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CHAPTER - 1 t GENERAL INTRODUCTION
HISTORICAL SURVEY




General Introduction

Cdg8n0, was first synthesised by smital* in 1960,
Later, llozika'?' characterised the semiconductor properties
end predicted the possibility of using it as a transparent
electrode.

Stannates were earlier used for colouring onlnoltl
in ceramiecs and as additives in dielectric bodies' for
decreasing the maturing temperature and improving the
body density and the refractoriness.

Among the stannates, cadmium stannate has found
wider applications in recent years. There are two distinect
phases of Cd0-5n0, system: cadmium metastannate (CdSnOa)
end cadmium orthostannate (N’Snok). Both erystallise

normally in orthorhombic structure.

Between the two stannates of cadmium, orthostannate
phase has been more productive in its applications,

Cdaan._ is an n-type defect laiconductoraz"?a'w
which is transparent and highly conductive simultaneously,
In most of the applications, thin films of Cd 5n0, have
been used, Oxygen vacancies provide donor states and are
responsible for the high conductivity. Large Burstein
shift33 observed in the visible reflectance and transmission



spectra 1s the characteristic property of this transparent
comu‘m.

Cdy5n0, has been studied extensively for its
electrical, structural and optical properties as thin film
and as bulk material. Many methods of preparing thin films
have been reported, Notable contributions have come chiefly
from G, Haacke, A,J, Nozik and N, Miyata and their groups.

o d.c, reactive -wtum¢§3!5":75:81

rf awthr!n;,al"l’a'sh'sf 161,68,72,85 chemical vapour
daponiuonas, chemical spray dopuiticu“""'"so*”'“,
dip oo:ung% and ion phuus" have been used for thin
film preparation.

Vacuum evaporation,

For many years, Sn0y and Inaosano2 (IT0) were used
&s oxide transparent conductive coatings, Based on
material property and economic factors, caa:;‘no,’ was found
to be more effective transparent electrode. Cadmium-tin
oxide (CT0) has high figure of nrit”:" as T,E. compared to
IT0, Sn0, or metal films.

The potential utility of CdySn0, as T.E. material
was first demonstrated in 1972.33 Good conductor properties
should o¢cur in semiconduetors with high mobilities and
low effective mass for noctronl.s .



There has been a big spurt of interest and
activity in the study and applications of cazano., films
in the past 10 years or so as transparent conductor,
This has resulted in a large number of publications in
quick succession both as research papers and patents on
the subject.

It has been used as transparent electrode for the
back wall solar “11"26.‘51&5 159 electroluminescent

dovieu,a"
39

as an ir window component for high power gas
electrochromic display devices'?32 ana
optoelectronie tuhnolou.sl' Thin films of cdaanq’ are
transparent to solar radiation and reflective to thermal
ir rndhtiu.m’

lasers,

This unique property has been made use

of to augment solar thermal conversion -rnci-my"?’w’so'%
in eye protective ir nl.ten.l'a it is used for
architectural window coatings,’’ which trensmit visible
radiation but reflect ir portion of the incoming sunlight,
Cdyon0y, coatings are used in solar heat c:c:ll.cn;ors.s6

Low resistance films are used in low voltage
window de-misting and dotroct!.."up of the airecraft,
They are also used in photoconduecting devices37?38 gng
in electrical hnton.w It has also been used as
electrode in photogalvanie cclll,ss as anode for
photoelectrolysis of \urai‘.u'.73



Inspite of this impressive list of applications,
the intrinsic properties of Cd,8n0, have not been seriously
studied., The fundamental properties like band gap and
effective electron mass have not been clearly established.
The effects of dopants on its properties have not been
fully covered., There is, therefore, scope for basic
studies to provide the needed scientific dnh.52

It can also be seen that there is no reference in
the literature about the study of Cd,Sn0, as thick films.
lost of the work has been carried out on thin films or
bulk material,

Thick film technology is a recent development, It
is a new approach of fabricating components, devices and
cireuits in the field of hybrid microelectronics, There
are certain advantages of the thick film technique which
are explained in the body of the thesis. Dopant addition
can closely be controlled. &Stoichiometry of compesition
can be maintained, PFrocessing of the material is easier.
Very adherent films can be obtained, Being in between the
thin film and bulk pellet as far as the thickness is
concerned, the thick films provide interesting study.

In the light of the above observations, it was our
endeavour to prepare highly conductive CdgSn0, thick films
by chemical doping and offer plausible explanation for
the conduction mechanism,



We have successfully adapted thick film technique
for the preparation of the samples and their characterisation.
The lead oxide dopant-induction is carried out subsequent
to film deposition, This is done in a novel way. Loping
is effected by including Pb0 with the other glass forming
oxides which make the glass frit.

The results of our study are presented in three
Chapters of the thesis, The first Chapter consists of
the survey of literature. It includes general methods
of preparation of Cd.aSnO,’. structural disparities,
transparent electrode characterisation and applications
and Burstein effect. These have been described and
discussed while revieweing the literature.

The second Chapter describes the preparation
procedure of Cd,5n0,. The X-ray data, thick film
formulations, screen printing technigque, thick film
furnace fabrication, and experimental set ups for
material characterisation are also included.

The third Chapter presents the results and
discussion of thermogravimetric analysis, X-ray analysis,
SEM, electrical conductivity, thermoemf, diffuse reflectance,
ESCA and Mossbauer studies of the CdySn0, thick films.



1. HISTORICAL SURVEY

Stannates were used in the dielectric bodies for the
reasons that they were stable at ceramic temperatures and
in the chemical environment. The earliest reference to the
use of stannates in ceramics dates back to 1916,1 Procedures
for the preparation of stannates were available but not for
their applications, 0ld English colour formulas are frequently
referred to even to-day, Particular mention may be made to
the caleium stannate in compounding chrome-tin reds. Because
of the insoluble nature of the tin oxide in glass, it became
a natural base, as an additive, for red and yellow glasses.
Tin oxide produces opacity in glasses, glazes and enamels,

A series of patents were issued to wainer2~? and
Hnntwortho for their work on stannates as ceramic dielectric
bodies. As a matter of fact, Sehutorius7 was the first to
use tin compound in his development of dielectric material
which had zero temperature cootrieiontfcrapuiunu. It was
8 who described the cathodoluminescence of stannates

in his book and has discussed the role of tin in phosphors.

Kroger

Kroger and Gmrdg patented the use of magnesium orthostannate

as a phosphor base.

As the fonic radii of T4"** (0,68 A) and sn™* (0.71 &)
are almost equal, and the analogous titanates and stannates



are isomorphous, there has been a big spurt in activity
in this field.

Cotrunm

systematically studied a number of

stannates as pure compounds for their dielectric properties.
The precipitation method was chosen for their preparation
because of better control of the stoichiometry. This was
apparent in the case of the stannates of Pb0 (volatile
nature ) and F‘oao3 (variable valency). The hydrated
stannates posed no problem in the studies. Thermal analysis
provided information regarding the dehydration temperature,
phase change, ete, It was particularly helpful to him in
estimating the reaction temperature of a particular stannate.
He presented the X-ray data for the hydrated and anhydrous
stannates of Ba, Ca, Sr, Mg, Pb, Bi, Co, Ni, Cu, Zn, Cd,
Fe(ous), Fe(ic) and Mn, He did not, however, index the
interplanar distances., The electrical conductivity,
dielectric and ceramic properties were measured at room
temperature.

Hell further studied these properties of binary
systems of stannates of Mg, Pb, Bi, Zn, Ni, Cu, Cd, Co,
Mn and Fe with barium titanate. Addition of these stannates
had effectively decreased the maturing temperature and
improved the body density and the refractoriness of B|T103.



W &

Cadmium stannate (cd8n03J was first prepared by
Naray 5zabo’” in 1043 by reseting Cdo amd sn0, (111 molar
ratio), He assigned monoclinic distorted perovskite
structure to this compound with lattice parameter
a = 7,80 2. But ihgnrn preferred to describe this
stannate as belonging to the orthorhombic instead to
monoclinic structure.

snith!® 1s credited to have prepared Cdysn0, phase
for the first time in 1960, He assigned orthorhombiec
crystal structure to this compound. He reported both
meta (CdBn03) and ortho (CdasnOkJ stannates by reacting
CdCOy and 8n0y at 1000-1100°C in alumine boats in air.
At these temperatures, he observed a small loss in weight
due to volatalisation of Cd0, He also prepared the stannates
by treating a solution of potassium a-stannate with cadmium
chloride and subsequently heating the white precipitate
at (600-800°C) to get a complex system. Cdsn0y vas found
to have distorted perovskite structure with orthorhombiec
symmetry. The lattice constants were a = 5,547 Ao,
b=7.867 4 and ¢ = 5.577 A The bright yellow produet,
Cdy5n0,, was prepared with Cd0 and Sn0,.(2:1 mole ratio).
Single crystals of Cdaan’ were prepared by the flux method
using CdCl, flux and heating at 800°C/7 hours. The
diffraction pattern was indexed on the basis of orthorhombic



cell and the lattice parameters were calculated,

Irene Margensterne et .1_15.16

prepared cadmium
metastannate by precipitation method by adding (a) Cd and
Sn salt solutions to 32003 and (b) CdCl, solution to sodium
a~-stannate. The precipitate was calcined. Preparation
conditions like solution concentration, pH, temperature ete,
were reported to be controlling the erystallinity of the
compound. X-ray analysis of both the hydrated and the
calcined stannates was carried out, A new phase was
reported corresponding to CdBn03 having the ilmenite instead
of perovskite structure. This was reported to be the first
meta-stannate having ilmenite structure, Phase transition
occurred from ilmenite to perovskite at 1000°C and was
irreversible,

Therese Dupuis et 11.17"20 studied the IR absorption
spectra of metastannate of bivalent metals (Cd, Zn, Cu, Ni,
Co, Mn, Ca and Mg). The hexahydroxy stannates were calcined
from 300-1300°C, The Cu and Mn metastannates were
completely dissociated and others transfarmed into orthostannmates.
The Ii spectra of all the metastannates showed a single
strong absorption region, 490-570 em * and a faint band
occurred near 170 em™', They observed that the presence of
only two bands suggested an octahedral coordination in the

crystal state although the mean 5Sn-0 vibration frequency



10

was rather low, The IR spectra of the hydroxystannates
confirmed a symmetrical 86 structure of the complex ion
Sn(0H) ™" 1in the erystalline state. All the (OH) groups
were comnected by the H bond,

Levy clonntzl claimed to have obtained a new
structural variety of OdSn03 of spinel type with
vacancies by heating hexahydroxy cadmium stannate
[casn(0H)] at 660°C/10 minutes, Thermal analysis of
the mixed hydroxide revealed two endothermic peaks at
250 and 650°C corresponding to dehydration and phase change
from spinel to ilmenite structure., It 1s also mentioned
that he obtained ilmenite phase after prolonged heating
of the spinel type caan03 at l+50°c. Crystallisation was
associated with negligible enthalpy changes. X-ray
diffraction studies showed the lattice to be fcc, space
group Fd3m with a = 9,15 + 0,003 A, Density determinations
indicated SCdVJBnW:;q._ groups in the unit cell with 8/3
cationic positions unoccupled., He assumed a statistiecal

distribution of vacancies between octahedral and tetrahedral
sites.

lonikzz took a patent for the application of
Cdy5n0, as yellow pigment. He reported that this to have
improved colour intensity, light fastness and heat stability.
The colour saturation value was 83,
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loslk” was the first worker who seriously studied
the semiconducting properties of caQSnoh. Prior to 1972
this was largely unknown, He studied them both as
erystalline material and as amorphous film, CdgySn0, was
reported to be n-type defect semiconductor in which oxygen
vacancies provided the donor states in the forbidden gap.

He prepared the erystalline CdySn0, having
orthorhombic structure by (1) solid state reaction between
€40 and Sn0, (2:1 mole ratio) at 1050°C/6 hours,

(2) ecaleining the hydrous oxide obtained from metal
chleride solutions and Nn.’cn/mmuon. He also prepared
caasn% amorphous films by rf sputtering method.

S8ilver epoxy electrodes were used for pressed
pellets and films., He measured electrical conductivity,
thermoemf and Hall coefficients of the samples prepared
under various conditions. Diffuse reflectance spectra
of the samples presented in figure (1.1) showed a large
shift in the fundamental optical absorption edge toward
uv region, from 2.34% eV to 2.76 ey, This is the wellknown
Burstein shift, His results are reproduced in the table (1.1).
He pointed out that the reaction condition like oxygen
deficient or reducing atmosphere or thermal quenching
ecreated high density of oxygen vacancies which was
responsible for large conductivity values. He opined that
ESR studles should determine the defect struecture.
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The preparative conditions and properties of the
sputtered films are reproduced in the table (1.2),

(a) All data obtained were at room temperature,.
All films were amorphous except the film F which was
partially crystallised, (b) Substrate was water cooled
except as noted, oSputtering atmosphere consisted of Ar
and 0, as noted. (c) Film was heated in H, at 280°C for
10 minutes.,

Visible and near-infrared transmission spectra of
the films indicated a clear large Burstein shift. The
effects of free-carrier absorption in the conductive film
vere apparent in its reduced transmission in the red and
near-infrared. He calculated the absorption coefficient, a,
from transmission spectra, refractive index and film thickness.
The results of his studies on the spectral dependence of a
for several films fitted in the equation.

e = B (Y -Eg)% mY .. (1.1)

Optical band gap (Ep) was calculated from the plot
(an¥)V2 yg nv,

The erystal momentum (;) is supposed to be
congerved by the emission or absorption of phonens. But
it was explained that in the case of amorphous films,
the above equation was valld because the absence of



13

DpS2h 3° 'dwey ejsajsqus

92 M 00l
- groTX§  ooT T°T 0021 28 o't % goz a
o %9 ‘n 009
15°2 - - - £°2 0EET €€ % g0 T
9T ‘M 00z
£8°z ouod.a.a 02 T150°0 9 213 #£°0 Iy £00T a
9 T *m oot
18°28 g 0T¥2"9 oT ot'o oth 00T €20 2y £ooT o}
92 ‘noo9
82°2 g OTXE "% w2  05°T 059 9°61 96°0 % goz a
q # 9 *n 004
90°2 ,OTXI'T  8°% 1°6S 0094€ 860°0 6'2 % 05 v
A® (098
‘aud (¢ W) VRS Asam (W0 1)
pusq ‘€~ (908-) JUOTD o e sysea £a7a (w) (ouyy ‘zemod ‘‘mye)
e adl) - 320ys  -TIONPUO)  SSSUNOTUL (O R i inde sTdweg

(9yUTES Houstpo jo seyaaedoad Teorydo puw TeSFII0eTy - E°T STAEL



15

translational symmetry allowed relaxation of the

requirement for conservation of (K).

The author has thus observed some unusual electrical
and optical properties whiech hitherto were not reported
by earlier workers. Sputtered films had surprisingly
high electron mobility and conductivity. The optical
absorption edge shift is reflected in the optical band
gap change from 2.06 to 2,85 ev. The effective electron
mass was calculated to be 0,04 me., This was reported to
be very low for a wide-band-gap oxide, The author mentioned
infrared reflection and magneto reflection studies to
confirm the nature of the band gap.

He was the first to suggest the potentiality of
Cdaﬂnq’ as transparent conductor because of large Burstein
shift and high mobility,

Heacke22?26 ook up the development of transparent
conductors of CdaSnQ, for solar energy applications., RF
sputtering and spray deposition techniques were used for
coatings. He used silica, saphire, soda lime glass,
chemechor glass, A.:Lat‘.l_a-ltuo2 glass, stretched acrylic and
polycarbonate materials as substrates. The films had
high transparency and high ir reflectivity. He reported
that interstial Cd or oxygen vacancies essentially acted
as dopants. In and Ta addition to CdgSn0, increased ir
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reflectivity to 90% beyond 2 4. Modified post-deposition
heat~treatment improved the conductivity (0.7.7/sq) and
visible transmission value (80-85%). These coatings

have been tried on CdS films end Si wafers.

linuko,"a further studied TE properties of caasno“

for the application in display technology, solar energy
conversion, He found it to be an outstanding material
compared to Sn0, or ITO, He prepared the films by rf
sputtering, In this paper, he mentioned that the
substrate temperature, sputtering atmosphere and

annealing temperature (600-700°C) of the films influenced
the conductivity, High conduetivity was obtained in argon
rich sputtering atmosphere.

A slight increase in lattice constant during the
heat~-treatment suggested the presence of interstial
cadmium creating additional donors. A shift from 2.0 to
2.9 eV in the absorption edge was noticed with a colour
change from brownish to greenish grey in the films.
Eleectrical conductivity increased to a great extent
(600021 en™1), He also reported n = 2x10%Yem™3 and

ME = 30 onaﬁ-uc.

Looking at the number of applications of T.Es,
it was desirable to device a method for meaningful
comparison and evaluation of the potential materials.
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The eriterion for a good transparent electrode is the
simultaneous occurrence of maximum trensmission and
conductivity, Hascke*3 derived a new figure of merit.
The earlier figure of merit was defined by Frnur“"'

T

’Tc = T— .o (1-2)
T ) oo (1.3)

where = -§°— = exp (-at) and
Ry = —"—crt . (1.4)

Here the weightage was put on Ry (sheet resistance) and
for large film thickness (t), Haacke proved that such an
assumption would lead to erroneous results,

Substituting the values for T and Hg, he obtained

Foe = ot exp (-at). oy 0,8

tiax was caleuleted from

_a_’_r,ig_ e G oxp (at)-Cat exp (at) _ .
ot exp (2at)
= A
toax -

Substituting tyay in the equation 3.1

T = -4 = 0,37
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indicating that the optical transmisgion wes only 37%.
This was too low a value for the T.E.

Therefore, he redefined the figure of merit to
strike a better balance between transmission and film
thickness, which although have opposing effects, as

.'fc = 'k .e (1.6)

Following the same procedure as before, he obtained

t = —1—

max xa - (1.7)

Assigning a value for x = 10, he obtained transmission = 90%,
The new figure of merit was therefore
10

'rc e —% .o (1.8)

OF P, = ¢t exp (-10 at). (1.9)

where a = absorption coefficient (cl'l)
& = electrical conductivity (ohm ™ em %)
t = film thickness (em),

He calculated ‘Tc values for Cu, Ag, Au, ITO and CTO, The
results are reproduced in the figure (1.2). The author
has thus proved that the semiconduc¢tors were superior
transparent electrode materials compared to thin metal
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films, Cda&nq’ emerged out as the one having the highest
figure of merit for T.E.

Burton et ‘1.55 fabricated CdS-Cugs solar cells on
Cdy5nQ, - coated silica substrates. This facilitated back
wall operation, The light incident on the p-n junction
interface through the wide gap material absorbed in the
narrow gap layer,

They produced Gdaﬁnq' crystalline films on hot
substrates (> 400°C) by rf sputtering, They obtained an
n-type semiconductor with a band gap of 2.0 eV, N = 102° en~3
and ,uu = 10 uaﬂ-no. X-ray analysis revealed the presence
of a small percentage of Cd0 in the films, They reported
the improvement in TE properties when the films were heat-
treated at 600-700°C/10 minutes in Ar/Cds atmosphere, The
optical absorption edge also shifted to 2,9 eV with the
disappearance of Cd0. This, they stated, resulted in the
inerease of free-electron density and mobility to 102} em™3
and 30 enaﬁ-nc. respectively. The cell characteristics
vere measured., Measurement of optical transmission as a
function of wavelength revealed that the Cdasa% films had
maximum transuission in the wavelength region in which solar
spectrum also had its highest intensity., The back wall
response of the Cd8/CuyS cells was reported to be not limited
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by the short wavelength transmission characteristics of
the CdQSnO“ electrode. The adherence of Cds to Cdasnou
was excellent without cracking or peeling defects. It
had ohmic contact as established by I-V results,

Nozik and Huehl"s

development of infrared attentuators with visible

were issued a patent for the

transparency by using Cdgsn0, coatings. Eye protective IR
filters (transmitting > 10% incident light of A > 0.65 %)
were made by coating the substrate with a 3 um thiek
cdaa:inq. layer,

They further patented*>*” tne use of Cd,eno,
coatings in solar thermal heat absorbing systems. The
property of high transmittance for solar radiation and
high reflectance for thermal radiation has been made use
of by them, The absorbing system consisted of a steel
pipe whose outer wall was coated with a high absorptivity
material, It was surrounded by a glass tube, the inner wall
of which was coated with Cdat‘»nq" by spray technique of
bromide solutions of Cd and Sn, The annular space was
evacuated. The heat transfer medium passed through the
steel pipe. This unit was located at the focal point of
a parabolic reflecting trough. A flat plate coated with
Cdy5n0), could also be used for the purpose.



Hums 1 took another patent for the idea of using
Cdgysn0y, coating for architectural windows, These transmit
visible light but reflect IR portion of the sohr_rndhticn.
He claimed to have increased the near IR-reflectivity by
incorporating a small amount of Cu to produce Gdhwxan',
vhere x = 0,01 to 0,3.

Nozik'/ utilized the unique property of Cd,snO,
films having conduetivity > 103 ohm * em”%, being
transparent to solar radiation and reflective to IR
radiation. This enabled him to make a window of Cdgysn0,
film for solar heat collector by which its colhot;m
efficiency increased. He used spray technique (40% SnBr, +
307 CdBr, aqueous solutions and 30% Hy 0, solution equal
to half of the volume of the Cd-Sn bromide solutions).
The substrate temperature was 950°C. He improved the

properties by annealing at 280°C/10 minutes in H, atmosphere.

In his review paporsa

coatings, Haacke has exhaustively covered the subject.
Metal and semiconductor films were considered for material
evaluation. They included gold, Sn0y, ITO, CA0 and CTO
films, ihin uses and applications of these conductors

on transparent conducting

mentioned are’ heating elements on aireraft windows for
de-icing and defogging, antistatic coating on instrument

2]



panels, electrodes in electroluminescent lamps and
displays, in imaging devices and ferroelectric memories,
liquid erystals and electrochromic displays, The world-
wide interest in solar energy conversion has enhanced the
application limit of transparent electrodes. Cdysn0, was
rated as a highly potential candidate for T.E.

Metal films recede to a second place on the basis
of figure of merit for a T.E., although they have certain
advantages like chemical compatibility, work funetion and
fast deposition rate. Further, film strength, initial
islend formation, surface scattering render them less
efficient as T,.E. material, Gold, silver, copper and

chromium films were considered.

Based on absorption processes, a good transparent
electrode material should possess high carrier mobility
and lovw effective electron mass. The useful transmission
region is limited to wavelengths longer than the band gap
energy and it should be around 3.0 eV to cover the full
visible spectrum. Semiconductors were therefore found to
be useful, InSb possessed the above properties, but it
was not good because of the band gap restrictions.

The three semiconducting oxides Sn0y, Inao3 and
CdgSn0, possessed the required properties. Cdi0 was also
considered.



Table (1.3) presents the desired properties of the
oxides for TI.E.

Haacke et al.s 3 reported a new method of preparing
cdzan. by a simple spray deposition technique using a
solution of Cd013 and Bnc:lh. The prineiple involved was
the pyrolysis of a fine mist of a metal salt solution on
a hot substrate. Both the phases of cadmium stannate were
obtained. However, good transparency could be possible in
single phase only, A number of deposition parameters were
studied. At higher substrate temperatures (> 800°),
Cdyn0, was formed and < 800%, Casn0; phase was obtained.
They obtained lowest Rg by fast deposition and immediate
quenching of the sample. The best value they could achieve
for was 500-1000 -2"1 gn~1 compared to 6500 "t em™1 py
sputtering., The mobility was 1-5 cla/V-uc only, The
lower value was explained as due to the creation of lattice
defects and grain boundary imperfections, They felt that
¢ and U values could be improved, Impurity effect on C
has not been studied fully, although they mentioned the
improvement of clarity of the films because of the dopants,
The authors felt that the post deposition heat-treatment
was not an intrinsic requirement except either to reduce
or to remove the Cd0 phase.

um54.55 studied the properties of cadmium stannate
films prepared by rf sputtering from powder targets. He
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measured film thickness, resistance, carrier concentration,
Cd:Sn ratio, optical transmission and Hall effect. The
results showed considerable scatter in the values of

CdsSn ratio in the deposited films. This indicated the
dissociation of the compound. The carrier density and

the mobility values were higher for the heat-treated
films as compared to the as-deposited films. Both the
target and substrate temperatures played a decisive role
in determining the Cd content and the oxidation state.

It was reasoned that the carriers were liberated from

the compensation traps in the structurally disordered
as-deposited films during annealing. This was responsible
for the carrier concentration increase from loxmla to
5:1020 n'3. Increase in the mobility value (10 to

35 uzﬂ-uc) was attributed to the disappearance of

the structural disorder during annealing, The transmission
also improved (from 65 to 80%).

Hnekosé evaluated the Cd,Sn0, fllms for solar
heat collectors., He prepared the films by rf sputtering
using silieca, glass and single erystal silicon as
substrates., The governing factors for a solar collector
are total solar transmission (Tg) and infrared
reflectivity (Ry). These depended on free carrier
concentration (n) and film thickness (t) in the case of
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a semiconductor, R; inereased with 'n' whereas Tg decreased
due to free-carrier absorption, Tg required small 't', but
RI decreased with 't', He reported, therefore, that Tg and
Ry could not be maximised independently. These conditions
should be optimised to get maximum -g-;— , where as vas
absorptivity and € ¢ was total infrared emissivity. By
adjusting the film thickness and annealing temperature,

he obtained as > 0.9 amd Cgq ~ 0,1, at 620°C annealing

temperature, on CdySn0,/silicon solar selective absorber.

Shannon et 11.57 synthesised single crystals of
Cdgsn0y, GdSnOS, 1n2T006 and CdIna(J“ elther by the flux
or the high pressure method, They studied the electrical
and structural properties.

A mixture of Cd&103 and a Hl33307 flux was melted
in a platinum crucible at 1050%/4 hours and cooled at
5°%/mr to 650°C and then air quenched., A mixture of
CasnOy (rhombohedral and orthorhombie) and Cdysn0y
(orthorhombic) single crystals was obtained. Cdgsn0y,
was found to be not very conducting, &Sb was added as
dopant to enhance the conductivity.

The authors stated that conductivity of Cd,Sn0,
could be increased by creating oxygen vacancles (reversible)
or by chemical doping (irreversible), Undoped Cdadnq’
was reported to be a semiconductor with . = 103, cm

and E4 = 0,15 ev.
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They expressed continuous edge sharing of 042"

and ﬂnl"

octahedra was a necessary condition for a
transparent conductor, The Seebeck coefficient for
CdgSn0y, ( S/m. = 1034- ¢m) vas reported to be -170,01V/°c
whereas for CdgSn,  8by0, (£ = 10712 em) 1t was
-500V/%, They opined that oxygen deficient conductor
might have higher carrier mobility compared to chemically
doped sample, But a doubt was also expressed that
chemically doped system might also be oxygen deficient,
The authors expressed the view that it would require

further investigation to settle this point.

Hnllsa tried CdgSn0, as an optically transparent
electrode for photoelectrochemical energy conversion
using sulphuric acid as an electrolyte. The photogalvanic
short-circuit currents and open eircuit voltages were
found to be comparable with other electrode materials,
CdySn0, films were used as underlays for 8n0, anodes
which produced higher power outputs, This also decreased
overall resistance, He reported Gdzb‘nok to be n-type
semiconductor having Eg = 2.9 eV, He measured the
electrical conductivity (6:103-—”7 1 ol"]') and carrier
density (1021 en™3), The carriers were provided by
oxygen vacancies and interstial cadmium, The films were
reported to be hydrophobic and wettability was found
to increase with the contact time with the electrolyte.



I)R

This was attributed to the formation of surface hydroxyl
groups as reported by Mollers and M-lin;.go He found
the cadmium and oxygen to tin ratio was substantially
lower, from his ESCA studies, after use in the electro-
chemical cell,

Cdgsn0, cathode was also used in iron-thionine cell.
It was not good due to the lack of 13‘02"'/!‘¢3+ reactivity
at Cdab‘nq’, for which no satisfactory explanation could
be given, It would be interesting to explore why the
redox couples react with difficulty at Cd,Sn0, cathode,
although the flat band and redox potentials were favourably
aligned inspite of it being a highly doped semiconductor.

Hascke et al.”® developed CdzSn0, coatings with
1-7/sq and 85-907 transmission for utilization in solar
energy converters. They also evaluated them for high
temperature green house window coatings and in selective
absorbers. The backwall m,snoVCGS/cuas solar cell was
reported to have ~ 6% 3

Hici and Haacke®® vere 1ssued a patent for depositing
Cdgin0y films on plasties, The films n:o adherent and
the optical transmission for 5500-10000 A thick films
was 807 with the sheet resistance of 26-7/sq.

Haacke et l1.61 stressed the need in their paper to
understand the influence of film structure and composition



on the conductivity and the optical absorption.

They prepared cazanq, films by reactive and bias
(d.c. potential -200 V) sputtering, The films were
reported to be amorphous when deposited at room temperature.
However, they were crystalline on hot (400-500°C)
substrates. It required only 150°C when single-crystal
spinel substrates were used.

The disappearance of Cd0 phase improved the
transparent electrode properties., The reason put forward
for this was the dissociation of Cd0 and the Cd forming
interstial donors, resulting in the increase of lattice
constant value (9,167 to 9,189 R). A representive
sample had 0~ = 6700 = 1 cn'l'/flfﬂ = 40 en® V! sec™! and
n= 1020 cl-a at T, = 690%, The oxygen vacancies were
also stated to be contributing to conductivity increase.
Hall measurements revealed unexpected increase of If
with N which contradicted the semiconductor theory for
homogeneous materials with high carrier concentrations.
The mobility was found to be generally governed by the
grain boundary, specimen inhomogeneity ete. Further
studies of Hall measurements over a wide range of

temperatures have been suggested.

Mass spectrometric analysis showed that Cd and Cd-0
species left the samples during heat treatment, Ar or Ar-CdS
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atmosphere for heat-treatment was reported to enhance the
oxygen vacancies, However, the role of sulphur, supposed
to be present, has not been explained.

Many dopants were tried (Ti, Zr, V, Nb, Mo, W, Rh, Cu,
Agy P, Bi and Th), They stated that detailed studies were
required to understand fully the effect of the dopants.
They never observed p-type conductivity, In the amorphous
Cdy8n0,, films, the band edge shifted from 2,1 to 2,9 eV
after heat-treatment, The large shift of optical absorption
edge was presumably due to the presence of multiphase
structure (Cdo, Cd8n03 and MRSn%) of the specimens,
Additive phenomenon has been suggested. However, for
single phase Cdzﬂnq’, the shift was from 2,34 to 2,76 ey
only, Thus, the authors have posed more questions than
providing adequate explanations for the results, ofcourse,
suggesting more studies.

Miyata et a1.63’6~ studled the Cd-5n oxide films made
by diode DC reactive sputtering as transparent electrodes.
The authors claimed that this method was an improvement
over the previous sputtering methods. This did not require
post heattreatment of the films for getting highly conductive
fillms. The sheet resistances were 40-7/sq and 180 -~ /8q
for the filn thicknesses of 0.3 \(m and 0,22 vm, The
average transmission was 85% in the visible region. The
aisurptim edge of the reactive sputtered films was 500 nm



and 480 nm compsred to that of Nozik®> (502 nm) for the
films heattreated in the reduced atmosphere., They further
claimed that the oxygen vacancles could be controlled,
Miyata et al,% further prepared doped Cdysn0, films

which were highly conductive and transparent. They
obtained the films by chemiecal spray deposition technique
on hot substrates (400-900°C) using aqueous solutions

of Cdy, Sn and In chlorides. The optical transmission

of Cd-Sn~1n films depended on 1ln concentration, Post-
deposition heattreatment at 200°C/30-120 minutes in

oxygen atmosphere decreased the resistance by about 30%
and improved the transmission from 70 to 80% in the visible
and near infrared region.

I.-Jl.oy‘d68 was issued a patent for his work on the
application of cazanq' as & resistor material, He deposited
the films (0.9 Ythick) by rf sputtering in oxygen atmosphere.
He could decrease the resistivity of the films from
2.2x10"2 to 4.5x107%1- cm by heating them in H,-N,

atmosphere,

Agnihotri et ‘1.69-?1 prepared selective coatings
of cadmium stannate by pyrolytic decomposition of two
parts of 0.2M CdCl,.5H;0 and ome part of 0.2M SnCl.3H,0
solutions in ethyl aleohol and acetic acid respectively
on hot glass and quartz substrates. The films were
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transparent to visible light, The thickness varied from
a few tenths to nearly 1/ m, The absorption data had been
interpreted to an alloved direct transition of energy gap
of 2.8 eV and an indirect interband transition of energy
gap of 2.2 eV,

They calculated the band gap from plotting the
values of (um)m vs (h7 ) of the derived equation

~ x
GM = €7<,|3 (h\‘ -AE) e tl.lo)
vhere x = {- for cdaanq‘.
The absorption coefficlent reached values exceeding

10° en~) at the higher photon energy, same as in the
case of allowed transitions.

For an indirect interband transgition, the energy
dependence of absorption coefficient, wherein the erystal
-’
momentum (K) 1s conserved, they mentioned

« = aolnd _a)ﬂ‘ oo (2.11)
They derived AE = 2.2 eV from (ah ¥)Y2 vs (nY) graph,
This was higher than 2.06 eV reported by Nozik>> for
amorphous Cdgsn0, films, It 1s interpreted as to
either the transition of electrons from the localized
states at the valence band edge to the extended states
;I.n the conduction band or transition of electrons



from the extended states in the valence band to the
localized states at the conduction band edge. They,
therefore, stated that the amorphous material would
have a shallower absorption edge because absorption

started at lower energies.

Their results indicated that Cdgsn0, films were
transparent to sunlight (0.3 - 2.5 Am wavelength) but
highly reflective beyond 2.5l m, The films ecould be
used as heat reflectors and therefore were useful in
solar collectors. They obtained ag (solar absorptivity) = 0,82
and € 5 (total infrared emissivity) = 0,09 at 5pm,

Miyake and !uyah73 patented the application of
making transparent conducting layers for solar cells and
display devices, The films were reported to be a mixture
of <:ll£int)3 and cdas::% with the electrical resistivity of
401 /sq and transmission of 85% in the visible region,

Dislich Helmit et a1.7" prepared cdaa‘nq‘ films by
dip method. They dipped glass substrates in a solution
containing Gc!('ille.)2 in methanol and 5n(0Bu) in ethanol
along with the dopant M(nc-m)3 (in the mole ratio
1.9510,051 of Cd*Altsn)., Acetyl acetone was added to
the system, The substrates were heated at 150°C/5 minutes
and 640°C/15 minutes. They obtained a clear adherent
and homogeneous layer whose electrical resistance was
30-"/sq and a reflectivity of 74,



Mackensie et al.”’ studied the photoelectrochemical
properties of polyerystalline pellets of sintered Cdsn03
and Cdaanﬂ,‘_. They stated that 04&103 gave a higher
photocurrent (and background current) compared to that
of cdaan._. They stated that both the stannates to
be n-type semiconductors with a band gap of 2.3 eV,
obtained from the wavelength dependence of photocurrent.
They observed that the polyerystalline CdaSn% wags better
for photoelectrochemical conversion than the single
erystals, They reasoned that the latter might have had
less '0' vacancies,

However, Koffyberg et u.” stated that the band
gap values, flat band potentials and the observed long
term instability made the materials Cdyén0,, Cdlnaol._
and 04000,' unsuitable as electrodes in solar photo-
electrolysis cells, The band gaps were calcula ted
to be 2,12 (indirect), 2.23 (forbidden) and 3.15 eV
(indirect) respectively for the materials.

Miyata et u.%'”"o prepared Cdaan' films
by de reactive sputtering from a Cd-én alley and by
rf sputtering of sintered GdD-BnOz targets in 02 and
Ar-0, atmospheres., They obtained high conductivity
coupled with high optical transmission in the visible
region, The additional work they carried out was to
study the effect of Oy coneentration in the sputtering



atmosphere on the Cdgén0, properties. The lowest
resistivity vas 2.0x10 *. em- with 90% optical transmission
at around 6% Oy Their results are tabulated in the

table (1.4).

Howson et 11.83 deposited caasm)., films on glass
substrate at room temperature by planar magnetron
sputtering of Cdy-5n alloy in Ar-0Oy atmosphere. The
sputtering atmosphere was activated by an rf discharge
to give very high rates of depositin. Visual transparency,
electrical conductivity, mobility and IR reflectance were
measured and compared well with the films obtained by
other methodis. The advantage claimed by the authors
was that the substrate was not required to be heated.
They also dopoutodg’ cdaanO., by ion plating technique
and obtained very good transparent electrode films.

Mitsunori et 81,36 prepared cedmium-tin and
indium-tin oxide by thermal oxidation, The as-sputtered
films of Cd-8n or In-Sn alloy target were oxidised in
hr-0y by heating. They examined the dependence of
electrical resistance and optical transmission on the
thermal oxidation conditions. The resistivity and optical
transmission values were 5.1x10™*7-cm and ~ 90% in the
visible region,

Jarzebski'® has briefly touched wpon Cdysno, in

his revievw article on the preparation and physical
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properties of transparent condueting oxide films., He
has dealt mostly on Bntli2 and ITO, He opined that the
transparent conducting properties strongly depended on
the preparation conditions and the current knowledge of
physical properties of these :ilms was limited. The
reasons he mentioned were the technological difficulties
in the deposition of the films and their complex structure,
implying the need for exploring a suitable alternative
method of preparation of the films, He further stated
that there was scope for elucidating the conduction
mechanism and band structure of Cdy5n0, .

SIRUCTURAL FROPESTIES

h:lthn" was the first to prepare Cdg8n0, and
report its structure as orthorhombic,

The single crystals of claan’, yellow along
and weakly birefringent, were used for X-ray analysis.
Rotation and oseillation patterns taken for one of the
crystals showed it to be orthorhombic with lattice

parameters.

a = 10,01 + 0,02 &
b = 5.55+ 0,01 A
e = 3.07+0,00 £
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The diffraction patterns of CdaSnO,' always showed weak
lines due to the presence of CdO or cd5n03 or both,

Diffraction data for CdaBnO,’ of Smith are given
in the table (105}0

Hassaniend> investigated the effect of substituting
Cd in the place of Mg in the spinel structure of ugasno.,.
lie stated that isomorphous substitution of cations in solid
reactions led in some cases to the same structure as the
host lattice and in others to a different one.

The author reported a gradual transformation from

the spinel to the orthorhombic structure as x was increased
from 0,01 to 2,0 in the system x cao(a—:)u;m::qw The
compounds were prepared by solid state reaction of Cdo,
"Mg0 and 5n0,, The colour of the product changed from
colourless to bright yellow, Many phases were identified
between the two pure phases of spinel (“0.1"‘1.95"%’

and orthorhombic (Cdg8n0,) structures, The author did

not index the 'd' values for Cdaan’ Phase. Ke concluded
that the cdSnO3 Phase was formed first and then on further
reaction with Cd0 gave Cdaﬁnq’. ne feature of this work
claimed was obtaining of Cdadaq'. free from CdO and CdSnO..

Choisnet and Doschnnvros35 made 2 similar study,
They substituted Zn by Cd in the spinel Znabnq’ whiech
géve a cublc strueture of spinel type, They reacted



Zable 1,7 - X-ray diffraction data for cflani

=)

Cu Kg_radistion (Filp 86)
No, sin®® d I1 Reflecting
planes
(hkl)

1 0,0200 5.4468 1 010

2 0.0418 3.7676 1 210

3 0.0723 2.8665 8 310

s 0.0756 2,8016 2 020

5 0.0819 2,6916 10 011

6 0.114%7 2,2745 2 410

7 0.1303 2.1330 2 320

8 0.1396 2.0616 i 021

] 0.1538 3.9642 2 Cdsn0y 1line
10 0.1575 1.9409 7 401

11 0.1733 1.8504 1 030

12 041744 1.8289 1 k11

13 0.1952 1.7435 2 321

14 0.2171 1.6532 3 Cd0 line
15 0.2251 1,6236 1 520

16 0.2278 1.6139 8 330

17 0.2307 1.6037 b 511

18 0.2317 1.6003 3 610

19 0.2348 1.5897 2 W21

20 0.2535 1.5329 2 002

21 0.2683 1,4873 2 &30

«sscontd,
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ZTable 1,5 (contd)

e, s1n2 o a 1y/1 Reflecting planes
(hkl)

22 0.276% 1.4652 1 601
23 0.2857 1.4411 1 521
2k 0,2945 1.419% 3 611
a5 0.3060 1,.3945 6 302
26 0.3281 1,3448 2b 022
27 0. 3486 1.3047 1b W2
28 0.3701 1.2662 a 711
29 0.3728 1.2616 2 Okl
30 0.3810 1.2479 2 322
31 0.3866 1.2388 2 630
32 0.4301 1.1746 3 721
i3 0.4455 1.1541 2 -
kS 0,488 1.1408 3 631
k3 0.4592 1.1367 3 811
36 0.5013 - 1 -
37 0.5005 - 1 -
38 0.5152 1,0732 1 Cd0 line
39 0.5217 1.0665 2 640
40 0.5262 1.0619 b 731
S 0.5466 1.0419 + 051
42 0.5606 1.0289 2 211
&3 0.5751 1.0149 1 532
iy 0.5915 1.0016 1 203
5 0.6048 2 -
46 0,624+ 2 -
7 0.6338 2 -
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Cd0, Zn0 and 8n0, at 900-1050°C, The products had pale
to brilliant yellow colour depending on the value of x
(x=0 %t <« 0,8) in the system 2xCd0 2(1—1)21103&03.
But when x > 0,8, & binary phase containing Cd 5n0, and
Zno_kcdl_?gq'_ was obtained.

The distribution of Zn and Cd in the lattice was
determined by the variation of Fm/!aza and FW/FQOO
for different Cd contents., The line structure factor, F
was determined by the intensity value (1), It was stated
that the cation distribution in both the tetrahedral and
the octahedral sites was given and Cd preferentially
occupled the tetrahedral sites.

l‘rmno).:"“"'36 conducted the X-ray structural analysis
of SryPb0,, CayPbo,, CagSn0, and CdySn0,. He stated that
all these compounds had the orthorhombic structure with
space group D:h-Phn and Z = 3, He prepared CdQSnO,' by
rescting CdCOy and Sn0y at 900-950°C for several days.
The colour of the compound was bright yellow,

The lattice parameters for the compounds were
as shown in table (1.6).

He mentioned that the Odaan. contained chains of
(SnOle" which were built by 8n0; octahedra through the
sharing of common edges similar to those in Pb30,+. The
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Saxpound __..h&_usz.mm‘au (4) -

Bran% 6.150 10,078 3.502
CagPbo, 5.836 9.745 3.381
CagSn0, 5.748 9,694 3,264

CagSn0, 54546 9.888 3.193




bivalent atoms were between the chains and were
surrounded by 7(0) atoms. The X-ray data for Cdg8n0y,

is shown in the table (1.7), The erystal structure and
edge shapring configuration of caaano,' are similar to
figures (1.3) end (1.4),36

Shannon et 11.57 synthesised and presented the
erystallographic data for the crystals of 0ddn03, Cdgsng,,
InyTe O, and Cdiny0,. The first two compounds were grown
from laC].-nazcoa-Naanl’O.; flux and CdinO,, They consisted
of orange-brown octahedra (0.7 mm edge); yellow cubes
(0u3 mm edge) and orange brown needles (0.2x1.0 mm) of
rhombohedral Cdaino3, ocrthorhombic Cdﬁn03 and Cd,sn0
respectively,

They obtained the X-ray diffraction pattern using
CuKa radiation., The date are reproduced in table (1.8).

The cell dimensions obtained by them for Cdg.';ino.’
matehed with those of Tromel3"*3% put not with those of
Mth.a‘?’ All these three groups of workers mention that
the compound contained octahedrally coordinated dn'" ions,

The table (1.9) gives the diffraction data for
Cda.:'mq..

Miyata ot al.”27® carried out X-ray analysis of
the »f sputtered CdySn0, thin fllms. They have noticed a
broad peak (130) in the diffractogrems for the films
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Zable 1.7 - X-ray powder pattern for Cdysnd, (Feky radiation)

No.

8in d F hkl
1 0.0385 4.,933% 17 020
2 0.0399 4, 8461 24 110
3 0.0687 3.6932 W7 120
b 0.0918 3.1948 73 ool
5 0.1166 2,838 209 130
6 0.1213 2.779% 200
7 0.1310 2,6745 021
8 0.1321 2.6633 111
® 0.153% 2.4715 51 )
10 0.1605 2.4162 220
1 0.1837 2.2585 87 140
12 0.,2087 2.1189 230
13 0.2227 2.0519 10% 211
14 0.2456 1.9533 107 o4l
15 0.2517 1.9295 152 221
16 0,2757 1.84%36 240
17 0.2825 1.8213 34 310
18 0,2993 1.769% 40 231
19 0.3111 1.7355 108 320
20 0.3452 1.6476 195 060
21 0.3590 1.6156 330
22 0.3622 1.6084 203 151

«es contd



Zable 1,7 (eontd.)

No. sin® © a F nkl
23 0, 3677 1.5964 241
24 0.3741 1.5826 31
25 0.4031 1.5246 92 321
26 0.4372 1.4639 122
27 0.4528 1.4385 251
28 0.4662 1.4177 260
29 0.4846 1,3905 132
30 0.4890 1.3843 202
3 0. 4941 1.3771 410
32 0,4988 1. 3706 212
33 0,5180 1.3450 34
I 0.5201 1,3422 3kl
35 0.5223 1.339% 420
36 0.5519 1.3030 142
37 0.5858 1.2647 1l
38 0.5915 1.2583 270
39 0. 6041 1.245% 351
40 0.6149 1.2344 421
51 0.6169 1.332% w12
42 0.6380 1.2119 152
43 0.6502 1.2005 26 312
e 0,6633 1,1886 27 31
45 0.6787 1,1749 322
46 0.6831 1.1721 322

«sstontd,
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Ko, 8in® © a F hkl
47 0.7056 1.152% o8l
48 0,7083 1.1502 081
49 0.7129 1.1465 361
50 0.7268 1,135% 332
51 0.7287 1.1339 252
52 0.7%19 1.1238 370
53 0.7660 1.1060 71 510
Sk 0.7937 1.0865 M2
95 0. 8064 1.0779 123 190
56 0.8159 1,0716 67 W51
57 0.8264 1.0648 281
58 0,8295 1.0629 +60
59 0.8336 1.0608 460
60 0.8428 1,054k 530
61 0.8519 1.0488 40 402
62 0.8578 1.0851 511
63 0,8615 1,0429 w12
64 0,8670 1.0396 113
65 0.8862 1.0283 380
66 0.8899 1,0261 380
67 0,9092 1.0152 540
68 0.9207 1,0088 31 k61

cm“.. .o



Taple 1.7 (eontd)
No. 81n° o a hkl
69 0.9342 1,0015 531
20 0.9378 0.9996 k32
71 0.9440 0.9963 133
72 0.9534% 0,991% 470
73 0.9581 0.9889 470




FIG. 1-3. Ca, SnO; PROJECTION ON (0O1)

[Ret: (36)]
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Iable 1.9 -~ X-ray diffraction pattern of “i‘ino‘*

19

0, 4 obs) I obs) (hx1)
1 L. 849 15 110
2 3.695 20 120
3 3.191 20 001
L 2.836 100 130
5 2.783 70 200
6 2.679 85 210
7 2,667 100 11
8 2,470 5 o040
) 2,415 2 121
10 2,259 20 140
11 2.119 20 131
12 2,052 40 211
13 1.95% 20 o4l
14 1,931 60 221
15 1.8 10 141
16 1.737 20 320
17 1.648 20 060
18 1.617 30 330
19 1.609 55 151
20 1,599 35 241
21 1.596 e oo2

contd...



Table 1,9 (contd.)
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Ne. 4(obs) I( ops) (ni1)
22 1.58% 25 311
23 1,526 15 3a1
24 1,484 15 340
25 1. 464 2 061
26 1.438 10 251
27 1.418 20 260
28 1.391 W0 132
29 1,384 15 202
30 1.378 15 410
a1 1371 ¥ 212
32 1,346 10 34l
33 1.339 10 430
ko 1.303 2 142




sputter-deposited in Ar and Ar-0, atmospheres. Heat-

treatment of the films had no effect on the structural
properties., The (hkl) values of the peak, incidentally
metched with the results of Tromel3*?36 ana snennon.””

51.‘.165 reported a new structure for Cd, 5n0,, .
He prepared it in three forms - sputtered thin films,
precipitated mixed hydroxides, fired at 200°C and as
fused material under high pressure and high temperature,
All of them gave Cdaa‘nq’ with spinel structure, The
interplanar distances naturally did not matech with those
reported by Tromel and Smith, However, Siegel found that
the 'd' values and intensities of the reflections had
substantial agreement with those reported for Cdlnao,’ by
Skribljak et al.32 The indate had been reported to have
inverse spinel structure. The authors compared the
scattering powers of C4>*, In3" and 5n** and their ioniec
radii, He then calculated the lattice parameter of the
face-centred cubic cell to be 9,143 + 0,001 2. Following
the discussion of Blasse®’, he stated thet (8) Cda>* ions
occupied tetrahedral sites and (8) Ca>* and (8) 5n™" ions
occupied octahedral sites,

The X-ray data of Siegel for Cdy8n0, are reproduced
in table (1,10).



n2

Cd,Sn
No. ) 1,/10) hikcl
1l 5.35 10 111
2 3.22 i+ 220
3 2.7% 100 3
4 2.63 30 222
5 2.28 25 %00
6 1.858 30 422
7 1.75% 70 511
333
B 1.612 80 )
1.542 <10 531
10 1,142 10 6320
11 1.39 30 533
12 1,375 30 622
13 1,316 < 10 Ly
1 1.277 < 10 711
551
15 1.220 20 (L]
16 1.188 60 E 731
553
17 1.141 20 800
18 1,076 10 822
19 1.05% 40 751
355

contleass



Iable 1.10 (contd.)

No. (o) 1,/1(6) hkl
20 1,048 20 662
21 1,020 10 840
22 0.9727 10 664
a3 0.9577 L0 231
24 0,9325 60 3l
25 0,896k 10 10,2,0
-
26 0,8834 50 [ 951
[ 773
27 0.8793 20 10,2,2
666
28 0.8343 20 10,%,2
29 0.8242 50 11,1,1
775
30 0.8080 50 880
31 0.7840 30 10,60
866
32 0,7755 70 [ 114353

[973




Haacke ot al.®) reported that the Cdysn0, films
obtained by sputtering Cdasn% or Cd=-Sn alloy targets
crystallise in the spinel structure, They indicated the
presence of Cd0 phage represented by 2,32 R line forming a
shoulder on the 2.29 £ Cdgsn0, spinel line. When the films
were heat-treated in argon atmosphere, the electrical
conductivity was maximum. Incidentally, they found that this
coincided with the disappearance of Cd0 shoulder as revealed
by XRD patterns.

Nozik>3 reported that Cdy8n0, prepared at above 900%
was orthorhombic and corresponded to the structure reported
by smith,1* He opined that the resction temperature was
eritical because below 900°C the Cdysn0, possessed the cubie
spinel structure., The amorphous films of Cdaan, obtained
by rf sputtering erystallised into cubic phase when heated
to 200%,

Miyata et al.”” reported the Cdysn0, films obtained
by de reactive sputtering were amorphous. They observed
Cdy5n0,(C01) and (130) peaks when the films were deposited
at a substrate temperature of 200°C, These peaks suggested
the orthorhombie structure for the material,

BURSTEIN EFFECT

The large shift of the fundamental optical absorption
edge accompanied by large increase in conductivity in a



A

semliconductor is designated as "Burstein shift" after
Elias Burstein, He interpreted this shift due to very
small effective electron mass and not because of impurity
effect.

This has been referred to by many workers while
interpreting the transparent electrode properties of
Cdy5n0,. It 1s observed in Cdo, In203 and ITO also.
::it:uko39 is credited to have offered several interpretations
for this unusual observation at the same time as Burstein.

Tanenbaum and Br1¢¢l27

observed an anomalous
dependence of optical absorption limit on the impurity
content in InSb, They found the absorption limit

vas at ?.Oﬁ m for an intrinsic sample vhereas it was at
3.2 um for a relatively impure sample, They, therefore,
suggested that the transmission in the regiom, 3,2-7,0 Mum
wes due to impurity effect. However, Elias Bm-:tolnaa
gave a different explanation, He believed that this was
due to very small effective mass of the electrons in InsSb

and not due to any specific impurity effect.

He used the relationm,

<_zt_) 2 Q_.;:.)m o AL

/{;l P

for calculating the effective masses of electrons and
holes and obtained the values m; = 0.03 m and my, = 0.2 m,
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He stated that the very small effective mass of
electrons was because of a sharp curvature at the bottom
of the conduction band, It was associated with a small
effective density of states and with a small degeneracy
concentration (N, = 1.6x10Y7 en™3 ana Pgeg * 1.2x10Y7 ™3
at 300°). This rendered InSb to become degenerate at
relatively low electron densities. Consequently, the
height of the Fermi level, above the bottom of the
conduction band inereased rapidly with the increase in the
electron density. It can be seen from the Fig., (1.5)
that the optieal absorption limit corresponded to the
vertical transitions from the filled band to the lowest
unfilled level, E, in the conduction band. This level 1s
kkT below the Ey, The optical energy gap, Eg is between
E, and the corresponding level in the filled band which
is (mp/mp)Ey below the top of the filled band and + Eg.

Here, he assumed spherical energy surfaces, £Ej is
at the bottom of the conduction band at an electron density
n, = 6.5% Ng = 1.0x1018 en3,

For n-type Indb,

E, = Eg when e.d. < ng s (3.1%)
and By ® By (1,..'3!;-)(1:,-1,-1.;1) (1.1w)

when e.d. > n.
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FIG. 1-5. ENERGY-MOMENTUM DIAGRAM OF InSb



For p-type InSb,

Eo = E; whem h.d. < 1,7x10"° en™3 .. (1.19)
snd E, = Eg+ (1 —2—) (Ey-Eg=4 KT) oo (1.26)

when h.d. > p-o

From these caleulations, he showed the optical energy
gep 0.4 eV to be in agreement with 0,39 eV which
corresponded to the absorption limit at 3.2 lim, MossS1
estimated the small effective electron mass in support of
the model proposed by Burstein in interpreting the
observation of the shift in the optical absorption edge
in InSb, This was done in three ways: (i) from the
analysis of data on the temperature dependence of the
absorption edge, (i1i) from the relation between the
effective mass and the variation of activation energy
with impurity conecentration and (1ii) from the magnitude
of the free-carrier absorption, The three estimates
showed close agreement (mg/m = 0,034, 0,028 and 0,032).

In Cd0 films, Stucke>® found that.the fundamental
optical absorption edge shift was from 2,3 eV to 2,7 eV
with the increase in carrier concentration, Large Burstein
effect was caused by the high curvature of the conduction
band which was associated with the small effective mass.



a2

It was found to be 0,14 m, a very small value for an

oxide semiconductor., The observed relationship between

the effective mass and the carrier concentration deviated
from the square dependence of energy on the wave vector

at higher energy states. It was therefore concluded that
the conduetion band must be non-parabolic. The low effective
mass of the electrons indicate potentially high mobilities.

In the case of 81:102 films, the Burstein shift was
only 0.1 ev,2

Nozika3 observed a large Burstein shift in the
optical spectra of Cdg6n0, (erystalline and amorphous films).
It was for the first time this was observed in the
amorphous films, Electron mobility and conductivity
increase in the samples was reflected in the large shift
of the fundamental optical absorption edge towardsuv, He
reported a decreased reflectance because of free-carrier
absorption in the case of crystalline sample, Visible
end infrared transmission spectra of low and high
conductivity films indicated large Burstein shift. There
was reduced transmigsion in the red and infrared again
because of free-carrier absorption,

He calculated the effective electron mass,

R = 0.0%11, from

3/2
N = 3%. (2n* aEg)” . o (1.17)
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As described earlier, the shift could be explained
on the basls of lov density of states at the bottom of the
conduction band (low effective mass, deep parabola),

Miyata et al.’> earlier studied the optical
properties of the rf sputtered Cd,sn0, films and those
annealed in Ar/Ar-0, atmosphere. They reported a drop
in optical transmission in the near IR region and the
shift of absorption edge toward uv from 2.23 to 2.53 eV,
This corresponded in the carrier concentration change
trom 4.7x10'% to 2,0x10% cn™3, The shift was reported to
be due to Burstein-Moss effect. The values of electron
effective mass were 0,11 me and 0,22 me at the above
concentrations, They found these results to be similar
to those of Nozik®3 put different from those for ITO with
parabolic blllll.“

Mollwo and Stmppas investigated the intrinsie
absorption edge shift in Cd0 single erystals due to
degeneration by high electron concentration in the
conduction band, Their reflectivity measurements matched
those of Finkenrath,>®

Haines and Bube®® reported the Burstein shift in
indium-tin oxide. The optical band gap increased from
3.05 to 3.42 eV with the decrease in resistivity from
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8.3 x 1(:!'3 to 4,3 x .‘;0""1ﬂ -cm, There was also a decrease
in transmission at larger wavelengths due to free-carrier
abgorption and dentritic precipitates.

smith and Lyul®® studied the efrect of heat-
treatment of the amorphous films of cao-Snoa system in
relation to the sputtering atmosphere and target composition.
They optimised the preparation conditions: sputtering
power (500 W, 1.6 W/em?) target substrate spacing
(3.5 ems), gas pressure (2:10-a torr) and sputtering
atmosphere (argon plus 0-107 oxygen)., The CdO content
in the target varied from 50, 67, 70 to 75 mole percent,
The colour of the films varied from pale yellow (high
Sn0, content) to reddish (high Cd0 content) as against
the highly conducting green films of Nozik>3 and Shannon.’’

The best values they obtained were conductivity
(300 .a~1 cu'l), mobility (15-50 cnz/lf-uc), carrier
concentration (6,5x10%° en™3) and transmission (80-90%),
The authors made some important observations., The decrease
in resistivity was attributed to the heating effect on
the films structure rather than on the composition of the
film, The films annealed in nitrogen increased in large
conductivity, However, it was not fully reversible when
they were heated in oxygen., The increase in conductivity
was related to the increased mobility, The authors opined
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that the supposed to be amorphous films consisted of
o

small erystallites (< 20 A), Burstein shift was

observed with the annealing of the samples.

S8imilar studies have becn made by these authors

on 170,101
118-123

JHICK FILM TECHNOLOGY

In a vay, thick film technology has its origin
in the development of proximity fuse in 1943 during world
war II which heralded the advent of miniaturisation of
electronic circuits.

The evolution of thick technology can be traced to
the requirements of Aerospace Industry. The incorporated
microelectronic circuitry demanded high functional
capability, reduced weight, high rate of reliability and,
ofcourse, environmental stability,

Thick film, in 1ts present form, is comparatively
a recent development, It connotes the deposition of
paste materials by screen printing technique. This was
developed as a commercially oriented field. More and more
sophistication was pumped into its matrix. This
particularly became attractive soon when it showed its
capability to get resistors of desired specifications
for high speed ICs and fast computers. Over years, with
improved techniques and cldéar understanding of the



technology, it is now broad based and is being used
in varied stuﬂiu.gl"m’, 119-123

The technology includes the sciences of solid

state physics and chemistry, glass and ceramic technology,

powder metallurgy and polymeric materials and adhesives.

The material reactions are complex and the results

of research till recently were propr:lehry.ga

Thick film materials generally consist of finely
divided, electrically active materials, insulating glass
frits, organic fillers and vehicles. Each component has

a definite role to play., The electronic conduction takes

place in the active materials comprising metals,
semiconductors and dielectrics., The glass frits provide
good adhesion between the active particles and the

substrate, They are based on Pb, Bi, Cd or Zn borosilicate

glasses. The organic filler is ethyl cellulose and the
vehicles are low vapour pressure organiec solvents,
Together, they control the viscosity of the paste
materials and the useable compoments into position,

SCEEEN FRINTING

It is a technique of depositing paste material
on a substrate through a screen stencil using a squeegee
to the desired shape and size.
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Sereen printing or mitography has been & vital
tool in the development of THICK FILM TECHNOLOGY, It
is the most practical way of making components and

118
circuits compared to spraying, metallizing or die-stamping.

There are six basic 1'u:touW

which influence the
performance of screen printing, 7These, in essence,
control the film thickness. Consequently, the electrical

and other properties are tremendously affected.

1) BSQUEEGEE

It is a blade which forces the paste to pass
through the stencil, The squeegee material must be
compatible with the resins and solvents used in the
pastes., In literature, polyurethane, neoprene, viton
are mentioned as popular materials, Table (1.11) shows

the useful properties of the various squeegee ntoriall.llg

Preferred hardness is from 80 to 90 on durometer.
This is required to maintain constant attack angle
00-5-60"), sharp cut off of the paste, clean surface and
longer life of thé screen. It provides line contact with
the screen in operation, Squeegee pressures vary
1 -10 pounds per linear inech., This depends on the paste
viscosity, screen tension and breakaway distance,
Excessive pressure results in coining of the screen.

Squeegee motion is to be smooth and uniform,
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The ratio of the squeegee length to the screen
size is very important. The thumb rule practice is to
leave at least one inch border all around the pattern,

11) INKS OR PASTE FORMULATIONS

This has been discussed earlier, Essentially,
all the thick film materials should be thixotropic pastes.
They must have high viscosity values at room temperature.
The viscosity of the paste depends on the type of the
s0lld material and i1ts particulate size, Extreme care
is taken to maintain constant viscosity value,

111) SCREEN

The chief component of the screen printing equipment
is the screen itself, It 1s a fine woven fabric made of
silk, nylon or stainless steel. The thread can either
be mono- or multifilament type. The general range of mesh
count is from 120-400., The mesh count is defined as the
number of openings per linear inch of the screen., Thicker
prints are obtained with lower mesh number.

iv) SUBSTRATE

It is a support on which the prints are deposited,
The high tempersture process demands ceramic materials
for substrates, Steatite, beryllia, barium titanate are
mentioned in literature. The most widely used and
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popularly accepted meterial is 967 alumina. The
balance 47 is a binder, It is Mgs10, vith American
manufacturers and ca8103 in the case of European
makers. The important properties of the substrates
are surface finish, flatness, permeability, flexural
strength, compressive strength, camber, thermal
coefficient of expansion, thermal conductivity, water
absorption, volume resistivity and compatibility with
thick film materials.

v) SCREEN PRINTER

Many types of screen printing machines are marketted
now, Each has its individual specific processing
advantages with the attached novel facilities. Substrate
positioning is done by X-, Y- and ©- micrometer
adjustments. The squeegee pressure and speed and
breakaway distance of the stencil from the substrate
are some of the important features which decide the
selection of the printer,

vi) LRIER AND FURNACE

The prints are placed on a flat surface immediately
after deposition, This is called settling step. Here
the paste regains the viscosity fully and the mesh marks
may get evened out,



67

The prints are then dried under a battery of
infrared lamps in a clean chamber, The solvents volatalise
out. The drying is carried out at 125-150°C/15 minutes.

The final stage is firing, This is a complex operation
and calls for extreme care. It is carried out in a multi-
zone, continuous and belt-driven tunnel furnace. The
temperature in each zone is precisely controlied. The

prints are passed through the furnace at the desired
speed,

In the pre-peak firing zone the organic matter burns
out and the glass frit softens at a steady rate, Metal/
metal oxides start sintering, chemical changes take place
and attain the desired electrical properties. The molten
glass anchors the film to the substrate and provides a
vitreous bond. The period for which the prints remain at
peak temperature is known as dwell time., The cooling
rate is also controlled. A slow-cool down of the prints
prevents thermal shocks of the glass phase. A fast rate
may impart microcracks in the body matrix and disadvantageously
influence the properties,
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The Cdy5n0, was prepared by high temperature
solid-state reaction between reagent grade cadmium oxide
(brown) and tin oxide (white) taken in the 2:1 mole ratio.
Proper care was taken with regards to moisture by drying
the oxides at 120°C/2 hours. They were mixed thoroughly
in an agate mortar under the medium of distilled acetone,
The dried mixture was transferred to a platinum crucible
and was covered with a platinum lid., The sample was fired
in a muffle furnace in air at 1050°C/6 hours. Platinum - 10%
rhodium-platinum thermocouple measured the tempersture
within + 5°C, The material was then furnace cooled., The
product of the solid state reaction was bright yellow,

The loosely bound lumps were finely powdered.

2.1.1 X-RAY ANALYSIS OF Cdzﬂnq'

The sample was analysed by X-ray diffractometer
(Philips PW1730, Holland) for its compound formetion,
Cu Ka radiation was used, The diffractogram covered
angles of 20 between 15 and 75°, It is shown in
figure (2.,1) and the structural data is presented in the
table (2.1). The 'd' pg Velues were calculated using
Bragg's relation, '

nA= 2d8in 0 o (2,1)
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Table 2,1 =~ Structural data for Gdgﬂnq’

6Y

No. 20 4 s cal /1, (hk1)
1 18.40 4.8176 . 8280 6 110
2 24,18 3.6775 3.6810 10 120
3 28,04 3.170% 3.1879 ? 001
I 31.65 2,8246 2.82350 100 130
5 32.25 2.7729 2,7692 30 200
6 33.56 2,6680 2.6659 5 210
7 33.70 2,6572 2,6603 86 11
8 36, 4k 2.4635 2.4633 3 040
2 38,40 2.3421 &

10 39,98 2.2531 2,2507 11 140
13 42,70 2.1157 2.1143 12 131
12 W, 20 2,0473 2.0451 22 211
13 k.66 2,0273 ?

1k 46,50 1.9513 1.9492 11 Okl
15 47.16 1.9255 1.9245 40 221
16 49,50 1.875% 4

17 52.76 1.7335 1.7288 7 320
18 55.76 1.6472 1,6422 10 060
19 57.00 1.6142 1.6093 10 330
20 57.25 1.6077 1.6043 31 151
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23

833K EL

31

33
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57.40
57.78
58.30
60,70
62.60
63.52
64.80
65.90
66.00
67.30
67.52
67.70
68,02
68.42
69,90
72.50

Zable 2,1 (contd.)

1.6039
1.5943
1.5813
1.524%
1.4826
1.4633
1.4375
1.4161
1.4142
1.3900
1.3860
1.3828
1.3771
1.3700
1.3446
1.3026

1.5939
1.5939
1.5770
1.5196
1.4773
1.4599
1.4339
1.4125

1.3882
1.381%
1.3712

1.3681
1.3416
1.3008
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2kl

k)b
321

061
251

2k 8

410

341
142
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These values coupared well with those reported by

Shannon et a1’ (table 1.8). The relative intensity
values were obtained from the peak heights. Corresponding
reflecting planes (hkl) were taken from Shannon et al
data (table 1.8) for calculating the lattice parameters,
ay, b and ¢ using the formula,

2 2 2
—-!'—— = h * k * . se e (3.3)
‘2 ‘2 ha 2

a* ol values were calculated from the above cell
dimensions and the (hkl) values. They matched with '@’ obe
values very closely.

The X-ray snalysis and the colour of the sample
confirmed that the reaction product was Gdaan’ as
reported by others,23133:52,57 pq particle size of the
' CdySn0), was checked by SEM and was found to be 2-3Mm
in size, Figure (2,2) shows the photomierograph of

Cdaan’ particles.

This was the basic material used for further
studies, '

2.2  PORMULATION OF THE PASTE
2.2,1 GLASS FRIT
The properties of the glasses control the film



FIG-2.2. SEM PHOTOMICROGRAPH

Cd, om0, PARTICLES

FIG.2-4. SEM PHOTOMICROGRAPH
GLASS POWDER.
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properties to a large extent.

Froperty of glasg How it influvences the
film property
i) Temperature-viscosity Determines the film
relation firing temperature,
ii) Surface tension Controls the mechaniecal
properties of the films
1i11) Chemical reactivity Affects the electrical
properties of the films,
iv) Coefficient of thermal Affects the bondability
expansion and the surface structure.

Based on the above observations and on our own
experience, we selected lead oxide based glass. The
composition of the glass consisted of PbO, 3203, 5105, Zn0
and Zr0, in the ratio 66110s16:5:3. respectively., The
ingredient oxides taken were chemically pure. Boron
trioxide is highly hygroscopic and is difficult to handle
for accurate weighings, Corresponding weight of borie acid
vas therefore used, The required silicon dioxide wes
prepared by freshly precipitating it from silieon
tetrachloride, It is carried out by the hydrolysis of the
distilled, chemically pure Blclh prepared in the
hbuntory.m3



Liquor ammonia (1:1) was added to the cooled
BiCJ.,. at a slov rate, keeping the contents always stirred.
After completing the hydrolysis, the silica gel was
slurried to get a homogeneous mass and filtered through
the buchner fumnel, The solid was washed thoroughly
using hot, distilled water to remove all the soluble
salts. The riltrate was tested for the absence of C1~
ion with the A‘N03 solution, The silica gel cake was
dried in an electric oven at 110°C. After complete
drying, it was heated at 600°C/2 hours in a high
temperature muffle furnace to remove the last traces
of adsorbed moisture, This silica was used for making
the ghl_s frit.

The component oxides were mixed by wet milling
in a ball-mill using acetone as medium. The ball-mill
is shown in the figure (2.3), The roller speed was
adjusted at 40-45 rpm, Mixing was carried out for one hour,

The slurry was filtered through a Buchner funnel,
The cake was dried and was transferred to a clean
platinum erucible, This was introduced into s muffle
furnace at 800-850°C and allowed to remain at that
temperature for 15-20 minutes, The oxide mixture was
melted and it resulted in a clear light brownish-yellow
liquid. The molten glass was quickly poured into
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FIG. 2-3. BALL MILLING UNIT
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distilled water, This is called FRITTING, The glass
lunps and frits were pounded in a stainless steel mortar-
pestle to about 40-60 mesh particle sise.

The coarse powder was ball-milled in stainless
steel jar with s.s. balls under distilled water for
50 hours. The glass slurry was dried. The particle
size was measured from the SEM photomicrograph and wes
found to u};aojv\l on average, figure (2.4).

Gcnonily, 87 ethyl cellulose in an organiec
solvent mixture is used as a binder, The solvent
mixture depends on the type of the material (amorphous,
erystalline, coarse, fine ete) under study which is to
be formulated in the form of a paste, Moreover, screen
clogging and quick drying of solvents are detrimental
to obtain first class prints, The volatile nature of
the solvent system plays a decisive role in the screen
printing. Excessively volatile solvent tends to dry
out during printing and a solvent of very low volatality
does not provide good wetting of the solid particles.
Hence, it i1s always the practice in the thick film
processing to use a right combination of several solvents
having different volatality values.

|
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Fluidity of the paste depends on the extent of the
organic part which goes in its formulation, Paste
materials must exhibit certain amount of yield such
that easy flow occurs under squeegee pressure. It
should stiffen and regain its viscosity and remain in
that state after deposition. Too much of flow gives
rise to smearing and poor definition of the printsj too
little flow results in the retention of the screen
pattern on the prints. Extreme case would be patehy
printa.92

The ratio of organic binder to the inorganie
80lids depends largely on the nature and physical
structure of the active material,

Several formulations were studied, The results
are presented in table (2.2),

From the above results, we fixed the inorganic
to organic ratio at 80120, Moreover, this paste was
thixotropic in nature. This ratio was maintained in
all our further formulations.

Thus, 8% of the 20 parts of organic content was
ethyl cellulose. The solvent mixture consisted of
butyl cellosolve, butyl carbitol acetate and terpineol
in the ratio 25125150 (v/v).



Table 2.2 ~ Effect of the organic binder to cdgs::q_;
glags ratio op the guality of the prints

cdaan._ - Et.lln{‘lu Solvent Result
ce ose nixture
glass (%) (%) (2)
85 1.2 13.80 Paste was thick
screen clogging
80 1.6 18.40 Paste was paint-like
in consistency
easy to print, good
line definition
wetted the substrate.
70 2.4 27.60 Fluidity increased
films were thin,
65 3.0 32,00 Prints were patchy,

no line definition,
island formation
present
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The cellulose was well massicated in the solvent
mixture in an agate mortar to get a clear sticky mass,
The Cdy6n0, glass powders in the ratio (95:5) were mixed
separately, This was added to the binder and processed
to get a smooth yellow paste, This is referred to as
cadmium stannate paste in the following pages unless
otherwise stated,

Table (2.3) shows the components of the paste,
and their functions for a typiecal formulation.

The five thick film paste formulations based on
the glass content (reasons are given in the later section)
are presented in table (2.4),

2.3 SCREEN PRINTING TECHNIQUE
2.3.1 PREPARATION OF THE STENCIL

The secreen frames are usually made of either
wood or metal, We selected smooth, soft and seasoned
wood for our purpose, The frame (8" x 10" size) had
rigid corners, The rim was 1" wvide and a depth of 0,5".

8ilk bolting cloth (gauze) of 160 mesh number was
degreased and cleaned, It was stretched in wet condition
over the screen frame, Care was taken to have even
tension in the fabriec, 'Stick fast', a thermosetting

resin, which cured &t room temperature, was applied on
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Jable 2.3
§1,No, Component Funetion we. (%)
1. Odaan' Electrically active 75.0
material under study
a, Lead borosilicate Permanent binder 5.0
glass
3. Ethyl cellulose Organiec filler 1.6
controlls viscosity
b, Solvent mixture Vehicle facilitates 16.4
(BC + BCA + TPL) easy printing
5. Butyl lactate, Flow control 2.0

wetting agents
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Table 2.% -~ Compositions of the formulations

S1.No. Cdgsn0, Glass Pb0 content Organic part
(%) (%) (%) )
1. 75.0 5.0 3.3 20
2, 78.0 2.0 1.32 20
3. 79.0 1.0 0.66 20
k. 79.5 0.5 0.33 20

3. 79.9 Q.1 0.066 20
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the rim of the frame. Immediately, the cloth was
pressed down on the resin and evened out. The fabriec
was held stretched till the setting of the resin was
complete. The excess cloth was cut out, The frame was
painted with & lacquer to make it water-proof. The

screen was then washed with warm water.

2.3.2

Polyvinyl aleohol and ammonium dichromate solutions
(both 10% w/v) were prepered., 10 ml of ammonium dichromate
(sensitiser) were added to 100 ml of PVA solution and
mixed well, The sensitised solution was stored in amber
coloured bottle in dar{:.

2.3.3 CoOA

The screen was coated in day light (sunlight was
avolded), The solution was poured on the underside of the
screen along one of the edges. A wooden scraper was
applied on the screen and pushed the solution beck and
forth 2-3 times to get a uniform coat. The solution on
the bottom side was evened out,

The screen was kept in dust-free dark room. An
electric fan was switched on and directed towards the
sereen, This facilitated to dry the coat in about
15-20 minutes, A second coat if necessary, was given on
this dried coat to get a tough screen, The dried screen
was examined in orange safe light.
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A soft foam rubber base was placed below the
screen, The photographic positive of the design
(5 mm x 20 mm) was laid flat on the sensitised screen
end was secured with a adhesive tape. A clean glass
plate was positioned on the film and was securely
clamped to the screen frame, Parfect contact between
the film and the screen was ensured by the soft foam
rubber pleces. The positive was exposed to light,

Different 1light sources are used in practice.
Distance of the light source and time of exposure are
the factors to be reckoned, table (2.5). Exposure step
is the most important processing .top.125

It wvas essential to control the temperature at
the face of the glass at 3o°c. After exposing the screen
to the sunlight, it was brought into the dark room,

The positive and the glass plate were removed and the
8ilk screen was immersed in cold water for 2 minutes.
This was followed by a second treatment inm a fresh bath
of water at 35- 4%, All the soluble PVA was removed,
A light spray of water cleared the pattern., The screen
was kept on a filter paper to blot out the moisture,
The stencil was dried and examined for any flaws, Any
'pin holes' outside the design were blocked by applying



Isble 2.5 =~ Fagtors governing exposure

Light source Distance from Time of
light source exposure required

Strong sunlight - 5 min,

Bright daylight - 10 min.

Dull daylight - upto 2 h.
Mercury vapour lamp %50 mm 15 min.

150 W lamp 450 mm 3 h.

300 W lamp 600 mm upto 2 h.
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the same emulsion and following the rest of the procedure.
The stencil was then ready for screen printing. Figure (2.5)
depicts the stencil.

2.3.5 PRINTING BOARD

A formiea top wooden board was taken. A hard
rectangular wooden bar (teak wood) was fixed at one end
of the board with hinges., The stencil frame was fixed to
the bar with a 'c¢' lamp, Using some packing, the stencil
was adjusted to fall exactly on the substrate kept in a
recess curved out on the board, It could be replaced
by a fresh one for printing a large number of samples.
The hinge arrangement provided easy operation of 1lifting
and exact positioning of the stencil frame.

The printing board is shown in the figure (2,6).

Figure (2,7) shows the semi-automatic screen
printing machine (Accu-Coat, Model 3100) of M/s. Aremeo,
U.S8.A, This wag used to screen print some of the gamples.

2.3.6 BSQUEEGEE

Polyurythene squeegee was used., The squeegee
material was resistant to abrasion, distorsion and swelling
in the golvents during the printing operation. The hardness
was 50-95 on durometer,

suitable size (5 em® square of 0.8 cm thick) vas
cut and fixed to a wooden handle. Figure (2.8) depilcts

the squeegee.
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FIG. 2:7: AREMCO SCREEN PRINTING MACHINE (MODEL 3100)
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2,3.7 SUBSTRATE

Since our study involved firing of the sample
films at 500-900°C, we used 96% alumina substrates.

)4

They were supplied by M/s. Technical Ceramics Products
Division, U.3.A. ©Substrate material has direct bearing

on the properties of thick films,

Typical values of 967 u.io3 substrates

Dielectric constant (1 MHz) 25° -
Volume resistivity (), 25% -
Dielectric strength, V/mil, 60 Hz .o
.Lou tangent/dissipation factor .
Loss factor .
Density (:/013J o
Maximum temperature (°c) -
Thermal conductivity (cal/em/sec/en?/°C) ..

Thermal coefficient of expansion, 25-200°C e

Hardness (Rockwell) -

2.3.8 CUITING OF SUBSTRATES

2.2

10

0,001

0.009

3.75
1700

0.063

5.9x10"6

Substrate scriber of ¥/s. Mechanization Associates,
U.5.A. (Model 1300C), was used for the purpose. The top



plate of the seriber is provided with a vacuum chuck
for holding the substrate. The diamond cutter fixed

to the carriage assembly cuts the substrate while moving
back and forth, One revolution of index wheel advances
the chuck assembly by 50 mils, One can advance it by
as a small a distance as 5 mils. The depth of the cut
is adjusted by the height adjustment knob. Several
such strokes result in a deep scribé, The substrate is
then fractured by holding it with one hand at the edge
and pulling it while bending, Figure (2.9) shows the
seriber,

2.3.9 CLEANING OF THE SUBSTRATES

The substrates were soaked in a liquid detergent
for one hour, They were then washed thoroughly, first
with tap water and then with distilled water. lext, they
wvere rinsed with deionised water. Finally, the substrates
were given a wash with distilled acetone, After draining,
the pleces were dried in an electric oven at 110°C/2 hours.
The dried substrates were cooled in a desiccator.
Required number were taken out at a time for screen printing.

2.3.10 SCREEN PRINTING OF CdaBnO.’ PASTE
a) WITH PRINTING BOARD

The Ala(:b3 substrate was seated in the recess on
the printing board (Fig.2.6). It was held by the adhesive
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FIG.2.9. SUBSTRATE SCRIBER



tape at the corners. 7This arrangement prevented the
substrate from sticking to the stencil and coming along
with it after the printing operation was over. The
steneil (5 mm x 20 mm) wvas fixed to the board and was
lovered on 1.;0 the substrate. The distance between the
stencil and the board was adjusted. Paste was deposited
at one end of the pattern. The squeegee was brought

at an approach angle of 45° into physical contact with
the stencil, As the squeegee advanced, the screen got
lowered and stress wes induced into the paste. This
resulted in lowering the viscosity of the paste which
then passed through the stencil easily and got deposited
on the substrate. By this time, the squeegee had already
advanced further. The screen was then snapped back
because of its tension and got separated from the
substrate, This continuous process resulted in the
desired print of 5 mm x 20 mm, Required number of such
prints wvere made, Sequence of operation is shown in
the figure (2.10).

b)

Aremco Accu-Coat, model 3100 gereen printing
machine was also used (Fig.2.7). The substrate was
fixed stationary on the vacuum manifold assembly
fastened to the X-Y rotational table, The position
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of the substrate could be precisely adjusted in the

x-, y- and © directlons. The stencil was fixed to

the upper platen which moved vertically down the ground
pillars, This provided close allignment and reproducibility.
The snap-off distance (down to 0.002") was adjusted by

the micrometer. The squeegee holder assembly moved
horizontally along the shafts, The squeegee height

was suitably adjusted.

The paste was put on the stencil., The platen,
print-stroke and squeegee switches were operated in
sequence to get a print. The movements were solenoid
controlled through timers. The machine operated on
'hydro<check' system,

2,3,11 DRYING OF THE PRINTS

The wet prints were allowed to remein on a clean
stainless steel plate for 10 minutes., They were then
transferred to & s.s, cubicle in which an IR lamp was
fixed at the top, The distance between the prints and
the lamp was adjusted such that the samples could dry
at 150°C, The drying wes completed in 15 minutes.

2.3.12 FIRING OF THE PRINTS

A three-zone tubular furnace wes specially
fabricated, It was a fused quartz tube (2" dia x 60" long),
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wound with kanthal resistance wire (20 SWG), The current
through the three circuits was independently controlled
through dimmerstats and ammeters. The length of the
middle eireuit (70-") was double the length of either

of the end circuits (20 " each), Chromel-alumel
thermocouple measured the temperature, Temperature
controller (Aplab Type No,PTC-372) maintained the desired
value. The furnace was tilted up towards the outlet end.
This provided a natural draught for the products of
pyrolysis. Figure (2,11) gives the details of the furnace,

B, CALIBRATION OF THE FURNACE

The power was supplied to the three circuits through
the voltage stabiliser, The peak firing temperature was
fixed at a particular value, say 500, 600, 700, 800 or 900°C
by the temperature controller, A second thermocouple
(5 £t long) in a silieca tube was introduced in the furnace,
The free ends were connected to the D,C, microvoltmeter
(Philips, PPOOOM), The thermocouple was pulled out inch
by ineh, every time noting the microvoltmeter reading.
The temperdture was plotted against the position in the
furnace. The temperature profile is shown in the figure (2.12),
Such profiles were drawn for each peak temperature, The
same BELL shape was obtained for all the peak temperatures.
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C. SILICA TROLLEY

The silica trolley shown in figure (2.13) was
fabricated for carrying the samples in the furnace from
end to end, A stainless steel rod (2 mm dia) was hooked
to the ring of the trolley., The other end of the rod was
connected to the copper wire which in turn was wound on a
wheel, The wheel was coupled to a synchronous motor
through a gear system. The speed of the wheel could be
varied by adjusting the gear system., Complete assembly
is depicted in figure (2.1%).

The peak firing temperature was fixed at a desired
value. The silica trolley loaded with samples was
introduced at the front end, The trolley was hooked
to the steel rod. The synchromous motor was switeched on,
The copper wire got wound on the wheel pulling the trolley
at the constant speed (~ 2" per minute),

In the pre-peak firing temperature zone, the organic
matter (both ethyl cellulose and the remaining vehicle)
vas completely burnt out when the sample reached 300°C,10%
The glass started softening and melted as the peak firing
zone was approached. The synchronous motor was switched
off. The samples were soaked at peak temperature for
20 minutes., The synchronous motor was then switched on.
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FIG. 2:14: THICK FILM FURNACE ASSEMBLY



The samples were cooled at a controlled rate. The samples
were thus fired at 500, 600, 700, 800 and 900°C, The
colour of the samples changed with the firing temperature.
The photograph, figure (2.15) shows these changes.

2.4 DEPOSITION OF ELECTRODES

Alr drying silver paste and vacuum evaporated
silver were tried for electrodes.

A stencil was made to give 2 mm prints at intervals
of 2 mm across the fired CdySn0, thick film, Silver paste
was sereen printed on the sample. Likewise, silver was
deposited by vacuum evaporation,

The resistance of each portion of the sample was
measured in both the cases. The sum of the resistance
values of the segments, after correcting for the lengths
of the sample covered by the middle electrodes, was nearly
equal to the total resistance (end to end) of the sample.
This proved that the contact resistance was negligibly

small.

2.5

Thermal analysis is a good analytical technique
for the systematic studies of materials under thermal
treatment, The physical and chemical changes are recorded
with respect to the sample temperature.

90
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Thermal Analyser (Simultaneous Thermal Analysis
Apparatus, NETZ5CH-Geratban, GmbH, F,R, Germany) was
used for studying the thermal effects on the 0428110,.

samples.

The unit is capable of recording thermal gravity
(TG), differential thermal analysis (DTA), derivative
thermogravimetry (DTG, first derivative TG, w.r.t. time),
and derivative differential thermal analysis (DULTA, first
derivative of DTA, w.r.t, time).

It consists of (a) a measuring part with a high
temperature furnace (upte 1600°C), which is well insulated
to maintain the desired rate of heating, (b) recoxding
and controlling ecabinet, and (¢) vacuum system, Highly
sensitive balance is installed., The furnace can be
swung out with a hoisting device, The sample is mounted
on to a plug, connected to the balance beam,

The recording of the values is based on the plug-in
system. The multiple recording unit registers 6 measuring
values with different colours. The printing sequence
is at 1 second intervals, There are 8 chart speeds
available for selection., The input voltage is 0-25 mv and
the recording width is 250 mm,

A matrix selector is provided to facilitate the
easy selection of the channels of the compensation point
printer. '



A constant ambient temperature is maintained for
the unit.

SAMPLE MOUNTING

The furnece vas moved upwardis and swung to the
right side. A known weight of (20-50 mg) of the sample
vas taken in a tared platinum erucible specially designed
for it, It was carefully mounted on a ceramic capillary
at the centre of the furmace, Pt- 10% Rh- Pt thermocouple
measured the temperature,

The furnace vas brought down and properly alligned.
The furnace was switched on after setting the desired
heating rate. The plugs selected for temperature, TG, DTA
and DTG were inserted in the matrix selector, Proper
programming was done for the sequential operation of the
pointers.

2,6 X~-RAY ANALYSIS OF PpO-DOPED Cdzin% THICK FILMS

BAMPLE PREPARATION

The é¢admium stannate paste ([°% 77 ) was screen
printed on clean,dry 96% Al;04 substrates using a steneil
to deposit 20 mm x 22 mm, following the technique described
earlier (2.3.,10). A number of samples thus printed were
dried, and then fired at 500, 600, 700, 800 and 900°C in
the thick film furnace.
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The X-ray Diffractometer (Philips, Model PW1730)
was used for our structural studies. The thick film
sample was directly fixed on the sample holder.

The diffracted X-ray reflections were recorded on

chart paper with their intensities against '20' values.
)

Cu Ka ( A = 1,540% A) X-ray rediation was used with

Ni filter.

The doped CdgSn0y thick film samples (5 mm x 10 mm),
fired at 500, 600, 700, 800 and 900°C were scanned for
studying the sintering effects.

SEM technigue is 2 valuable tool., It has a greater
depth of field and resolution compared to conventional
light section microscope and transmission electron

mieroscope,

_ SEM i1s equipped with X-ray analytical capabilities.
One can obtain topographie, erystallographic and
compositional information rapidly and efficiently, &pot
analysis is also possible,.

The basic function of the instrument is to produce
an imege of three dimensional picture on a cathode ray
rube, When a finely focussed electron beam impinges on
a specimen surface, different types of signals are produced.



These are used to measure various characteristics of the

sample surface.

Cambridge stereo scan 150~8EM was used. This has
three-lens system with specimen detail resolution
achievable to better than 70 2.

The magnification ranges from x 20 to x 100,000
which represents a scanned area on the specimen from
6mm x5 mmtol.2/mx1umat 10 mm vorking distance,
Additional variable magnification can be obtained using
a zoom facility, The true size of the particle is
indicated by the mieron (M m) mark on the display, The
image displayed on the CRT is photographed by a 35 mm
camera. The photomicrographs of the samples were taken
for evaluation,

2.8 ELECTRICAL CONDUCTIVITY (D.C,)

Two probe D.C, method vas used for measurements.
Both two-probeil?23»61 .., four-probe>3177:61,75 .o
reported in literature,

EXPERIMENTAL SET UP

The thick film sample was mounted on 2 teflon 'hloek
using phosphor bronze spring clips suitably fixed, A
chromel-alumel thermocouple was attached to the substrate,
Resin coated copper wires were fixed with the clips. The
teflon block was then introduced into a glass container.

94



The leads and thermocouple wires were taken out through
the araldite seal in the holes of the glass cap,

The cold junetion of the thermocouple was immersed
in kerosene oll cooled by ice made from distilled water.
Measurements were carried out under vacuum (10”2 torr).

The glass assembly was introduced into a wire-wound
tubular furnace. All the wires were connected to the
terminals provided on a panel board appropriately., The
current to the furnace was controlled through a dimmerstat.
A second thermocouple (Cr-Al) was introduced in the annular
space of the glass assembly and the furnace such that its
hot junetion was at the middle of the furnace. The furnace
temperature was maintained at a desired value by the
temperature controller (Aplab Model 9601).

Sample temperature was measured by the Fhilips IC
Microvoltmeter (Type PFPO00O4), The resistance of the
sample was measured by VIVM (Ruthonsha-Simpson, Type 221-1),

The experimental set up is shown in the figure (2.16).
2.9 THERMOEMF MEASUREMENTS
A. SAMPLE PREPARATION

A simple method of making the stencil was devised

since the number of samples required was small.



FIG.2.16. EXPERIMENTAL SETUP FOR
CONDUCTIVITY MEASUREMENTS



Adhesive film was fixed on a microslide. A portion
of the film (2 mm x 10 mm) was cut out from its centre
with a sharp blade, The rest of the film was carefully
peeled off from the microslide and was transferred on
to a clean screen (160 mesh), The screen was placed on
a level place and the film was rubbed from inside to
adhere perfectly to the sereen.

Cadmium stannate paste was screen printed on
51303 substrates using the above stencll, The prints
were dried (150°C/15 min.) and fired at different
tenperatures, oilver electrodes were deposited by
vacuum evaporation on the ends of the samples

leaving an interelectrode distance of 6 mm (figure 2.17a),

B.

Two mica pieces (15 mm x 20 mm) were fixed in
the groves of the two teflon pieces with a 3 mm gap
between them, Heat conduection through mica was thus
avoided. The sample was placed on the mica pleces, one
end on each of them. A microheater (8n0, coated glass
plate, 50") was seated on one end by cutting out small
portions in the teflon pileces. Air drying silver paste
was applied to the microheater for the electrodes. Two
phosphor bronze clips fastened to the teflon blocks held
the microheater and also provided electrical contacts
(figure 2.17b). 1Two copper-constantan thermocouples were
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soldered on to the silver electrodes with the junction
tips just touching the sample ends for temperature
measuremént, Thermoemf was measured with the copper
wires of the thermocouples.

The measurement circuitry wes shielded using a
‘copper enclosure to avoid any electrostatic pick wup.
Shielded wires were used for all external connections
and were properly earthed,

All the wires coming out from the sample passed
through 2 mm copper tubes. The annular space at the ends
was sealed with araldite. The sample holder was
introduced into a glass envelope which was fitted inte
a copper cap (figure 2.17¢).

The assembly was fixed in a thermostat (VEB, MLW,
Prifgerate Werk Medingen, DDR, Model u-10)., This can
control the temperature of the bath from -60 to + 300°C
with a regulating accuracy of + 0,02°%. The unit has a
well insulated chamber with contaect and control thermometers,
stirring system, heaters and pump., The medium is charged
depending on the temperature required. The cooling
receiver has a copper coil seated at the bottom, Cooling
agents like ice, ice + salt mixture and solid coa are
used as the case demands., The valve relay is connected to
the cooling receiver and the thermostat by the rubber tubing.
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The electrically connected valves of the valve relay
(connected to the thermostat relay) direct the cooling
medium either to the cooling receiver or to the thermostat
chamber. It controls the temperature of the thermostat
bath by supplying the cooled liquid at intervals.

Figure (2,18) shovws the set up.

A regulated D.C, power supply was connected to
the microheater, D.C, Microvoltmeter was used to measure
the emf and the temperatures at the two ends of the sample.

The cold junctions of the thermocouples were kept
in kerosene 0il in test tubes kept in ice made from
distilled water packed in a thermos flask,

2.10 DIFFUSE REFLECTANCE SPECTRA

The same samples used for X-ray diffraction were
used for taking diffuse reflectance spectra also. Pye
Unicam SP8-100, UV-Vis spectrophotometer was used for
the purpose.

The diffuse reflectance of the flat surfaces was
measured in conjunction with wavelength programmer in
the range 800 nm to 300 nm. The black reference plague
consisted of a disk of unpolished black perspex which
typically had a diffuse reflectance of 0, 3%,



XPS is a very good analytical tool which provides
detalled information about the electronic structure of
materials, The electronic energy levels are sensitive
to their chemical enviromment and therefore it is the best
technique for the determination of different oxidation
states of atoms in molecules. It is essentially a surface
analysis technique.

ESCA-3, Mark II, spectrometer of M/s. VG Scientitie Ltd.,
U.K,, was used. The unit is fitted with a sample preparation
chamber in which an argon ion gun is provided., The base
pressure is of the order of 10°8 -10°? torr. Mgka
(E = 1253.6 eV) and AlKa (E = 1486.6 eV) anodes are used

for X-ray generatiom,

All spectra were taken with pass emergy at 50 eV,
entry and exit slit at 4 mm, time constant of 0.1 second
and sweep time of 300 seconds.

The sample was prepared by screen printing Cdaan'
paste using the stencil (5 mm x 10 mm, adhesive tape method).

The drying and firing of the samples were done in the same
way as before,

The thick film sample was mounted on a standard ESCA
sample holder, (figure 2.19) using metal clips. Silver
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paste’®? vas brushed to the sample edge conmecting it
to the substrate and the metal plate, This was necessary
to avold charging effect.

Spectra were recorded for the thieck film samples
fired at (a) 600, (b) 700, (e) 800, (d) 900°C and one
parent material with and without glass on the basis

"as received”.

2.12

Mossbauer spectroscopy is an analytical technique
based on the phenomenon of recoilless emission and
absorption of Gamme rays emitted by the nuclei bound
in solids. The absorption of Camma rays induces transitions
between the quantum states of the absorbing system.

Because of the high resolution, it is possible to obtain
fractional line widths of the order of 1013, The
perturbations of the nuclear energy levels through the
hyperfine interactions can be possible to measure in

the range of 107¢ to 10710 v,

The ll'éubaunf spectra were taken using a MBS-35
spectrometer (Electronic Corporation of India) operated
in the constant acceleration mode coupled to a ND 100
multi-chamnel analyser, The spectrometer was calibrated
with a 1 mil natural iron foil using a m Ci 77Co in Pd
matrix. ALl the spectra were recorded with 2mci Ba ¥sn0,
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matrix (New England Nuclear Corporation), The absorbers
were prepared by spreading well ground powder of each
sample between two Al folls of 1 ineh radius, sandwitched
between two brass rings. The thickness of the absorber
was so adjusted that it contained 40 mg/em? of natural
tin, In all the cases 106 counts were collected in each

chamnel,



CHAPTER - III * RESULTS AND DISCUSSION
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3.1 ZTHERMOGRAVIMETRIC ANALYSIS

The differential thermal analysis (DTA), thermogravi-
metric (7G) and differential thermogravimetric (DTG) graphs
obtained for the samples of (i) 2 Cd0 + 5n0y, (11) CdySnQ,
and (1ii) 95 parts CdySn0, + 5 parts glass in oxygen
atmosphere are presented in figures 3.1, 3.2 and 3.3 for
the temperature range 25-1000°C, The rate of heating was
adjusted at 10°C/minute in all the cases.

(1) 2 Cdo + .':‘;nOg

Cda0 and Sn0, were mixed in the mole ratio of 2:1 and
the physical mixture weighing 22 mg was run through the
thermal analyser. This was carried out to fix the reaction
temperature and also to know any other changes occurring
during heating.

DTA thermogram shows that the sample undergoes two
clear endothermal changes followed by an exothermal change
on heating it upto 1000°C, The first endothermic peak is
at 221°C, the second at 300°C, a small hump at 368°C and
the exothermic peak 1s at 583°C (between 370 and 950°C).

The DIG curve shows three distinet peaks corresponding
to the above first three temperatures.



Y T T T T T T T T T
- (TG)
20+ =1
(DTG)
401 =
w
w
o
- |
3° (DTA)
3
60— ~
80 il
100 | | | 1 l | | | l
0 100 400 700 1000

TEMPERATURE, °C

FIG.3-1: TG, DTG AND DTA CURVES FOR THE
SAMPLE (i) 2CdO + Sn0O, PHYSICAL MIXTURE



0 T T T T T T ] T T
20+ -
(TG)
K — L
(DTG)
40 -
w
wv
o
i |
P
2 (DTA)
60} &l
80| =
100 | l I 1 | L l | I
0 100 400 700 1000
TEMPERATURE, °C
FIG.3:2. TG, DTG AND DTA CURVES FOR

THE SAMPLE (ii) Cd,SnO0,



(TG)

20 -

% Wit LOSS

)

i
o] 100 400 700 1000

TEMPERATURE, °C

FIG.33: TG, DTG AND DTA CURVES FOR
THE SAMPLE (iii) 95Cd,Sn0, + 5GLASS



105

The TG curve indicates that the three endothermal
changes are accompanied by the loss of weight of 0.6 + 0,2%
at 221°, 2,2 + 0,2% at 300%C and 2,2 + 0,2% at 368°C,

The first endothermic peak at 221°C in the DTA curve
may be due to the loss of moisture from the sample. The
TG eurve showed a weight loss of 0.6 + 0.2%, The second
endothermic peak may be attributed to the decomposition
of cc(on)z present in Cd0 reactant itself. Such a
possibility 1s reasoned from the M, Wada and Y, Iida's
thermal analysis studies on Cd0, They observed two
endothermic peaks at 290 and 420°C, They attributed them
to the decomposition of Gd(m)2 and cdco3 vhich they
presumed to have formed during grinding. They independently
carried out thermal analysis of a mixture of Cd(OH), and
06003 which confirmed their earlier results,
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We also carried out X-ray studies on Cd0 samples
heat-treated at different temperatures in order to verify
the above results, The diffractograms for the samples
(1) et R,T. and (11) dried at 160°C and quenched
contained 4 = 3,206 A, 2.938 &, 2.878 & and 2.409 A
lines extra. These were absent in the diffractogram for
the third sample heated at 325°C and quenched. Incidentally,
all the lines of the third sample matched well with those
reported in the ASTM card'”’ for Cd0. This study indicated
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that the extra lines present in the X-ray patterns
for (1) and (1i) might be due to Cd(UH),. These
disappeared when the sample was heated at 325°C.

The third loss may be assigned to the dissociation
of Cd0., Decomposition of C:cl(mJ2 and dissociation of Cd0

are endothermic processes.

The broad exothermic peak on DTA may be attributed
to the reaction of 2Cd0 + 5n0,. There is a gradual
reaction taking place. The compound formation is not a
sudden transition which would have given a sharp
exothermic peak. This lends support to the fact that
the reaction between 2 Cd0 and Sn0, requires prolonged
heating and is completed at around 950°C,

The oxide mixture was, therefore, heated at 1050°C
for 6 hours to complete the compound formation. Dluring
this reaction, after the initial loss, there is subsequent
gain in oxygen (~ 2%), leading to a net loss of 2.u4%.
This means either the formula is CdgySnQ, _ or some free Cd 1s
present as an out side phase,

X-ray analysis of the cdasn% sample revealed the
presence of Cd peaks (d = 2,34 £ and 1.%16 2) in the
diffractrogram,.

1



(11) Cdgén

The basic material, CdySn0,, was thermally analysed
to know whether any phase changes were occurring in it
during the heating process.

The weight of the sample taken was 21,75 mg. The
TG curve (figure 3.2) indicates no mass loss upto 369°C.
Thereafter, there 1s a continuous gain of 2,3% by 1000°¢,

DTG curve shows a broad but very narrow hump
between 470 and 605°C.

However, the DTA curve showWs an endothermic peak
at 270°%C, A similar broad exothermic peak at 592°C
(between 369 and 1000°C) similar to that in the figure 3.1.
The peak point here is slightly at a higher temperature,

The compound, Cd,sn0, was formed at 1050°C/6 hours
in a muffle furnace., During this process, the extent of
the overall loss of oxygen occurring could be seen from
the TG curve (Fig., 3.1).

In the present case, TG curve (Fig, 3.2) indicated
no change in mass till 369°C. Vieltange' ® also has
reported that oxidation of cadmium in air was negligible
upto #00°%,

The increase in mass after 369°C may be due to the
oxidation of cadmium, This indicated that annealing of



the sample in air between 400 to 1000°C was required to
regain the small amount of oxygen loss occurred during
the compound formation,

(111) 95 CdgsnQy + 5 glass

Thermal analysis of the sample was carried out in
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oxygen atmosphere, Figure 3.3 depicts the thermal changes.

The sample weight was 46,5 mg.

In this case, the TG curve shows a gradual but a
small increase in mass from room temperature upto 963°c,
unlike in the case of Cdy5n0, where the gain starts at
a higher temperature (369°C). It is about 1.3% only.
But there is no perceptable change in the DTG curve.

DTA curve shows a broad, single exothermic peak
starting almost from the room temperature to 1020°C, the
peak being at 582°%, It is significant to note that
there is no endothermic peak present in the DTA curve.

The exothermic peak on DTA may reflect the thermal
changes taking place with the incorporation of PbO into
Cd5n0, matrix,

3.2 X-RAY DIFFRACTION
Crystallographic data provides evidence for the
completion of the compound formation, for the structural



transformations and also indicate whether the dopant
has gone into the host matrix,

X-ray diffractograms for the host material,
CdgSn0y, and for the doped (3.3% Pb0) thieck film
samples fired at different temperatures (500-900°C) are
presented in the figures 2.1 and 3.4 to 3.8, The 'd'
values were calculated from the '29' values based
the Braag's Law, n A = 2d 8in ©, where n = an integer
(the order of the diffracted rays), A = wavelength,

d = interplanar distance of the atoms, 29 = angle
between the diffracted and emergent rays. The relative
intensity values were estimated. A value of 100 was
assigned to the maximum peak height. For the rest of

the reflections, the values were given as ratios of their
respective peak heights to the maximum peak height.

The structural data for all the samples are
shown in the tables 3.1 to 3.5.

It can be seen that the host material is almost
pure CdySn0Q), with very faint lines for CdO and 048n03
phases (< 5%), However, when this material is mixed with
lead glass and fired at 500°C, then the prominent lines
of CdQ and GdSn03 appear indicating the decomposition of
the type CdgSnQ, - Cd0 « Cdsn0, (see diffractograms
2.1 and 3.4 ~-3.8 and tables 2.1 and 3.1 to 3.5). At
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Table 3.1 - Diffraction data for ul_ang JSn&

thick film fired at 500°C.
No, 26 d 1/1, hkl
1 23.50 3.7824 9 -
2 27.40 3.2522 9 -
3 31.00 2,8823 20 310
“ 31.65 2.8245 27 020
5 33.00 2,7120 100 011,120
3 39.35 2,2877 10 410
i 41,10 2,1943 10 -
8 42,65 2.0718 23 021
9 45,90 1.975% 10 Casn0y
10 46.55 1.9493 45 401
11 48.85 1.8628  § 030
12 52.15 1.7524 ] 321
i3 55.20 1.6625 12 cdo
14 56,70 1.6121 38 1330
15 57.20 1.6091 26 511
16 57.80 1.5938 11 421
17 60,20 1.5359 10 002
18 62,12 1.4%929 7 %30
19 64+.20 1.4495 3 521
20 65 .38 1.%261 10 611,212

21 66.80 1.3992 23 302
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25

28 838 R

Table 3,1 (contd,)

69.42
72.00
74%.80
76.00
76.84

83.40
84,00
85.00

1.3527
1,310%
l.2682
1.2511
1.2395
1.776

11578
1.1511
1.1401

W 3 NN O FOF NN W W
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022
711

630
721,132

631,232
811
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Table 3.2 - Diffraction data for Cd, oPb, .5n
thick film fired at 600°C

No. 26 d 1/14 hkl
1 23.65 3.6085
2 26,50 3.3606 9
3 31.10 2.8732 29 310
" 31.70 2,8202 31 020
5 33.10 2,7040 100 001,120
6 39,45 2,2821 11 410
i 42,15 2,1420 12 320
8 43,70 2,06926 a2 021
9 45.95 1.9733 10 Cdsn0,
10 46,60 1.9473 W3 401
1 48,95 1.8591 5 030
12 52,30 1.7477 8 321
13 55.35 1.6584 1 Cdo
1% 56.80 1.6195 3 330
15 57.30 1.6065 21 51
16 57.85 1.5925 ® k21
17 60.25 1.5347 8 002
18 62,10 1.4933 4 430
19 65.50 1.4238 8 611,212
20 66,90 1.3974 20 302
21 67.20 1.3919 1%



69.50
7%.70
75.00
76.00
76.85
81.48
83.50
84,10
85.10

ZTable 3.2 (contd,)

1.3513
1.2696
1,2653
1.2511
1.2393
1.1802
1.1567
1.1500

1.1390

o o WV W W F W W

022
711
Okl

630

631,232
811
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Iable 3,3 - Diffraction data for Cd, oPb, ,sn
thick film fired at 700°C

No. 29 d 1/1, hkl
1 24,00 3.7047 9 120
2 27.90 3.1951 10 001
3 31,50 2.8376 100 130
I 32.10 2.7775 30 200
5 33.40 2,6804 52 210
6 33.55 2,6688 86 i
7 36.22 2.4779 2 040
8 37.12 2.4199 1 121
9 39.85 2.2602 10 140
10 42,56 2,1223 10 131
11 W, Ol 2,050k 22 211
12 46,40 1.9552 9 o4l
13 47,00 1.9317 38 221
14 49, 34 1.8461 4 141
15 52,60 1.738% 7 320
16 55.65 1,6501 10 060
17 55.80 1.6461 “+ -

18 56.88 1.617% 10 330
19 57.1% 1.6111 30 151
20 57.30 1.6065 18 -

21 57.50 1.601% 11 241
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27
28

il T~

34

35

36
37

Iable 3.3 (eontd.)

57.70
57.85
58,20
58. 30
60,60
60.75
62,50
64,70
65.72
65.90
67.35
67.55
67.90
68,30
69,80
73.35

1.5963
1.5926
1.5838
1.5813
1.5267
1.5232
14847
1.4395
1.4196
1.4161
1.3891
1.3855
1.3792
1.3721
1.3462
1.3049

c b
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212
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Iable 3.4 - Diffraction data for 0‘1 !an Ib‘nﬂ
' B

1

thick film fired at 800°C
No. 26 d 1/1 hkl
1 - 24,10 3.6896 120
2 28,00 3.1839 001
3 31.55 2,8332 100 130
b 32,20 2.7775 30 200
5 33.45 2,6766 56 210
6 33.65 2.6611 88 11
7 36.35 2. 469% 3 o040
8 39,90 2.2575 10 140
9 42,65 2.1181 10 131
10 4,15 2,049 21 211
11 46.50 1.8513 10 (V5
12 47.05 1.9297 38 221
13 49,40 1.8433 11
14 52,70 1.735% 320
15 55475 1.6475 060
16 56.98 1.6148 10 330
17 57.20 1.6091 31 151
18 57.10 1,.5988 13 241
19 57.70 - 1.5963 19 002
20 58.25 1.5825 9 311
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60.25
62.5%
64+.72
65.80

67.30
67.50
68.00
68.40
69.85
72.45
7500
76.40
76.60
7715

Zable 3.4 (eontd)

1.5255
1.4839
1.4391
1.k180
1.h142
1.3900
1.3864
1.377%
1.3703
1. 3454
1.3033
1.2653
1.2455
1.2428
1.2352

»»\nrumrrﬁgr\auro

321

251
260

410
212
k08
102

1



Table 3.5 - Diffraction data for Gdl !Pbg :Snil
)
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thick film fired at 900 C
No. 260 a 1/1, hkl
1 24,10 3.6896 10 120
2 28,00 3.1839 ) 001
3 31.55 2.8332 100 130
¥ 32,20 2,7775 34 200
5 32,80 2,7281 3
6 33.4%0 2.6804 52 210
4 33.45 2,6611 82 11
8 36,32 2,4713 2 040
? 39.90 2,2575 16 140
10 42,60 2,1180 15 131
11 W4, 15 2.0495 21 211
12 46,50 1.9513 10 Okl
13 47.08 1.9286 37 221
14 49,40 1.8433 5 141
15 53,72 1,7348 320
16 55.75 1.6474 10 060
17 55.90 1.6434 6
18 56,95 1.6155 10 330
19 57.20 1.6091 29 151
20 57.35 1.6052 19 241
21 57.72 1.5958 19 002
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35

58.28
60,70
62.70
62.80
64+.72
65.80
66.00
67.30
67.50
67.65
68.00
68, 34
69.90
70.10
72.45

Zaple 3.5 (Contd.)

1.5818
1.524h%
1.4826
1.4784
1.4391
1.4180
1.4142
1.3900
1.3864
1.3837
1.377%
1.3703
1. 3446
1.3%12
1,3033
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higher temperatures, 700-900°C, these extra phases
gradually disappear suggesting a reformation of MzSn%.
During this process of recombination, it is likely that
Po0 from the glass phase competes with Cd0 and gets
incorporated in the cdas.nq, phase. It is also likely
that metal:oxygen ratio is more than 3t4 leading to the
donor centres which have been responsible for the enhanced
conduetivity.

The diffraction lines belonging to 0428110“ phase
(table 2.1) are separated out to determine its lattice
constants, 8Since the erystal structure of Cdgysn0, 1is
known to be arthorhonbio; we have indexed the peaks on the
basis of orthorhombic unit cell and the (hkl) values of

Shannon. 57

It 1s interesting to compare the X-ray data for
our sample with those reported by the two groups of
workers represented by Sn:lthm and Tromel.3® Both these
groups say that the cdzan' has orthorhombic ecrystal
structure and belongs to SrszOl, family with somewhat
different cell dhonsi'om. The space group is stated to
be Pbam. It contains octahedrally coordinated Sn**

The difference between these two groups is in the
values of lattice parameters., The values for a and b are
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interchanged and the ¢ value has increased slightly., These
values are shown in the table 3.6.

The diffractograms shov some weak lines due to the
presence of Cd0 and a little metastannate phase (d = 3,34 g
and 1,416 £ for Cd0 and @ = 1,6635 & for Casn0y). In the
case of the samples, C, D and E both the lines d = 2,788 A
and d = 1,610 £ correspond to Cdin0y and CdySn0, phases.
Both these lines are comparatively strong.

In the case of thick film samples, the peaks due to
CdySn0, were indexed on the basis of orthorhombic unit
cell and the indexing given by Mthll' and Shannon”.

The cell dimenslons calculated from X-ray data obtained
for various samples are presented in the table (3.7),

We can see from the table (3.7) that the cell
dimensions a and b increase and ¢ decreases for the
sample A (500°C), compared to those of the host material.
-:- ,-E- ratios Increase and the unit cell volume
decreases. These values register further increase for the
sanple B over those of A, This situation indicates the
beginning of the incorporation of Pb>' into the Cd,Sn0,

host matrix.
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Table 3.6 - Lattice parameter values for Gngnq'

from different sources
Smi'co - Lattice pcr;notarl (R) - Egit cell
(1)
1
Smd th 10,01 5.55 3.07 170,6
Tromel36 5,546 9,888 3.193 175.1
Shannon?’ 5.5684 9.8871 3.1923 175.8

Present work 5.5458 92,8686 3.189 174.5
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When we come to the samples C and D, ¢ value increases
and a, b values decrease, -5- and -E- ratios also decrease,
But the unit cell volume increases. These variations can
be attributed to the conversion of Pba* -+ PBIH' taking
place at the higher temperatures. The system appears to
have. stabilized by 900°C (sample E) as indicated by the
almost non-variant values of the lattice parameters and
the unit cell volume., These conclusions are consistent

with the conductivity data.

From the ionic redii data, Pb>" (1,20 4) is greater
than Cd2+ (0,97 RJ. This causes the increase in a and b
values, The unit cell volume also increases. With the
oxidation of Pb2* - Pbl". the ionic radius of Ph’” being
small (0,84 3), there 1s decrease in the a and b values.

The addition of FbO dopant can also be observed
visually by the distinet colour changes oeccurring in the
samples at different firing temperatures., From bright
yellow (basic material), it changes to green (900°C) through
yellow ochre (700°%),

In the case of C&o, Haul and Justlog proposed a
transport mechanism involving vacancies in the anion
sublattice from their lattice diffusion studies. They
doped C40 with lithium and indium. 11" created additional

oxygen vacancles and In3"' decreased their concentration.



They, therefore, preferred the scheme of oxygen vacancies
instead of cadmium excesses for explaining the non-
stoichiometry.

Slithlk observed that complete volatalization
of Cd0 occurred from Cdyon0, when 1t was heated at
1240°C/1 hr. The melting temperatures of Cd0 and FbO
are >1500 and 886°C respectively, 10

The presence of caano3 phase indicates the
existence of free Cd0 in our sample which is observed
by the Cd0 lines (weak) in the diffractograms.

The gradual disappearance of CdO line, d = 1.616 4
from A to E is noteworthy, The conductivity values also
increase correspondingly. Such a result was also reported
by Haacke et a1.61 They further mentioned that the
disappearance of Cd0 was interpreted as follows: Cd0 was
dissoclated and cadmium was diffused into Cdysn0, lattice
to form interstial donors, This was revesled in the
increase in the lattice constant. It was cubic structure
in their case. This type of situation was observed in
our samples also, nltﬁouch our samples had orthorhombie
structure. The increase in the lattice parameter values
due to Cd interstials possibly enhanced by the dopant
induetion,
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In the case of chemical doping, the sheet
resistivity is relatively unaffected by heating or
-othu- ambient conditions, It is an irreversible process.
Nozik®3 reported that Cdysn0,__ was condueting.

Shannon et 1157 opined that chemical doping
ni‘xht also result in some oxygen deficienecy. This,
of course, depended on the mature of the dopant.

Possibly, the similar situation exists in our

samples.

The photomierographs for the samples Ay B, C, D, E
and F are shown in the figures (3.9 - 3.14). The
magnification is 5K x.

Clusters of particles are the common features
in all the cases. The individual particles are of 1 f,b‘“’“

11'1 size,

The sample F, being a physical mixture of CdaSn0y
and glass, some glass frit particles (5-10 ") are
visible. The Odasdok particles also are loosely bound
agglomerates. Many individual particles are seen in the
photomierograph (Fig., 3.9).

The glass frit particles are smoothened out in
the sample A, fired at 500°C. Some surface softening
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has taken place. The softening point of glass is around
520°C, The glass particles are smaller in size (Figure 3.10).

In the case of the sample 'B', fired at 600°C, the
glass frit particles have completely melted out, The
Cdaan' particles have coalesced into bigger ag:slomerates
(Figure 3.11),

The clusters have grown in size for the sample 'C',
fired at 700°C, (Figure 3.12),

Sintering of the clusters has set in when the
sample D is fired et 800°C, The smaller size of the
clusters is indicative of this physical transformation,
(Figure 3.13).

For the sample E, fired at 900°C, both coalescing
and sintering have taken place, It gives an appearance
of one large cluster of particles (Figure 3.14),

It is clear from the above photomierographs that
the coalescing and sintering of particles has occurred
with the inerease in firing temperature, The glass
lortcning and homogenesing with Cd28nq’ is also indicated
providing credence to the fact that CdySn0), has been doped
with FbO,



3.4 ELECTRICAL CONDUCTIVITY (D,C,)

During our experiments, it was observed that when
the thick films made from CdySn0Q, with and without glass,
but fired at the same temperatures, had diiferent
properties. The colour of the films as well as the
electrical conductivity values were different. It was,
therefore, concluded that it would be worthwhile first
to investigate the reaction, if any, between the glass
composition and GGQSnOH_.

A homogeneous mixture of Cdzb‘nq* and glass was
placed on alumina substrates in small HEAPS and fired
at various temperatures (500-900°C) in the thick film
furnace, Visually, the powder heaps appeared to have
the same shades of colour as we had in the case of thick
films fired at the corresponding temperatures,

The percentage of the glass in the paste was then
varied and the electrical properties were measured.
The glass constituent was changed from 5.0% to 2,0, 1.0,
C.5 and 0.1% of CdySn0, glass mixture. Further processing
conditions were kept the same to get the thick films.

The results showed that for a given firing
temperature, the electrical resistance increased with

the decreasirig percentage of glass. And for a given
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composition, increasing firing temperature decreased
the resistance., The colour of the thick film and its
oioctr:lonl conductivity were also seen to be related.
The higher resistance films were bright yellow in colour
and the resistance decreased as the colour of the films

moved towards green,

It turned out that the lead oxide (Pb0) constituent
of the glass was responsible in effecting the above changes.
This became clear when we added the oxides, which were
used for glass formation, individually to 6412.5::0“r and
fired. The quantitles of the oxides were based on the
glass composition and its proportion to GdasnO,’. The
CdgsnQy, and the individual oxide were mixed well and
the paste was formulated in each case. The paste was
sereen printed and fired at the same temperatures
(500-900°C), This was repeated for all the glass
percentages mentioned above. It was found from this
study that lead oxide alone gave different shades of
colour to the films and not the other compecrent oxides

of the glass,

This established the fact that, in our case, the
glass reacts with Cdyin0, and it does not remain merely

as an inert, passive material, It performs a dual role:



128

(1) to form the usual vitreous bond for the thick films
and (ii) to provide an "impurity”, a new role, to CGZSnO“
t.h-ércby influencing its electrical, structural and optical
properties,

Shannon et 1157 mentioned two methods of introducing
carriers for high conductivity in caam% : (a) by creating
oxygen vacancies and (b) by chemical doping. The former
process was reversible and the latter one was stable.

They studied both the methods. Antimony was used as the
dopant for Cdysn0, (e.g. %Snl_Ibe%).

Haacke et 115 J reported the influence of the
additives on the properties of CdQSnOL thin films. They
mentioned that the inclusion of In or Fb improved the
clarity of the sputtered films.

Haacke et 1161 also reported the increase in

mobility with Ta doping (Cdy8n, ggTa, 5 0,) in Cd;5n0,.
They found indium to be the donor when it substituted

Cd, for e.g. “1.981“0.025"% and Sb or Ta when
substituted on Sn sites. However, they could not ascertain
the effect with Ti, Zr, V, Nb, Mo, W, Rh, Cu, Ag, P, Bi
and Tl when used as dopants.

66

Miyata et al  also studied the effect of indium

doping on the electrical properties of cd25nq+.
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In our method, chemical doping of Cd,Sn0, with PbO
has .the advantage of being unaffected by the atmosphere.
This did not require any inert or reducing atmosphere as
has been the case with the sputtered thin films.

If the entire Pb0 in the glass gets transferred into
the Cdy5n0, matrix, which seems to be happening, then the
compositions corresponding to the different glass percentages
mentioned above would be as follows.

Table 3.8 - Dopant_percentages and compositior
of the samples
- Eiass Fb0 Composition
(%) (wt. €)  (Cdg8n0, -Pb0 nominal formula)
. ok 0.066 Cd; oos FB,002 5%

5 5.0 3.30 Cdy 9 Fbg q 500y




Nozik>3 had measured the conductivity of CdyonQ,
thin films between 77° and 300°K. Shannon et al’’
presented the results of / wvs T for the single crystals
upto 300°1£. Miyata et .1?2 carried out the measurements
upto 333°%.

We carried out the measurements in the temperature
range of 300-460°K for a large number of samples.
Representative results are presented in the following
pages, The graphs indicate the log R -1000/T relation

in all the cases.

The activation energy was calculated from the

eguation
AE = 0.1986 1‘;5021‘“‘02: T
52y
derived from R = Ry exp —'ﬁ- 3.2

For each composition (table 3.8), the sample
thick films were fired at 600, 700, 800 and 900°C in
the thick film furnace. The thick films were kept at peak
temperature for 20 minutes, They were then annealed at

150

180°C under vacuum before the conductivity measurements were

carried out.
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Contacts are provided to the samples to study
the electrical characteristics. But then, these should
not impede the flow of charge carriers,

The conditions for an ideal contact are: (a) the
electrodes should not introduce resistance to the flow
of current (contact resistance), (b) variations in the
applied voltage and the temperature should not have any
deletarious effect on the electrode material and
(e¢) there should be compatibility between the contact
and the sample materials.

An ohmic contact (-g%— = constant ) is always
a prerequisite for the electrical conductivity measurements,
The difference in the work functions (¢,, ¢./ between
the contact material and the semiconductor material
results in non-ohmic contacts. This difference is
gon;rally referred to as the energy barrier, Froblems
associated with the barrier layers can be surmounted by
having pressure contacts and proper choice and selection

of the electrode material.

Different matotials have been used as contacts
for cadmium stannates., In literature, it is mentioned
that Coffeen ' used silvering of stannate samples

for the dielectric measurements. S5ilver loaded epoxy



contacts were used by lo:ik.23 Haacke et a161 used indium
soldered contacts for the standard two probe method for
the conductivity measurements of the CdQSnOQ sputtered films,

We tried vacuum evaporated gold, silver, aluminium
and air drying silver palt..los The last one was found
to be convenient and satisfactory and gave ohmic contact.

The measured V-1 curves for both the polarities
had slopes practically constant, thus establishing the
good contact quality.

The voltage across a standard resistor was used to
calculate the circuit current. Using this value of
current and the potential drop across the sample, the
sample resistance was calculated from the OUhm's la,

I = —%- s Wwhere I = current, V = potential drop across
the sample and R = sample resistance. Reslstance values
were calculated at different temperatu:res ranging from
300-460°K,

Table (3.9) gives the resistance values (in K--) of
the samples measured at 323°K.

For a given dopant concentration, the resistance
decreases with the increase in the firing temperature,
For a given firing temperature, it appears that the

resistance value generally decreases with the dopant
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Yalues
Firing Colour of Dopant (Pb0) concentration (%)
temperature the sample
(oc) 0,006 0033 0.66 1032 3- 30
600 Drﬂht 15850 588 60.3 234+.5 505.8
yellow
700 Yellow 118.0 48.8 18,9 10,7 33.9
ochre
800 Creen 8.5 9.7 2.1 | 5.7 6.2
200 Green 0,50 0.52 0.09 0.22 0.64
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concentration upto 0.667% level, It then increases with
further increase of the dopant, FPbO of 0.667 seems to
bc' an optimum level to get very high conductivity value
in the doped CdySn0,.

The resistance-temperature relation for the samples
fired at 600, 700, 800 and 900°C is plotted in the
figures (3.15-3.3%). The curves have generally 2-3 slopes.
Table (3.,10) shows the temperatures at which the low slope
changes to high slope.

For the thick films of composition °°1.993Pbo.ooasn°u
fired at 600-900°C, the change of slope occurs at anoc,
It is also the same for all the compositions (except 0,01%)
fired at 600°, With the increase in the dopant
concentration, this temperature increases systematically
fram 97 t0 127 and 144°C for the films fired at 700, 800
and 900°C,

The activation energies corresponding to the
different slopes of the curves (figures 3.15-3.34) are
calculated. The values are presented in the tables (3.11)
and (3.12), '

From the tables (3.10) to (3.12), it is observed
that the low activation energy values are indicated in
the temperature ranges 300-384°k, 300-397°%K and 300-427°K.
The AE value reduces with the increase in firing
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Iable 3,10 - Temperature (°C) at which the low

slope changes to high slope

Dopant
conecentration Cd ) xPbySn0,

Firing x=0,002 0,01 0.02 0,04 0.10

temperature

(%)

600 sk 97 s al 8k
700 34 27 27 137 14k
800 S 97 97 127 pUTS
9200 8k 27 27 127 144
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curves
PbO mole (%)
0.002 0.01 0,02 0,04 0.10
Firing
temperature
(%)
600 Cc.12 < 0,01 0.04% 0.03 <0,01
700 0.04 0.02 <0,01 <0,01 «<0,01
800 0.03 < 0,01 <0,01 <0,01 <«0,01
200 < 0,01% < 0,01% < 0,01* < 0,01* < 0,01¢

* glopes are of opposite sign.
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gurves
Pb0 mole
(%) 0,002 0,01 0,02 0,04 0410
Firing
temperature
(%)

600 0.76 0.33  0.3%  0.12  0.20

700 0.65 OM% 0,27  6.22  0.72

800 046 0.19 0,16  0.20  0.18

900 0.08 0,17  0.06 0,00 0.1
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temperature and the dopant concentration,

The slopes of the curves between the temperature
uoé-k50°x (table 3.,12) correspond to the higher activation
energy values. For a given composition, the activation

energy decreases with the firing temperature.

Additionally, we have carried conductivity
measurements during the heating - cooling cycles,

We selected Cdl.QPbO.lsnok as a typlecal composition
for the purpose. The thick film samples were fired at
600, 700, 800 and 900°C,

The results showed that the room temperature
resistance value decreased progressively with the number
of heating -cooling cycle., Also, the difference iu the
resistance value at any temperature between heating and
cooling eycles gradually decreased, After more than five
cycles, the heating and cooling curves were almost
idohticnl. Further, it was seen that the resistance
increased with the increase in temperature from room
temperature, This was very much in evidence particularly
in the case of the sample fired at 900°C, In other cases,

such a situation occurred after a few heating-cooling cycles.

The decrease in the conductivity with the rise in
temperature in the samples is a typical behaviour of
degenerate semiconductor, The activation energy is very
low, < 0,01 eV,



The conductivity measurements, described above,
indicate that our samples are degenerate, To obtain
high degree of degeneracy, one needs either to impart
high impurity concentration or create a large number of
doroctl.n1 In our doped samples, it is seen from the
data presented in the table (3.9) that the conductivity
increases with the firing temperature for all the
concentrations of the dopant., Likewise, the colour of
the samples also changes from bright yellow to green.

Resistance values are plotted against the dopant
concentration for all the four firing temperatures
(figures 3.35 - 3.38) present this data, The resistance -
Pb0 (#) relation is similar for the samples fired ot
600 and 700°C, Gradusl decrease of resistance shows a
minimum at Pb0 = 0,66% (600°C) ana PbO = 1,32% (700%),
It increases further with further increase of FbO,
Whereas in the cases of 800 and 900°c, the trend 1is
almost identical, A minimum is shown at PbO = 0,66%,

The resistance values are very high in the as~-fired
samples, not withstanding the dopant conecentration,and
other preparation conditions., The values decreased by
1-2 orders of magnitude after annealing at 180°C,

Even in the sput tered films of Cdgtnd,, whether doped

or undoped, there is wide variation of ruiltlneo.sa
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This seems to be a common phenomenon in all n-type,
oxygen deficient semiconductors (e.g. In203, 8n0,, Cd0 ete).

Heat treatment of the sample films under vacuum
and in "forming atmosphere" show conductivity incresse
and is highly toup.rature-dopondant.ba The value can
be frozen at that temperature, Probably, the adsorbed
oxygen on the surface is removed and this contributed

donor elecdtrons for conduction,

Thornton and H-dgoth% suggested that the carriers
were liberated from the compensation traps during the heat
treatment. Presence of interstial cadmium also provided
carriers, but mobility values fell. The mobility increased
during annealing because the structural disorder disappeared.
Similar situation was prevalent in our Cdaénq', thick
films also,

The controlling factors influencing the electrical
properties can be different, Surface processes like
dissociation of the oxide, creation of oxygen vacancies,
presence of cation interstials, adsorption of oxygen,
diffusion of the dofontl, sintering of the particles ete.
have been reported.

Evaporation of cadmium &s cadmivm oxide is
negligibles’ 112 1 the temperature renge 1150-1374°K,
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But evaporation of cadmium by dissociatlion of CdO is
possible, The defect comprises of 'L' centres or paired
vacancies with two trapped electrons, together with anion
vacaneles.’ The binding energy of the second electron

in the 'D' centre is lovw and therefore acts as an
effective electron donor, If the donor states provided
by oxygen vacancies are considered as doubly ionised,

then the ionisation energy is 105:.128

The different mechanisms suggested earlier which
were responsible for the increased conductivity are
briefly explained here.

a) Oxygen vagancies:

Chol et llul

proposed the transport-mechanism
involving vacancies in the anion sublattice. Oxygen
vacancies (Vo ') and electrons are formed by the following
disorder reaction, obtained from conductivity - oxygen

partial pressure studies,

0, = Vo' +2e + 3 9 () 3.3
These electrons are available for conduction, Many
vorkorln’y’ reported that oxygen vacancies in Cd,sn0,
provided donor states. Large conductivities could be
obtained by increasing oxygen vacancies, Our conductivity
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measurements also present the results supporting the

Presence of oxygen vacancies.

b) Cadmiun interstisls:
cdlx = cdi. + .‘ 3."‘

Ionised cation interstials, Cdj were formed. This
amounted to transferring a neutral cadmium atom from
the vapour phase to an interstial position. Aeccording
to Korryborgm, Cdy was completely ionised.

cay = ca; « e 3.5
X P 1
Gdl = Cdi + 2 e 3.6

The equilibrium condition, where doubly ionised Cd ed
existed in Cd0 of Cdgy5n0, could be written as

Cdyq *+ 0, = Cdi-r?o' . %—(02) (g) 3.7

Dale &115 s also opined that conduction electrons
were provided by cadmium interstials in addition to
oxygen vacaneies in CdQSnOh sputtered films. In the
case of In20352, the conduction was reported to be due
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to In interstials, ESCA and X-ray results discussed
o_lscwluro provide supporting evidence for the presence
of Cd interstials.

¢) The possibility of adsorption of gases is supported
by our thermal analysis results. TG curve shows gain in
weight during the heating of the sample in oxygen
atmosphere because of adsorption, Desorption of oxygen
leaves two electrons associated with each oxygen atom,
These electrons participate in conduction,

d) Sinterinz effects and network formation:

Very high conductivity values for all compositions
were obtained when the samples were fired at 900°%C, This
might be attributed to some kind of coaleseing or sintering
of the particles leading to an inerease in contact area 112
of the microerystals of the polyerystalline thick films.
The SEM photomicrographs, Figures (3,9 - 3,1%) indicate
the existence of sintering and network formation when the
sample films were fired from 500 to 900°C, The void speces
were much smaller by comparison than the sizes of the
connecting necks. H&oanr. shortening of the necks was
also seen for the sample fired at 900°C (figure 3.14).

The total resistance of the sample film was the
sun of the outer sheath (high value) and the inner sheath



(low value). The first one might be attributed to the
adsorbed oxygen., The second might be due to the defects.
With the inerease in tewperature, the resistance increase
resembled like that in metals in having similar electroniec
properties. The increase was because of the lower values
of mobility of the charge carriers due to the scattering
effects,

The resistance decreased with further increase in
teuperature, This variation was time-dependent in all
our semples, particularly at higher temperatures.

Fall in resistance over a number of cycles of
heating and cooling was mentioned earlier. This was
indicative of slow diffusion of oxygen outwards and a
rapid decrease of oxygen content in the thin surface 'skin'.

The increase in conductivity in the samples fired
at 900°C was attributed to the inerease in surface
mobility of the charge carriers., The carrier concentretion
vas controlled by the dopant percentage. At 700°C and
above, the conductivity increase might additionzlly be
due to Pb°* -+ Pb*" + 2¢'. The electrons were thus
added to enhance the conductivity, ESCA results show
supporting evidence to this reasoning.

Long perlods were required for the attainment of
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equilibrius with the gaseous oxygen at annealing
temperature to get back the original electrical properties.
The reason for this was that although the surface
equilibrium adght be rapid but the lattiee diffusion

was extremely slow., That is how the electrical properties
of our samples are influenced, by the combination of
'adsorption' and 'structure' of the polyerystalline

thick films.

3.5

Thermoelectric power (8) plotted sgainst temperature
for the sauples are presented in the figures (3.39-3.42),

Before starting the measurements, it was ensured
that the emf value was zero when the temperature at the
ends of the sample was same.

Thermoelectric power or Seebeck coefficient was
caleculated for the samples using the formula

B = -LL— 308
(T, 1)

vhere P.L. is the potemtial difference, rl and 72 are

the temperatures at the ends of the sampie,

The cdaan’ thick film ssmples used for the
measurements corresponded to the composition “1.9“0. 18::0,..
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The peak firing temperature was 600-900°C,
Table (3.13) presents the thermoemf data.

It is seen from the above table that all the
samples are n-type semiconductors., The thermoemf is
negative. The results indicate a trend in the Seebeck
coefficient values for the doped Cd,Sn0, thick films
fired at different temperatures, The '9' values increase
with the sample firing temperature.

It has been reported in literature that Cd,Sn0)
is always an n-type snieondutor?3'57’61'75
Shannon et 3157 reported the Secbeck coefficient values
for antimony doped Cdgin0, samples, (ﬂaﬂnl_xsbx%) as
-170 4 v/°k and =50,“V/%K. We have obtained a value
of ~127 4/V/°K for Seebeck coefficient for our sample
Cd; oFb, 180, fired at 900°C.

The value of thermoemf and the nature of its
dependence on the temperature indicate that the samples
are in a degenerate state (metal-like thermcemf and
conductivity) in the temperature 293-350°K,

The linear dependence of '6' on T 18 in conformity
with the equation of Wright'2*?11% gerived by nim for cao,

1“’2!!“2 ',/3 2/3 T . 3-’

3n E il
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8% different teuperatures
Temperature Measured Seebeck coefficient ( uV/9K)
%) 600°% 200°¢ 800% 900°%"
293 -7 -17 -24 77
303 4 -18 -26 ~95
313 -7 -20 -28 -106
323 -7 -20 -3 -112
333 -8 -23 =33 =127
343 -8 -25 -35 -
353 - -26 N -

* Semple firing tempersiures.
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From the above equation, it is seen that low value
of © 1s indicative of high carrier concentration and/or low
effective electron mass, Our diffuse reflectance results
supports the view that the increase in conductivity is

because of low effective electron mass,

Surprisingly the emf increases as the firing
temperature is increased. This shows that for the same
dopant level the carrier concentration decreases (or not
increased) as the firing temperature is imcreased. It has
also been observed that the conductivity increases with
the increase in firing temperature, This leads us to the
conclusion that the carrier mobility increases, for a given
composition, at higher firing temperature. High temperature
mobility measurements should confirm the above reasoning,

3.6

The diffuse reflectance spectra for the doped Cd,Sn0,
thick films fired at 500, 600, 700, 800 and 900°C are
presented in the figure (3.43).

The optical edge has shifted towards the uv region
from 534 to 513 nm, wavelength for the samples from A to E,
The absorption edge is taken at the wavelength (Ae) at which
the slope of the diffuse reflectance curve is uxiuu.”
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The approximate band gap is calculated from
the formula
E = <RE 3.10
Ne
vhere E = energy in ergs
h = plank's constant (6.62 x 10°27 erg sec)
¢ = veloeity of light (2.998x10° em/see)

Ne = wavelength in f units at the absorption edge.

Energy in eV is calculs ted from 1 eV = 1.602x10712 opg.
The results are presents in the table (3.14).

It is seen from the above table that the
reflectance decreases from 40 to 35, 39, 20 and 20%
as we go from the sample A to E, Higher the sample
firing temperature, lower is the reflectance. The band
g2p increases from 2,32 to 2.41 eV correspondingly.
The colour of the sample changes with the band gap
value, the one with highest energy gap is green.

The samples are degenerate semiconductors as
revealed by conductivity measurements. The Pb addition
has increased the conductivity., The fact that PbO is
incorporated in CdZSnol‘ is supported by X-ray anéd ESCA
results.



Zable 3,1 - Effects of the preperative conditions
on the optical properties of ccisno,, thick
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films.
Firing *
Sample Colour D.R, Approximate Apparent
“':::;“‘“ (%) ngarpgion energy
edge (A) ‘ﬂ’v )
A 500 Bright 40 5340 2.32
yellow
B 600 Yellow 35 5208 2,33
c 700 Yellow 29 5250 2,36
ochre
D 800 Creen 20 5178 2,39
E 900 Green 20 5138 2.1

Diffuse reflectance,



The shift of the optical absorption edge is the
well-known Burstein shift,® The sample having increased
conductivity will have higher optical gap and large
absorption shift. This indicates that the effective
electron mass is small in the doped CdyonQ, (C4, oFb, ,5n0, )
and the conduction band has high curvature with low
density of states at the bottom, These can be saturated
easily by a small free-carrier concentration, IThis
occupation by the carriers forces the fundamental optical
absorption edge towards the higher energy.

From the figure (3.43), the effect of free-carrier
absorption is evident, Highly conductive sample has
large shift and has resulted in the decreased reflectance
in the red.

Nozik®3 observed Burstein shift in CdySn0, crystalline
samples prepared under vacuum and also, for the first time,
in amorphous Cd,Sn0, sputtered films. In the latter case,
the reduced transmission wvas in the red and infrared regions.
‘On the basis of some indirect evidence, Nosik>> felt that
it could be an indirect band gap material,

Burstein effeet has been observed in thick films
of doped Naan, (present vork) for the first time,



XPS spectra for the samples are presented in the
figures (3.4%4) and (3.45). The thick films scanned are
(1) CdaBnO,., (11) “1..“0.1&‘% unfired thiek film,
fired at (111) 500%, (iv) 600%, (v) 700° (vi) 800° end
(vii) 900%,

Figure (3.%4) shows the (3‘5/2) peaks of Cd and
8n, U&f.”a) peaks of Pb and (1s) peaks of oxygem for the
samples, Figure (3.45) presents the corresponding peaks
for (i) cadmium metal (11) Cd0 and (iii) Sn0,.

The instrument was calibrated using Lu(kr.; /2) line
(83,96 eV) binding energy value.

The spectra recorded by the instrument gave the
direct B.E. values for the various core electrons of Cd, Sn,
Pb and O atoms, These values were found to vary depending
on the surface charging of the sample. This charging effect
wag corrected by carrying out a simultaneous kinetic energy
measurement on carbon, This was taken as a reference
substance. "he C (1g) electron has binding energy velue
of 285.0 eV, a stendard generally accepted in XPS studies.

Table (3.15) presents the directly measured and
corrected BE values. The corrected values obtained by
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substracting from the directly measured values for the
various constituents of the samples, i.e. Cd, Sn, Pb and 0,
the difference between the measured (direct) C (1g)

B.,E, and the assumed value of 285,0 eV, Additionally,
silver pasto1°5 was also applied to the samples

connecting them electrically to the ESCA metal sample
holder, |

It is r.portodm that the presence of more
electronegative substituents leads to a greater surface
charging corrections, Oxides generally present charging
problems.

The difference between the corrected B.E, of core
electrons of a particular atom of a given compound and
that of another composition is termed as the chemical
shift of the atom of the former compound with respect
to the latter,

Table (3.16) presents the chemical shift values
for Cd (31!5/,) core electrons in relation to Cd metal

for our samples.

A chemical shift of 2.6 eV between cadmium metal
and Cd0 is seen from the table (3.16). This value
exaetly matehes with the reported value in l:l.tontnrt.n7



Table ;au - B,E, values of the Cd, 8n, O and Fb wt__.

and chemical shift for u(u,a_g_
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No. Sample Binding energy values (eV) lh:lrc: b?s
on « L&
Ca(Mg,0) Sn(3agg) Ory.) FPB(NE, o)
1 “ W.QB - - - 0
2 cdao W.,. - ,31.36 - 2.60
533.88
3 3!!02 - m-“ 530-53 - =
B Cd,5n 4Ok, 34 485.72 529.38 - -0.64
250 530,64
5 F‘ “03-“ lliﬁ'.ll 53108 133.9“- "1.30
6 ‘ 'O-O‘h.a m.ﬂo 531.“ 1“’1.“ -0.10
7 B 40k, 76 485.96 529,76 140,46 -0.22
531.56
8 ¢ 404,70 486.78 530.54 139,50 -0.40
531.38
' D m-?‘ m-* 5”-“) 1”.“ '00“
531.56
10 E 403,68 484,76 529,28 138,20 -1.30

* Cﬂpblition - cdl.gno.lhok
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In CdgSnQ, samples, the B.E, of 407,58 eV for
ca(adsn) electrons indicates that the cadmium is present
as Cd"", whereas the B.E. value less than 405.0 eV indicates
that the cadmium to be cdc. In all our samples, the

Cd(jdsn) electrons have B.E, value < 405,0 eV,

In other words, the B.L, of Cd 3¢ (5/3) electrons
is closer to that in metal than that in Cd0. This shows
the highly metallic character of the material and decrease
in the ionic character of the bond,

This could arise from the presence of cadmium
interstials on the surface of the Cdy5n0, thick films,
For the samples fired at 900°C, the B.E, of Cd(3dg /5
electrons is 403,68 eV, It is less by 1.3 eV compared
to Cd peak in Cd metal, This may be due to the increased
electron density around the Cd sites.

The B.E, values for Sn(us/a) electrons does not
shov any systematic variation, The value for the samples
show more or less the same B5.E, values as in Snoa. Again
for the sample E, the B,E. is lower indicative of increased
electron density around the metal sites.

The Cd/Sn ratio is affected by the firing temperature
of the thick films as is seen from the figure (3.%4). The
ratio of the peak heights for Cd and Sn increases with
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the firing temperature, We take this as suggestive of
preferential migration of Cd to the surface.

There are two oxygen peaks, particularly for those
fired at 600°C and above. The main peak remains unchanged
at ~ 531.5 eV but the shoulder which appears for the
samples from B onwards show a systematie drift to lower
energy values with increasing in the firing temperature,
With the argon ion bombardment, the spectra showed the
disappearance of the peaks due to adsorbed oxygen or a
reduction in the peak heights., The shoulder may, therefore,
be associated to oxygen loss and non-stoichiometry, In
non-stoichiometry samples two types of oxygen surroundings
is not unlikely.

There is decrease in the B.E., value for Pb(lofwal
electrons from sample A to E, The Ey values for Fb in
Pboa and Pb0O are 137.% eV and 140,0 eV rupootivoly.:u‘
The loﬁrln; of B.E. value is indicative of increased
electron density around Pb sites.

Since the increase in electron density around Cd, Sn
and Pb sites is shown by the results, one can visualise that
the ﬁmlm free electron density in the samples arises
from the loss of oxygen leading to non-stoichiometriec
samples. In oxygen deficient compounds, one has excess of
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electrons to maintain charge neutrality. They are

bound to the oxygen vacant sites at low temperatures.,

But at room temperature, they would be free and get
delocalised to create appreciable electron density around
metal sites.

The XPS results suggest the presence of both
cadmium interstials and oxygen vacancies. They together
contribute to the electrical conductivity of the films,
The lead dopant perhaps has catalysed the processes., It
is, of course, not very definite which of the two agencies
is dominant in a sample fired at a particular temperature,
Moreover, sintering also contributes in getting higher
mobility values which contributes to the enhanced
electrical conductivity (v = ner ), This, therefore,
again reminds us that high temperature mobility
measurements are essential to further substantiate the
results.

Figure (3.46) presents the Mossbauer spectra for
the samples of composition, cal.,no_lanq, fired at
temperatures 500-900°C,

The Mossbauer spectra show a single line pattern
upto 700°C and at high temperatures (800, 900°C), they
show the presence of discermably small guadrupole splitting,



8-90 | (SHOZ)

8:50
810}
7.70 |
730 |-
7-90 |
7.50 |
7.10 |-
6-70 |-

(E)

(D)

10-47 |-
10-07 |-
9:-67 |-
9:27 |
887 |- (c)

1169 |-
11-29 |-
10-89 -
10-49
(B)
| L 1 | I | L 1

COUNTS PER SECOND (Xx10%)

10-09 |-

15-03 -
14-63 |-
14-23 -
13-83 |-
13-43 |-

13.03 |- (A)

11-18 —
10-78 |-
10-38 |-
9-98 -
9:-58 |-

-10-0 -8:-0 -6-0 -4-0 -=-2-0 0-0 2-0 4-0 6-0 8-0 10-0
VELOCITY (mm/sec)

FIG.3-46. CHARACTERISTIC MOSSBAUER SPECTRA OBTAINED
WITH Cd,.¢Pbgy.ySn0O, SAMPLES FIRED AT DIFFERENT

TEMPERATURES AND SnO,



The results of isomer shifts and line widths are
given in the table (3.17).

The interest in this study was to see whether tin
undergoes a reduction during the induction of FbO in the
Cdgén0y, matrix, The Mossbauer spectra clearly show the
absence of divalent tin in the samples fired at 500-900°C
of the composition 0"1.9"0.15‘0#'

Metal oxide bonds are predominently of ionic in
character, Covalent bond lengths change depending on
the chemical environment of the atoms.

Comparing the isomer shifts with that for Sn0,,
samples A and B are more covalent and C, D and E have
less covalent character. The shift is more positive in

-the case of A and B, This means that oxygen removes
fewer electrons from the cations, In other words, the
electron density around the cation site is increased.
This is consistent with the results of other measurements
which point towards the same conclusion i.e. of increased
free electron density in the samples fired at 700°C and

above.
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Liring tempersture

Ssample Firing Isomer shift ( FWHM)

temperature nn/sec,
(%)

A 500 0.26 + 0,04 2.26

B 600 0.26 + 0,0k 2,26

c 700 0,09 + 0,04 2,18

D 800 0.13 + 0,04 2.31

E 200 0,09 + 0,04 2.31

&102 - Oam : 0.0‘! 2.36
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APPENDIX - I

A, 1I-V C CTERISTIC
A.l1 FPREPARATION OF THE LES

95 parts of Gdzsnoh and 5 parts of lead-borosilicate
glass were mixed together under distilled acetone. The
powder was pelleted using 10 mm diameter die set in the
Carver Laboratory hydraulic press at an applied load of
10,000 1bs. The pellets were then fired in the thick film
furnace under identical conditions as was done for thick
films.

A-2 SAMPLE HOLDER

The sample holder is shown in the figure (A.1).
It was fabricated in the laboratory. The pellet was
placed between stationary and movable brass disc. The
movable arm was fitted with a spring inside it. This gave
a perfect pressed contact and held the pellet in position,
Both the dilci were electrically separated by teflon
block, Shielded wires were soldered to the two arms

for electrical measurements,

A-3 AL SET UP

D.C. regulated power supply (Aplab 0-60V, 0-2,5 A,
Model 7122) was used for applying voltage across the

sample. The current was measured by the multimeter (Simpson

620) (Figure A-2),
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A-4 RESULTS AND DISCUSSION

. A sudden drop in the resistance of the samples
at around 180°C was observed during our conductivity
measurements. It was throught that some filamentary
action or conductive paths were created because of
heating. It was, therefore, decided to see the effect
of applied voltage across the sample and check whether
conductivity increased due to Joule heating.

The colour of the sample pellets fired at 600-900°C
vas same as it was with the thick films. A glassy appearance
was observed on the alumina substrates after removing the
pellets from the furnace. This could be due to the melting
and flowing down of the glass content in the pellet. The
glass mark was colourless. The pellets were found to be
hard, probably due to sintering.

Adr drying silver putoms was brushed at the
faces of the pellet for electrodes.

The pellet samples were kept between the arms
of the sample holder., Voltage was applied at 2 V
increments. The current value was noted at every voltage
increment, The I-V characteristics are shown in the
figures (A-1 to A-k),

The current increased slowly with the applied
voltage in the initial stages and soon it had non-linear
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relation with the voltage. The pellets became hot
and .thermal switching took place.

The threshold voltage (Vn) and holding current
values are presented in the table A-1,

The threshold voltage (Y.ml and the voltage gradient
values decrease with the increase of the sample firing
temperature. ©Several cycles of I-V measurements were
carried out for each sample, Thermal switching took
place at a slightly lover threshold voltage than the
previous value at every successive cycle in all the samples.
In the case of the last sample (900°C), switeching took
place more or less at the same voltage, but the holding
current value had inereased in each cycle.

For one of the samples, the spot at which arching
occurred was polished with a fine emery paper. The
surface had become hard and scratch resistant. The
thermal switching occurred again at the same threshold
voltage. The 'glow' also appeared at the same spot.

The studies further indicated that there was some
time lag for the sample to return to the original state
after removing the applied voltage. It took 5-6 hours
in the case of the sample fired at 900°C., The other
samples could not be brought back to the original state
even after keeping them for longer time.
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n EI e L- l - —V 1
the sample preparation conditions
Sample Threshold Pellet Dimensions Voltage Holding
firing volhgo (mm) gradient current
. (Vp Diameter Thickness '/°® (ma)
(¥c)
600 25 8.60 2.5 10,0 150
700 23 8.60 2.9 9.2 330
800 20 8,60 3.0 6.7 480
200 12 8.60 2.0 6.0 44O
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The heat 1s generated due to Joule heating. The
heat dissipated by the sample depends on several factors.
During the Joule heating, the adsorbed oxygen gets ionised
leaving behind the charge carriers, The diffused oxygen
2lso migrates to the surface and gets desorbed, This
phenomenon contributes to the conductivity which is
clearly observed during our conductivity measurements,
Perhaps the conductivity increase at a particular
voltage ('Urh) is because sufficient quantity of thermal
energy is supplied equal to the ionisation energy of
oxygen, Thus, I-V characteristics studies provided
supporting evidence to the conclusions arrived at with
respect to conductivity measurements.
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" The edm of the present work has been to prepare
highly conductive Gdaan’ thick films by chemical doping
and offer a plausible explanation for the conduction
mechanism,

Thick film technology is a recent development,
It is a new approach of fabricating components and
devices in the flald of hybrid microelectroniecs.

Earlier, Cda.?mq' has been studied mainly as thin
films obtained by sputtering, CVD, vacuum evaporaticn,ete.
In the thin films, the high conductivity is attributed to
oxygen vacancies and/or cadmium interstials.

We have successfully adapted thick film technique
for the preparation of the samples, It is amenable to
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material characterisation. The lead oxide dopant induetion
is oatriod out subsequent to film deposition. This 1s done

in a novel way. Doping 18 effected by including the FbO
with the other glass forming oxides which make the glass
frit. Slmultaneously, the glass provided a vitrecus bond
between the film and the substrate.

CdgSnQ, 1s synthesised by solid state reaction of
Cd0 and Sn0, taken in the 21 mole ratio at 1050°/6 hrs,
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It is formulated into sereen printable pastes using lead
borosilicate glass frit and organic binder. The thick
films are fired at 500, 600, 700, 800 and 900°C in an
indigenously fabricated thick film furnace as per the
required time-temperature schedule.

Thermogravimetric analysis of 2 Cd0 + 8n0, physical
mixture revealed the weight losses at 221, 300 and 368°C,
These are attributed to moisture, cadmium hydroxide
decomposition and cadmium oxide dissociation. The DTA
curve showed two endothermic peaks corresponding to 221
and 300°C. A net loss of 2.4 is observed which is
attributed to oxygen. In the case of Cdysn0, and
Cdy5n0, + gless samples, a gain is observed which is
considered as adsorbed oxygen. This indicates that the
Cdaian, formed is deficient in oxygen and annealing of
the sample at %00-1000%C is required to regain the small
amount of oxygen loss. Thase studies have in a vay
produced factual evidence to the presence of oxygen
vacancies which in turn are responsible for making the
films highly conductive, Also, the samples heated in
oxygen atmosphere showed inorease in thair resistance
values,

X~-ray studies showed that edaano,’ has orthorhombie
» [+ ]
erystal structure with a = 5,5458 2, b = 29,8686 A and
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e = 3.1890 L. They have also revealed the successful
inclusion of the dopant, Pb0, The erystal structure has
not changed but a variation of lattice parameter values
and unit cell volume is observed, The X-ray diffractograms
of the filws fired at 500-600°C showed the presence of
Cd0 lines. The a/c and b/c ratioz and the unit cell
volume inerease with the firing temperature., This is
attributed to the slow inclusion of Ph0 and Cd interstials
(because of Cd0 dissociation) in the Cd,Sn0, lattice.

For the samples fired at 700-300°C, the ratios decrease
but the unit cell volume continues to increase. The
system appears to have stabilised at 900°C with the
marginal increase of unit cell volume suggesting the
completion of the induetion of PbO.

The SEM photomicrographs of the samples show that
the aintering 1s taking place in the samples with the
inerease in firing temperature (500-900°C)., The coaleseing
of the particles lends support to the theme that the
increase in conductivity of the samples fired at 900°C 1s
due to the higher carrier mobility which is attributed to
sintering.

Conductivity measurements are carried out for the

following compositions,



Cd; 0080, 002500,
Cd; 09", 01500,

Cd, 980, 0250%,
Cd, 9670, 04500,

Cd, ,9"%, 1500,

The log R-1000/T curves gemerally show two slopes
corresponding to low (< 0,01 eV) and high (0.06-0,76 eV)
activation energy values depending on the dopant concentration
and firing temperature. The resistance inecreases initially
vith temperature for all the samples fired at 700-900°C,

It falls very rapidly, including for the sample films
fired at 600°C, at 84-144°C. The increase in conduetivity
is due to oxygen vacancies created which provide electrons
for conduction. Annealing of the samples at 180°C/4 hours
results in the decrease of resistance by 1-2 orders of
magnitude. This i1s a common feature with all oxygen
deficient semiconductors. The colour of all the sample
films fired at 900°C 1s green for all dopant concentrations
and are highly conducting,

Conductivity data revealed that the samples are
degenerate semiconductors. Several cycles of heating-cooling
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have been carried out., The room temperature resistance

is reduced after evéry cycle. It has taken more than

5 such cycles to have almost identical curves. The XPS
spectra showed the presence of two species of oxygen, -
Argon ion bombardment revealed the disappearance of the
peaks due to adsorbed oxygen or reduction in the peak
heights. This further strengthens the scheme of explaining
the increase in conductivity is due to oxygen vacancies,.

Thermoenf measurements indicated that all the
samples are n-type semiconductors, The value of Seebeck
coefficient and its dependence on temperature indicate
that the samples are in a degenerate state (metal-like).
A linear dependence of '©' with temperature is observed.
The increase in © (-8 to -127 M V/°K, 600-900°C firing
temperature) is attributed to the decrease in carrier
concentration, But the increase in conductivity with
firing temperature leads to the conclusion that higher
firing temperature results in the increase in carrier
mobllity. SEM results show the sintering taking place,
leading to increase in contact area, in the samples,
as the firing temperature is increased. This has reflected
in the decrease in resistance,

The urfu_u reflectance measurements are carried
out for the first time in thick films of C(Lzan,. both
undoped and doped. The results are similar to those of
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Nozik for polyerystelline “33501, bulk samples prepared
under different conditions,

Burstein shift is observed in the spectra as we
go from highly resistive sample (109~ /3q, yellow, fired
at 500°C) to highly conductive (80 ~/ Sq, green, fired at
200°%C), The shift is towards UV region. The reflectance
decreases from 40 to 20%, The lower reflectance value
is due to the scattering effect of the free electrons.
The band gap increases from 2,32 to 2.41 eV, The sample
having optical energy gap and larger absorption shift
has higher electrical conductivity., This indicates that
the effective electron mass 1s small, The conduction band
has high curvature with low density of states., &Small
carrier concentration is sufficient to saturate the energy
levels in the conduction band. The low effective mass
indicates high carrier mobility. Thermoemf measurements
and SEM results also support the reascning of high
carrier mobility,

X-ray photoelectron spectroscopic studies revealed
the presence of cadmium at the surface of the samples.
The binding energy values of 04(365/2) core electrons in
the samples matched with that for cadmium metal i.e.
< 405.0 eV as against the value of 407.58 eV for
Cd(3d5/a) in Cd0. The B.E, value corresponding to Cd
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peaks varies with the preparation conditions. This shows
the metallic character of the material and decrease in
the ionic character of the bond. The Cd/Sn ratio seems
to be dependent on the firing temperature.

(oh) peaks indicate two oxygen species. These are
attributed to bound and adsorbed types. The main peak
(B.E. ¥ 531.5 eV) remains unchanged. It is interesting
to note that the samples (1) CdySn0, + dopant mixture
and (11) Cd, oPb, ,8n0, fired at 500°C do not give two
peaks but only one for oxygen. The induction of Pb at
higher temperatures disturbs the oxygen content. Pb itself
undergoes changes in its B.E. values for Pb(hr,(. /,..J care
electrons. It reduces from 141.86 to 138.,2 eV for the
sample films fired at 500 and 900°C respectively. This
indicates the increase in electron density around the
lead sites.

The increase in electron density around the cation
sites is visualised as coming from the loss of oxygen,
i.e. the electrons bound to oxygen vacancies get delocalised
to create appreciable electron density around the metal sites.

Mossbauer spectra showed the absence of divalent
tin (8n2%). The samples fired at 500 and 600°C are more
covalent in character than those fired at higher temperatures.
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This means that oxygen removes fewer electrons from
cations. The electron density around cation is more.
ﬁou results are consistent with the results of other
measurements (e.g. XP3),

The results of I-V measurements (presented in
Appendix I) provide supporting evidence to the conclusions
drawn from the conductivity, thermal analysis and SEM w,r.t.
adsorbed oxygen and sintering.

The above studies show that the thick film technique
is highly suitable for the preparation of conducting
coatings of Cdgén0,. Chemical doping method is successfully
used to get highly conductive Cdy5n0, thick films. The
reason for high conductivity has been explained on the
basis of oxygen vacancles, cadmium interstials, dopant
action and increase in carrier mobility because of low
effective electron mass and sintering effect.

High temperature Hall mobility measurements of
thick film samples of cd,mq, would further help in
understanding of the conduction mechanism.
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Since Cdy5n0, 1s a good transparent conductor,
thick film technique can very effectively be adapted
for depositing films, ©Suitable organometal compounds
of Cd and Sn can be formulated in the form of thixotropiec
pastes. These pastes are screen printed and fired at a
controlled time-temperature cycle in the thick film furnace.
This gives transparent films, Doping of the samples can
easlly be carried out to effect any desired variations
in the electrical and optical properties of the deposited
films, This technique is potentially economical compared
to sputtering, vacuum evaporation or pyrolytic decomposition
techniques.
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