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. CHAPTER 1

INTRODUCTION

The primary purpose of studying stannic oxide
was. to aésess its possibilities as a high mobilit& material at
low temperature.

Although there had been many papers published
on thin films, polycrystalline samples and single crystals, no
definite information has been known about the scattering mechan-
isme

In order to obtain as much information as
possible on stannic oxide, it was decided to grow single crystals
by different methods. This was followed by the measurement of

their electrical parameters, optical absorption and the 'observation

of luminescence and electroluminescence.

Chapter 2 is a summary of the crystal growth.
The first half of the chapter contains the different methods
adopted by different workers for the growth. In the second part
is given, in brief, the present method and its extension for the
preparation of the crystals.

Chapter 3 contains the review of the stannic



oxide work in detail. In the beginning some relevant theory of
electron scattering mechanism is also described.

The apparatus and the experimental tech-
niques employed are described in detail in Chapter 4, It also
deals with the electrical measurement data. Reference is made
to experimental results wherever necessary to preserve contin-
uity and avoid repetition later.

The optical absorption results are
presented in Chapter 5 together with luminescence and electro-~
luminescence. The experimental set up for the above mentioned
effects is also described.

The discussion on the experimental
results is given in Chapter 6. Some theoretical interpretat-
ion of the results is also mentioned. The conclusions and

suggestions are given at the end of the chapter.



CHAPTER 2

CRYSTAL GROWTH

Section 1 Introduction

Stannic oxide cannot be grown directly
from the melt because it sublimes at temperature above about
1500°C, and the melting point is in the region of 2500°C.

Section 2 Growth from the Liquid Phase

(a) Fluxed Melt
One of the simplest methods of growing
crystals is that from a saturated solution. Since there is no
known room temperature solvent for stannic oxide, a brief survey
was made by MORGAN (5) of different fluxes that have been used
for groﬁing similar materials at high temperatures. PbO, PbFZ,

were used as fluxes. The general

PbCL,, KF, KCl, B,0,, CaCl

2! 2
procedure was to put the salt with 20% by weight of SnO2 powder
in a platinum crucible and heat to about 1200°C for 2 to k4 hours.
The only partial success was obtained with a flux of lead oxide.
A few very smaii&%%%%tals were obtained.

KUNKLE and KOHNKE (6) grew good crystals

of stannic oxide with sizeé_up to1x1 x'5’to 10 mm from CuZO



flux. These crystals were colourless, having resistivities in the
range of 109 - 1010 ohm cm.
The main advantages of the proceés are
(i) growth at temperatures below the solute melting points
(i1) high quality crystals are obtainable
(iii) doping with suitable elements is readily achieved.
There are some disadvantages in this method, such as contamination

of the crystal by the solvent constituent elements or, more rarely,

by the crucible material.

(b) Hydrothermal Synthesis

Certain Qaterials which are not very soluble
in water under normal conditions can become s0 under conditions of
very high pressure and £emperature. Unde;¢?335?3§~conditions it is
possible to obtain crystal growth from this state. KUS'MINA and
LITVIN (7) have recently reported the hydrothermal synfhesis of
stannic oxide from a solvent of LiOH solution at 400 - 600°C and
2000 atmospheres pressure. No information is available on the

dimensions or properties of these crystals.

Section 3 Growth from the Vapour Phase

(a) Sublimation in a Closed System

The solid materials, crystalline or



amorphous, may be transported by sublimation through the vapour
phase under the influence of temperature gradient. Such direct
vapour transport had been used for the growing of crystals.

| CLARK and WOODS (8) have grown crystals ,
of cadmium sulphide of high quality and purity by this method.
This method was attempted by MORGAN (5) but large crystals could
not be obtained. VAN DALL (9) prepared single crystals of stannic
oxide from sintered pellets. These were placed in a semi-closed
alumina vessel and heated at 1650°C in air. Large crystals were
grown on top of the pellets. The impurity content of the crystals
especially Aluminium was high. The other impurities as detected
by spectrographic analysis were Boron, Iron and Magnesium.

For purer crystals the preparation temp-
erature was reduced. HBr gas was used as a transporting medium,
and transport of stannic oxide took place from a low temperature
region (800°C) to a high temperature region (900°C).

MANDEL(10) and SCHAFER (11) suggested
that the basis of this transport was the rapid establishment of

an equilibrium between the solid substrate and the reactive gas.

(b) Hydrolysis of Stannic Chloride

KOCH (12), ISHIGURA (13) and other workers

had prepared stannic oxide thin films through a rapid hydrolysis



reaction of stannic chloriqe, as shown by the following equation,

{

at high temperature ' |

SnCl# + 2 H,0 — 8Sn0

5 5 +'4 HC1

This is accomplished by spraying an
alcoholic or hydrochloric aqueous solution of stannic chloride
on the surface of substrate heated above 500°C.

NAGASAWA (14) grew single crystals with
sizes up to 2 x 5 x 15 mm by the reaction of water and stannic
chloride vapours at 1300°C in an electrically heated furnace.
These crystals were grown in quartz and also in mullite tubes. A
slight amount of Aluminium, which was not present in the crystals
grown by using a quartz tube, were detected spectroscopically
when mullite tube was used.

MORGAN(S) attempbed to grow t©..: crystalsby
a similar method. A large mass of crystalline material was formed,
but individual crystals were difficult to separgte and orientate.
The crystals were white and opaque.

(¢) Flame Fusion Method

' Stannic oxide can be formed by the hydrol-

ysis of stannic chloride in an oxy-hydrogen flame. This reaction



is similar to equation given in (3b) where the H,0 is formed by.
the burning of hydrogen in oxygen. Attempts were made by MORGAN
(5) but large single crystals could not be grown by this method.

However it was possible to grow bunches of dendritic needles.

(d) Helium Flow Method

MARLEY and MACAVOY (15) had obtained the
single crystﬁls of stannic oxide with the method of the high
temperature decomposition-reoxidation reactions, using high
purity stannic oxide powder as starting material.

.A platinum - 20% Rhodium wound tube
furngce was used. The temperature of tﬁe hot zone was maintained
at‘1650°C. A variety of carrier gases were evaluated, including
neutral gases, oxygen, and oxygen in combination with either
argon,‘nitrogen or helium.

Nitrégen or argon in combination with
oxygen produced crystals up to 2 x 2 x 25 mm in 24 hours but
they were imperfect. Attempts with helium as carrier gas were
successful; they were able to grow large (2 x 2 x 30) crystals
of good quality. ‘

Studies of etch pits in these crystals
by KOFFYBERG (16) showed that they had a dislocation density of

10¥ oF 10° cm 2. One of the conclusions of MARLEY and MACAVOY



was that cryétal‘habit was very dependénf on temperature. With
the vaporizing site at 1650 °C, rod formation was confined to an
area between 1620 and 1570 °C, twinned plates from 1570 °c to
1460 °C, and needles from 1460 °C to 1300 °C.

Section 4 Argon Flow Method

(a) Growth of Stannic Oxide from Sn Vapour and 0,

REED (17) had obtained crystais of high
purity by the method éf the vapour reactions of tin. vapour with
oxygen at 1350 OC.

| MORGAN(5) adopted the same method to grow
the crystals but at slightly higher temperature. By using tin
metal as the starting material, the maximum temperature required
for crystal growth was 1450 oC. He obtained the best results using
argon as carrier gas. Using helium in place of argon produced only

fhin needles.
The attempts to dope the crystals with

antimony and chromium were successful while no good crystals were
obtained using cerium, gallium and indium as dopant.

When the pressure of antimony was high, the
crystals grew very quickly, within three days. The carrier densities

of these crystéls were in the order of 1020 Cm-3. These erystals



were of dark navy blue colour. At lower concentrations of anti- .
mony, both rods and plates were formed but growth was much slower.
It took nearly 10 - 14 days. By varying the position of boat
carrying antimony into the heating zone, crystals of different
carrier densities were grown.

Chromium doped crystals which were red in
colour showed a p-type sign of seebeck voltage and were of high
resistivity. |

'Indium doped crystals were yellow in colour
with p-type seebeck coefficients but had high resistivity similar

to or greater than that of undoped crystals.

The undoped crystals were analysed by mass
spectroscopy and were found to contain 5 p.p.m. calcium, 20 pe.p.m.
aluminium and traces @f Si (~ 20 p.p.m.) Fe (~~ 50 p.p.m.) and

Na (~ 5 pepem.).

In the present work three methods were
adopted for the crystal growth.

(b) Crystal Growth (4)

A furnace utilizing silicon carbide as
electrical heating element was constructed. The furnace arrange-
ments and temperature profile of the furnace are shown in Fig.(1.1).

The dimensions of the furnace are given in table (1.1).
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Height 32 cm Width 32 cm Length 56 cm
Dimensions of Crucilite Alumina Mullite [|Alumina
tubes and liner element tube tube liner
Length (mm) 650 825 300 300
Internal 54 38 25 25.5
diameter(mm)
External 62 L6 32 32
diameter(mm)
Hot zone(mm) 300
Cut Cut
half half
Resistance 241 along along
(ohms) diametey diameter

Table 1.1. Dimensions of the Crystal Growing Furnace




1"

The alumina boat containing tin was placed
about 10 cm apart from the centre of the furnace, 25 cc/minute of
oxygen and 100cc/minute of argon were passed into the tube, The
argon was 99.999 % pure. Oxygen and tin, in the vapour phase,
diffused into the growing zone situated in the centre of the
furnace. The temperature was maintained thermostatically at about
1400 °C. Platinum - Rhodium 13 % was used as thermocouple.

Two différent types of crystals were prod-
uced after about thirty six hours depending upon growth region as
follows:

(1) grdﬁth taking place on the alumina boat or oxygen tube
(ii) growth taking place on the mullite liner.

Crystals growing in region (i) were colour-
less and transparent, while those grown in region (ii) were either
pink or yellow. However discussion on spectrographic analysis of
these crystals is given in section ( 5).

Crystal Growth (B)

As the crystals containing the greatest
amount of undesired impurities grew on the mullite liner, this
was replaced by an alumina liner and attempts were made, largely
without success, to grow crys?als under the same conditions as

before. Growth of small crystals was however obtained when the
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liner and end of oxygen tube were coated with a thin layer of tin
oxide before being placed in the system.

Each component was heated in a bunsen flame
and while hot (— 450°C) was placed in & jet of vapourised tin
chloride., It Qas observed that erystal growth occurred in the
region where tin oxide was deposited. Large transparent undoped
crystals with sizes up to 1.5 x 2 x 8 mm were grown. Antimony
doping was also carried out.

Crystal Growth (C)

The most satisfactory growth method which
was developed was a modification of that due to NAGASAWA (14).
The essential féatures of the furnace were the same as in the
previous case éxcept slight alterations vhich are shown in Fig,
(1.2)e

Anhydrous stannic chloride and oxygen
were used as the suitable compounds for the starting materials
of vapour reaction method of stannic oxide crystal growth. The
important step in obtaining good crystals was keeping the vapour
pressure of the stannic chloride constant. This was done by
Yo 7 .., placing the stannic chloride in a glass vessel dipped
in a wash basin filled with hot watei:BO °c.

Argon with a rate 50 cc/minute was passed
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throﬁgh the glass vessel and subsequently to the lower tube of
the furnace to transport stannic chloride vapour into the grow-
ing zone. A different rate of argon, 70 cc/minute, was also
utilized as a carrier gas through the upper tube of the furnace.
Oxygen at a rate of 20 cc/minute was passed to prevent the crystals
from becoming too non-stoichiometric.

The following conditions were maintained
for growing good crystals:
(1) The temperature of the growing zone was 1400 °C.
(ii) The temperature of the stannic chloride vapour source was
about 30 °C.
(iii) Flow rates of different gases were 20, 50, 70 cc/minute.

| Single crystals of dimensions up to

2'x 2 x 12 mm grew either in an aggregated mass. on the tip of
the oxygen tube or on the alumina liner nearest to the tip. The
crystals were colourless and transparent and generally having
smoothly developed faces. On one occasion some crystals were
reddish in colour.

Antimony doped crystals were also obtained
by placing Sb304 in an alumina boat upstream from the boat con-
taining tin pellets and growth took place on the alumina liner.

Some of the growth run took only 18 to 19 hours the maximum being

o

S
KRR
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36 hours.

Section 5 Mass Spectrographic Analysis

The crystals grown by Method (A) were sent
to Chemical Inspectorate, Royal Arsenal Woolwich who kindly perf-
ormed a mass épectrographic analysis of them.

The qualitative analysis confirms that
crystals grown in region (i) (see crystal growth (A) were of high
purity. The only impurities found in both types of specimen were
traces of silicon and a very slight trace of sodium.

Those crystals which were grown in region
(ii) were either pink or yellow. The pink colour was due to a
heavy trace of silicon and traces of calcium, aluminum, magnesium

chromium, and iron. The quantitative analysis was as follows:

Pink Crystals

Tin Major

Silicon 0.3 %
Calcium 0.03%
Aluminum 0.01%
Magnesium ' 0.02%
Chromium 0.01%
Iron 0.01%
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The impurities in yellow crystals were as:
under:

Yellow Crystals

Tin Major

Silicon 0.04 = 0,05 %
Indium 0.04 - 0.05 %
Calcium < 0,002 %
Sodium 40,005 %
‘Copper < 0,01 %
Aluminum |- 0,01 %
Magnesium {001 %

When the pink crystals were heated in an
oxy-hydrogen flame the colour changed from pink to white and this

was probably due to changes in impurity content.

Pink Crystals after Heating

fin Major

Silicon 0.1 %
Calcium 0.01%
Aluminum . 0.03%
Magnesium 0.01%
Chromium - 0.01%
Iron 0.03%
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The major changes occurred in the silicon,,
calcium and iron concentrations.

The tin pellets (starting material) were
found to contain only slight traces of lead and bismuth.

No attempts were made to find out the

impurity concentrations in crystals grown by the methods (B) and

(Ce
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CHAPTER 3

REVIEW OF THE PREVIOUS WORKS ON STANNIC OXIDE

Section 1 Electron Scattering Mechanism

(a) Introduction

In semiconductors, the most important
scattering processes involve interaction of electrons with lattice
vibrations and with the impurity atoms. In relatively pure crystals
or at relatively high temperatures, the former interaction is ord-
inarily predominant, while at low temperature, the latter may be
more important.

(b) Acoustic Mode Lattice Séattering

Acoustic scattering is important in semi-
conductors with predominantly covalent type bonding. There are
two types of scattering. Deformation potential is the most import-
ant as it can occur in any solid. The other type is the piezo-
acoustic scattering, which only occurs in crystals that are piezo-
electric. Since the structure of stannic oxide has a centre of
symmetry, it is not piezoelectric and so piezo-acoustic scattering

does not occur.

BARDEEN and SCHOCKLEY (18) solved the
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problem of acoustic mode scattering by a deformation potential
method. Since the variation in lattice constant produces a change
in energy of the baﬁd edge, so the longitudinal phonons produce a
local dilation that can be interpreted as a change in the band
edge, which causes the scattering of the electrons.

The mobility varies as ’I."'3/2 and m‘-iﬂz.
For the fully degenerate situation, the mobility will vary as
T,

(¢) Optical Mode Lattice Scattering

When there are two or more atoms per unit
cell, optical modes, in which the two atoms move in opposite
directions, are present. If the two atoms are similar, as in
elemental semiconductors like Ge, there can be no polarization,
but scattering is still-caused by the lattice distortion produced.
This non polar optical mode scattering has been discussed by
HARRISON(}); He expects that at room temperature non polar optical
mode scattering would be, in most cases of the same order as
acoustic mode scattering.

When tvo atoms are dissimilar and carry

opposite charges as in a polar crystal, their displacement in

opposite directions causes an electric polarization of the lattice,
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which scatters the electrons. This type of scattering is likely -
to be predominant in stannic oxide since it is a polar crystal.

A free electronnintroduced into a polar
lattice will cause a distortion of the lattice. The term "'polaron"
is used to describe the combination of the electron and the dis-
tortion. The strength of the interaction between the electrons
and the polar modes can be represented by a coupling constant
(occ). Various formulae have been proposed for the mobility, but
they are beyond the scope of the present work.

(d) Ionized Impurity Scattering

Ionized impurities in the structure also
scatter the charge carriers because the coulomb field associated
with each ionized donor or acceptor atom produces an irregularity
in the periodic potential. The field of the impurity atom is
modified by the dielectric comstant of the solid, and the result-
ing mobility depends upon temperature as the electron felocity is
a function of temperature.

The expression for relaxation time T and

|
hence mobility was derived by BROOKS and HERRING (19).

642 52 (2kr)3/2 {1 24 w*k®r’g } -

N, 2% & m*3 2

}J - &1 _
T om* 2
e h NI
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where symbols have the usual significance.

In the non-degenerate. case if the relatively
small variation of the logarithmic term is ignored, the mobility
should vary directly as T3/2, and inversely as the concentration of
impurities.

MANSFIELD (20) obtianed an expression for
arbitrary degeneracy. For complete degeneracy he showed that the
mobility is only dependent on the number of impurities through a
logarithmic term and it’is independent of temperature.

(e) Neutral Impurity Scattering

At low temperature when most of the impurity
atoms are not yet ionized, scattering due to these neutral atoms
may occur. This effect has been discussed by PEARSON and BARDEEN
(21) and later ERGINSOY (22). The mobility is independent of temp-

erature and is given by

Mo L

N 20b°N
n

where Nn = concentration of neutral impurity atoms.

(£) Scattering by Dislocations

At low temperature the scattering of electrons
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on dislocations (lattice defects) may be important. This could be
observed in very pure semiconductors. DEXTER and SEITZ (23) calc-
ulated the scattering by dislocations and found that relaxation

time and mobility are both proportional to temperature.

A= pr

vwhere Dot 1 - N,. being the number of edge disloca-
Ndis dis

: 2
ting per cm .

(g) Electron Electron Scattering

Electron electron scattering does not
effect the mobility directly as the total energy before and after
a collision is unchanged. However these collisions can redistribute
the energy so that other mechanisms can remove it more effectively.

Section 2 Previous Work on Stannic Oxide

(a) Thin Films
The earliest electrical measurements on
stannic oxide were made in 1937 by BAUER (24). These samples were
polycrystalline thin films prepared by the thermal oxidation of tin

evaporated on a quartz plate. The specific conductivities of these

1.1

films were between 10"1+ and 34 ohm 'cm ' and mobility varied between

0.9 and 6.6 en volt™ ! sec™ V.
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Different workers such as AITCHESON (2), .
BURKETT (25) and HOLLAND (26) gave other techniques of preparing
thin films. Improvement and stability in thin films wefe brought
by MOCHEL (27) who pointed that'by adding antimonyg%hese films
gavela higﬁer and positive temperature coefficient of resistivity.

Two papers by ISHIGURO (13) and IMAI (1)
report electrical and optical measurements on both undoped and
antimony doped stannic oxide films. ARAI (29) interpreted these
results and his own by proposing a tentative energy band scheme,
and concluded that the predominant scattering mechanism at room
temperature even in undoped films was that of ionized impurity.

MILOSLAVSKII and LYASHENKO (30) and (31)
found that the depth of the energy level associated with each
antimony ion in their thin films is at 0.15 ev. Further infra-
red work (32) showed that electron effective mass varies with
donor concentration. An extension of his work (33) in the visible
and ultraviolet region showed for energies hv > 4 ev that
absorption is due to direct permitted interband transitions.

KOCH (12, 35, 36) found from his electr-
ical and opfical measurements on thin films that at room temp-

erature scattering by longitudinal optical modes is the dominant
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scattering mechanism.

_?{ﬁéﬂ@_ﬂ@g)fused an Electron Microscope to .

étudy the causes of decrease in conductivity in stannic oxide films.

GOLOVCENCO (38) (39) produced stannic oxide

films by the pyrolysis of SnCl .2H20 and SnClh.SHZO in addition

2
with B(OH)3 and studied their electrical conductivity as well as
the boron influence on these films.,

The most recent method for the preparation
of thin films is by IACHIMOWSKI (40), who obtained the thin films
'by sputtering from a cathode covered with high purity tin.

(b) Polycrystalline Samples

LOCH (41) prepared samples of stannic oxide
by compressing SnO2 powder with variéus proportions of antimony
to act as a donor impurity. The electrical conductivity and see-
beck coefficient were measured in vacuum. The mobility of these
specimens varied in the range 10 - 12 <:m2Avolt‘-1 sec-1 and it did
not change with temperature over the range 100 - 800°C, This small
value of mobility was interpreted as the effect of grain boundaries
and other imperfections in the samples,

VAN DALL (9) had obtained some polycrystalline

stannic oxide samples of high purity from sintered pellets. These

samples were prepared at about 900°C, via an exothermic reaction,
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much below the temperatures for crystal growth. The impurity con=-
tent was correspondingly lower, by an order of magnitude. The
results of measurement on these samples are given in Fig.(111.2,
111.3).

(¢) Natural Single Crystals

KOHNKE (42) measured the electrical and
optical properties of good natural crystals. The activation
energy for intrinsic conduction above 800°K was 3.05 ev; and the
energy gaps as obtained from optical absorption and photocond-
uctivity measurements were 3.54% and 3.44 ev respectively. The
Hall mobilities in different crystals at room temperature var-

1 -1

ied from 7 to 315 cm2 volt ' sec ' and increased with increas-

ing carrier concentrations.

(d) Synthetic Single Crystals

Different methods of crystal growth have
been mentioned in Chapter 2.

MARLEY and DOCKERTY (43) had reported the
results on several undoped and antimony doped crystals grown by
Helium flow method. NAGASAWA (44) published the measurements
made on single crystals which were grown by the hydrolysis of
stannic chloride. VAN DALL (9) had e@plained the results of the

measurements which were made on several single crystalline and
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polycrystalline tin oxide samples.
A brief survey of the results of these
workers, as well as others, on conductivity, carrier concentr-

ation and mobility, is given in Fig.(111.1 to 111.4),
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Key to Fig. 111.1 to 111.4

Author
Koch
O — Imai
A Arai

1 Ishiguro

Van der Maesen

0 0 o 00 and Witmer

o .. VanDall

— — — A -_- VanDall

. — Kohnke
- — —4 —~ -4 Nagasawa

Marley and
Dockerty

- —-pQ ~ -~ Morgan

Material
Thin films
do
do
do

do

Single Crystal
Fig.(111.1)

Polycrystal
Fig.(111.2)

Single Crystal
do

do

do

. Reference

12

29

13

42
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Section 3 Variation of Mobility and Conductivity with Temperature

(a) Marley and Dockerty

The Hall mobility and electrical conductivity
had been measured Fig.(111.2, 111.3) on single crystals of n type
Sn0, between 80°K and 900%°K. At low temperature the Hall mobility
was found to decrease with decreasing donor concentrations and it
was interpreted in terms of combined ionized scattering and impurity
- band conduction.

The mobility above 300°K was analyzed by
considering polar optical modes of vibration as being the dominant
scéttering mechanism. Values of the donor ionization energy were

found to decrease with increasing donor concentration and at infi-

nite dilution it was found to be 0.15 ev.

(b) Nagasawa
NAGASAWA (44) measured the Hall mobility

and conductivity of one crystal between 90°K and 300°K. From the
results Fig.(111.2 to 111.4) he concluded that mobility is pre-
dominantly governed by the acoustic mode lattice scattering with
a further contribution due to optical phonons. A slight variation
in carrier concentrations in this temperature range was found

Fige(111.4). The activation energy was of the order of 0,024 ev.
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(¢) Morgan
4 The electrical properties of antimony doped
'single ocrystals of stannic oxide had been studied between 77°K and
~ 1100°K as shown in Fig.(111.2, 111.4). These were interpreted in ...
terms of optical mode lattice scattering at the higher temperatures
with an impurity scattéring contribution below about BOOOK.
(a) Van Dahl
The electrical measurements on polycrysta-
lline and single crystalline stannic oxide are shown in Fig.
(111.1 to 111.4). The Hall mobility at room temperature in single
crystals is about 100 cm2 voli:-'1 sec-1, and it decreases at low
temperature, while the polycrystalline samples showed a mobility

1 sec-1 at room temperature. An increase in

around 200 cn® volt
mobility was observed up to liquid nitrogen temperature. The
relatively low donor ionization energy is at most 0.01 ev.

From the measurement carried out for a
wide renge of temperature 4°K to 1600°K and optical reflection
in Reststrahl region, it was concluded that polar optical modes

with an average characteristic temperature of 1050°K dominate

lattice scattering.
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Section 4 EFElectron Effective Mass, Dielectric Constant,

Magnetoresistance

(a) Electron Effective Mass

The electron effective mass of SnO2 thin

films had been measured by KOCH (35). A value of 0,17 m_ was

deduced from the measurements of optical dispersion, KOHNKE (42)

had deducedi a value of 0.8 m in natural single crystals of

stannic oxide.

NAGASAWA (44) had performed measurements
of thermoelectric power at room temperature and obtained a value
0.35 mo. These calculations were based on assuming the acoustic
mode lattice scattering (S = -3). MARLEY and DOCKERTY (43) also
carried the same measurement at room temperature and obtained a
value between 0.12 m_ and 0.18 L3 assuming ionized impurity ' -
scattering (S = 3/2).

MORGAN (5) found a value 0.16 m_ from his
experiments for é wide range of temperature between 300°K to
1100%°K. At 100°K the value with S = 3/2 (ionized impurity scatt-
ering) is 0.13 m , while S = 3 gives 0.19 m . WRIGHT (45) pointed
out that this value did not depart significantly from 0.16 m . He

also pointed out that there was evidence of aniéotropy in m,



30

with values of 0.16 m, perpendicular to c-axis and 0.11 m_ parallel
to it.

LYASHENKO and MILOSLAVSKII (32) had taken
account of the electron theory of impurity band (47) and reported
a value of effective mass between 0.2 and 0.3 m e According to
them the most reliable values for the effective mass is obtained
when N > 10°%cn™>.

VAN DAAL (9) assumed that polar scattering
is the dominant process in SnO2 so a value of 0.3 mo was derived.
These values were‘consistent with weak coupling theory. The
value of o(, (the electron phonon coupling constént) is approxi-
mately one, implying that polaron effect cén not be neglected.
Intermediate coupling theory by LOW and PINES (34) which takes
account of polaron effect leads to 0.2k m e VAN DAAL concluded

that the value for m; lies well within the range 0.2 = 0.3 mo.

(b) Dielectric Constant

The static dielectric constant for
different direction in crystal (parallel to c-axis and perpend-
icular to c-a#is), according to Handbook of Chemistry and Physics
(28) was 24 and 23.4.

VAN DAAL (9) from his optical reflection
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measurements on single crystals of Sn.O2 between 2/Li to SO/LL -‘
found that dielectric constant perpendicular to c-axis and para-
llel to c-axis has values about 9 and 15. These values were
further confirmed by microwave measurements.

(¢) Magnetoresistance

The magnetoresistance measurement on n-

type SnO, had been performed by NAGASAWA (4). The magnetoresi-

2
stance was foupd to be proportional to (magnetic field)2 up to

at leést 15 KG (Fig. 111.5). Three types of specimen which were
typically 0.5 x 0¢5 x 4 mm in dimensions having length direction
cut along [100} , [001) and [11Cﬂ , respectively were prepared.
Two terminal method was employed for the magnetoresistance meas-
urements.

The measurements were carried out at room
temperature, 77°K and 20°K, but only relative resistivity changes
up to a few percent were observed in tranverse magnetoresistance
at 77°K under the magnetic field of 15 KG.

The explanation of the results cah be
offered as follows. The directional magnetoresistance coefficients

are defined as Mﬁiﬁ, where subscript gives the direction of the

current while superscript that of magnetic field. The coeffickents
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found from the measurements of magnetoresistance for a sample

having current parallel to [100] ’ leading to the conclusions:-

(4) longitudinal magnetoresistance M

coefficient (minima)

(B) similarly
Transverse
Maximsg

<: MO1O transverse
magnetores-

1s€ance coeffi~
(Maxima)

010 001

Mioo ~ Mooy Lomgitud-

inal
Minima

From the second sample, having current

(co1]

parallel to, it appeared that:-

Longitudinal Magnetoresi-

coefificient stance

Transverse
001 100
Myoq < Moo  maemetore-
sistance
coefficient
maxima

From the observation of third crystal

having current in [110] direction the same result was obtained.

The above results were interpreted as an

anisotropy in the crystal structure, that is, the direction 100

is no longer equivalent to [001] in the crystals having the point

group D#h symmetry.

Furthermore it was assumed that an anisot-

ropy is due to anisotropic scattering process, since anisotropy
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factor is different from sample to sample. It was therefore
difficult to estimate the effective mass ratio from the anisotr-

opy factor obtianed by their investigations.

The value of magnetoresistance coefficient
observed agrees well with that calculated assuming that an ionized

impurity scattering process is dominant at this temperature{77ﬁq
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CHAPTER 4

EXPERIMENTAL METHODS AND RESULTS

" Section 1 Imtroduction

- As described in Chapter 2 it was found
possible to grow crystals of good quality and high puritys These
were suitable for studying the intripsic electrical and other
related properties.

Materials for use in thermoelectric devices
usually have high carrier densities ‘-~ (1019 carriers/cmB), 80
antimony doped specimens with carrier densities 7.1018 - 7.1017/cm3
were also stﬁdied.

A big amount of work was done on undoped
reduced stannic oxide single crystals with the possibility of
obtaining high mobility crystals, which have electron densities

16, 3

in the range 1.3 x 1018 -~ 645 x 10 /cm’. The electrical conduc-
tivity and Hall coefficient were measured between room tempera-
ture and 77°K vhile magnetoresistance measurement was done at
77°K on one specimen.

Two pfobe conductivity measurements were

also carried out on un&oped stannic oxide rods between ?OO-1300°K..
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Section 2 (a) Sample Holder

The sample holder used for Hall effect,
conductivity and magnetoresistance measurements is shown in Fig.
(4.1). The base was machined from a piece of Sindanyo which is
an excellent thermal and electrical insulator. On the top of the
holder a perspex sheet of 2.5 x 4.75 cm was fixed which holds
the crystal. Five holeé were drilled through the sheet. They
vere held in contact by phosphor brenze strips tensioned by
screwvs.

A non-inductive heater was provided on
the back of the holder. Temperatures were measured by a copper
constantan thermocouple embedded in a thick copper block which
lay between the holder and the sample. It was assumed that this
gave the temperature of the sample. A thin mica sheet separated
the contacts of the perspex from the thermocouple and the copper
block.

(b) Indium Contact

Silver contacts were not found very satis-
factory for the electrical measurement as they were noisy. An
alternative method (14) for contact preparation was also tried by

applying an alloy of indium and gallium to the sample, but this
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was abandoned in favour of the more successful indium evaporated.
contact method. |

Edwards High Vacuum dnit was used for the
preparation of indium contacts. First the rod crystals were cut
and ground to the form of rectangular bars and then were etched
by using a boiling solution of 47% hydriodic acid (HI) with a
small quantity of hypophosphorous acid (HBPOZ) added to remove
excess of -iodine.

Indium was outgassed and evaporated from
a molybdenum strip. The crystal was mounted above the heater
strip and in contact with a suitable aluminium mask.

A technique by WRIGHT (48) was found
very successful here according to which the crystal has to be
heated at about 160°C in vacuum after the indium evaporation so
that diffusion of indium inside the crystal takes place.

After the contact preparation the crystal
was attached on the perspex sheet with the durofix. Silver dag
vas used to make electrical connection between evaporated indium
and phosphor bronze strips.

(¢) The Magnet

The magnet was a medium size@ air cooled
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electromagnet which provided an induction of 6 kilogauss at a
pole gap of 5 cm working at 10 amperes and 120 volts D.C. The
pole faces were 7 cm in diametsr. A circuit of different vari-
able resistances was used to control the current to the magnet.
The magnet could be run for sufficient time to take all measure-
- ment without any noticeable drop in induction.

(d) Conductivity Measurement

Conductivity measurements were made with

the four probe technique which has been used by MITOFF (49).
PhillipsD.C. microvoltmeter G.M. 6020 was used for this purpose.
' This could measure voltages down to 10 UV on its low impedance
range of 1 megohm and up to 10 volts on its high range of 100
megohm. The input impedances were much higher than any sample
impedance measured.

Readings of conductivity or Hall coeff-
icient at liquid nitrogen and other low temperature regions were
taken using a cryostat. The voltages produced by the thermocouple
were measured with a potentiometer. The cold junction was immersed
in melting ice and readings were taken with the temperature of the
specimen increasing from 77°K to room temperature.

(e) Hall Effect Measurement

A five probe method was adopted for the Hall
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effect measurements of low resistivity crystals whether doped or-
undoped (Fig. 4.1). Current to the crystal was supplied through a
stabilized power source, and could be adjusted accurately by means
of a cascaded potentiometer and a milliameter.

The accuracy of the milliameter could be
checked by measuring the voltage developed across a 10 ohm
standard resistance. Hall voltage was measured by a Tinsely
potentiometer type 33876 capable of measuring division of onme
microvolt.

The Hall coefficient was calculated from

the formula

ot 8 3
R = g7 X Vg ¥ 10° em’/coulomb

During the measurement, the current and
magnetic field were reversed so that errors due to other effects
could be eliminated. Corrections to the measured Hall voltage
due to the contact shorting (50) were applied if the sample geo-

metry required it.

Section 3 Heat Treatment on Undoped Crystals

The following experiment has been performed

in four different conditions on undoped crystals.
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(a) Presence of Oxygen
(b) Presence of Argon with Current passing through
crystal
(¢) Heating in Air at low pressure, with current
passing through crystal
(d) Heating in Air at low pressure or reduction.
(a) Oxygen
Two probe conductivity measurements were
carried out on an undoped stannic oxide rod between 700 and
1300°K. Platinum paste with platinum wire was used for the contact.
Platinum-Rhodium was used as thermocouple. Oxygen at a rate
25 cc/minute was passed over the crystal, while the crystal was

heated for about 25 hours at 1300°K.

Measurements of conductivity were done before.
and afper the heat treatment. No variation in conductivity outside

experimental error was found. An activation energy of 3.84 ev with
eqlle
J = B exp (-Eact/ZkT)

was calculated in this temperature range (Fig. 4.2).

(b) Argon

The same experiment as above was carried
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out in the presence of 40 cc/minute of Argon. A current density
of « 1 amp/sq.cm was passed through a crystal of high purity
while the crystal was heated at 1200°K for twenty four hours. No
change in colour of the crystal was observed, and there was no
change in conductivity. The crystal was also heated at 1200°K

in the presence of Argon without the current passing and it
showed no change in colour or conductivity,

(¢) Heating in Air at Low Pressure with Current

passing through Crystal

An attempt to observe the effect on
conductivity due to passing current was also made on two different
kinds of crystal. A holder Fig. (42a) was made of baked pyrophyllite
with platinum contacts. The crystal was fixed between the platinum
contacts with the help of a tensioning screw. Another screw on the
top of the holder kept the first screw in posi£ion against small
Qibrations.

The holder was placed in a small furnace
which was placed in the vacuum unit. At a pressure of 10-4mm of
Hg, current of 100 mA was passed through a pink crystal grown by
method 'A' (see crystal growth) for about four hours at a temper-
ature of &BOOC. No change in conductivity due to this treatment

was found, however the crystal became less pink in colour.
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Keeping all conditions the same another
transparent crystal grown by method 'C' was also treated. The
conductivity increased by two order of magnitude, while the crystal
remained transparent.

It is important to mention here that no change
in conductivity was observed when crystals grown by any of the
methods were reduced at a temperature of 43000 and a pressure 10 mm
of Hg without the passing of current.

(d) Heating in Air at Low Pressure

A small Kanthal wound furnace was mounted
inside the bell jar of an Edward evaporating unit. Typically crystals
were heated for five hours at a pressure of 5 x 10-2mm of Hg at
850°C. Seven crystals were selected for detailed examination, as
described below. Crystal 1 grew in region 1, crystal growth 'A',

2 to 7 were grown by method 'C! (seé crystal growth). -
Specimen 1 : Heated for five hours at 850°C while the

2mm of Hg.

air pressure was 5 x 10
Spebimen 2 : Substantially the same heat treatment was
carried out with a decrease in air pressure to 10-umm of Hg.

Specimen 3 : The temperature at which bhe crystals

were maintained in previous runs was the highest which could be
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obtained with the Eurotherm control system available for the
Kanthal furnace. Specimen 3 was heated first at 700°C for the

2mm of Hg. The

same length of time and a pressure of 5 x 10
initial conductivity was less than 10-‘36 ohm-1 cm-1. No increase
in conductivity was observed following this treatment, nor after
similar treatment at 500°C, 600°C respectively.

However, heating at ?OOOC increased the
conductivity to '10_5 ohm"1 cm-1. The subsequeﬁt reheating at
850°C caused the conductivity to decrease to ’IO-6 ohm-1 cm-1.

On heating the crystal in air at 1000°C
for twq hours using the crystal growth furnace, fhe crystal
developed a reddish colour, which subsequently disappeared when
theAcrystal was again heated in air at low pressure. Howeve; no
increase in conductivity was observed.

Specimens 4, 5, 6, 7.: Heat treatment at 850°C for
timeé between one and three hours at about 10-4mm of Hg changed
the conductivity by six orders of magnitude.

Section 4 (a) Conductivity and Mobility Results on

Doped Crystals

The conductivity and Hall coefficient

measurements were made on antimony doped stannic oxide single
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crystals 8, 9, 10, 11. Table (4.1) gives the room temperature
values of the electrical‘parametefs of these crystals. Low teﬁper-
ature measurements were made on all of them. The results are plotted
for crystal 8,.whose behaviour was typical.

The conductivity at 77°K was half the value
aﬁ room temperature, Fig. (4.3.), while an increase in Hall coeff-
icient was observed at liquid air temperature Fig. 4.6. The mobility
variation is shown in Fig.(4.4). (Fig.(4.3), (4.4) also give results

on undoped reduced samples, as discussed later).

Table 4.1.
Room Temperature Values of Electrical Parameter of

Antimony Doped Stannic Oxide

Specimen 8 9 ' 10 11
R (coulomb cm™>) | 8.37 | 10.8 1415 1.0k
N () 8.8x1017| 6.8x10"7 | 6.4x10"8| 7.1x10%
"G (o™ Tem™ ) 11.98 6.7 65.01 87.1
J (cm®volt” 'sec™ 1) 100 72436 7647 90,67
Length (mm) 6.3 8.6 | 5.82 654
Thickness (mm) 1.61 0,98 0.82 0.69
Width (mm) 1430 1.8 1.42 1.76

[ Colour Transparent Slightly blue
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Fig 4.3

VARIATION OF ELECTRICAL CONDUCTIVITY WITH
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VARIATION OF HALL MOBILITY WITH ABSOLUTE . TEMPERATURE
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(b) Variation of Mobility of Undoped Reduced Crystals

with Temperature

There was a big detectable change in the
Hall.coefficient of reduced spécimens 1, 2 and 6 over the range
OfAtemperature measured, Fig.4.6. An increase in mobility of
specimen 1 wiﬁh charge carriers 1017/cm3 was observed while
specimens 2, 6 with charge carriers 1018, 1034 x 1018/cm3 resp-
ectively showed a decrease in mobility at liquid nitrogen tem-
perature. The most accurate readings were obtained at room tem-
perature and liquid air temperature whére a constant temperature
could be maintained while a number of readings were taken.

All the reduced undoped crystals were found
to be non degenerate so a value of 3, /8 was used for r.

The interpretation of the temperature vari-
ation of mobility is found in Chapter 6. The change in mobility
and carrier concentration with temperatufe is shown in Fig. 4.4
and 4.6. Table 4.2 gives the room temperature value of the elec-
trical parameters of all the reduced undoped specimens.

(¢) Conductivity Variation with Temperature

Fig. (4.3) shows the variation of conduct-
ivity with temperature of reduced specimens 1, 2, 4, 5, 6. In the

~crystals 1, 5 there was an increase in conductivity up to 125°K;
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TABLE 4.2

SPECIMEN 1 2 b 5 6 7

R (coulomb cm ™) | 6.58x10 |7.311 | 6.25x10 9.7 | 5:49 1.13x10°
n (caprier/en’) |[1.12x10"7 .;xéoAm 1210"7 | 8x10"7| 1.34x10"® | 6.5x1016
nﬂAournéos|Av 3.3 |30.42 | 3.6 18 32.76 0,435
Mobility 200 222 225 172 180 50
OBN4OH..GIA MQOI\_

Length (mm) 6.46 5.22 | h.l22 L,2 5.68 7.42
Thickness (mm) 1.24 2.4 | 0.78 0.39 0.85 0.85
Wwidth (mm) 196 1.02 | 2.54 3.78 2.37 1.66
Activation 0.011ev | 0.016e 0.03ev

Energy

Colour Al 1 T R ANSPARETNT




200°k respectively, while specimen 2, 4, 6 showed no such sign.

(d) Reversible Heat Treatment

The specimen 2 was recycled twice as follows;
heating in air at 1000°C for two hours to make it non~-conducting
follbwed by reheating in the evacuated bell jar at 850°C for a
1 and B2 showed the conductivity and

mobility variation with temperature respectively.

few hours. Fig.(4.5) curve B

With further reduction for five hours at the
same temperature and pressure resulted an increase in conductivity
and carrier concentration, while the mobility fell to half its
value. Fig.(4.5) curve C, and C2 shows the mobility and conductiv-
ity changes. Fig.(4.5) curve A shows the initial conductivity
(reference) of the crystal.

The variation of carrier concentration with
temperature for the above mentioned experiment is given in Fig.(4.6).

The interpretation of above experiment is mentioned in Chapter 6.

(e) Grinding Experiment

The heat treatment at low pressure during
which large changes in the conductivity occur takes only a few
hours. So the following experiment was performed. A crystal from

Nagasawa Run 4 (undoped reduced) was ground on two faces and the



Fig 4.5 Electrical results for reduced sample No.2.
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Fig 4.7
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conductivity was measured at various stages in the grinding process.
The thickness measurement was made with a sensitive micrometer. The
scatter of the points in Fig.4.7 show only a 10¥% variation in cond-

uctiv#ty with thickness which can be an experimental error.
|

!
|
I
|
|

(f) Magnetoresistance Measurement

The magnetoresistance was calculated from

the change in resistance with magnetic field

sap o« F-% _ m-Y
7 B = v
0 o o

where VH and Vs are the voltages across the
conductivity probes with and without the magnetic field respectively.,

The change in resistance with magnetic field
is known to increase with mobility. In view of the result shown in
Figeltelt it was decided to make measurement on specimen 1 at liquid
nitrogen temperature.

Potential measurements were made using a
potentiometer and a galvaﬁometer capable of measuring with one
scale division equivalent to one microvolt. Sample current Qens-
ities were kept constant to better than 1 part in 103 through a

separate potentiometer system monitoring across a 1 ohm standard



-resistance.

The possibility of the shorting of the Hall
field, which increases the magnetoresistance (51) was avoided by
making the distance between the conductivity probes very small in
comparison to the length of the crystal.

Any thermoelectric voltage could be elimi-
| hated by reversing the current and taking the mean of the two read-
ings. Magnetoresistivity measurements were made for magnetic field
up to 15 Kilogauss at 7?°K.

The magnetoresistance was found proportional
to the square of the magnetic field up to at least 15 KG (Fig.4.9).

The variation of magnetoresistance with the
angle 6 between current and magnetic field for specimen 1 was
determined at 77°K (Fig.4.10). The current was passing parallel to
(101] , while magnetic field in [010] swept to ([070]. Since all the
measurements were performed in the transverse direction some work
is required in longitudinal directions

(g) Back Reflection Lave Photograph

Back reflection Leue photographs were used
to discover the orientation of the crystals. The reference was

normal to the large face, a mirror symmetry was obtained. Then
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CHAPTER 5

OPTICAL PROPERTIES OF STANNIC OXIDE CRYSTAL

Section 1 Introduction

There is little information one can get in
literature about optical absorption of the reduced stannic oxide
single crystal. During the course of this present investigation
-on optical and semiconductive properties of reduced stannic oxide,
an attempt was made to find the absorption due to free carriers
in the infra red region beyond the edge of the intrinsic absorp-

tion.

Some work was also carried out to observe
luminescence and electroluminescence in these crystals.

Section 2 Experimental Set Up and Measurement

(a) Grinding and Polishing

The crystals were first lapped into proper
shape and geometry of a platelet. They were then mounted with
"shellac'" or durofix on steel disc of a JigF.‘?\'ﬂ;‘e Jig has a circu-
lar rim at the bottom that keeps it levelled, where pressure can

be applied through the sliding rod. The small steel disc at the

bottom screws on to the central rod, and has a hole so that the



Fig 5.1 Crystals polishing Jig

steel base sliding rod
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specimen can be examined in the polarizing microscope.

Grinding was done on plate glass using
éuccessively finer SiC or Alumina. The final polishing was done
using diamond paste on a polishing pad mountedlon a plate glass.,
Removal of the crystal from the disc was carried out by dissolv-
ing the cement by some suitable solvent.

(b) Spectrometers

Two different spectrometers were used for
‘transmission measurement. SP-600 spectrophotometer was used in

the beginning of the work, but it was abandoned later in favour

of @ better spectrometer;

Spectromaster:- This machine belongs to
the Chemistry department, covers the range 0.6 = 25 JJ but has a
poor resolution. /fif‘ The principle of operation is such that
the energy in the sample and the refefence beam is kept equal by
moving a 'comb' in and out of the reference'beam. The scale can
be adjusted by a second comb in the sample bedm. When the instru-
ment is used with the small area of a single crystal, a small hole
in a blank isArequired in the reference béam.

Because of the similarity in dimension
between the small hole and the teeth of the comb, the absorption

scale is not likely to be linear.
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The accuracy of the results depends to a
-large degree on the wavelength sensitivity of the spectromaster.

This is stated in the instrument manual as follows:

Accuracy Repeatability
5- 15 0,006 0,002 J

(c) Optical Absorption in Undoped Reduced Crystals

A number of measurements were made of
free carrier absorption. In crystal 1, 5, 7 a continuoﬁs absorp-
tion was found between 1 and 5 [ which increased smoothly with
wavelength. The carrier concentrations of these specimens were

16 _ 8 x 1017 cm-3.

in the range 6.5 x 10"

Fig.(5.2), shows the variation of logar-
ithmic absorption with logarithmic wavelength. It is evident
from the graph that specimen 5 has a high absorption coefficient
as it has more charge carriers than the othgrs.

The slope for the specimen 5 is 2.6 while
for -the other crystals it is 2.5.

Fig. (5.3) shows the absorption coeffic~

ient variation with carrier concentrations at constant wave-

lengths.
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The general quality of these measurements .
was satisfactory due to specimen quality, specimen size and instr-
umentation. These crystals were found to be fairly pure and free
from heavy microscopic voids or other defects that give a clear
passage to the light.

| V As these grown crystals were subjectgd to
reduction so there was homogeneity in conductivity in comparison
to antimony doped crystals (see Chapter 6 Sect.3b). Discussion on
the results of optical absorption is given in Chapter 6.

SUMMITT and BORRELLI (52) performed rather
more extensive measurements in the wavelength range 0.5< A ( QH
on antimony doped crystals with carrier concentration in the range
1017 -2 1019 cm-j. They found that for each specimen K varied
as N where v varied for different crystals from 2.9 to 3.3%.

REDDAWAY (53) had also performed the same
experiments in the wavelength range 0.8 < N < 2.3 U and carrier

18 9 3

concentrations 3.6 x 10 =2 x 101 cm °. He tested the relations

K =< A and KX A° , and found better agreement for the latter.

Section 3 (a) Luminescence

- Crystals of stannic oxide grown by method
A, B, or C (see Crystal Growth) and stannic oxide powder were

examined under 2537 Ao_Hg line irradiation. The antimony doped
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crystals showed no luminescence, nor did the colourless undoped
crystals.

These undoped transparent crystals and
powder were reduced at 750°C at a pressure of 10-4 mm of Hg. Whén
the above material was further excited by 2537 A° line ai.. -
bright luminescence with greenish white light was observed., This
luminescence was seen at liquid nitrogen temperature, and it dis-
appeared just below room temperature. No attempts to obtain the
spectral distribution curve of the either undoped reduced crystals

oxide
or the reduced stannic;powder were made.

(b) Electroluminescence

JEGES (54) first investigated the electro-
luminescent source of light in stannic oxide conducting crystal
and powder, With an applied veltage of 5 to 300 volts D.C. and
current ranging between millamperes and microampgres a white light

was observed.

In the present work an attempt was made to
observe the same effect. Experimgnts were done with different kinds
of specimen namely doped, undoped, undoped reduced and powder
stannic oxide, with wide range of conductivity between ‘10-5 to

3x 10x: ohm-1 cm-1.
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The crystal was interposed between a pair
of electrodes (Fig.S.B(a)). One of the electrodes was a metal
(tungsten) needle, the point of which was in touch with the crystal
body. The other electrode served as a holder of the crystal. The
voltage was applied to the two electrodes and a white radiation
was observed in the neighbourhbod of the point of the needle, The
voltage applied was varied from 10 to 70 volts while the current
was ranging between 5 and 40 mA in different crgstals.

The other experiment was performed on
crushed powder of stannic oxide crystals. This éowder was pressed
between the two transparent conducting glasses as shown in Fig.-
(5¢3b)s A plastic frame served the purpose of fixing these cond-
ucting glasses. A direct current produced a white light in the
powder which was confined to the corner, nearest the leads.

No white light or any kind of radiation
was seen either in antimony doped, gallium doped or undoped
crystals; light was observed only in reduced crystals.

One more experiment was done by prepar-
ing indium-gallium contact on one broad face of the stannic
oxide crystal and the other face was subjected to cu-electre-

plating. With the passage of current no electroluminescence was

obtained.
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The reults of early experiments resembled
those of JEGES (54), but when this effect was investigated at a
pressure of 'IO"I+ mm of Hg, the intensity of white light decreased
to zero, so it was decided that all the light observed previously
was due to a glow discharge in air at the contact, leading to
some photoluminescence of the crystal. We believe that JEGES'

results were due to the same effect.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

Section 1 Introduction

Some investigations on the physical prop-
erties of SnO2 have been carried out by different workers with
thin films, sintered bodies and natural crystals (cassiterite).
Data on the transport properties of SnO2 have already led a
number of authors to draw dissimilar conclusions concerning elec-
tron scattering mechanisms at low temperature.

Some of the present work gives further

evidence on the scattering mechanism, as discussed below.

Section 2 (a) Mobility Measurements on Doped Crystals

Several antimohy doped crystals were util-
ized for mobility measurements and the results on one crystal are
shown in Fig.(4.4). From the results it is found that mobility
decreases very slightly below 300°K down to 77°K. The same varia-
tion:of mobility below room temperature was also observed in the
crystals of MORGAN(5).

An explanation to these results was given

by WRIGHT (45) that below 300%K the mobility is determined partly
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by impurity scattering and below 100K this must be entirely so.-
If the observed mobility is ,Ilo, the mobility determined by opti-
cal mode polar scattering ,llp, and the mobility determined by im-

purities 'DI then approximately

1 1 1
= 4+ —
Ok Py
The writer has checked that the values of
,UtI are of the order of those predicted using MANSFIELD's formula
(20), assuming the above parameter, an impurity demsity of the
order 1018/cm3 and non degeneracy. It is clear from Fig.(l4.4)
that jlp is very large compared with }lo at low temperature so
that B~ P
(b) Mobility Measurements on Undoped Reduced Crystals

below 300°K.
Fig.(4i3) gives the results of conductivity

measurement with crystals in a temperature range from 77°K to
300K, For crystals 1, 5 with increasing temperature from 77°K
the conductivity increases very gradually, passing a maximum at
125-’3‘9K and 200°K; it then decreases rapidly up to BOOOK. For
other crystals a continuous increase of conductivity was observed

from 77°K to 300°K.
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The measurements of Hall coefficient on
" erystal 1 showed that it increased rapidly as temperature fell
below 125°K.

For undoped Sn02, a positive temperature
coefficient of the resistivity has not previously been ebserved
below 300°K with sintered bodies or crystals except the crystals
of NAGASAWA (14) and polycrystalline sample of VAN DALL (9).

In the present work, a positive coefficient
is observed for crystals 1 and 5 in the range 125° - 300°K and
200° - 300°K respectively. Moreover, our latest measurements on
crystal 13 (not mentioned in the present work) have shown that
a continuous increase in conductivity is observed from 300°K to
77°K.

The values of conductivity Fig.(4.3) and
Hall coefficient Fig.(4.6) lead to the temperature variation of
mobility shown in Fig.(4.4).

For sample 1 this behaviour appears con-
sistent with opticél mode scattering, as discussed further below.
The carrier density in this crystal is 1017/cm3 at 300°K.

Taking the value of carrier concentrat-

ion, and the value of electron effective mass 0.3 m (9), it
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appears that the electron gas in the conduction band is probably
non degenerate in the whole temperature'region. 0.3 m, is the
value of effective mass, the writer helieves to be correct, see
Section 2(d) .

In crystal 2, the carrier concentration
is about 1018/bm3, so the mobilify variation below 300%K is
probably due to ionized impurity scattering with a further con-
tribution due to optical phonons., Similar fall mobility below
300K is seen in crystal 6 Fig.(4.4).

(¢) Theoretical Interpretation of Mobility Results

MARLEY and DOCKERTY (43) showed, the
theories of LEE LOW and PINES (34) and HOWARTH and SONDHEIMER
(55) predict the values of mobility as shown in Fig.(6.1). The
characteristic temperature was 500°K. The calculations leading
to the values plotted have been checked and extended by the
writer. A value of 1050°K (9) instead of 500°K gives the higher
values of mobility as shown.

Fig.(6.1) shows the theoretical as well
as experimental variation of mobility and there is reasonable
agreement between the theory for 6 = 500°K and the values

obtained for crystal 1 between 77°K to 300°K. The small
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- disagreement with crystal 1 may be due to slight contribution

from impurity scattering; which is explained by the }-} =1 + % .
o b I

calculation, Fig.(6.1), assuming m* = Q.3 m_; ¢,, = 4;
n= 1017/cm3.
However for other crystals, Fig.(4.4),
the optical phonon scattering is masked by ionized impurity scatt-
ering.
(d) Summary of Mobility Measureﬁents

Fig.(1e1) (42) shows most of the published
results of mobility measurements on stannic oxide. All these results
show the same general trend. The mbbility increases with increas-
ing temperature up to about 300°K and then decreases with increas-
ing temperature up to the highest value 600°K. The notable excep-
tion of this is result of reference (14), and (9).

The conclusions of KOCH (36), MARLEY and
DOCKERTY (43), WRIGHT (45) and more recently by VAN DALL (9)
indicate that the more important scattering mechénism at high
temperature is polar optical mode viBrations.

If optical mode scattering is important
in a polar crystal it is necessary to have an estimate of the

coupling constant (&c). REDDAWAY (53) has determined by optical
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methods the wavelengths of optical modes of vibration. He proposeés
the most important value of wave number is 703 cm ' although if
more than one mode is present in the crystal all modes will give
some contribution toward the coupling constant.

If this value is used together with the
value of electron effective mass 0.3 m (9); € =k; e, =15 (9)
a value obtained for o, is 0.95. However if & = 150°K (36) so0
wave number is 120 cm-1; then «. = 3. The true value probably
lies near the first value of ctc¢ «

VAN DAAQL (9) confirmed the scattering
mechanism and gave a value of o, to be unity. He deduced that
the electron effective mass lies between 0.2 to 0.3 m e The results
of LYASHENKO and MILOSLAVSKII (32) indicated the effective mass
(m*) is about 0.25 m at carrier demnsity 10“20/cm3; they
deduced lower value of m* at lower n.

If e T , S0 MARLEY and DOCKERTY (43)
obtained a value of ¥ of - 1.1 and greater than 3/2 for high
temperature and low temperature respectively. They quote a value
of effective mass (0.13 mo) at 300°K assuming ionized impurity
scattering. An effective mass of 0.2 m, is obtained if optical

mode scattering is assumed.
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The results of NAGASAWA. (14) between 90°K-
and 300°K fits a curve fl; = Constant x T2 over the higher end
of the temperature range. They quote a value of 0.3 m, at 300°K
based on acoustic mede scattering. An effective mass of 0.27 m°
is obtained if optical mode scattering is assumed.

(e) Discussion on Optical Absorption

The crystal defects generally believed
important in free carrier absorption are acoustical phonons,
optical phonons and ionized impurities.

We need not consider acoustical phonons
since stannic oxide is a polar crystal, so our main concern will
be with optical phonons. Ionized impurities are discussed further
belowe.

The purity, and hence the high mobility
of the crystal at room temperature indicate that absorption is
due to polar optical modes. More over VISVANATHAN (60) gives
K >\2'5 for interaction with optical polar modes in 3 -~ 5

compounds, where optical phonon scattering seems to be more

important. scattering mechanism

The experimental value of r found from

our optical absorption measurements lies very.near to 2.5
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(Chapter 5 Section 2¢).

The expression given by VISVANATHAN for

absorption due to optical mode scattering is as follows

4
K (opd) o Mn 2 8 AW, 3
n, (cn™) = nc 3 m* thw )’ (Bw)

V4
-(—ez——+—-1-) X 1 + ':]_1' - l'._% + seees
(e = 1) 4% (Kg)
where é = €£5'- € 0-1 ; zZ = -%g
"g - ﬁ?—w— and the other symbols have the

usual meém‘.ng.
Calculations based on n = 2, We = 1.6 x

’1011+ cycle/sec (9) € = by €,=15 (9); m* = 0.3 m (9) and

A = 30 yields %— (em®) = 3.7 x 10717,

e

The experimental value of —E— is
e

9 x 10°77 o at A = 30 for crystal 5. The mean for the three

crystals is 7.10-17 cm®

It is important to mention here that with

an effective mass of 0.13 m (52) and eo = 25; We = 3x1014
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cycles/sec (52) the theoretical value of -%— due to SUMMITT -
and BORRELLI is 9 x 10" /cm. There appears :o be no justifi-
cation however for using such a high value of We.

No optical absorption work is published
on deliberately reduced crystals which state the absorption
mechanism, while the present work asgrees very well with
VISVANATHAN (60), A>*? variation.

The higher powers of )\ , as obtained in
the measurements of reference (52), (53) indicate some contri-
bution of ionized impurities also. This is as expected theoret-
ically from’the work of VISVANATHAN (59) on 3 - 5 compounds.

He also detected the increase in the power of A_ with doping
experimentally (605. The experiments of SUMMITT and BORRELLI

at higher temperatures in (52) confirmed this explanation.

Section 3 (a) Nature of Defects and Reversible Heat Treatment

The heat treatment on as grown crystals
(see Chapter 4 Section 3d) at low pressure raised the conduct-
ivity in these crystals. From the sign of the Hall voltage all
the samples were found to show n type of conductivity. The
donor centres responsible for n type conductivity are most

probably oxygen vacancies.

An explanation of the n sign of



66

conductivity can Be given as follows..The question of relative -
ionic size has been discussed by MANDEL (56), who has suggested
that in certain cqmpounds such as ZnO, ZnS, ZnSe, CdO, CdS, the
increasing cation size promotes n type conductivity where as
'increasing anion size promotes p-type conductivity. The ratio
of cation radius Yc to anion radius Ya describes the findings
even better, In the case of SnO2 the ratio 3%2 v 2,2, so
there is n type conductivity.

MANDEL's (56) theory which is based on
a simple model can be appliedlhere to explain our results. If

an oxygen atom is removed from a SnO_ crystal, resulting in a

2
donor, a small vacancy cavity results. The wavelength of the
standing wave is short, resulting in a high frequency and high
energ& of the state, and the carriers are high up in the poten-
tial box, corresponding to a low ionization energy.

It will be recalled that the ionization
energy observed for donors in crystals 1 and 2 was 0.01 ev

(see Table (4.2) ).

The absence of conductivity in SnO2
crystal after heating in an atmosphere of oxygen may be because
any centres introduced have high activation energy. In addition

to this, the theoretical calculations (5) based on fundamental
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parameters give a value of 55 m, for hole effective mass which
also support our argument.

It is interesting to mention here that an
experiment (Chap.4 Sec.3d) was performed to check the nature of
centres. It was found that if a conducting crystal is heated in
air at above about 1000°C, it becoyes non conducting, while on
reduction it became again conducting. A step by step reduction
increased its conductivity but after a 45 hours treatment its
mobility fell to half its value. This may be due to grain boun-

dary effects.

Thus the results of oxidizing and reduc-
ing support the view that the donor centres are oxygen vacancies.

(b) Suggestion and Conclusion

There are at this stage a few papers on
antimony doped single crystals but that work can not be of high
value due to two factors. First it is too difficult to grow
crystals of low impurity concentration VN1O1?/cm3, such that
mobility will be governed by optical phonons at low temperature
instead of impurity scattering. Moreover, the homogeneity of
impurity in the crystal is very difficult to achieve.

) A value of 20% variation in homogeneity

is reported by MORGAN(5) by the thermoelectric probe method.
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In the present work antimony doped crystals
having electron densities with minimum values 6 x 1017/cm3 have
been grown. These crystals were colourless rods or plates but
having low mobility «~ 100 en volt™! sec™" at 300°K.

The undoped crystals which were fairly
pure showed after reduction a mobility -~ 200 cm2 voli;-1 sec-1.
It is, however, very difficult to state at this stage the exact
time and pressure to create a certain number of oxygen vacancies
in the crystal which will control the mobility.

The most successful method of growth is
so far due to NAGASAWA, in which there was a departure from
stoichiometry in the as grown crystals. However the above work
suggests the possibilty of changing the stoichiometric composi-
tion during or immediately after the growth pfocess.

It is important to obtain a detailed
knowledge of the band structure in order to investigate the

electronic processes in SnO_. Some work regarding the magneto-

2

resistance in SnO2 has been done by NAGASAWA (4), according to

whichAthe conduction band of SnO, consists of a single spheroi-

2
dal energy valley situated at the origion of K-space.

This is consistent with his observation

of direct exciton series at the edge of absorption spectrum of
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SnO2 (57). Summarizing the two results, he concluded that the top.
of the valence band and the bottom of the conduction band are
located at the centre of the Brillion zone. His observation impl-
ies that the lowest energy transition is of direct type.

In the present work a magnetoresistance
signal has been observed in one of our specimens at liquid air
temperature. In future work the crystal 1 could be cut to give
a [100] face and then NAGASAWA results could be checked. His
results may be in error because he used a two probe method.

It is evident from our work that lumin-
escence was observed in all our reduced crystals, but not in
antimony doped or in undoped crystals which had not been reduced.
The spectral energy curve for emission and absorption could be
obtained at low temperature to find the defect centres respons-
ible for the luminescence.in these crystals.

No electroluminescence was observed from
antimony doped or undoped crystals before reduction. Light out-
put was obtained from reduced crystals, but we do not believe

that it was genuine electroluminescence.
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