspescitance
with the freguency for three different cepscitors when
messured ot room tempersture, This varistion was betwecen
+1f and -1.56 in the freguency spectrum of 0.3 end 100 kHz
snd wes more or less independent of the film thickness.

(vii, Breskdown voltage and dislectiric Cleld sirengih

Breskdown voltsge (Vy) end dlelectric field



streagth (F3) for inS fllm copecito¥ss were messured by
the method described ino Chapter II. Ihese messurements
wore however carried out io eir. Tsble 1I1.Z shows Lhe
velues of Vy énd y for cilfercat film thnickness. It is
interesting to see thst slthougn Vy incressed with Lhe
fiim thickness, i‘a, on the other nsnd, decresscd. Ihe
aversge value of Fy for Zos capscitors was asbout 1.5 meV/cm,
A plot of '8 snc fiim thickness (log-log scesle) is shown
in Fig. 111.10. It cen be seen thst for thinmer files ¥y
wss nearly iodependent of the film thickness, but for
thicker filmws, say ) 800 f, it reduced snd had s slope of
«0.5.

(v) Opticel rroperties

(1) ¥egsuresent of trons=ittence

Travsmittance of ZuS films in the visible region
( 7\70002 - )\ 4000 :) was measured by & Beckmen LA 2
spectropnotometer. A typicsl transmission curve lor & Lno
film (d = 4200 2; is shown in Fig. lil.ll. It 1s scen
thet the transmission curve showed many extreme in the
visible region snd the trsnsmittsnce was about 854 et the
mexime , but reduced to sbout 73% st the mimime. For
snotber film ssy 6500 : thick, similsr results were obtained

except that the number of cxtrems incressed.



Ihickness (¢) Lreaskdown volts e Fi¢ld strength

: Vi (volts) Fp meV/cw
150 3.45 2.3

20 5.5 ce2

320 6.0 1.9

890 13.5 1.85

1000 18.0 i.8

1230 20.5 1.65

1830 25.0 1.35

~440 30.5 l.24
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(11) Qakical conatants

Aefrsciive index for these [lias were computed with
the help of equstions (il.13) snd (il.18), given in
Chapter Il. 1sble III.3 shows the order of the extrems and
the refractive indices of two ot films st differeat
vevelengths., It cen be seen Lhat slthough By veried from
2,21 et 7000 g Lo 2.4 st 4150 2 it was indepondent of film
thickoness (Fig. I11.12). S5ince the absoluie value of
transuittence st the mexims and minime were slmost the same
for a wice raenge of film thickness, absorption index (kg)
could therefore be assumed to be precticslly zero in the
visible reglon. This wss confirmed by calculating k¢ from
the complex relation given by equstion (II1.3),

It is slso possible to cslculste the dielectriec
comstant st optical frequencies irom ny and ky Gsta using
the Maxwell's relstions vig,

€« -k

Optical dielectric coastant so obtsined varied between 4.9
end 6,0 in the visible region (Fig. I11I.12),

(L) RISCIRSION

ZpS bulk powder when exsmined by the Xeray method



For msxims op = m A/2d tor msinima ng=(m+}) A\/24
iim o
thickness A) = k¢ ng NAa) = kg o,
a (&)
6200 3 neg- 2228 5350 3 neg- o

4200 4800

-
"N
.

"
(]

4250 4 - 247
4050 6§ " L0

7200

4 " 2.2 8500 4 - 2e<3
5800 6 " .23 5350 5 - Ceil
ww 4250 6 " 2.9 460 o " <433
4350 7 " 2.3 4150 7 - <40
3960 8 " 2.5
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ves founu to consist primerily of the h.c.p. form
(wurtzite type). ZnS ceposits, on the other hsnd,
developed & cubic structure (zinc blende type) whether
formed ot room or st higher substrate temperstures, It
thus appears that during the deposition these filns
assumed the cubic structure even though the sterting
msteriasl wves of the h.c.p. form. Such types of structural
casnges are not uncommon for vacuum deposited films, snd
in fact Aggsrval snd Goswemi (1963) observed such a cubie
structure for ZmS films not oaly from the cubic bulk but
8lso from the bulk having o h.xagonsl structure (wurtzite).
S8imiler results were slso obtained for other chalcogenide
files (Badschhspe and Coswami, 1964; Lhere zod Goswasi,
1969). The present observation of the cubic siructure of
45 (ilms from the bulk hexogonsal structure is thus in

agreenent with the results of the previous workers.

/o unusual observation of Lms film capecitors is
that the dielectric comstant (€, wes cepemdent om film
thickness ror thinmer fila but became independent es the
thickness becsme lerger thsm 1000 2. This appesrs to be
relsted to the defects, particularly volds snd discontinuities
present in the deposited ZnS films. Capacitors made from
such films mey then be considered, in the ideslised case,
to comprise of many parallel copscity clements consisting
of tvo types of dielectric media namely (1) ZnS film and
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(11) sir or vecuo (where & = 1) in the void end

discontinuity regions. As the film tnickness (ecreases the
voi¢ content in the files will incresse. In the limiting
case, & Cspacitor elewent will then be formed whose

Cielectric constant is nesrly unity. Ihe eflactive

cepscity (\;.“) of the total cspscity eclements will hence
Gepend on the smount of volas, etc. present in the dielectric

files, C .. cen then be writtem es C .. = Cyoqqy * Cups

The volue of € 30 cslculsted from Cogr Will be less than
the true value of & for ZuS films, Thus with the incresse
in the film thickness, volds will continucusly be reduced
end honce & will increase eventuslly attaining the

constant value for Zns films.

The charscteristic festures of ZoS f1lm capscitors,
i.e. the veristion of capecitance snd tsm 5 with
frequency, tempersture snd especislly the observation of
loss fector minimum (tea 5 min) ®8¢ the corresponding saift
of the frejuency minimum (or w mip/ Position cscoot be
easily Pexplained on the besis of the existent theories.
Mention csn be msde in perticulsr of tem S ., slso observed
by Msddocgks end Thun (1962, for .ns fiims. These festures
cennot possibly de due to the nstursl relaxstion effect
of & capscitor or due to interfscisl polsrissiion, since

the (reguency reglon for such effects to be observable is



too lorge ( ) 107 Hz) for the former snc faor too smsll
(10-2 to 1.0 Hz, for the lstter, FKurther, the presence of
such procecses would give a tam S _ . eod not tan § o0
88 observed here. Recently Simmons et sl (1970, have

given s very elegsnt tneory to explain both qualitstively
and qusntitstively the a.c. behsviour of highly doped

)‘.o(.a filss, In the frequemey region (0.l to 100 kiz)
studied, they however predict that ten $ would shov a
moximum which would slso shift with temperatume, s festure
that is not in sgreement with our experimentzl observstioms,
Thus there seems to dbe no suitsble theory available to
explain the s.c. behaviour of ZnS films. In the subsequeat
peragraphs g model has beem proposed by us (Goswami and
Goswamli, 1973) to explesin both quslitetively snd
quantitatively the s.c. behaviour of Zns film capecitors,

ibsory

Any espacitor comprises of the follovwing elements,

nsmely,

(1) s capscitor, (11) e dielectric resistance
between the electrodes, and (111, a negligible

resistsnce due to leads, etc.

In the case of thin filwms, the copscitor system is
proposed to comprise of (1) an inherent cspscity element C,
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uneffected by fre uency snd tLempersture, "11) a discrete
resistance elezent R due to the cielectric film in
persilel with C snd (111, a smell series resistance r cue
to electrodes, lesds, etc, It is further sssumed thst
whilst R will be asffected by tempersture due to the
exponentisl factor in the relstiom % = Roexp (AE/KT),

the electrode and lead resistsnces r vill be more or less
constent in velue. In generel R )) r, Figs. 11I1.13s 2nd
13b show the differcnt elements snu the equivelent series
eireuit (Cg and R') respectively. i msthematicsl snslysis
of the sbove equivelent circult leads to seversl siguificant
couclusions s will be shown below.

The imgedance Z of the circuit in rig. 1il.13a in
terms of C, Ry r snd angular fre uency» ( = 277 ) 1

given ss

R
(1 » JWCR)

Rer (e uzczna)

(1 + wzxztz)
. sall
-3 i e (IIL.)
(1 wﬁczaz)

If the capacity elements are replaced in s simpler series



eircuit comprising of l' and c. (Fig. III.13b), then the
above impedance cen elso be represented as

A R' . 1 or R, = } 1 ee (111.2)
Jwcey b Wl

Sioce the two impedsnces sre egual, the values of ng end
C. sre obtained by seperating the resl 2nd imsginsry parts
of ¢ ustion (III,.l) snd (I11.2). Then
2.2 .2
B R B ee  (I1l.3a)

s 2 2
®» R G

2.2
snd R Re+r(1ew?p2c?) ee (III.3b,
2
(1 + w®r%c%

By cefining D es D =

’ C' and R. can be written ss

=N RC
2 pd
C‘ = (1 +« L )C and R. s Pr + TLT . R .o (110‘)

Now loss factor, ten 5 o 18 cefined as ten & = L TR

-
R Cols

series

e « ¥o have from egustion (Iil.3s, sand (I1I11.3Db)



o (1o w®aBc®) [ & + 7 (1e wzkzcs)]

tan 5 = :
(2 %R%") (10 0%R%E
= 1 FT + Wre (111.5)
W B WwRC
b 4
= D (1 QT) * -"JN - (111.6)

Thus loss can be expressed in terms of C, Ry r and &

(1) Exeguency sifect and Joas zlolous

Differentisting tam & with respect to & , the

ejustion "1iI.5) reduces to

' i
ten §, = = — - = +1C .. (II1.D)
KRG WTRC

snd the sccond differentistisl becomes

s - or
- N ee  (I111,8)
3

2
w TEC W3k ¢

h
tan S =
(]

which is g positive gquantity for all vslues of W , Ry C
snd r, Hence ten S must pess through e minimum velue and
this will occur only wien ejuatiom (II1,7) is zero, visz.
when



. r 1 1 ?
o= s F == © T (Le=) .. (1IL9)
%% 6 “re AN Y
Since = << 1 in all cases, ve then have rC = ﬁl
. ) “’C

fience the loss minimum will be observed st s fre usncy

(/Jm:/]f 12
rRC

Agsin ss r/R << 1, equation (III1.5, and hence (III.5)

given by

ee (111.10)

redquces to

ten 5 = D+WrC or tem & = PR 3+ s 11303

s RC

low when (~ 1s smell, + >) W rC then

-

“ns 2 + .o (111.1“)
w BC

Ihis shovs thst ten 5 4s inversely proportionsl to

fre uency.

If, on the other hend, ¢y 43 large then in genersl

1 .
CWwre and hence
LRe 8




tan 5 = Ly 1C oo (111.11b)

Thus with lsrge vslucs of (J , ten 5 will incresse with

the spplied frejuency.

(11) zempersture cffects

It is seen from equation (I1I1I.10) that N gt 18

—
deterained by /V/ _1_.!.. Now, ss i 1s related to tempersture

by the expression :R: Fo @xp (A E/k1), 1t will reduce in
velue witn facressing lemperiiures, wheress r remsins
prscticelly unchenged ss mentioned before. Ihe effect would
then be to reduce the value of the denominstor im egustion
(II1.10) end W aip Would incresse with temperature. Thus
e shift of & .. to nigher Irequencies should be observed
with the rise in temperzture and vice versa. Similarly the
velue of tan § .., at @ uip Should slso imeresse with

the tempersture because of eguation (lil.ll), If the
frequency 1is kept constent, say at 1 kiz, then in most

precticel cases ;Eé—»wrc snd therefore tsn & would
elso incresse with the temperature, the vaslue being given

by

tan & = ee  (II1.12)




The effect of tempersture on cspecitsnce con be considered
froz eguation (111.4) where

C =(ledd) Corc, =G o B oo (1il.13)
s s 2
P RO
i ) 2
If ho«ever - K ¢ or ° << 1 then
W RC
¢C. =C ee (IIl.13e)

This conuition can de realised in @ capacitor system
either by increasing i, or by lowering the temperature, or
by reising the value of W , £ suitsble cosmbinatioa of
these festur«s along with sn sppropriste value of C will

lesd to the frequency incependent cspscitince behaviour.

(111) Llsctrode and Jead Iesisliuce

From the relation glven in (Iil.llb) the electrode
snd lead resistance r con 2180 be calculsted by messuring
the velue of ten & and capucitance at two differcnt but
nigher freguencies vis.,

ten Sl' AN E TN ““52'“2‘2'

i

tsn S 1 ~ tan Sj
(03,61~ 9el,)

or r ee (I11.14)




It 4s thus seen that by tresting the besic discrete
elezents of the film cspacitor system of LoS to tuelr
equivalent series ecirculit, deauctions as given by various
equstions, especislly (1115, (1:1.10)y (L1ilella),y (111.11D),
(111.13) enc (1l11.14), on loss factor and slso 1its zinimum,
{re ucney sond tlempersiure effects on them, capscitance at
10w lcmperatures, etc, have boen mede amc fully v rilied

Ly tue experiments.

It may be mentioned here that, for sll capacity
messu-ements, the U position of the bricge which messures
tue series equivelent cepecitance wes sdopted 2nd hence

the messured cspacitasnce wss resliy Cgt

I orcer to prove that toe ba:ic sssumptions on the
circuitry elements are Justifisbdle, tanS wes aiso
caleculsted irom C, i 04 r waich were incependently
messured. ror s typlcal case, L was about 8330 pt 4y A and
r were 5x10° snd 10 ohms respectively. ihe dotted (-.e.=)
curve in Fig. (111.8) snows iis verietiom with frequency
ot the room tempersture using equstion (Ill.ll). It hes
slsc o proanounced loss =inimum snd Lhe general festure
of the curve is similsar to the experimentsl ones. Cslculated
tsn S pin (= 0.003) wes slso close to the messured velue
(~ 0.,004). This sgreement suggests thst the sssumptions

msce in the above theory were valid. Furthoer from equstion
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(111.11)y Mclean's (1961) relstion for the loss fsctor
elso follows sutomaticslly. Ihe term 1/z o0t of eustion
(I11.11) then correspomnds to (b CH; of Mcelesns o uation,
since H) wes sssumed to de in serics w«ith the cspscity

clexent.

In the light of the aove theory tue experimentsl

results will now be discussed in details.

Lpeeallig

hgeing in oir snd annesling of cspecitors in vacuo
invariably showed that C end ten & reduced vith time snd
with tue number of heeting snd cooling cyeles. Figs.
111.14 and 15 show the effect of two cycles of heating
enc cooling on cepecitsnce sod tan & when studied in
the freguency renge of 0.1 to 100 kiz for a capscitor of
421: tuickness, ) aial efter the f{irst cycle of
sonesling shifts to s lower frequency W a1n2 (Fig. 111.15).
Suech & shift dn & aia iz possible if the vslue of the
denominstor in equation (I11.10) incresses. Aimong the
parsmeters thet might possibly incresse was Lne dielectric
resistence R only, since r wes alweys of s constsat
velue snd the vslue of ¢ roduced with esch cyecle of
sunesling (rig. 1iI.16). This csn be explsined in the
following msoner. Fresaly depositec f1iiws contained meny



defects such s volds, grein boundsries, cislocstion, etec.
But vith time, & self-snncaling process took plsce whereby
msny of the above defects were reduced or removed from the
fiizs., Annesling the fiims in vecuo elso resulted in the
Socte process. OHuch s reduction or removal of defects in
the f{ilm would lower the concentrstion of cuarge carriers
snd thereby increase the resistivity of the film ss

observed above,

Ibe increase in the value of C snd tam 5  with
tive, for a» few cases (Fig. 1I1.3b) could de attributed
to tne sbsorption of =moisture in the dielectric film
whereby s low shunting resistance wss crested between the
electrodes, The eifective resistence of the sandwiched
dlelectric # would therefore reduce considerably and thereby

iocressing tbe value of tan 5 and .. through egustions

s
(Il.lls) snd (1il.l3). Tnis wes more obvious whean the
Gopacitor wes plsced in vacuo. As the moisture evesporasted
the resistance between the electrodes wouls eventuslly
incresse Lo the true value of the ssnawiched cielectric

and thereby reducing the velues of tan 5 snd Ug.

Lifect of freguency ou ten S

ihe relations (III.8), (I11.3), (I11.10),
(Ill.dls) snd (III.11b) explein the genersl behaviour of

the varistion of tan 5 with frejuency when measured at



different temperstures, Ihe resistsnce (i) of the
ssndwiched dlelectric layer cen slso de estimstec from
Wain 8t differeat temperatures. Ihe messured room
tesperature velue of '"A' and the velue eveluated from the
tan 6 curve sgree very well s can be seen from the
cxperimontal anc the theoreticsl curves (Fig. 1iI.e).
ieble 1III.4 shows the wvelucs of & win *t ¢ifferent

temperatures.

It may not be out of plasce to mention here thst
since st higher fregueccies tan 5 1is governed by the
relstion ten S = () rc, the incresse of tsn & with the
freguency csn be considerably reduced in this regiom by
lowering the electrode and lesd resistances (r). TIhis can
be sehieved by depositing thick sluminiua film electrodes
with good oaamic contscts,.

Effects of freguency oun cspscitsnce

Cspecitance in genersl decressed with the incresse
of freguency but st higher frequencies C was more or less

constsnt. This cen be explsined from equation (I111.13)

of the theory. At higher frequencies << 1’00

ARE o
8 result the messured cspecitsnce L, will be constant
since C is invarient with frejuency. is the tempcrature

is reduced the dieclectric resistance R will increase



lexp rature I ten olo
% rad/sec
83 5.0 x 10° 0.004
210 5.96 x 10° 040043
297 1€.8 x 10° 040045
238 31.5 x 10° 0.012
36l 50.0 x 10° 0437
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considersbly, thus incressing the value of the demominstor
in equation (I11I1.13) end resulting once sgein in Cg being

egusl to C even ot low frequencies. Al higher Ireguencies
8l30 the sbove mentioned effects will teke place enc thus
msking cupscitsoce invariant «itn fregueney throughout the

frequency spectirum st low temperastlures.

ihe positive msture of 1I.C of these capescitors
(Fig. 111.6) #lso results from eguation (III.13)., Its
mgonitude (300 to 650 ppm/9C) is comperable to any other

dlelectric fiim successively use<d as capacitor elements.

Rreakdown voltsge

Although breskdown voltage (Vy) imcreesed with the
film thickness, the fleld strength (Fy) hovever decressed.
Fig. 111,10 shows a definite power law betwcen fB enc fil-
thickness (d,. In gemersl Fyoc a~ P, wnere 2 is the
velue of the slope of the grephs,., It is ianteresting to
see that tLhe greph hes s very smell slope in the thinner
reglon (< 800 2) end a value of =0.5 for thicker films.
Thus for thicker film Fy =< d". Forleni snd Minnaja
(1964, 1969) showed theoreticslly that if an svalsnche
mecosnism is initisted Ly the injection of clectroans from
the clectrode by a tusmeliing process, then Fj follows a
power law, If the fila thickness v;:a such lower tLhan the
recombinstion length of the electrons, then F,°C ot 1e,



on the other hand, the poteatisl barrier st the csthode
electroue interfsce is very low, then ¥gol d't. Lomer
(1980) 4 Merril snd West (1963), snd Nicol (1968) showed
that for 31203 films iy followed » Gefinite power law,
where £ = «0.25 for tainner films snd /2 = =0.50 for
thicker films., In the case of 2nS filas, B = <0.5 for
fiims thicker tusa &00 ;?, Moreov r in tais region the
¢iclectric constent (€ ) wes salso found to be a constant
qusntity (8.2). For thlnoer films where € incresses with
the film thickness, p was very smell end much less than
«0.5. In fect & sort of sstursation in Lhe velus of iy, was
observed. Aorzo snd Korobov (1966, reported such a
sst.ration in very thia fiims of pyrolitically prepared

1 0ge 1ne power law witn P renging from =0.45 to.m
wus obeyed for sll such films. KOrzo snd Lysscheako
(1368) suggested Lhat ilhe power lsw reletions observec Ior
both thioner snd thicker films of 510p was essentiaslly due

L0 Lhe presence of charge defects in the dielectric filims

nesr the cathode.

s meantioned before, transmittence curves of inS
filas 4in the visible region snowed many extrems, and Ny
calculeted with the help of equstions (il.13 end 14) showed
that it incressed with decressing wsvclength. Ihis csn be
explained in the following menner. It is well known that



the optical energy band gap for inS films is as high as
3.6 €V . and nence its fundsmental ebsorption edge must

lie in the ultrs violet region. Botn from clsssicel end
quantus mechsmicsl trestments (Citchburn, 195663 Moss, 1959;
Eorn ena wolf, 1985), it csn be shown that sl frequencles
in toe pelgubourhood of tne absorption edge ng snd kg will
rise ropialy, becouse ihe ire_ uency of the incident
recistion approsches Lie fre uency of the oscillating bound
electrons of the dielectric. Although our study could not
be exiended Lo the u.v, region, the sbove measurements
clearly indicate the lncressing tremd in ng as thls reglonm
is spprosched. Absorption index wss too smsll Lo be
measured in the visible region and hence it was assumed
to be zero or negligidle. In fect Hall (1956) snd Coogsn
(1957) reported thst Znt films had negligible sbsorption
for wavelengths down to 0,37 u.

It say be mentioned here that the ¢lelectric
comstsat st opticel frecuencies (o) was ssaller tham
the € messured in the sudio freguency rsmge. 1his was
becsuse st low frequencies both iomic end electromic
polarisation contributed towerds Lhe dlelectric coastant,
wheress at opticsel fre uencies only the lalter wss

significsat.
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The wice use of thaln fil=s in electrical snd optical
devices nus necessitstlec @ searcn (or newer msterials that
would improve their performsnce and guelity of these
devices. Iun the flela of dielectrics, except lor some
well xnown insulstors such ss 510 snd some amcuic oxides,
0o other meterisl nss bueen stuwied thoroughly for tois
purpose. The performsnce of reflectors and interference
filters in opticsl devices depend grestly on the guality
of these meterisls. Unfortunutely the availability of
trunsparent materisls with e high refresctive index is
severely restricted to a few msterisls only. In recent
years, sttention hss been focussed on the rare esrth
compounds 88 potential meterisls for these devices. HRure
esrtn compounds pesrticulsrly ibeir oxiaes are known to
have high melting points anc are chemically very stsble.
Gludles on some of these compouncs such eos Celg, uois.
La_0, for their dielectiric snd opticel properties have
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shown very encoursging results (ilsss et sl, 1959

Maddocks snd Ihun, 1962). Although meny stsble rsre esrth
oxides are known to exist, the properties of only s few

have been investigsted. In this chepter the oxide of



prasecdymium has been sclected for the study of its
dielectric snd optical properties,

Praseodyzium is known to form several oxides
heving compositions represented by PrO, where x veried from
15 to 2.0y the two extreme compounds being ¥rp0g 2nd kro,
(iyce et sl, 19663 ryring, 1967). Ihe existence of
inter=ediste but non stoichiometric compounds such ss
Prgly) and Prgly have 2130 been reported. Tensiometric
me:zsurements 1o conjunction «ith the i-ray ciffrsction
petterns of these oxides inuicste that tnere sre two oxide
phsses, the lower one hsving s hexsgonal structure whereass
the aigner oxide 41s a cubic one. For intermediste
compositions lying between Prox.“ and ¢T0) 2 bota the
phases can exist. ihis wes counlirmed {rom the thermoelectric
messurements on praseodysium oxide by Martin (1950). 1Ine
ox ide "01.33 represented by "e°u is nonstoichiometric
snd derk brown 1o colour. /iccording to McCullogh (1950),
Prg0;; hed s f.c.ce type of structure with 8, = 5.458 1’
end could be oxidised to Prl, by oxygen st high pressures.

Grovsalc end Loriers (1962, showed Lhat the cipole
relaxstion of i°r0x depended on the value of x, Inis
veristion of relsxstion snd activaotion energy with tha
composition wes slso correleted to the structure. Although

the mugnetic properties of the bulk preseocdyaium oxide were



studied by seversl workers (Hsbicesn et sl, 19513 Yosida,
19562; MacChesney et al, 1064; Lerm, 19643 etc.) prscticslly
no work hes beem carried out on the evaporated oxide fillms.
Hass ot 2l (1359), however, in tneir stucy of the rare
esrth oxide films reported the value of the refrective
incex of praseodymium oxide films Lo be between 1.85 to
1.25 in the visible region.

from the sbove scsnty references that sre svellable
it can be seen thet pot much eoffort hss yet been mace to
study the properties of preseodymium oxice films, In tols
chapter, perhsps for the first time, the clelectriec
properties of vecuum deposited praseodymium oxide films are
reported. Simulteneously s systemstic study hes slso been

mode on its opticesl properties,

(5) LKPeiINNIAL

7ure praseodymium oxide (supplied by the Bhaba
Atonic Resesrch Centre, ipombay) powder brownish blsck in
colour wss ceposited in vsCuo (= 10°° o= Hig) from an
initislly flsshed wolybdenum boat. Prlor to the ceposition,
Lhe powuer was cegessed ol @& lovw heat of the bost for
sbout 45 minules. The deposited films of prascouymium
oxicve were founa to be highly trsaspsrent to visible light.
Al/prascodyaium oxide/Al capecitors were then prepered
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froz the deposits formed st room as well as at high

substrate temperstures to study their as.c. behaviour,
Irensmittence of these films was meesured in s B-ckman

DAZ spectrophotometer, ss well ss in o special spectrophoto-
meter designed in this laboretory end described in Chepter I1.

All s.c, properties were measured in the menner
described for ZmS film cspacitors in the esrlier chspter.,
To obtein stable valucs of C snd ten 5 , these cspacitors
were snunesled by repested hesting sod cooling cyeles in

Vecug.

Preseccymium oxide fiims were slso deposited on
poiyerysteliine KaCl tsblects st room ss well as nigh
subsirste temperatures to study snd identify their
structure by clectron aiffrsction technijues. Xeray

powder patterns of the bulk msterisl were investigated,
(¢) BLaULIS
() Structure

Prasecdynium oxide filmss whether deposited at
room or st higher substreote temperstures !‘.‘:450°C) on
polyerystelline NeCl tablets cid mot yleld sny coherent
diffrection pstterns when exszined in the electrom
diffrsction cemers, thus suggesting thst the films were

amorphous ia nature.
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(b) pielectric Properties
(1) igeing sna snnceliog effects

All capecitors when sged in sir for » few dajys
Showec u decreasing temdency in the values of C 2nd tsn § .
How.wer, on stsbilising them 1o vecuo by seversl hesting
sne cooling cycles, both capscitsmce snd tsn & aecressed

considersbly snd sttain«d constent values,

Ibe varistion of cspscitsnce anc tan S with tne
fre uency st each cycle ol snovaling is illustrsted in
Flgse IV,l and 2 for & film thickness of 1473 2. As can
be observed, cazpscitance veristion with frejuency reduced
with the esnocaling cycles and d.came nesrly invarisat
during the taird such eycle (ef, Fiz. IV1)., Tam S
showed & sherp minimum thst shifted to the lower freguency
region with escn cycle of snnesling end its megnitude was
o180 reduced (ecf. Fig. IV,2).

(11, Effect of {ilm tniCknogs

Table 1IV,.]l shows the wveristion of capecitance
with the dielectric film thickness. It wes found thst
cspucitence wes proportionel to 1l/¢ for tuickness grester
than say about 1000 2; but below this thickness rsnge
Lthe proportionslity lsw aid oot hold good. ULilelectric

constsnt (&) as cslcoulsted Irom C showed sm incressing



{ABLE IV.

hh’nou (@) cono::amo (v) c ten §
Leposited_at 28%
<%0 52,000 4.9 04028
) 43,300 8.3 0.02
670 354600 Yo7 0402
1075 31,800 13.0 0.02
1200 28 4000 3.3 0405
1473 £3,000 13.3 0.025
1800 18,000 13.2 0.025

Deposited st 180°C

£90 52 4400 6.2 0.05
&§70 31,400 .3 0.04
1220 27 4600 13.3 0.04
1400 24,000 13.3 0.04
1600 1,000 13.3 007

1320 17 4600 13.4 0.08




oo‘- ———
T et £
P
T o 7
2. g @-“—"’J_ ,.’J
Eu- B S l"
e
3 4 ool o 0™
il S — =
| S—
oW e et T o
- .I -
>
-
s
-
M *=i0q0e!l B
M-
’
. -
! "0 ’
g | s
: »
- » ’
. BT o S s 4
o 4 vee .
' A 4‘
e 0 wes 80550 Feo e
—_—
.
F| 3 |E ' L‘
o srol
® 0704
x 14732
o000, 4 18004
s
. .
. 4
z ¥
§ 3%
e "
00, s

,mY" !
e

— -—— v
40 80 i

TENPERAYUNE L

0
-8gs |
30

-
S ans
"

. o




trend with film thickness but attained a constant value
for thicknesses lsrger than 1200 2 (Fige IV,3,. 1an o

(~ 0.03, was however independent of film thickness.
Presecdymium oxide films deposited st higher substrate
temperatures (m%) s 8180 showed o similsr thickness
dependence of dielectric constsnt. No sigaificent changes
in the velues of € snd tan & were observed for these
films (Fig. 1V.23).

(111) Effect of tempersture on G 204 tan O

Capecitsnce snd tan 5 1in genersl incressed with
the tempersture. Figs. 1V.e snd b show the typicsl
varistions of C end tsn £ with the tempersture et 1 kiz.
It is seen thet C and ten S both chenged very little ot
low temperstures (< 280°K) but incressed rapicly st
higher temperatures, for @ fils thickness of about 1473 :,
C incressed from £2,000 p¥ st 280°k to 39,000 p¥ st 372°%,
snd tan & from 0.0056 to 0.45 in the seme tempersture
regioa. &imllsr behaviour ves also observec for all tuu
studied with the thickness rasnging between 800 to 2000 A.

Fig. IV.5 shows the ILC of four cspecitors
messured between 80% snd 360°K ot 1 kiiz. ICC wes 1n
genersl smsll ' < 500 ppd°i) st low temperstures but
st higher temperstures it incressed rapidly to velues ass



'01

-
. — - 1
- \ R Rl L _;
. eyt - o o -
-r ? l .-:’ ¥
=1 \ s LTl S T
— 1 “r Q eerene $
-~ %
¥ | .
| )
-
e
et \
- ho- \
-
: k - e,
=™ \ -
: >
- 9 - g * A
J \\‘ : “
- = s
b = “C_Q_ "y b =
= —— B
e e 00000 ee -
0—..‘.— S 9 een - ,’,-'. pro l
ittt e 0000 - &1 o .
— I8 gpg oon
-._.-.A:_T- -:——: .s:--— g \ L T ERRE N ' _vl
et ¢ -
roetn o Y '.“:"’: L™
y - .
Fvg W.€6a Ffa V.6b
L
- FAAMOOY w v av it
-’.Q"v o'y - i
e .~____“
.
"
FRAMME e e v
> ‘ol \"-c)
‘-.__
.
. !
. e ®
- » © -
/
e {’
‘-' Tl M/
A [ ;
e d 0 4/
. b 1\- > ’ l
! . . ""-\_ A Py
= ""‘\,_ . ou"-_ " T - —™ . I
p B
* . ,
> o - /7
- - ® o00s ‘\' - /
e e "-‘_ = ‘ k‘v el 4
- ”~
'«
v - Ed
-
e
L - Lk s ddassrs OO0 e A A LA & L PEPPTTTITEN 3
‘ ? SSewm ° >3 re L e woxn'm
e FREQUENY




100

high a3 10,000 ppa/®k st sbout 360%K. is can be seen from
the greph, ivv wes in genersl independent of the film
‘u“"ex(e,f)t for thinney j‘Lw\s

(iv, ¥ardatlon of capagltancs with [requency

Cspacitence Jecreased with the increesing frequency
but becsme inveriant st both low temperstiures and high
frequencies. i typicsl beheviour of cspecitance with the
frequency snd tempersture is illustrated in Figs. 1V.Ga
snd b for film thicknesses 1075 & snd 1800 & respectively.
At high temporstures, say above m°x. cspacitence fell
rapicly from 50,000 pF et 100 Hz to 23,000 p¢ at 50 kilz
for s fila cspecitor of ¢ = 1800 2. On the other hand,
when Lne messurements were csrried out below the room
temperciure, cspscitence was lound Lo be iavarisnt with
the frequency. It is initeresting to note thst st aigh
freuencies, ssy greater tnsn 60 kiiz, capscitonce became
nearly invarisnt with freguencies even if the messurements
were msue st higher temperstures, Simlli:sr results were
also obtainea for fillms ceposited st nigher substirste

tempersiures.

(v) Yaristion of tap © with frecuency

ine influence of frejuency snd tempersture ou loss

fector 1s shown in Figs. IV.7s end b. Ian & was found to
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decrease with the incressing frequency, passed through »
sinisum velue (tsm S sig) #0d then sgeln rose slsost
linearly with the appliec f{requency. Ihe positiom of

‘uu (or (v m) shifted to the higher frejuency region

with the incresse of temperature., At higher temperstures,
the shift of ‘un or _— wos very large snd the vslues

of tsa © snd tem S mip 8180 incressed with Lhe temperature.
Similer results w.re also obtsin«d for files deposited st
180° . 1Teble 1V.2 shows the observed vslues of (Jgy, 80d

tsh 5 nqp ot cifferent temperstures.

(vi) peresntuce yorlation of capacliy sliLh LrQ usucy

Q—t— expressed s8 & pcrcentsge was measured «ith
reference to the cepscitence (C) st 1 kHz ss sn erbitrery

stanuerd. BEelow 1 m)—"-t-Z wes positive ana had @

seximum velue at about 100 Hz; but above 1 kiz it beceme

pnegstive snd neerly comstant st very high frequencles.

ac ./ in the frequency
o e

Fig. IV.8 shoss Lhe bdehsviour of

spectrum of 100 Hz to 100 kliz for cspacitors of different
thicknesses when messurements were csrricd out st room
tempcreture. In general this varistion wes between +4.5¢
and -3,757 in the fregquency region mentioned snd
incependent of the film thickness.



0(2[ 2 °l- Cuﬂh t.n 6
resd/sec =in
77 - -
189 RIS 3 103 00,0047
1076 297 2 .8x10% 0,023
372 1.25x10° 0.13
77 3.1210° £ 0.0028
202 3,75x10° 04004
1800 297 3.1x10% 04017
392 1.89x10° 0.24
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(vil) Breakdown voltage (Vi) snd fleld strengta (l.)

Breskcown voltage of these cspscitors wes very
high. V5 wes l4 volts snd 17.5 voits for film
thicknesses _or 50 : snd 589 1? respcctively corresponding
to dielectric ficld strengtns (Fy) of the order of 5.4 snd
2.9 meV, Vy, for tonicker {ilms could not be messured
becsuse of the large spplied voltage necessary for this

purpose .,

(e) Qptigal Properties

Preseodynium oxide films were genmerally tramnsparent

showing interference colours.

(1) irspsalttance

rigure IV.2 shows the transmittsoce of vacuum
deposited prascodymjium oxide films when measureud by @
Beckman vAZ spectrophotometer in the visible region.
fthese [i.ms were ceposited st room temperature sna asnncaled
in vseuo st 150°C for two nours before the messurenents
were msde. Irsnsmittance wes rather high in the red
region (= 97%) even for thicker films, it lower
wovelengths, however, transmittsnce reduced considerably
for thicker [ilms, Similsr results wvere slso obtained
for {iims deposited ot 300%C and subsequently snncaled in

vacuo.
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Preseodymium oxide films were also deposited at
300%C, snnesled at about tne same temperasture end

finslly beked in sir for nine hours st 300°C,
(11) Qusical copstants. elc,

Ihe sbsorption index was calculsted irom the
Lasbert's relation

1 =1 -xp:.ﬁ_ktf_)
- A

wnere 1/1, 1s the trsasaiitence (i%) through the film,
d 13 the film thickness snd A 1is the wavelength of the
incicent redistion, k‘ was Ccslculated from the slope

of the plots of log If and film thickness (¢, (Fig. IV.i0,.

inis velue of k¢ wes inserted in the complex
equetions (II.3) snd (II.4) and the refractive index
wes computed. ng incressed very slowly vith the incresse
of incident energy. Film thickness uid not heve sny
sigoificent influence on the optical constants, Absorption
index kg was zero for larger wavelength but slightly
incressed to 0.0l for wavelengths below 5000 A (Fig. IV.1l).

A comparison of the opticsl comstsnts of
prasecuymium oxide fiims prepared under ihe ilhree aiiferent
conuitions mentioncd above i.e. (4) veposited st room

tempersture snd snnesled st 150% 1n vacuoj (B) deposited
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at 300°C snd annesled st 260% snd (C) deposited at 300°C
end snnceled st 260°C sna finslily baked in sir for nine
hours et 300°C. vos mace on films whose thicknesses were
nesrly of the same order (rig. IV,11). Table (IV,.3,
shows the values o! the opticel coustints .or such films,
Absorption coefficient (o ) wes of tne order of 10° cw~t
st 4000 3 and more or less incependent of the concition

of preparstion of the film,

(L) RlGCics JON

All preseodymiuxz oxide films were smorphous in

nsture even when deposited at 400°%,

ibe s.c. behaviour of Al/presecdymium oxide/il
Gepacitors wes icentical with the ZnS (ilm capacitors.
Capscitance vwas founc to be imversely proportionel to fila
thickness [or thicker films only, say greater than 1000 :o\.
In this region & was indepondent of film thickness snd
had s velue of 13.2. In the case of thinner films, however,
€ locressed with the rilm thickness, Here the cspscitance
no longer followed the proportiocnslity law with 1/d. 1Ihis
deviation fromz the relation belween cspacitence and
uielectric taickness may be attributed to ihe presence of
defects such as volds, ¢tc. in the dielectric {li=s as

explained in Chepter IiI,
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is0 5 measurements with the frequency st each
cycle of sancaling proviced some lnteresting informution
regeraing the conductivity of the dleleciric layers. 's
¢sn be seen from !ig. IV.2 (. snd neoce {3 =in shifts
to the lower (re uency with escn cycle of snn aling.
Cspacitance, On Lhe ollier Nsnd, vecress s »ud becomes
pearly irvarient «ith the fre uency sfter » few snnesling
cycles. Lookiug bsck st e ustion(II1.10)1t is seen that
the value of (2 .. 1s solely deterained by the sandwiched
dielectric resistence % and cspacitence L,y 55 the veristion
of the lesd resistsnce 1s negligible. If now W o4, were
to shift to the lower [re uency regioc)tnls could be
brought about by iocressing the value of the cemominstior
in e ustion 111.10)which is possible only if the re-istance
4 wore Lo increcse, Lecsuse copscitance (v) reduced oa
sanceling. lo fact, &s mentionmed ecarlier, suncsling
nelps Lo recuce the amount of vefoots present in ihe
deposited Iilm, Ip dolug 30, the coerrier concentr ilom
«Oulc reduce and therseby incressing the resistivity of the

dielectric.

Ihe behsviour of cspscitsnce sod tsn S with the
fre uency st Cliferent temperalurcs sre predicted by
e ustions (lil.10) sma (I1iI,13, obtsin:'G 83 3 conse uence
of our proyosed mocel for film cupecitors, Here siso

copecitance b.cnse invarisct with the freguency at low



temperatures, As the tempersiure incressed the resistivity
of the diclectric reduced snd hence & 4. shifted to the
higher frequency regioam.

Both espscitsnce and tan & incressed with
temperature. Ihis behaviour is slso predicted by ejustions
(i1I.l1l) snd (III.lls) of the theoreticsl model.

At & conse uence of the theoretics]l mocel, seversl
electrical parsmeters of the dislectric meterial could be
Celeuisted. Ip the following parsgraphs tne metnod for
computing lesd resistsnce, resistivity of the dielectric
snu activetion energy of praseocdymium oxice {ilms hsve been

described.

bLlectrodue snd lesd resistence 'r' is practicslly
invgrient with the temperature znd the freguency in the
region stucied here, From the tand versus fre.uency
curves 'r' com be colculated taking the help of e justion
(1ileilb). Ileble IV.4 shows the values of 'r' as obtasined
at di.ferent f{re uencies and temperalure for & 1800 ?
thick film cspecitor. It is seen thst 'r' is ncarly
coanstant snd hes o velue of sbout 6,3 ohws. 1f tais value
of r is substituted io the euallon of &J . then Lhe
Cielectric resistence < csn be c:lculsted s shown in

Tedble IV,.5



°
a = 1800 ¢
Temperature Euqmmlos r

o (tlrv f.) x 10% Uz oh=s
77 40 ~ 50 .5
c0~ BV 6.5
80 ~ 100 6.5
40 ~ 80 6.5
2Q< 60 ~ &0 6.5
80 ~ 100 6.5
50~ 60 6.0
297 60~ 80 6.0
&80 ~ 100 6.0
a9e 50~ &0 6.4

~verage r = 6.3 ohms




l 5 h ! I'. Ii 5
Ihickness lemperature W gy vepscitonce "
(¢) (1) a (¢) ohas
° ° rac/sec o
A 'S
. 3 ?
202 3,76x10 17,400  4.1x10
1800 297 a.asclot 17,800  5.2020°
398 1.cx10° 22,000 2.6x10°
3 6
129 9.4x10 20,100 Z.28x10
1075 97 -.eax10% 21,000 2.2x10°
172 1.06x20° 23,500 9.6x10°
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ihe theoreticsl model slso predicts the velue of
tsn 5 sl any freguency as tamn § = ?%3— + wre

where (> 4 ny r sod C Dave Lhelir usuasl mcaning. Now st @

low frequency sey 1 kiiz, Lhe seconc term im tsn S 1s very

ssall o8 compared to ; end bhence could be neglecled.
W S

this cen be verified by substituting the proper values of
r end C in the sbove equstion, From these measursble
qusntities, the velue of the dielectric resistance 7 and
re-istivity f can be computed directly. In Table IV.6
the veluss of R so computed st aifferent temperstures sre
stown for four cifferent film thicknesses. It may be poinmtec
out here thst t(he values of R sre nesrly of the same order
o8 those computed from & .. (cf, Table IV.5,. Heslistonce
decressed with the incresse of tempersture, Fig. IV.12
shows the plols of resistance versus 1/T for these samples.
If we now assume 1 to follow the relstion kK = Rg exp Br/kl)
where A b 1s the sctivelion energy, then from the slope of
the sbove grephs A L cgn be computed., Since the slopes
heve Lhe same value, the sctivation emergy is nearly
constent with & value of 1.8 sV between 297°k snd 280%
for eli film thickoesses. -

ine resistivity of prsseocymium oxide films st
room temperasture wes found to be sbout 7:10’ ohm cm and
indepencent of the film thickness,



ABLL IV

vslculstion of & from -

AR
d 1 % %x 103 tsn 5 -pF x 10° onam

<37 3.37 0.018 35600 246
310 .3 0.018 35800 <58
3.2 3.1 0.02 36400 <ed

670 1? 35 2.7 0.022 37000 2.05
347 “e88 0.028 37500 l1.54
360 24,78 C.038 38200 l.22
372 2462 0,08 39600 C.85
<N 3.37 0.02 31800 -~ 65
310 323 0,028 33000 1.4
2 3.4 Q.07 34000 0.7

2075 ? 338 2439 Q.14 35800 033
347 < .88 Celc 386300 0.195
360 ce78 Q.59 392800 U.l128
365 2.74 V.33 44400 0.413
37 “e®d 0,355 51000 0.092




d T % %x 10-3 tan 5 v pb & x 10° ona

=37 337 0.0.2 <2000 3.26
310 3.3 0.04 3800 1.76
32 Se.dl 0.08 4600 0.845

14731? 335 29 - O.l4 27000 O.44
347 .88 0.27 30020 0.206
365 2.74 0.37 32800 0.119
372 Ze69 0.5 43500 0,087
3 3,37 04023 18000 4.1
310 3.23 C.04 18400 CeZ6
Jee J.11 Q.08 19300 1.07

zeoo? 328 Coll 19500 077
337 -~ «E8 0.5 <3000 04435
365 <74 033 <8200 0.177
372 <62 033 24000 V.15
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From the sbove discussions it is seen thst slmost
8ll the a.c. propertics of praseouymium oxide cspscitors
Gould be very well explsined by the theoreticel model
proposed in Chsptler Iii., Further some of the electricsl
psremelers could also be celeculsted in tbe light of the
above iheory, thus meking it » powerful tool for the
investigstion of the cielectric snd semicomcucting properties
of iasuletors,

Opticel studies shov thst prsseocdymium oxide [ilmws
are in genersl very tremspsreat fo the visible region.
However for thicker filws a slight sbsorption takes place
st lower wovelengths. :s can be observed from Fig. IV,ll1
refractive incex 'nge' wes small rsnging between 1.56 to
l.‘[:ﬁponatng ou the ceporition conuitions of the flims, It
is oo« well known Lhst meny oxides when thermslly evaporetec
in vacuo form lover oxide Ililms on concemsstion (Goswemi
ond Erehan, 1957; Goswemi, 1965; Geugil end Goswsni, 1970, .
Thus it 1s slso possible that such s aecomposition mignt
2130 teke plsce in the case of pres cuymium oxide films,
With tnis in view, ne snd kf were cslculsted for films
ueposited st room temperature, st higher substrste
temperature, snd also for filme further bsk«d in a2ir at

3oc°c for 9 hours, 7These results sre shown in Table IV.3.

It is interesting to see that ne snd kg for o flim



i

deposited st room temperature snd vacuum snnealed st 150°C
(a4 = 1473 :; Lype &) were almost the ssme {or a film of
pesrly the ssme thickneuss (d = 1340 2; but deposited at
200° snd sonesled 1n vacuo (type B). However for » film
of nearly identicel thickness when depoeited st 300°C snd
baked 1o eir for 9 hours st the same temporeture (typeC),
the vslues of ng and kf beceme slightly higher than those
obteined for the previous films, 1Ihis small change in ne
and kg could be cue either to s slight aifference in the
stete of oxicstion in those two types of films, or to sn
incresse in the grain growth which wes still too small to
be detectled by tue electrom aiffraction methou. Ihe
incresse of ng wita filam thickness however suggeststhe
latter possibllity. ihe velues of ng obtsined lor
prescouymium oxlde films here were slightly less tian the
velues of 1,85 to 1.95 obisined for Prgl1) by Hass et al
(1959, in the visible region.

o
Toe opticel dielectric constsnt for s film 1473 4
taick was founc to de * 3,0, This vslue wes much less
then the € (13.2 obtelncd st lov frejuencies, thus

indicating the presence of ionic polarisation.

The fact thst prascocymium oxide filws sre very
transparent in the visible region also indicste that the

sbsorption ecge will be somewhere near Lhe u.v, reglon.
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This is in conformity with the high resistivity

(m’ ohm ¢m) observed f{or pressodymium oxide films snd

s possible large forbidden energy gsp. In fact s plot

of « with incident photon emergy (Fig. IV.13) shows

the optical bend gep to heve & value of 2.4 ¢V, This seems
to agree ressomsbly well with the value of A & = 3.6 eV
calculsted from the dielectric results if one sssumes an
intrinsic conduction to take place 50 that Lhe

exponentisl terz A 1/kI would be replaced by 4 £/2 ki.
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STV |
JULCIES O aMIAMONX ZREO\IDE § Lo
(&) ARZaCUAION

Antisony forms Lwo well known oxides nemely suzo,
snd 85205. ibe existence of s suboxide (5b0) hes recently
been reported by Shimsushi (1960) but it could not de
confirmed by other workers. Ihe trioxide (8b203) also
koown 8s & sesquioxide is of common occuremce snd exists
in two different forms, This dimorphism wes demonstrated
experimentally by Tuttom (19i6). One form known as
vslentinite is steble sbove 570°C snd has sn orthorhombic
structure vith 8y = 4.9C .?. b, = 12 .46 g. &% * 5.42 2
(Buerger, 1936, 1937«38). 1IThe other foras known as
sensrzontite is steble below 570°C and nes s oubic
structure (Bozorth, 1923; Alnin snd westgren, 1941-42)
wita oy " 1l.13 2. Bound sna Richards (1939) oxlaisec
antimony {iims ot collocicon in vacuo snd found that no
uetectable oxicstion took place upto 250% anda sbove tnis
the paiterns were due Lo s cuble structure with s, = ll.l
hcharys (1948) founa thst the oxicstion of the cleavege
fece (1.1, of antimony single crystsls ylelded only s
cubic form of 8!203 with s, = 11.1C :. Very rcceantly
Gacgil (1968) showed thst the oxication of sntimony films
in low vecuo (X~ 2 mm of Hg) st high temperstures ylelded



only ecublc forms of 5b 0, but mo suboxide. He also found
that thick fiilss of entimony wnich were hignly oriented
ylelded perfectly l-d oriented blzo3 fil=s on oxidation in

eir.

Arkel et sl (1953) in tneir study of the electrical
conductivity of molten oxides found the specific comductivity
veried with the temperature. Korzh and Gulsyeva (1369)
messured the resistivity of sntimony oxide st different
temperastures snd found s decre:se of the resistivity
from 1010 . 10u ohm cm st room temperature to 10° ohn cm
ot 800°%. ictivetion energy was 1.6 eV between 170 to
470%C, 3.6 eV between 470 to 600°C and 2.8 eV between 600
to 850°%C.

5.203 films were found to be quite troaspsrent
even in the u.v. region. Eecause of iis compsratively nigh
refrective incex (<.l), Berr snd Jenkins (1956, were asble
to prepsre all dlelectric loterference flllers of Sb_0g4
snd cryolite films for their use in the uitrsvioclet region.
With an even lesyer dielectric they obtaimed treonsmittsuce ss
high ss 93.6f st 3725 £. Gavski (1958) prepered sehromstic
entireflection coetings by combining & Sby0g film with e
lda film. The sbsorption of 8'203 films was studied by
Doyle (1958). He founc thst these films absorbed stromgly
in the u.v. region with the asbsorption coefficicat as high
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os 20° cu™? 4nd thet thne thresnold photon emergy was 4.2 eV.
Doyle snd Clarke (1961) slso studied the optical absorption
of 5.203 filss in the Schumenn region. The opticsl
properties of resctively sputtered sod amorphous " bolg
fil=s were studied by Liebermsn snd Medrud (1989). The
opticsl coastants of amorphous and erystalline (cudie and
orthorhombic) bdulk szca have deen compsr.d by Wood et sl
(1972, . 1Tbe refrsctive icdices of amorphous , cubic snd
orthorhombic forms of 8bo0, were 1.65, 1.98 snd Z.1
respectively in the visible region snc the opticel bsnd
§0ps were found to be 3.45 to 3.3 eV for orthorhombic
crystais, %.o eV for cubic crystals snd 3.8 eV for th:
amorphous material., Ihese gaps however corrupom“t[\;m
indirect trsasitioans.

Latimony oxide doped with Xo showed s green
emission with s maximus st 5200 : (Jemin snd Bermard, 1963,.
According to Allesslu snd Kil'k (1968) the exceptionelly
high sensitivity of the emission to temperature for
lusiniphosphors of b0 1Mn could be utilized for
determining surfsce temperatures,

ibe adove survey shows that very little work has
been done so far on the optical properties of vacuum
deposited Sbol, films. Further, it seems that the dielectric
properties of Shzoa ruu)m.uu generslly have & cubiec
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structure have not beea studled st all. Becsuse of its
high energy band gap (x4 eV) snd resistivity, it is
likely that 5.203 filss could be used as & good insulator
Or dlelectric materisl in active snd pessive devices, With
this in view, & systematlic study wes made on the dielectrie

and optical properties of ;bzoa films,

(8) RAPRoIMLbLLL

sb203 films were prepered by the eveporstion of
bulk Sbo0y powder in vecuo (210°° m Hg) fro= s silice
boet heated by s tungsten filament. Pure szoa powder
(supplied by Sujezchems _xport, Moscow, USSR) wss placed
in 2 silice bost and cegossed in vecuo in the msnper
described pr.viously. 1he tempersture of the bost wss then
raised to ensbdle the unifora deposition of t‘-hzoz films,
Filas so formed on gless substrstes were trsnspirent and

showed interference colours.

If, on the other hana, ..ligoa ¥as Geposited directly
from s molybdeaum bost then blsckish and opague [ilms were
forsed on the substretes snd these fiims beceme transparent
shovwing interference colours when baked in cvir. Becsuse
of the discrepsncy in the paysical sppesrsnce of the two
itypes of files formed from siiics snd molyboenum boasts,
iavestigations reported here were confined only to those

formed by the evaporstion from the former.



Depositions were nlso made on polycrystalline
KaCl tablets as mentioned before for their structursl

detorminations.

All cepscitors (Al/5bglg/il) were subjected to
hesting snd cooling c¢ycles in vecuo prior to their
Glelectiric measuremenis. Iransaission in the visible
region for these films were measured on s Upicam SPS5Q00

specirophotometer.
(C) MESVLAS

() Glructure

& typical electron ciifruction transumission
pettern obtained for ¢ [film ceposited on s polycerystslline
NaeCl teblct is shown in Fig. V.l. The deposits were
crystalline and hed & f.Cc.¢. sStructure with 8y = 11.13 2.
ihe corresponding d velues of the rings sre shown in
Iable V.l.

It was slso found that the blsckish sntimony oxide
films deposited from s molybdenum bost om polycrystalline
NsCl when oxidised in sir, yielded clectrom diffraction
pstterns corresponding to those io Fig. V.l. This
suggests that films deposited from silics boats or obtasined
by the oxication in sir of deposits from msolybdenum boats
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consisted of olzo3 only.
(b, kislegirigc Propsrilss
(1) Agedng a0d sopealing effegt

AUaWAL films capacitors showed very little
ageing in sir. shen Lhese czpacitors were subjected to
hesting snd cooling cycles in vecuo, cupscitsnce reduced
only sligutly end sttained stability very esrly unlike the
previous csses., ien$ wss very lov and no observable

chenge in its value on aonesling wss noticed,

(11) Elfect of {lla thlckpags

Ine effect of film tnickness on capacitunce and
dielectric constaent (¢, 4is shown in Figs, V.2 end 3 snd
in isble V.2, irom these it is secen thzt the cazpscitance
wss inversely proportionsl to thickmess ‘d) for film
thickness grester than say 800 :. € hovever increased
with @ from 5.0 to 250 : to 8.2 at 800 2, anc then became
constant for thicker filss as observed esrlier for ZoS
and praseodymium oxide fiims. Loss fsctor (ten $ ) which

was very lov and less tham 0.003 was independent of the

film thickness, All Lhese messurements were mesde at 1 kHz.

(111) Z.6.C

The veristion of capecitsnce and ten S with



Ihicknecs (4, Capacitance (C) € ten §
g P
) 51 4000 5.3 C.003
5.0 386 300 736 0.005
740 28 4300 8.2 £.0.003
€60 24 4000 8.2 -
280 d 9250 .2 "
1080 <0900 8.3 "
15,800 €.2 "
1580 12,820 8.2 "
1650 12,300 8.2 "
2050 94900 2.1 "
<500 89330 .3 N
3200 0,520 8.3 "
4800 4 4400 8.3 "
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tempersture (77 to 380°K) et 1 kilz 1s shown in Figs. V.de
end b for tvo different film thicknesscs, viz., 520 : end
200 :. Both C sod tsn 5 1neressed with tempersture. The
voristion of C st lov temperstures wvas negligible, but
incresscd only slightly et higher tempersturcs. The
veristion of tanS was gemerslly too smell to be mecasured
sccurstely for thick:r files, Fig. V.5 shows the I.C of
these copacitors et different temperatures. It is scen
thet TCC is positive ond small, slthough the thinner filns
seex to have higher vslues (200 to 60C pp/°K) 2s compared
to the thicker omes. (<100 ppw/®K).

(iv) aifeck of frequeney on Capaclilance

Ihe varistion of capscitsnce wita frequency st
different tempersiures of messurement is shown in
Figs. V.62 snd b, Cspecitence was found to decrease with
tncressing frequencies. For s film 1580 & thick, C
decressed from 12,820 pF st O.l kisz to 12,600 pF at 100 kiz
ot 350°K. At sbout room temperature (297°%k) this veristion
ves less prominent snd became nearly inverisnt with
frequency when chilled to ligquic nitrogen temperature, it
higher freguencies 1.e. ) 40 kiiz, capscitsnce did not
chsnge very much with frejuency. Cimilar results were slso
obtsined for films of different thicknesses (Fig. V.6b,.
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(v) Lariation of tend with Crecuency

Frequency had a pronounced influence on ten & of
Ebg0, film capecitors. Fig. V.7s end b show the typical
veristion of tsa for two fils thicknesses. Isn 5 in
genersl cecreased with Lhe rise of frequency, then pesssed
tarough a ainimus velue st & fregquency (m and tohen agein
rose rapidly et nigher frequencies. ... snd hence W sin
snowed s shift to the higher fre uency '1de of the frequency
spectrum with tbe rise of tempersture. Ihe velue of tan a1
6130 incressed with the tempersture. 7Iable (V.3 shows the
Velues of () gy, 804 tan § gyq for Tilms 1000 § sod 1580 &
thick. At very high fresuencies tsn & was slmost linesrly
proportionsl to the spplied frejuency snd its velues showed

very small differences with the temperotures of messurement.

(vi percentage varisticn of capsclisnce:

(he percentsge veriation of -A—t— Appdied vith
the spplied freguency is shown im Fig. V 8 for tvwo
different tnicknmesses. Pelow 1 kiiz this varistion was
positive but becs2e negstiive for fre juencies greater thsn
1 kiz. Ac/CZuu very small say sbout :0.5( end more
or less independent of thickness when measuromenis were

msde at room temperature.



Inickness Temperature Capscitance . ain tan {min
(a) R (©) rad/sec
o o o 4
: K
297 20,350 1.06x10° 0.0038
1090 333 20,480 1.68x10% 0.0048
360 20 ,650 2.2x10% 0.006
77 12,000 2.8x10° 0.00048
1580 297 12,400 3.15x10° 0.00286
350 12,800 6 3x10° 0.0030







19

(vii, Breskdown voltage (Vﬂ_ sod dielectric fleld
strength (Fg)

Vy incresscd with the film thickness from 2 volts
for s thickness of 260 H to 9.0 volts for s thickness
1300 2 (Teble V.4 ond Fig. V.9). Lielectric ficld
strength (PB). oo the other hend, reduced with the film
thickness, When Fy wes plotted sgeinst the film thickness
in the log-log scele, the graph showed two cistinct
slopes (Fig. V.10). Below 750 2, I'B was nesrly independent
of film thickness snd the slope of the grsph waes sbout
Zero. Butl for films thicker than 780 :. the slope hed a
value of =0.5 showing thst l’, obeyed a power law viz.
Fg < d'*, which heppens to be the Forlani-Minnsjs relation.

(c) Qetical Properties
(9 Irapasission

irsnsaittance of szo filas in the visible region

wWas messured by a Unicam 5P 6(3)0 spectrophotometer for
fiim thicknesses grester than 4000 1’. Fig. V.1l shows
the typicsl trsnsmittonce curves inm the visible region.
It 1s interesting to sece thet the curves were associsted
with extrems. For s filas “00: thick the trensmittasnce
maxims had & valuesof sbout 98f in the red region, but

reduced Lo sbout 96f when messurements were mede iu the



ihickoess (d) Ercakdown voltsge (Vy) Dielectric
) volts fic1ld strength
FY “’b)
volts/cm
. 5
260 .8 P.6x10
5.0 5.0 9.61105
740 6.8 9.4:105
850 7.2 8.5x10°
1050 8.0 75210
1300 2.0 6.3x10°
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violet region of the visible spectrum., For thicker films
transaittance, though large, recuced greatly with the
wavelength thus incicating the pr.sence of sbsorptioa in
the lower wavelength,

(11) Qptical copstants

Refractive index wes calculsted by the help of
equations (II.13) end (11.14). Tsble V.5 shows the velues
of ne computed from the extrems st different wavelemgths
for films 4680 £, 7650 L, 10100 & snd 11500 & thick.

Fig. V.12 shows that refrsctive index was ncarly independent
of the film thickness and had very little dispersion
between 7\7000: snd ) 4500 £. Below ) 4500 :)n‘
increased slightly.

Absorption incex wss computled from the complex
relation of 1, given by equetion (II.3). TIhe velues of ng
and wavelength ss oblained f{rom the trsnsamission dsts sbove
were inserted in equatiom (1I1.3 send ke wes ihen computed
by the iterstive method.

In csse of filss thinper than 5000 2, ke vas
nearly zero in the visidble regiom but increased to 0.0064
o
for s film 10,100 A thick in the same reglom (Fig. V.12).

(111) Qpticel dislectric constent

Dielectric constant st opticel freguencies was found



Thickness (&, Hexiza Miniss
A 1 ¢
A n n‘ k‘ %L m ﬂ‘ kt

€l00 3 1.9 0 7200 2 1.4 O

4680 4650 4 1.27 0O 5280 17 1.2 0

4100 4 1.98 0

7400 4 1.9 0O 6500 4 1.4 0
5300 5 1.98 5400 5 1.6 O

7580
4260 6 1.96 4550 6 1.97 0.004
4250 7 1.97 0.008
6400 6 1l 7000 & 1.31 0
6800 7 1.9 5080 6 1.91 O

10,100

4850 8 1.9)1 0.003 5180 7 1.915 0,001
4300 3 19 - 4350 8 1.915 0.0084
7350 6 1l.915 - 6800 © 1905 -
G300 7 1.915 - 59900 7  1.9)5 -
4300 9 1.915 - 4500 9 1.90 =
4450 10 1,93 -
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to be independent of the filwm thickness and frequency. It
was about 3.17, which was very much less than the vslue
obtained in the sudio rsnge (8.2) thus incicating the
presence of iomic polarisstion in 8bo04 films,

(L) RASCUSSION

Vacuum deposited filas of 8!:203 formed a2t room
tezperature were founa to be crystalline snd hence it
could be inferred thst the dielectric films of 5bo0y were
s1so crystalline in pature.

ibe thin fii= capescitor model proposed by us

(discussed in Chspter 1II) hss once agein been found to be
adeguste in explaining all the s.c, bahaviours of SDgo,
filas, The inverisnce of cepecitsnce with frequency st high
frequencies ond st low temperstures follows from equation
(II1.13, of the theory proposed in Chaspter 111, However
this veristion of cspecitence at the room tempersture wvas
very small and mearly independent of the film thicknmess,
Loss fesctor which showed a minimum velue ot a2 frequency
(fg4n') that shifted to the higher frequencies with the
incresse of tempercture is in sccordsnce with egustion
(111.10). At nigh freguencies, the rise in tanS governed
by equation (Iil.llb) reguires the lesd resistance 'r' to
be independent of freguency snd Lempersture, Table V.6



LBl V.8

ibhickness Tempersture Frejuencies r

(a) (1) f"' f, (kiz) ohms
-
° b

40~ 80 2.0
297 80~ 80 23
80~ 100 2.0
40~ S0 2.0
1090 333 60~ 80 2.1
80 ~ 100 2.3

40~ 50 p
3860 60~ 80 2.1
80~ 100 2.3

4O~ 50 pegiecs .
77 oo~ 80 2l
80 ~ 100 P )
40~ S0 “ed
1580 297 60~ 80 Ze2
€0~ 100 Ce2
40~ &0 2ed
350 60~ 80 247
80~ 100 2.2

iversge r = 2.7 ohes
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shows the velucs of r odtained for two cifferent films
cepacitors from tan$ wersus fre-uency messurements st
different temperstures (cf. Figs. V.7a snd b). The values
of r so obtained sgree reasonabdly well within the
experimentsl errors. OSimilar values of r have also been

observed for cepscitors of ¢ifferent dielectric thicknesses.

Both tsn S sod tem S _ = incressed with the
tempersture, this being due to the incresse of conductivity
of the dlelectric st higher temperstur:s (equatiom IiI.lla,.
ICC was therefore positive in nsture as predicted by
equstion (111.13). The extremely low values of tan § were

probably due to the large dlelectric resistance between
the electrodes s ten 5 = _.,15.. R s8 caloulsted from the
w

sbove relation from 4V ., (equation II1.10) for a fila

10902 thick asre 0.31107 end um’ ohms respectively ot
room tempersture, Withia the experimcntal error these twvo
values sre nearly of the seme order. Hesistivity (§) of
:mao3 files which was about 1044 _ 102% ona cm sgrees well
vith the velue of 10“ ohz cm reported by Korzh snd
Gulayevs (1969) for the bulk msterisl. The high value of
resistivity results chiefly from s very lsrge forbidden
energy gop of the dielectric, snd bss been verified from
our optical results to be discussed later.

The cependence of € om film thickness could be
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stiributed to defects chlefly voilds present in the films,

€ increased with the film thickmess froa 5.3 to 8.2 and
then rezsined presctically constant for sll thicknesses
greaster than 800 :.

Liclectric field streagth Fp) followed s power
lav with the film thickness. For thicker films ( ) 800 :) ’
Fsoc d" was in sccordsnce with the Forlsniekinnsje
relstion. Unfortunstely this law was not obeyed 1n case of
thiocner films. It is, however, interesting to note thst in
this region ( < &0 2) s € was dependent on film taickness.

Opticel investigstions of 85303 films on glass
substrates showed Chat these films were very trsasparent
(>75%) in the visible region even for films os thick ss
14 4000 :. However the transmitisnce decressed with the
incresse of filam thickness incicating the presence of
absorption in thicker films., Refrsctive index of these
files wves independent of thickness snd veried from 1.91 to
1.98 betwcen Lhe wavelength regions 7000: snd 4300 :.
Ibis velue ogreed well ultb-tbo reported velue of 1.97
obtzined for the cubic crystal of 85203 by Wood et sl.
(1972}, Their results also showed thst ng had only @
little dispersion in the visible region.

Absorption index wes prectically szero for thinner
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filss, but incressed slightly with the decreasing wavelength
for thicker films, ke obtaiped for » film 10,100 : thick

at 4350 : wss sbout 00,0064, This shows thst am the
oxcitstion frequency pesses into the ultreviolect regiom

the transmitisnce will cecresse due to the iacreasing
absor,tion. srom Lhe velue of k¢ as obtained sbove it scems
thst the absorption edge must be in the u.v. region, This
Can slso De aceounted for from Lhe very large value of

resistivity (10u

ohm cm) observed for Sh203 films from
Gielectric messurements. In fact Loyle (1958) reported the

optical bend gap energy of sh,o’ filss to be about 4.2 eV,

From the sbove study it seems fessible to use
Bhgo’ files os 8 good diclectric element for capscitors
because of its low value of tem & ( <0,003), low ICC
(< 100 ppw/°x), high breskdown field streagth ( ) 5x10% v/cm)
snd prsctically s nesr frequeney inverisnot capscitsnce, €
was however lov (8.2), These films may also be used as
protective insulstors because of its large value of
resistivity. TIhe opticsl properties, such as high refractive
incex with prectically negligible absorption in the visible
region could also be utilised in suitable optical cevices
such as reflectors snd interference filters opersting
in the vioclet end nesr ultreviolet regionms,
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(*) ANZAQLUCTION

The peced for insulslors of high permittivity and
low losses in microelectromic circuits hess been realised
recently with the advent of tantalum technology. Pentoxides
of tentslum have been 30 useful in microelectronics that
oxides of seversl other metsls belonging tc the sgme group
#s tantalum heve slso been investigated in recent years,

Of these the orides, particulsrly the pentoxide, of niobium
has been extensively studled, WNb,Og films hsve been
prepered either by the anodic oxidation (Youmg, 1961) or

by the resctive sputtering in oxygen stmosphere (Goldstein
snd Leonherd, 1967). The oxidstion of aniobium films hes
been studied in detsils by several workers, Kofstad snd
Esperik (1965) found thot vhen niobium was oxidised ot
oxygen pressure froa 2x10™* to 0.5 Torr between woo" to
1700% oxides such ss NbO, KbO, and Wb Oy were formed
successively with the increasing tempersture., The oxidatlion
lev wes slso studied for each stage. Klechovsksya et al,
(1965, studied the structures of the thin films of cubic
niobium oxice obtained by the oxicstiom of Nb films inm sir.
The unit cell constant had & velue of 7,80 2. S hrachko

et 2l. (1966, in their study of the oxidstion of niobium by
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the secondsry ilone-emission method found the existence of
Nb 0, between 1200% and 2000°%C. 7The kinetics of the
oxidstion of niobium was 8lso stucied by Sheasdy (1968).

Electron diffrection sad X-ray studies of Wb Og
films formed by the o:idstion of niobium st a pressure of
150 == of Hg showed that the oxide consisted of & mixture
of X snd [3 phases st 700°C. As the tempersture incressed,
the asmount of <« phsse decressed wheress the proportionslity
of P -EbOg increased (iorobkov et al, 1964). Iihese
results were lster confirmed by Arbuzov snd Chupriva (1985)
who obteimed « -KbyO, (ertnorhombic) upto 850°%C, Above
this tempersture B -Nb_Og (slso orthorhosbic) wes obtsined
but its lattice constants were nearly twice ss large os
the normel one. The lattice coastents of NboOg were
caleulsted by Grsehn (1966, 1970). The crystel structure
of the high temperature form of lhgos. on the other hand,
was found to be monoclinic belonging to the space group
P, (Xorobkov, 1964).

Jananinck and <hitmore (1966) observed a phase
change at 1070‘! for Nb0; accompenlied by s transition fron
on iosulating to & metallic behsviour., Xofsted (1988)
observed 'n' type of semiconducting behaviour in the
pon stoichiometric o ~Nb 0, snd this ves sttributed to the
defect structure of n,o, due to the deficlency in oxygen.



Dielectric constants of "z% films prepared by
the snocic oxidation or by resctive sputtering were found
to be high and of the order of 40. Dissipstion factor in
both the casses was ebout 0,018 (Young, 1961; Goldstein snd
Leoohard, 1967). Anouically grown “’206 films were {ound
to be smorphous in nsture (Choprs, 1965), iumeneegger
and Robinson (1968) compered the dielectric constaats and
loss factor of the different mocificstions of Kb Uy
¢rystals. 1Tbe values of clclectric constent were high snd
veried from 30 to 120 cepending on ithe crystsl structure.
ligh values of permittivity, of the order of 100, were also
observed in thick filwss of “205 prepsred by chemicsl
Geposition (Brunoer et sl, 1968). But Nbg0g films formed
by the pyrolysis of niobium slcohbolste in oxygen stmosphere,
on the other hsnd, ylelded lovw velues of permittivity
(about 11 3 2 st 1 kHz).

Extensive stucies huve been mecde on the electricsl
properties of sandwiched N5205 layers, Space-charge-
limited-current (SCLC) flow hss beea observed in these
films., The thickness dependence of the J-V chsrecteristics
due to 5Cis flow in Nb=lboOg=In structures (Hickmott, 1966)
and Nb-lb,0g=-iu structures (Chopras, 1965 have been studied.
Current-controlled-negative-resistance (CCER) was slso
observed by Chopra (1965, in snodicelly snd thermslly
oxicaised films of Nb ssnawiched between metsl electrodes.
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Blusmae (1968) from theoretical considerations of the J-V
characteristics predicted. that, super concucting thin
fils tunnelling junctions composed of Nb-kdy0g-V could
be opersted ot temperstures between 4.4°k snd 5.1%.

Chopra (1968) observed clectroluminescence effect
in Nb-Nb Og-iu ssndwich layers. Ihe electroluminescence
energy wss of the order of 1.2 t0 1.3 oV snd hod 3 maximum
photo voltage of 0.4 volis, Ine long wavelength absorption
edge of snouic niobium pentoxide (awmorphous) was founc to
be 3500 ? (Groven et sl, 1960). 7This wes later reinvestigated
by Coalon snd Loyle (1961) who found the valus to be 3300 &
for thermslly oxidised "Nby0g) files, The cifference in the
values wes sttributed to the erystelline nsture of the
latter oxide films, lhgo‘ films shovw negligible absorption
in the visible spectrum. Refrsctive index wveried from 2.2
Lo C+.4 10 the wvavelength region 7000 : and 4000 : (Burgiel
et sl, 1968), Ihese sgreed well with the recent results
of Duffy et al, (1962) for Nb,0g films obtained by the
pyrolysis of niobium slcholaste.

From the sbove survey it can be seen that besides
Kb Og mo other oxide of niobium has drevwn any stteantioa so
fer. Further it sppears that no attempt has been made to
study the properties of thermslly evaporated filss of
“205' It may be mentioned here thst the thermal evsporstionm



of many oxides in vecuo often resulted in their dissocistion
to the lower oxides (Goswssi snd Trehsn, 1957; Goswemi,
19655 Gedgil snd Goswsmi, 1971). Thus the possibility

of obtaining lower oxides of niobium by the thermsl
eveporastion of “208 caomot be ruled out completely, end
hence & systemstic study hes therefore been msde om the
structursl, dielectric and opticel propertics of vacuum

aeposited films obtained (rom the bulk Nb 0g powder.,

(B) LARRsIM BIsl

Pure “30‘ powder white in colour (supplied by
Bhabhs Atomic Research Centre, Bombsy, was deposited in
vecuo (sbout 10~ mm of Hg, from s molybdenum bost. To
avoid spitting curing deposition the powder was degsssed in
vacuo st & low hest for sbout 45 minutes, It was found
thst on hesting at this tempersture, the white powder
melted to » blackish mess snd it was this mass which
eventually evsporated vhen the temperature of the boat was
raised to white heat, The deposits thus obtained on glass
were greyish for thinner films but slmost opsque snd dark
brovn in colour for very thick films,

Ihese films were also deposited om polyerystslline
NsCl tablets ond on the (100) feces of NaCl erystal st

room as well as high substrate temperatures, Xe-rsy studies
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were also made on the origiusl Ndy0g powder es well as on
the blsck msss formed im vacuo during the melting of the

powder,

Irsnsmittance and reflectance of these films were
messured in the visible region by the specisl spectrophoto-

meter designed here.

(CF LSULIS
(s, Siructure

Electron diffrection studies of the oxide films
formed st room tempersture whelher on single cerystal NsCl
or polyerystalline tsblets or on glass substrates did not
yield say clear diffrsction patterns except the brosd hslos
thus suggesting that these films were smorphous in nsture
or had fine grsined structures. At higher substrate
temeratures, say above 360°C. these filns became crystalline
end sherp uiffrsction pstterns were obtsinmed. Thus the
deposits formed on a (100) fqoo of KaCl yielded spot
patterns (Fig. Vi.l). The dispositions of different
reflections and messurements of their d valucs sugzgest that
deposits developed 2-d {100} and {m} orientations of
8 cubiec phase (sppsrently 8,% 5.38 2) y together with {1113
twicning of deposits, The sppearsnce of e few sdditionsl
spots cen be explsined with the simulteneous formation of



1, « ? bkl L
vf 4,42 1
3 a.,78 110 200
f(a) 3.14 111 Zll
s 270 200 220
1 1.90 -20 400
a 1.71 310 420
vl 1.5 2 422
vi 1.3¢ 400 <40
vi 1.27 30 600

8 - sirong 2 - ndium
f « faint Vv - very
d - difiuse

o o
05,38 Ay 8'Z 7.65 A



CAPMCITANCE v wr

o

on

WEANURING FRrevEncY 400 L

A A A A

"
TINE IN pars

Vi.3




131

the Z-d {ouoj orientstion of s tetragonsl phase (s 5.38 2,
G442 A). Patterns (Fig. VI.2) fro= the deposits formed
on polyerystalline NeCl tablets slso conform mostly to the
cubie phase (Iable VI.1). It may be mentioned here thst
these two structures (possibly subeells) might have arisen
from a larger cell (s' = 04—2 or ¢ 4’3 = 7.65 2) by &
slight resrrangement of stoms. In fact, Klechkovskaya et
ol (1965) obtained such s phese (8g = 7.80 2) hsving &
variable composition "1.610 to lbl.“o from the sputtered
films of niobium, Thus the evaporated oxide films had
different composition snd phase structure from those of
”205’ whieh wes found by us by Xeray study to be
orthorhombic (ASIN Card Ko.5-3352) snd the black mess (high
tempersture form) monoclinic (ASIN Cerd No.5-0379).

(b) Rislegtric rroperties
(1) axelng sifegt

These film capecitors sttaimed stability omly sfter
8 long time of sgeing. Cspscitance initislly fell rapidly
and then rather slowly with the time of sgeing. Fig. VI3
shows the chenge in cspscitence of four films ceposited
4t tvo substrste temperstures during sgeing st room
temperstiure for sbout s month. Unfortunstely none of these

stilained complete stability even after such a long time,
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Ihis could, however, bLe l'nuon“ i{ the cspecitors wvere
snoeslec by repeated h.stimg and cooling cycles in vacuo.
All subscquent messurements were therefore csrried out

only on fully stabilised capscitors.

(11) affect of fiim thiskness

Teuhmq
ibe varistion of cspscitance (L) with t.m'(till

thickancss (4, 1s shown in Fig. Vi.4. Copecitonce wos

large and vsried betweeam 188000 pf to 109000 pF with the
increase of the film thickness (470 £ to 2300 A). ZThe
procuct of capacitance snd thickness (C x d) wes found to
increase with the thickness incicating the linear cependence
of € on d. 7This is clesrly shown in Fig. VI.5 where both
C xdsnd & were plotted sgainst d. € incrceased linesrly
with the thickness snd sttained s value es high as 100

for s film 2300 : thick. It may be mentioned here thst

s0 long es the film thickness was coastant C was also
constasnt. Similsr resulls were 2130 observed in toe case
of films deposited st 100% anc the values of € aid nmot
change appreciasbly from those #f ceposits formed at room
tempersture. Tsn$ 4in both ceses wes low and of the order
of 0.03.

(111) aifect of teuperaiure

The effect of tempersture on cepscitsnce snd tem S
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wos unlike those observed for iuS, preseodymium oxide and
szoa films cspecitors studied esrlier. Fig. VI.6 shows
the veriation of capecitsnce with the tempersture for two
different film thicknesses when measured st 1 kiz.
Although the cepscitance imcressed with temperature its
behaviour was rother peculisr. In the C versus tempersture
plot, there were tiree distinct regioms., In the region 4
(120% to 230%K) cspscitsnce rose very sherply. ror a
film 470: thick cspecitance inereased from 55,000 pf to
354000 pF. In the region B (230° to 270°%) the chsmge in
capecitance wes very small dut beyond 270°k capscitsnce
once sgain increased repidly. It may be pointed out here
that below 120K the varistion of capacitance wes sligntly
smaller than that observed in the region /. dowever, in
cese of thicker filas (d = 1600 :) tals region scemed Lo
be absent,

1w measured for sll capecitors sbove rooa
tempersture, varies between 800 ppa/ K snd 2000 ppw/°L
in the tempersture range 290%k to 372°k. In genersl, ICC
vas ince endent of the filam thickmess for thicknesses
grester than 1000 4 (Fig. VI.7).

A very unususl behsviour of tsn 5 with tempersture
st 1 kiiz wes observed (Fig. VI.8). Tem & showed an
oscillstory behaviour with the temperature. In generasl
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ten 5 pessed through s maximum velue st wery low
temperstures, then fell to s sinimum between 250°K and
290%k ond once sgein incressed with the nigher
tesperstures, As can be observed from Fig. V1.8 the
position of the moximus velue of ten 5 seemed to snift
with the increasing fils thickness to the lower tempersture

regioa.
(1v) alfect of frejuscey

Figs. VI.9¢ and b show the veristion of capscitance
with freuency when messured st cifferent temperatures.
In genersl cspecitsnce reduced with the spplied frequency.
At higher temperstures tais varistion was large but
uecressed when the messurements were msde at room
tempersture, Below this temperature, how.ver, lhe
vaeristion in cspscitance sgein incressed and becsme very

lerge ot very low temperastures.

iLs before freguency hed a pronounced influence on
ten 5 . Fig. V1.10e snd b show the varistion of tan $
with frequency st dliferent tempersiures, It is interesting
to see tnat similsr to filw cs scitors of i, prasecdynium
ond 8b 0y tond showes s minimum velue in Lbe frequency
spectrum (103 to 106 Hz) studied. Moreover the position
of fgip (OF 0 gyg/ WG Lon 5 aip O0Curred, snifted
with the tempersture but this sniit wos not as regulsr as
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vas in the case of other film capscitors (e.g. ZnS, etc,,.
Above rooa tempersture, w ... (or f min) *0d hemee ten ..
shifted to the higher freguency region ss observed earlier
for other cspacitor mesterisls. But belovw room temperature,
(Am end tan 6-1& instead of snifting to the lower
freguency region shifted agein to the higher (requency
side. This was true for all thicknesses of niobium oxide
films studied by us.

(v) Ercakdown vollage

Fige. Vi.11l shows the J=-V cherscteristic curves
near the breskdown voltage (Vg). A sudden rise in the
current with s smell chsnge in the voltage was taken ss the
onset of the voltage breskdown of these f{ila capscitors.
Altoough Vy incressed with the film thickness (d), the
dielsctric field strength (FB) reduced with 4 (Teble VI.2).
A plot of 1' sgeinst d in the log-log scsle is suown in
¥Fige V1,12, As can be seen fro= the graph fy follows »

power lav i.e, ?BOC d e

the value of the power index bein)
decuced from the slope of the greph. This velue was
slightly larger than the velue of sbout ~0.5 predicted

irom the Forlsni-Minnajs relation.



8L Yi.2

Thickness (d) Areskdown voltage (Va) Liclectric
o volits field strength

V/cm

266 2.4 2.0x10°

5

630 3.5 5.66x10

) 5

1260 3.8 2434x10

2150 4.0 z .14!105
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(¢) Qotical Progerties
(1) Irapsmittance snd reflectznce

irsnsaittsnce snc rellectsnce st nesr norwsl sngles
of incidence in the visible region for niocbium oxide filas
is shown in Fig. V1.13 for two cifferent film thicknesses.
In case of the thinpner film, trasnsmittance wss large and
of the order of 85§ in the red region but reduced to 74%
when messurements were msde at s wavelength of 4400 :.
Reflectence was almost coastsnt in tois region with s value
of sbout 164, For thicker filss trsnsaittsnce reduced
very much snc this reduction slso continued in the violet
reglon of the spectrum. Reflectance, howewer, did not
decrease very much from the values observed for the thinner
films., Absorption percentage cefined as 100 -« If - Af was
lerge in the csse of thicker films,

When niobium oxide films were deposited on glass
st high substrate temperztures, ssy sbout 350°C,
tronsaittance and reflectance spectrs of these films
chonged significantly. 1o genersl such films showed a
large sbsorption throughout the visible region. Fig. VI.l4
shows the transaittonce suc reflectsnce curves in the
visible region for these films,



(11) Qptical conatants

fefrsctive index snd sbsorption index of niobium
oxide films were cslculsted from the complex equations
(11.3) =nd (Il1.4,. Fige. (VI.15) shows the dispersion
curves of ng snd ke 1o the visible region for three
different fiim thicknesses, For thc thick.r film oy
Showed & maximum velue waich shifled to the longer wavelength
region with incressing film thickness, ke, on the other
hapnd, increased with the incressing incicent radiant

energy (lower wavelength, snd wss dependent on the film
thickness.

Files deposited at 350°C showed higher values
of ng and k. For a film of sbout 790 £ thickness, 1y
incressed {rom 2.1 to 2.47 in the wsvelength regiom 7000 :
and 4300 4 respectively snd kg incressed from 0.37 to 0.55
(Fig. VI,15), Absorption coefficient was high and
of the order of 5x10° cx~1,

The effect of substrste tempersture on the opticsl
constants of niodbium oxice films is shown io Fig. Vi.l6
for two films of nesrly the seme film thickness but
prepared under cifferent deposition conaitionms.,

(D) RASLUSSION

It 1s well known that vacuum deposited films asre



often amorphous when deposited st room temperstures, but
became crystslline when Geposited st higher substrste
temperstures, 7The seme sppears to be true for the niobium
oxide films also. Llectrom uiffrsction stucdies revesled
that the deposited films formed st high temperstures
appesred to have s composition varying between libol.“ to
NbO; gg» DO doubt, due to the vscuum dissocistion of

“208 powder during deposition. GSuch dissocistions of

the higher oxide in vacuo by thermsl trestmemt sre not
uncommon. In fact Goswomi and his coworkers (1957, 1965,
1971) have shown thet meny oxices sych as Coq04 )h,o‘.
Cul, 31203, etc. during thermal evsporstion in vacuo
resulted in the formstion of the lower oxides such as Co0,
Moo, Cug0y Bi0,y ete, GSimlilar observatiions bave also been

made on cupric chslcogenides to cuprous forms,

Since the oxide of niobium thus formed is a
low:r oxide, not reported earlioer, its dielectric snd
optical properties sre also likely to ciifer consicersbly
froa those reported lfor the well known Ilbzo° fila. In
the following persgraphs the s.c, behaviour and the opticsel
properties of these films are discussed,

AL . charscteristics of thin fila dielectrics
&8 investigeted by seversl vorkers cen broedly be explsined
froam two types of models namely (1) single capacity element
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with sppropriste ulelectric resistsnces im parsllel send o
low series resistance due to leads, etc. as proposed by
Goswami snd Goswami (1973) in the case of i08 , sb,o,. ete,
films (explisined in Chepter Iil Discu:siom) snd (11) three
Capscity elements asrising from two sdditionsl barrier
layers st the electrode dielectric interfsce with
appropriste psreliel resistesnces, etc. proposed by £immons
¢t al (1970) es 1o Lhe case of ¥oUq fiims. The basic
festures that cistinguish these two models sre zs follows.

(2) In the model (1) cspscitance is inversely
proportionsl to film thickness (except for vory thin films)
wheo measurements asre msde at room temperstures, For
Lhe model (11, Simmons et al predict thet cepecitsnce is
independent of film thickness snd thet € should linesrly
incresse witha the film thickness when measured et or above
roon temperatures. Only st very lovw temperstures C is
ioversely proportionsl to d.

(b) Tne model (1) predicts the increase of tsn 5
with temperature st all fre uencies. On the other hand
tsn & will show s meximum vslue which snifts to the higher
temperasture reglon with the incresse of messuring freguency

in mocel (i41,.

(¢) Goswami sud Goswami predict in the model (1)
the existence of s minimum vslue of tan 5 (tan § m) at a



frequency () ain’ in the frequency spectrum, that shifts to
the higher frequency region with the increase of
tempersture. Simmons et al's model, however, predicts s
Value () pey where s meximum velue of ten S (tem § o.0)
will oecur, snd tois will snift to the higher frequencies

with the increase of tempersture.

(d) According to the model (1) cepscitence will
incresse with the tempersture in & msoner governed by the
rise in tan) . Eut io the csse of model (11) sltacugh
Copscitance incre«ses witn tempersture saturstion im the
values of C is observed both et high as well ss st very low
temperatures. In the intermediste tempersture range s
sharp rise 1o the velue of capscitence should tuke place.

AS Can De seen Irom the results, a.c., behaviour
of niobium oxide films seem to sgree st first sight oaly
in perts with either of the sbove two models., Thickness
dependence of two clelectric constsnts throughout the
film thickness rence stucied seems to be in sccordsnce with
Lthe berrier loyer model (11), but the varistion of loss
foctor with frequency snd slso the presence of tam 5 sin
appesr to sgree with the model (1), However the promounced
temperature effect on tan A oti.lolns viz. pesk at lower
tempersture region snd & =inimum st sn lntermediste stage
is oot cirectly evident from either of the models at their
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present state of Gevelopment, Further coasiderstions
suggest that the peak observed at low temperatures msy be
& relaxstioa phenomenca.

Breckenridge (1950) during his investigation om
the varistion of ten S with tempersture et 1 kiz on
doped single crystals of slkali hslices sndé Agll, observed
o loss pesk st the lower tempersture range and suggested
this to be due Lo relaxstion csused by the pr.sconce of
Frenkel defects or impurities present in the crystsl es s
result of doping. This relsxstion effect was due to the
Jumping of positive ions to vecsot lettice sites under the
lafluence of the applied field., Similar diclectriec
relsxations showing pesks in ten 5 et different freuencies,
especially at low ulponturn,hlt been obdserved by Harrop
and Wonklyn (1964) for r0, filas trested with hyé¢rofluoric
scid. The incorporstion of fluorine ions on the surface
of nonstoichlometric oxide layers favoured the formstion
of dipoles by the interstitisl snd substitutionsl fluorine
ion peirs. Further, from the ¢nergy considersations asliso
tney showed thst the relsxstion mechenism wvas cue to the
dipole orientation rather than snion vacency comiuction
¢8 observed in elkali hslices by Breckenridge.

It is interesting to note that both the mechanisms
envissged the presonce of extensive defects on the surface
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lasyers to ceuse the relasxation effect at low temperatures.
Since niobium oxide fiims nsd a varisble composition
(lbol.“ to lbol.“) having inbhereat vefect structures to
sccommodatle the oxygen veriatiom, such films would have,
no doudbt, a high concentration of defects im them. It is
therefore likely that such a high defect concentrstion
will also favour the relsxstion effect st low temperatures

s8 observed by us.,

Fro= the above it is now ;ossible to explain the
different festures of Fig. VI.8 in terms of the relesxstion
effect occuring st the lower temper:ture region snc the
nor2al loss bDehaviour at & higher temperzture renge for
s dielectric film having & single cepscitor element in
the circuit as proposed in the model (1) of ours. 1Ihe
peek in loss fsctor wes therefore due to the relsxstion
process whereas the minimus velue of ten 5 was & COOSeuence ¢f
equation (II1.10) of the sbove m0del. Ihe nature of the
groph between the pesk snd minimum value of tsaS was no
doubt cue to the superimposition of the latter effect on
the former. The shifting of tsm min Poition snd hence
the frequency (minimum) slso to the higher freguenecy range
(ef. Figs. VI.10s snd VI.10b) both below snd sbove 250°K
csn now be explsinec from the model proposed by us before.
In such o case the minimusm velue of sngulsr frequeney 4.
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(=277 fain’ 1% given by equation (II1.10) as
w-u = 1/,,/ mz .o ('1011
v

vwhere X is the dlelectric resistance, r is toe lead
resistsnce which is of the order of s few ohms (r«< &),

and C is the ioherent capecitance unsffected by temperature
anu freguency. Ihe shifting of “ain Yo the nigher
frequency region both st low ss well as at high temperatures
means 8 corresponding cdecresse in the value of the
denominstor in equstion (VI,l,, sand this csn be achieved
only if R sbove was to decresse since both r snd C are not
significantly affected by frequency and temperature of

measurements.

Dlelectric conductivity ( 7)) which represents
the sum of sll loss mechenisms in the msterisl 1s givea by
the relation (Anderson, 1964)

- WELE .o (Vi.2)

where J is the angulsr freguency, écu the peramittivity
in vecuo and < " 1is the imaginery pert of the complex
alelectric constant, Loss fsctor is then given as

tend = € /€' e (V1.3)
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where € ' is the resl part of the complex dielectric
constant given by

"

gt = € - J - (VI.4)

')

Dielectric conductivity given by equatiom (VI.2 now tekes
the form

o = we, € tang .. (Vi.5)

thus showing thet ¢, 1s proportionel to ten £ . Since
loss fsctor increased both with the rise sna decresse of
tempersture around 250X (ef Fig. V1.8, , conductivity

should slso ilncresse snd hence there must be s corresponding
Gecresse in the dlelectric resistsoce K. Consequently W, .
position deter=mined by the equatiom (VI.l) would shift to
the higher frequency region both above and below 250°K

as observed here.

The verlation of ceapscitsnce with freguency snd
temperoture especially ut;\}ranr tempersture region can
8lso be explained fros the above model. It has alresdy
been shown thst the messured cspscitsnce (Cj) 1is given

st sny tempersture and freguency by the eguatiom (III.1l3) viz.

Cg = C o+ uw‘n’c oo (V1.6
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Gince the dlelectric resistance R decressed vwith the increase
in loss fsctor (loc. ¢it) Gue to the relsxstion effect st

low tempersture soc dielectric conductivity at higher
temperstures, the second term of egustion (VI.8) cannot

be neglected especially st low frequencies. Hence measured
Capacitsnce will depend on frequency ss well as tempersture
thus showing large varistion in L

It 1s lateresting to point out here that the
veristion of cspscitsnce with tempersture for niobium
oxide films (Fig. VI.6) below 260°K 1s very similar to
those dielectrics where » dipolar orientstion takes plsce
glving rise to » relsxstion mechanism st lower temperatures
and obeying the Debye equstions (Dekker, 1967),

The breskdown field (Fg) follows s power law
FuoC @=9*®, It 1s interesting to note thst slthough this
value 13 slightly more then Lhe taeoretical value of
=0.5 reported by Forlsnl snd Minnsja, the sbove power law
seems to be applicsble even for amorphous or fine grained

films,

The above discussions show that sll the s.c,
properties of vacuum deposited niobium oxide filws can now
be cuslitetively explained on the basis of the model
proposed by Gosvemi end Goswani assuming however s
relaxation mechsnism st low temperstures., Although at present
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it is not very clear as to which of the twe mechanisms
cited eariier is responsidble for this process, the a
varistion of cspscitsnce with tempersture at fixed fregquency

(Fig. VI.6) suggests the process may possibly be due to fthe
dipole orientationm.

Optical studies showed in genmersl thst these films
though transperect were fsirly absorbing in the visible
reglon uniike NbgOg films where k, is negligible. Film
thickness 2130 hsd a profound influence on the optical
coustants, Absorption index increased with the decreasing
wavelength, but 1ts velues were higher for thicker films.
Ine fact thst ke increased in the lower wavelength region
incicated thet the fundsmentsl absorption edge of these
films was below 4000 K. This cen slse be seen from the
high velue of resistivity of niobium oxide films (= 10° ohm
¢m)., These films were therefore partislly trsnspsrent in
the visible spectrum,

Refractive incex incressed ss the wavelemgth of
the incident radistion decressed, But for thicker films
Ny sttalned s maximum value somewhere in the visible region
snd then fell with the lowering of the wavelength. This
peak in ng shifted to the higher wavelength side with the
incresse of film thickness. Zemel et al.(1965, during
their study on epitaxisl films of rbS, PbSe and rble
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observed such pesks in refrsctive index in the energy

renge 0.10 to 0.60 oV (infrs red, and showed that these
peaks shifted to the lower energy side at lower temperatures.,
The authors sttributed this shift in the peak due to the
temperature cependence of the energy g:p.

Sardomirskii (1963) showed from qusntum mechsnicsl
trestments thet when the tuickness of » film becsme
comparsble with the effective wavelength of the charge
carriers, the forbicden bend width would dGecresse with
Lhe incressing film thickmess. Ihis prediction has been
verified experimentally by measuring the shift in the
sbsorption edge with film thickness for CdS znd Incb films
(Stasenko, 1968; rilatov snd Kerpovich, 1969). Tsneabsum
end Briggs (1963) snd Hrostowski et 2l.(1954) showed that
the optical energy gq{izoth 'n'« and 'pl-type InSb and
Iois erystals were dependent on carrier conecentrstion,
the purer msterials (less carricr concentration) having
lower velues. 7Ihis hss beem cxplsimed by Burstein (1954)
88 due to the smell effective electron mass and the
incressing degencrascy of the states in the conduction
band es the carrier concentrstioa in the meteriasl incresses.
In & series of publicstiocns from thils laborstory, Gosvami
end his coworkers (1964, 1966, 1968) have shown from
electrical messurements of seversl semicomducting films,
thet the sctivation energy decreased with the inecresse of
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file thickness due to the reduction of the carrier

concentration.

These considerstions therefore suggest that the
shift in the pesks of refrsctive index with film thickness
to the longer wavelengths or lower energies 1is probsbly
uue to the decresse in the sctivstion energy or band gep
with incressing film thickness. GSimilar shifts in the
optical band gep with thickness hsve also been observed by
Goswami snd coworkerS iam this laborstory.

N¥iobium oxide films deposited st high substreote
temperstures showed higher vslues of opticel constants
then for those filme deposited st room tempersture (cf Fig.
Vi.16,. 7This mey be due to the crystalline nature of the
files when deposited at higher substrate temperstures.
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CHAPTLR VIL
SIURlis ON VACUUN DEPOSIZED INDI i
(A) LNZRQLUCTION

iransperent oxide fiims of high resistivity are
of immense value in optical amd electronic cevices, In
recent years a large amoupt of investigations have been
mede for the search of these types of materisls.
Unfortunately, only a fev msterials sre available that csn
fulfil the sbove requirements, Further the difficulties
in preperstion of stoichiometric oxide films have also
posed severe restrictions on the choice of the msterisls.
Although considerable success has been schieved with 510,
8802. Tag0g #nd some rere esrth oxides, there asre s vast
number of other untspped metsl oxides whose properties
may compare favoursbly or even better than the estsblished
oxide films, With this im view, » study has boen mede on
indium cxide films &3 & potentis)l msterisl.

Thiel snd Luckmsnn have reported ss esrly ss in
1928 thet uzo, dissociated to xnzo in gaseous staote when
the scsquioxice of indium wes hested in vacuo. Various
workers utilizing improved msss spectrophotometric
techniques have been able to ideatify the composition of
the gaseous state when yellow u,o, ves melted in vescuum.
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Khrorostukhine (1962) found the dissocisted products to be
mostly In0 end Oz. EBurns (1966, snd his coworkers (1963)
mede s detailed study om the dissoclsted products of
spectroscopicslly pure 11203 send found that the products
consisted chiefly of In*, Og* and Iny0" and some trsces of
In0. At higher temperstures In,0 was predominsnt, It is

interesting to note that no gsseous 10203 was observed by
these suthors,

Marezio (1966) observed thst Iny0, hed a cuble
structure (s, = 10,117 2 0.001 x) « Very interesting
results have been obtsined for flux grown In,0, orystals.
Tippins and Chese (1966, 1967) prepsred Ino0g crystals
from a Pb0-B 04 flux, These erystals on electron microscopic
exsminations showed inclusions end striations, snd becsuse
of the oxygen ceficiency they were monstoichometric snd
slmost black io colour. However, the sddition of ¥g0 to
the melt produced crystsls thst hed no inclusions or
stristions and these hsd opticsl properties characteristie
of stoichiometric xnzo’ which were psle yellow in colour.
The suthors coneluded that MgO scted as s good compensator
for the oxygen deficieney.

Ruppreecht (1964) studied the electricsl snd
photoconducting properties of Ingl4 filss prepared by the
oxidstion of indium films in en oxygen atmosphere snd these



showed 'n' type of conduction. Single crystals of inmdium
oxide (hzos) prepared by wWeiher (196Z) showed conductivity
snd mobility values of 10 ohn~} cu~l snd 160 ca® (vesec)~1
respectively at room temperature and had e epergy bend gap
of 3.1 eV. Groth (1966) prepesred thick films of Ineo,

using the spray technique. 5y incorporating cifferent
impurities, films were obtained with conductivity between
1.5x20% and 4.2x10% ohe~) cw~l and cerrier concentrstion

'n' between 1019 and 6x10%0 ow~3. These films showed little
sbsorption in the visible region, but because of lsrge 'u'
they had high reflectivities in the iulra red. 7The mechsnism
of electron scsttering ia In0g films was discussed by

Groth (1966), Fistul ané Vainshtein (1967) smd Muller (1968).
Aysbovs and Savitskays (1968) prepared oriented Inglgy

films by the pyrolysis method. Electron diffrsctionm
snalysis and electrical conductivity measurements showed
that these xn,oa films changed from sn smorphous state to
well oriented crystallites sccompanied by s change of
resistivity fro= m“ to 102 oha om.

Holland end S1iddsll (1953, studied the trsnsmission
of resctively sputtered indium oxide films in the visible
region, However, they could not identify the structure snd
composition of such oxide films. Weiher and Ley (1966)
from the fundsmential sbsorption edge al room tempersture
observed a direct allowed transition with sn energy gsp of
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3.75 eV for x-,o, erystals, This was also confirmed by
Tippins end Chase (1966) snd lster by Vatinshtein and
Fistul (1971). Ellipsometric mcasurements have been made
by Elridge (1972) to deteraine the complex refractive

index of vacuum deposited indium snd them follow the oxide
growth upon introdueing oxygen. In recent yesrs sputtered
films of Ing0y with some perceatage of Snlg or CdU bave
been used os transpsrent electrodes (Fischer, 1954; Vossen,

19713 Mehts esnd Volgel, 1972).

From the sbove survey it seems that no systematie
wvork hes been cone so far on the opticel properties of
1n203 films, Further, very negligible work seems to have
been carried out on the s.c. properties of these films. A
systemstic study has therefore been considered necessary
on the structursl, dielectric snd opticel properties of
indium oxide filws.

During the present ltw)lt wes observed by us
that indium sesquioxide deposited directly from s
molybdenum bost ylelded filws blsckish in colour snd these
were pertislly transpsreat in the visible region. However
when the ssme files were beked im air at 320% for sbout
2} hours, they became trsnsparent snd showed interference
colours, FPreliminery iovestigstions showed thst these
films differed considersbly in their dielectric esnd opticsl
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behaviocurs. In the following, therefore, studies have been
made under the different conditions of prepesrstions vis.
(&) Films ss deposited (blsckish) snd (B) blackish films
were oxidised in sir before any measurements were carried

out,
PARI B
(8) LAPERLM WIAL

Specpure IngOy (99,997 purity, supplied by Fulks
4G PURISS) yellowish in colour wss evaporsted in vecuo f{rom
sn initislly fleshed molybdenum boat., Prior te deposition
the material wes degassed in vacuo for about 45 minutes.
It was observed that, on degessing, the bulk powier beceme
blackish in colour, The deposits obtsined by eveporsting
the sbove were also blisckish in appearance. Dlepositions
wvere msde not only on glsss substrstes but slsc on
polyerystglline KaCl tabletsythe latter for their structurasl
snelysis by electrom diffrsction techniques, Thin film
caspacitors comprising of il/Indium Oxide/Al were prepsred
snd their dielectric behaviour studied in the ususl way.
Irsnsmittance snd reflectance messurements at @ near normsl
angle of incidence in the visible region were cerried ocut in

the specisl speetro;yﬁotonur designed here. Tpensmittsnce
was slsc measured by a Beckmsn DE2 spectrophotometer,



g e 2004
e : B o 3004
600 X 4804
500-
>
o X
w 400+
o
z
<
4
2 3001
o
<
o
2004
150
i ! T T T T T L i
0 ‘4 8. 12 16 20 24 280a
DAYS"
~ R
Eig M) .\
0.05] “® 2004
, x 480
i A 1680
* -

4 3900A

ool .
T 1 T T T T T T T
0~ e 8 1216 ‘20 24 V28 i3
: DAYS
Siaos T

)_:l'a vil.Z




(C) BRbLlis
Gdackish filma
(s) SExucture

Blsck indium oxide films deposited on polycrystalline
Nscl at room tempersture did not yield any cohereat
diffraction petterns thus suggesting thet the deposits
were c¢ither smorphous or had s fine grained structure,

(b) Dielectrig proparties
(L) sxelug and sopealing olfscts

Figs. VII.1 snd VII.2 show the ageing effect in
capscitance and tan &  for five different film thickness,
Capscitance (C) initislly fell very repicly and sfter sbout
2 few days of ageing in eir the veristiom of C becsme more
gredusl tending to sttain s constant volue. Dissipation
factor (tsn5), on the other hsnd, showed s sudden rise
in the value of tsn > after one day's sgeing im sir. This,
however, with time decreased in the ssme manner ss
capscitance., Lven sfter sgeing for about s month, neither
C mor tem 5 sttsined s stsble value unless these fila
capecitors were sunesled by repeated heating and cooling
cycles in vacuo betwees £7°C snd 110°C,



CAPAC I TANLL pr

CAPACT Yamce pr

0.

—
1
L3

-y —
1y
/e em

ar2004

atl‘.O;

——

T R
300 240 0
TEMPER AT N

Ffa E‘s

D
! |’
30 00013
-

=
‘.,o'

|
Pr—g—
30 Mo wo

30
b4
>
-
“
r
S 200,
;
~
-
- A
O 100 ,-‘r‘
]
/ ——
’ 1000 2000
TeICKNESS (g) A
1
.
o
RN 0l
‘.-\ \'33’0‘
x* \
\
3

‘ \ ‘
) g
r 1 \
x .4
2 00 \

0 ;II&“&‘O:‘.&

TEMPERATORE x

Fig ViI.é




(11) Effsgt of fila thickness

Fig. VI1.3 shows the veristion of capscitence with
the reciprocsl of film thickness (log-log scsle, when
measurements were carried out at room tempersture. It is
iaoteresting to see thst cespacitence was independent of
the film thickness (Iable VII.1). However, when the
sSemples were chilled to very low tempersatures, say about
“.l. cspscitance wes found to decreese with the incressing
fila thickness, but the proportionslity relation between
these two parsmeters viz, C x%. still d1d not hold good

as can be seen from Fig. VII.3 snd Table VII.l. The
dielectric constant (<) computed at room tempersture was
found to be linesrly proportioual to the film thickness
snd sttained values as high as 280 for s thickness of
000 % (Fig. V1I.4).

(111, Kifeqt of temperature on G and tans
Cand
The effect of temperature onLuné is similsr to

those observed for niobium oxide film capecitors., Figs,
VII.5 snd VII.6 show the typicsl veristion of C snd tand

st 1 kiiz, In general cepecitesnce increesed with temperature.
is coen be seen from Fig, VI1.5 there sppesr to be distinet
regions in the capscitence-temperature curves, Between

the tempersture renge 120 to 250°K cepscitunce incressed



bl Vil

it room tempersiure t 80%K
inickness (d, Cepscitence € tan § B vepacitsnce
X o #
200 192 4,000 15.2 0.032 146,000
200 200 4000 4.0 0.0:2 124,000

480 <00 4000 37.0 0.03 -
27 180,00 692.0 0.027 -
it - 23 ,000
1476 173,000 28.0 0,02 -
1680 185 4020 122.0 0.0:56 86,500
2050 214 4000 - 0.03 -
2180 192,000 162.0 0.04 -
&350 188 4000 178.0 0.04 80 4,000
2950 188 ,00 208.0 0.04 34 4000
3300 191 4000 3.0 0.04
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with the tempersture at s repid rate, but between 260 to

280° the rise in C was s=zsll, However, beyond the room
temperature capecitance sgain increased. This trend was

observed for sll thicknesses studied.

100 measured for all cspacitors sbove the roonm
temperature veried between 600 to 1600 ppw/®K in the
tempersture renge 280 snd 360%. In gemersl ICC was
independent of the film thickness.

The varistion of tan o with temperzture st 1 kiz
showed some very interesting festures. As the teaperature
wes reduced the value of ten & decressed, psssed tarough
s minisum velue snd them incressed rapidly with the further
lovering of the tempersture, HNear about liguid nitrogen
tempersture (20°K) ten S curves showed s maximum value,
This maximum showed some depgendence on the film thickness.
The above festures were similar to those observed for
niobium oxide filmws,

(1v) Gffect of frecuency on C apd tep®

Figs. ViI.7a snd b show the veristion of cspscitance
with freguency when measured at different temperstures
for films 1280 : send £350 : thick, In genersl capscitsnce
decressed with the incresse of freguency. Like niodbium
oxide fu-,ot higher temperatures )c tends to bozoontun
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beyond say 20 kiis, but st lower temperstures, say 110%,
C d1d not attain ssturstion even beyond 70 kHz. The
varistion of C with spplied freguency thus becsme larger
st lower temperstures.

Freguency agsin hed s profound ianfluence on ten 5 .
Figs. VII.8e ond b shov the varistion of tsm 5 with the
frequency st different temperatures., Like other film
capscitors studied earlier, ten 5 showed s pronounced
minisum velue in the freguency spectrum (0.5 teo 10° kEz)
investigated, The Shift of gy OF (& gy (where tan 5 ..
ocourred) vith the tempersture was very similer to that
of niobium oxide films capecitors. Above the roca temperature
f o shifted to the larger freguency side as in the case of
other film cspecitors (iaS , 8b,04 snd prasecdymium oxide).
But below 270°K also, fgq, and (- .. shifted to the higher
fre ueney region., This was true for sll film thicknesses.
(v, Brsskdown yoltage and perceatage variation of

Fig. VI1I.9 shows the J-V charscteristics for a
few films, It is interesting to see that the breskdown
voltsge (Vg) had a velue of about 3.0 volts and wes
independent of the film thickness, This is indeed a very
peculisr case snd spparently mot reported before. 7Ihe
dlelectric field strength (Fy) therefore decreased
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monotonically with the incressing film thickness.

The percentage varistion of capscitance _A_g_°/o

at room tempersture is plotted sgeinst different
frequencies for five different films (Fig., VII.10). This
varistion was large below 1 kiz but was much smaller at

higher freguencies ( > 1 kilz). In genersl it wes independent
of the film thickness.

(e; Opticsl Properties

(1) Zranssission and relisction

Fig. Vii.1ll shows the tresnsaittance and reflectsnce
spectra in the visible region st near norssl angle of
incidence for two films, Trensmittence was dependent both
on the fils thickness ss well as on the wavelength of the
incident light. In gemersl trensmittance was smll and vas
sbout 10% for a film thicknessof 830 :. Reflectsnce from
these filss, on the other hsnd, was large snd about 30 to
354 in the red region. As the wavelength of the incident
light decressed both transmittance snd reflectance values
reduced coasiderably.

(11) Qmiical constants

The sbsorption index of these films was calculated
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from the equstion (I1.8) of Chspter IIj tals value of k¢
was them substituted in the complex eguatiom (II.3) and
the refrsctive index (g) wes computed., Sometimes both
ng snd ke were computed from the complex equatlons (11.3)
snd (I1.4) sXens. The results obtaimed by the two methods
sgreed ressonsbly well, Figs. Vil.l2a,b snd ¢ show the
dispersion curves of ng snd ke in the visidble regiom.
Hefrsctive index ny showed s meximum value st sbout 5600 2
for » film thickness of 335 2 and 550 :. For thicker films
(= 830 £), hovever, the msximum shifted towards s higher
vavelength ( NG5O0 2) or to the lower energy region.

Absorption index for all films was rather high.
AS the wavelength was reduced, k¢ ioitislly decressed,
pussed through s minimum velue snd them increaned ss the
wevelength changed from 7000 to 4200 t. Zhe =minimum value
of k¢ was neer the red region of the visible spectrum
ond shifted sliightly to lomger wavelengths with increasing
film tidcknesses (e¢.f, Figs. Vii.12s, b and ¢).

(114, A
gop (&

Absorption coefficient was in gemersl large and it
incressed with the film taickness (Table VII.2). Fig. Vil.ls
omsopucaﬂuummotmmunc
redistion for s few film thicknesses. The intersection of



Lhble Vii.2

“honl:oun (A)

ihickness

eso §

EEESEBBEEEEEE |-

1.97x10° ex~d 1.22x10° ca”

1.23x10°

1.38x10°
1.45x10°
1.48x10%
1.586x10%
1.75x10%
1.90x10°
2.08x10
2.18x10°
2.36x10°
2.56x10%




160

the tangentisl lines drewn through the two portions of the
curve therefore give so estimste of the opticsl band gep
(ko’) of the meterisl (e.f, Fig. VII,13). It is
interesting to see that the valuesof B”ﬁ aot constant
but varied with film thickness, the thinner films having
slightly higher values.

(D) RASCUSS QK

Films formed by the thermsl evaporation of pure
log0, were opsgue and blackish in colour. Since IngO4
films sre known to be very transperent inm the visible
region as reported by various workers (Tippins snd Chsse,
1966; 1967; Weiher and Ley, 1966), it csn therefore be
inferred thet these blackish films sre not due to the
crystalline sesguioxide of inmdium., However such blackish
films may result either from the dissocistion of In, 0Oy
say to u,o sod In a8 reported by Burns and co-workers
(1963, 1966) or from the smorphous films having defects
such a8 inclusions., TIhe dissociation to lower oxides by
the therms)l evaporation of meny oxides such es Cul,
Biglgy etc. has been very vell illustrated by Goswami and
his co-workers (1957, 1971). In the previous chapter too
it hes been shown thet Nb_Og slso dissocisted to s lover
oxide which ha¢ s oxygen deficient structure snd therefore
possibly csusing the blsckish colour in the deposited films,
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Iippins and Chese (1966) have slready reported that the
oxygen deficiency in ln,oa resulted in the blsckish
appearance of Ing0g erystoels snd when compensated the
erystals becsme transpsrent., In the present csse, however,
it wes not possible to concluce unequivocslly whether the
Geposits were a nev foram nemely s suboxide of indium

(In=0) y or only sn oxygen deficient phase of IngOg3, since
the deposits 0id not yield say coherent diffrsction
patterns. The phsse structure snd the nature of these
blackish deposits are still open for further investigstions,

A.C. behaviour of indium oxide films was very
similar to those of vacuum deposited niodium oxide films,

Pronounced effects of ageing csusing reduction
of C and ten 5 with time were due to the reduction of
defect or imperfection concentrations in the evaporated
files by the self annesling process, This would reduce the
nusber of charge cesrriers (n) snd thereby increasing the
fils resistsnce R, Tan 5 being relsted to the reeiprocsl

of R as —A;%c— must therefore reduce, 7This is obvious as
[

can be seen from Fig. Vii.,2, It is interesting to see that
faitislly ten S incressed to very high values after one
day's sgeing in sir. 7This vas possibly cue to the adsorption
of moisture by the freshly prepered samples when exposed to
sir. Moisture thus acts ss a shunting resistance to the
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dielectric film thereby decreasing the effective resistance
between the electrodes and consequently inerecasing the
value of ten 5 .

Capscitance was found to be independent of the
film thickness, s condition that follows if the barrier
layers (Schottky barriers) vere formed st the dielectric
elecirode interfsce (Simmons et al, 1970). The barrier
lsyer model further predicts that if cepecitance
measurements sre carried out st very low temperatures say
at about 80°K, then the cspecitsnce will be iaversely
proportionsl to the film thickmess, In the case of indium
oxide film capacitors, xhen messurements were msde at
80°k ,At ves found that slthough C decressed with the
incressing thickness the proportionslity law viz. CoC % 5
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