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Figure 0,1

Antimony and Chromium Doped Crystals

Specimen 3 as cut, showing thermocouple holes.

Very liphtly antimony doped crystal of habit b,

Antimony doped crystal of habit 3.

Chromium doped crystal, as illustrated in figure 2.73a.
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INTRODUCTION

The primary purpose of studying stannic oxide was to
assess its possibilities as a high temperature thermoelectric
material. Stannié oxide is chemically stable at high temper-
atures (full details are reported in Chapter 2) and measure-
ments on the thermal conductivity of ceramics indicate that
this property is in the same order as other thermoelectric
materials. A review of the literature that was available at
the beginning of this work, and that which has since appeared,
is made in Chapter L. Although there had been many papers
published on thin films, the only reports on the bulk material
were of compressed powder samples and of natural crystals.

The results of the former were complicated by possible grain
boundary effects and those of the latter by the relatively
high impurity concentrations in the crystals. In order to
obtain as much information on stannic oxide, it was decided
that single crystals should be grown. This was the initial
problem of the research. Since the main interest was in
thermoelectric applications, highly doped n- and p-type
crystals were required. The measure of success in this field
is reported in Chapter 2.

The second major problem was the measurement of the
properties of the crystals at high temperatures. The methods

used and the results obtained are reported in Chapter 3.




The first chapter of this thesis attempts to summarise
the elements of band theory on whicﬁ the conclusions of
Chapter 4 are based. It tries to show the derivation of
the equations used and to outline the theories and
assumptions on which the final conclusions are based. This
chapter also includes a short discussion on the nature of
the chemical bond between the tin and oxygen atoms or ions
in the stannic oxide crystal in relation to its semi-

conducting properties.

(xiii)
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CHAPTERI1:

Band Theorz

Formation of Energy Bands

In an isolated atom, the energy levels of each
electron orbital have discrete values. If, however,

atoms are brought into very close proximity, as in a

-crystal lattice, the wave functions - which describe

the probability of finding an electron in time and

space in a particular orbital - of electrons in

“adjacent atoms can overlap. If this overlap is very

strong, the levels broaden out into bands which cover
a range of energies. Figure 1.1 shows the calculated
broadening of the energy levels in $odium against the

interatomic distance (r).

Metal,. Insulator or Semiconductor

If the constituent atoms of a lattice contribute
the exact number of electrons needed to fill a set of
energy states, i.e., to completely fill a band:,. there
can be no current flow in this band. This situation
can only occur at absolute zero temperature. At
temperatures greater than OOK, there will be a finite
probability of electrons being excited thermally from
this filled band to a higher empty band. This enables
two types of conductionto occur. The few electrons in

the unfilled band, known as the conduction band, are
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Figure 1:1: The broadening of the energy levels of sodium
with change in atomic separation 'r'. 'a' is
the actual separation of the atoms in
metallic sodium.
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. Figure 1.2: The potential well model of a free electron gas.
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free to move in a field: and so are the holes, or
absence of electrons, in the almost filled band,

known as the valence band. The only difference be-
tween an insulator and a semiconductor, at a particular
temperature, is the width of the forbidden gap between
the two bands. The number of electrons in the con-
duction band, which in an intrinsic semiconductor
equals the number 6f holes in.the valence band, at a
given temperature is inversely - proportional to the
exponential of{the width of the forbidden gap (see

equation 1.20), which may itseif vary with tempefature.

If the crystal bonding were completely ionic (see
sect.6) there would be no overlap of wave functions and
no bands would be formed. In this case charge trans-
port can only occur by the migration of ions, which
will have a very low mobility. Ionic crystals are

usually very.good insulators.

If the atoms in a lattice only contribute enough
electrons to half fill the energy states available in
the band, then electrons will be free to move under the
influence of an applied field even at absolute zero
temperature. This can also occur if the conduction
band in one direction in the crystal overlaps the
valence band in another.  This type of‘material is a
metal.

Fermi-Dirac Statistics

This tvpe of statistics is based on the Pauli
exclusion principle, which states that no more than two

electrons, each of opposite spin, can occupy any one
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energy level and on the principle that each electron is
indistinguishable from another. An important result
obtained from these statistics is that the probability
f (E ) of a state of energy{ E ) being occupied at a

particular temperature (T) is given by

f“)={}*P€i?-*l]d (1.1)

RT
. )
where k is known -as-Boltzmann.''s constant and E; is
defined as the Fermi energy and is the particular.§alue
of the energy state in which the probability of

occupation is .

In calculating expressions for the various
properties of semiconductors, it is often necessary to

evaluate integrals of the form

F. ( - d
x Yf) - _}; enp (1-7'_) + 1 K4 : (1.2)
where,,l . %_ and ¢ E_j:_ .

This function is known as the Fermi Dirac integral
and its values for integral and half integnal values of
x are tabulated in references (1 - 5).

Maxwell-Boltzmann Statistics

If each electron may be considered independent and

there is no restriction on the number of electrons that
may occﬁpy a given energy level, classical statistics
give the result that the probability (f (£)) of a
particle having an energy E at temperature (T) is

f(e): Aexp(-£) ’ (1.3)

where A is a constant.




The Fermi-Dirac distribution function approximates

to the Maxwell-Boltzmann function when €- Ep DOkT.

.t is much more convenient to use Maxwell-Boltzmann

le.

- S|

r-of the

conduttion band.)

e b

1f.

statistics when considering non-degenerate semi-
conductors.
Degeneracy

If there are only a few electrons in the cdnduction
band compared with the number of states available, the
energy distribution of these electrons will not be
significantly affected by the exclusion principle. In
this condition the semiconductor is said to be non-
degenerate and Maxwell-Boltzmann statistics may be used

to simpiify calcuiations. A useful criterion is that

non-degenerate statistics may be applied if the reduced
Fermi level ( 7¢ ) is less than - 1,as measured from the bottom

If 7¢ » 2 , the conditions near the bottom of the

l'conduction band are similar to thosgein a metal. The

lower energy levels are all fillediaccording to the
exclusion principle. Since most of the free electrons
occur in a narrow band of energy in the region of the
Fermi level, for most calculations they may all be con-
sidered to have the same energy, the Fermi energy (Eg).
For the intermediate region (=1{7¢{2) the full
Fermi Dirac statistics must be used for calculations.

Wave Properties of an Electron

The direct evidence of electron diffraction has

shown that a beam of electrons of momentum—( f) can

be treated as a wave train of wavelength A given by

(1.4)

)=

DT




N.B.

Equation 1.5 is strictly the time - independent
Schrgdinger equation. To obtain the more general
time-dependent equation, the spacially defined
Schrgdinger' Y- function must be expanded into a

space-time function (u), where

w= Vexﬁb‘;%'

The wave equation may now be written -

. S?ﬁ* + %i%.('? g%:-\mlu~) =0
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lh.

where h is known as Planck's constant.

In general, the motion of electrons can be cal-~

culated by determining the appropriate wave equationy
il

the form of which was proposed by Schrodinger,

T R
AR AR %(&w) Y-0 (1.5)
where #9 is the appropriate wave function, € the
kinetic and W the potential energy, and ﬁ =§%?.
k - Space .

Quantunm theory states that energy is not con-
timious, but is quantised: that is, only discrete
‘values of energy, and thus momentum (p)are per-
missible. The permitted values of p are given by

the relation :

E = hli , (106)
where k = AWn. 10z 0,%1,22 . etc.
L .

and Lis the periodic length of the wave function
parallel to one of the crystal axes.
The wave vector (g) gives the direction of

propagation of plane waves (¥= C exp (i k.r ),where

- C is a constant),

Sommerfeld Model of a Metal

The Sommerfeld, or free electron gas , model of

electrons in a metal is considered as it was a first
step towards explaining the behaviour of carriers in

a solid. In this model, the electrons are considered
in a potential well, the boundaries of which are the
boundaries of the metal. The number of carriers is
about the same as the number of atoms (~10 cm™). Ea ch
electron has the same potential energy W and a kinetic

energy € as well (see figure 1.3).
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Bloch Waves
Bloch first considered the motion of an electron
through a periodic laifice in 1928. He assumed a
periodic potential that varied identically in each uhnit
cell of the crystal. Thus if a translation vector
is defined as
Ra=ma +ma, +m.a, (1.7)
(where a,,a ,,a, are the three primitive vectors
defining the edges of the crystal unit cell and

m,, m,, m,, are integers)

'
then Bloch showed that in order to satisfy the con-
ditiﬂns of the periodicity, the solutions of the
Schrodinger equation must be of the form::
‘ﬁ = Ufr) exp (i k.r) , 1.8

where T(r + R) = Up(r):in general T[(r)

will be different for each value of E.

Waves of this form will proceed unhindered through
a perfect lattice.

Bragg Reflection

The Bragg reflection law for a beam of wavelength A
striking a drystal, with a spacing of distance 'd’'
between planes of atoms, at an‘dngleﬂvdih.the planes is

nA= 2d sin ® . (1.9)

If this law is applied to a wave packet of
electrons propagating through a lattice, a wave with a
value of k = QF(where nis an integer) along one of the
crystal axes, in which direction the lattice spacing is
'@ will not pass through, but will be reflected.

Phis means that the energy that such an electron wave
packet may have in a real crystal is not continuous

but has allowed and forbidden values.
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1.

Brillouin Z“ones

The k values for which Bragg reflection occurs are
said to lie on the Brillouin zone boundaries in k space.
So the crystal lattice'determines the zone shapes. The
zone boundaries correspond to discontinuities in the E - k
curve. _

Due to Bragg reflection, when only one dimension is
considered there must always be a gap of forbidden energy
between each allowed band. But since the value of the k
at which Bragg reflection occurs differs for different
directions in the crystal, it is possible for an allowed
band in one direction to overlap a lower allowed band in
another direction.  When this occurs there is, in effect,

no forbidden energy and the material will have metallic

properties.

‘E - k Diagrams

Figure 1.3(a) shows the parabolic shape of the E-k
diagram for an electron on the Sommerfeld model. The

total energy is given by

2 hakz
E_S-w_iﬁ';-w_ Tm

=W (1.10)

Differentiating this expression with respect to k

t
35= ﬁk - he _ hy (1.11)
ok M m -
Thus the electron velocity v is given by
v = — JE (1.12)
h ok :
Also from equation (1.11) the electron mass is given
QE )‘| .
by m=tk \ ——— ] - (1.13)
y m _

If the value of m.is constant, another expression for

m , obtained by the second differential of equation (1.10)is

2, 9k |
= —-— 1'14
m =h ( S . ( )
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On the Bloch theory E - k diagrams such as figure
1.3(b) are obtained. The gradient of the E - k curve

( %;) is always zero at the zone boundaries.

Effective Mass

From figure 1.3(b), it can be seen that %%% is

not constant, consequently for the Bloch theory we must
replace the free space electron mass by an effective
mass m", defined by the relationship
Y - hz ..a__g -‘.&»'
m k(ak) L (1.15)

The effective mass may simply be regarded as the

value of mass required to fit the Newtonian equations

of motion that takes into account the effect of
crystalline field.

Density of States and Inertial Effective Mass

In real substances the energy surfaces are usually
complicated and depend on the direction in the crystal
lattice, and the effective mass should be considered as
a tensor quantity.

Different properties involve the energy momentum
curvatures in different ways and thus a different.
expression for the effective mass is required for
expressions for mobility, density of states andvhigh
frequency dielectric cbnstant. The two most commonly
encountered are the 'Density of States' effective mass

and the 'Inertial' effective mass.

The density of states effective mass is that obtained

when the number of carriers in a band is related to the
position of the Fermi level, and so is the value obtained

when the Hall and Seebeck effect are compared.
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The inertial effectiive mass is the quantity involved
in the high frequency dielectric constant and is also
the value obtained from cyclotfon resonance experiments.

From the variation of the gradient of the E - k

curve in figure 1.3(b) it can be seen that the value of
'E
oh?
bands. Although it is mathematically correct to con-

becomes negative in the upper half of the allowed

sider the electrons near the top of the band to have a
negative effective mass, it is difficult to deduce the
conse@uences. It is more convenient to introduce the

concept of a hole, which in effect is the absence of
an electron, that behaves as a positively charged
carrier.

Density of States

The quantum calculation of the density of states
per unit volume in a solid gives the result that the
number of states g(E), each of which may be occupied by
two electrons, that exist between the energies E and E+dE
is given by the equation . '
gle) = L <Z-f,—) E* L16)

Intrinsic Semiconductor

Figure l.4(a) shows the simple band pictﬁre often
used to represent an intrinsic semiconductor with a for-
bidden band gap of ES’ It is conventional to measure
all energies relative to the bottom of the conduction band.

The total number of carriers in each band is given by
the integral over all energies of the product of the number
of states available and their probability of occupation.
Thus . -

ne = 1[;(E)_f(E),dE and = 2 f g(&)/t -£(E)/dE
° -f  (1.17)
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expression for the Fermi energy Ep .

" necessary for bonding is incorporated into the lattice

10

The actual width of the bands is unknown, but as the
majority of the free carriers are close to the band edges, it
is @ valid approximation to perfthm integrations between
plus B} minus infinity and the relevant band edge. The
result of the integration, using Fermi-Dirac statistics
for f£(E), gives the result

re = Ny (1) and m= Ny Fy (- EE59) (1.18)

, s, 2
where N .= 5#; (jiﬁLél-)/ and

» 32_
Ny= 5 (REERTY” (1.19)

are known as the effective densigies of states of the
conduction and valence bands reséectively._

For a non-degenerate semiconductor, Maxwell-
Boltzmann statistics may be used. These give the simple
result that .

ﬁe=§ﬂvgexp Re and nm%ﬁ‘vexp (- E2=F9) (1.20)

kT
In an intrinsic scmiconductor ng= Ny, 305 the two

expressions of 1.20 may be equated to obtain an

E - 3RT m’
EF:—'—__% + T loge (7“-% ) . 1.21)

~ It may be seen that the product n_ n, is
constant for a material at a given temperature, even:

if the semiconductor is extrinsic.

Neny = Ne N, exp (= 73:) (1.22)

Impurity Semiconductors

If an atom with one more valence electron than is

of a semiconductor, the extra electron will be only
weakly bound and thus easily excited into the conduction.
band. This type of impurity is known as a donor. THe

donor states usually form an energy level slightly below
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the conduction band. (see figure 1l.4b).

'Similarly, if an atom with one fewer valence electron
than is necessary for bonding is incprporated in the lattice,
an energy state will be formed just above the valence band,
into which electrons from the valence band may easily be
excited, leaving behind free holes. This type of impurity
is known as an acceptor,

If only donor impurities are present, at low temper-

atures, the number of carriers in the conduction band will

be given by
Yo - - E
ne= (BN, N, )" expl 5:% (1.23)
’

where Ny is the density of donors andﬁfuthe;Spin

degeneracy (see sect. 1lt) and the Fermi energy by

€ =- B +4xr (Ll (3.24)
2 < .

At higher temperatures the donor levéls will becone
virtually completely ionised and the humber of carriers
may be considered constant and equal to the donor density
(ND)‘ This region is known as the exhaustion region and

the Fermi level in this region is given by

€ =x1 1n ( gz} . (1.25)

In these regions where the properties of the semi-

qonductor are dominated by the impurities, it is kuown
as extrinsic. At high temperatures, the intrinsic
properties of the material will become predominant,
When the properties of the material are domincated
by the electron behaviour, which is usual when donor
impurities are present, it is known as n-type. If the

behaviour of the holes is dominant, it is known as
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p-type. For p-type material, equations 1.23, 1.2k,
1.25 hold if Ny is replaced by Np ﬁ:by-ﬁrgand Er» by Ea

" Impurity Semiconductors. with Compensation

If acceptors are present, as well as donor, in an
n-type semiconductor the relations 1.23 and 1.2% will be
altered. If the density of acceptors (ﬁh) becomes
larger than the carrier density, then the Fermi level

will be given by

€p=-E, # kT In [ @ a_- Na) ] (1.26)

So at températures lower than the exhaustion tempera-
ture, the Fermi level may be approximately equal to-Eq of

-E% depending on the degree of compensation.
Impurity Level Spin Degeneracy

Landsberg (6) and Guggenheim (7) realised that each

impurity atom will usually offer more than one state. The
simplest cirexaimpleri:is ..al donor.. v whose outermost
electron is of purelyms-bfbital character. Since this

is an unpaired electron it can be trapped in two ways,
either spin up or spin down. Accordingly its probability

of being occupied is given by the equation

i?"‘": = Nj>
Ny e 1 +pBexp [ E> - EE] (1.27)
kT ]

where 3= % .

If the impurity atom is an accepfor which requires
one electron to complete a set of paired bonds, then this
electron must have the opposite spin t4 the one electron
already in the outer orbital. In this case B =2, i.e.,

the absence of an electron may be described in two ways.
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Band Shape
Section I1 showed that on the Sommerfeld model the

shape of the E-k diagram was parabolic. On the Bloch
models this parabolic shape ié not maintained. However,
if the band is broad (i.e., the number of energy states

is large) and only states near the bottom or top of the
band are considered, the band méy be considered parabolic,
i.e., the effective mass may be assumed to be a constant.
However, this need not necessarily be so. More elaborate
band structures are found in practice. The most important
of these is the many-valley type of structure, in which the
conduction band has a number of equivalent minima situated
at points in k-spgce which are related to the crystal‘

structure.

Weak Impurity Band Conduction

If there are either donors and/or acceptors present
as impurities in a crystal, at very low temperatures (not
greater than a few degrees Kelvin) there could exist a
situation where ail tﬁe available electron supply is in
the impurity band. Since the wave functions of the
impurity atoms decay exponentially with distance, the
mobility of electrons in the band will be strongly
dependent on the density of the impurity atoms.

Strong Impurity Band Conduction

. . 20 -3
If the impurity density is very large () 10 cm )

the overlap between the wave functions of the impurity
atoms may be so strong that the impurity band must cover
an appreciable range of energy. The centre of gravity

of this distribution may occur within the conduction band.
The presence.of this impurity band would have a pronounced

effect on the lower energy states of the conduction band,




E E
a
/ b/
E=E Ef
9 E,
g(E)

g(E)

EFigure 1.5: Variation of the density of states with energy
for (a) a weak and (b) a strong impurity metal.
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making the band non-parabolic. The effect of an
impurity band on the density of states is shown in
figure 1.5,

The Boltzmann Egquation

Form of Equation

An electron system can be described by a distri-
bution function f (k,r) which is defined in such a way that
the number of electrons in a volume element dr with a wave.:

vector k in an element dk is - ¢ . . -

i
41’

Once the behaviour of this function Kk,r})is known

£ (k,zpdk dz 4t (1.28)

under conditions of electric and magnetic fields, it is
possible‘to predict the various electronic properties of
the material. The problem is to determine this function
under steady state conditions. In the absence of external
fields and thermal gradients, f (g,gjjbecomes the Fernmi-
Dirac distribution function. If the perturbing fields

arc small, the condition that the solution represents a

steady state situation is that

af = o o (1.29)
dt
Two factors contribute to the variation of the dis-
tribution function with time, these are :-
(i) The acceleration of charge carriers by clectric
and magnetic fields, and the diffusion of charge
carriers along temperature gradients or concent-
ration gradients due to non-uniformities in
composition
(ii) The collisions of electrons with imperfections

in the lattice.
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Equation 1,28 may be written
(Qf) +(3_F) - 0 (1.30)
ot/p ot/c .

The first term is the drift term, the second is the
collision term. When the drift term is expressed in
terms of the influence of potential and spatial gradients,

the Boltzmann equation obtained is

, : _[oF
e (E+2val.z W, fe) + ,_Y.-V,f(:‘s,.z)—(ﬁ)cfl.zl)

Where‘z‘andxz- are operators in k-space and co-
ordinate space respectively, E is the electric and H
the magnetic field and ¢ the velocity of light, that
must be introduced.if c.g}s. units are used.

Method of Solution '

It is not possible to obtain a complete solution to

the full equation. The problem can be simplified if the
collision integral can be expressed in terms of a relax-
ation time 77(5), where 77(5) is of the form

Tx) = M(r) E® (k) (1.32)

where M(T) is a function of temperature only, and s
is a coustant, known as the scattering parameter, the
value of which depends on the type of scattering.

Then if f(§4£,t) is the distribution function at an
instant of time, the approach to equilibrium arising from

collisions 1is

Gk = - () 4.
T .

The general procedure for determining the distri-

bution function is to expand f (g,gk)about the

equilibrium distribution f_ (k).

£lgyr) = £, () - % @ (5’2)% (1.34)
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where é(l_«:,g) is expressed as a series of powers of
the applied fields.
When no magnetic forces act on the electrons, com-
bining equations 1.31,L33 and 1.3k gives

£eVr+uVs =_f:l:’,fo =u. § (15,3,)(2&) (1.35)
O

If the relationship
b . _ 3fo [ Typ.[E)+ (E) T | (1.36)
Vig= 57V 1= 3 Vr(T V.
is used with equations 1.34% and 1.35, the following
expression can be obtained:

e 9 (5)-(5)9)-

b, (137
T .

From this formal solution it is possible to derive
appropriate expressions for the electrical and thermal
conductivities and for the thermo-electric effects.

Electrical, Conductivity

Under isothermal conditions the current density(J)
in a conductor is the product of the velocity (¥) and

charge of each carrier integrated over all the carricrs.

i.e., R : . Y
J= ~— v f dk = =—, 'tv.(v.E)(_A’)dk (1.38)
4T = = “T) = —~\E) = .
The conductivity tensor: (90 ) is defined by
Jd=CE - (1.39)
S0 _ 2 JEY - .
o=-¢ JGw T(dh) & (1.40)
Iws) = JE ' .

It is convenient to express this integration over
k-space as the combination of an integration over surfaces

of constant energy, and an integration over energy

i.e., (_‘drls = 8 "3/0 d S dE (1041)
. - }
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where L= (8 TI"W E )—|

(the surface density of states in k-space) .

So expression 1.40 for the conductivity tensor becomes

o= - 2e"f’£’(k) (vv )/°d S/@_g)dE - (L.k2)

If the electron gas is highly degenerate, this may

be written as
- - zezf’l,’(k) @ v/las (1.43)

where f, denotes an integration over the constant
energy surface in k-space corresponding to the Fermi
energy Eg .

In the special case of a spherical energy surface
and an isotropic relaxation time, the conductivity tensor

is a multiple of the unit tensor. The diagonal

components are

o= 2" T (&) (=) N (&), (L)

It can be shown that

: n-lhz 3n 2/3
E, = s ()T (1.45)
If this expression is used, tbgether with equation
1.16 and the relationship v = 2 &g, the following well-
o

known result is obtained:
o= ne TIE) , (1.46)
n »

The modification of this result for a semiconductor

is discussed in section 4.

From equations 1.34, 1.37 and 1.38 an expression for

the current flow may be obtained.

J = K, [ e" E-e TV —ET_;-)J - K..[( ;%) YZT] (1.59)
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where Kg = TwvE 22 ax (1.48
R =3 f vy 5g 4k (1.48)
which for spherical energy surraces simplifies to
L _ ndf
Ka = = N(E E — = dE .
) ijuT e S o @k
Mobility
The mobility (&) of a carrier is defined by the
relationship
The conductivity is related to the mobility by the
expression _ :
= nemu (1.51)
Thus from: equations 1l.46 and 1.51
Mo e’:: (1.52)
m

- When more than one type of scattering is present,
each of which leads to a different relaxation time, the

total relaxation time is given by
- __'
T (€) = E‘_Ti(E) (1.53)
A -

So if all T(e) have the same energy dependence the

mobilities may be added similarly,

/u." = Z“ /u‘."- ‘ (1.54)
This equation is often used when the energy depen-
dences of the important scattering mechanisms are
different. This is a reasonable procedure if approxi-~

mate results are required.

Electronic Thermal Conductivity

The electronic contribution to thermal current per

unit area is given by

9=E—3§‘%—f£\§fdlg (1.55)

18
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and the electronic component of the specific thermal

conductivity is defined by the relationship

K, - %g_ _ (1.56)

From equations 1.34%, 1.37 and 1555 an expression

for @ is obtained .

Q = K [e§ - TV(%)]- K3[(%)VT] ‘ (1.57)

From this equafion, and equation 1,47 a relationship

between o and Ky may be deduced.

2
K. _ K K- K,y — _ (1.58)
T et ’K: *
L is known as the . TLorentz.-number..:..:.. '1f X

Maxwell-Boltzmann statistics are applied

2
L= @+d (5 (1.59)
and if the electron gas is fully degeherate
kS
T k \*
L= =5 ( e) . (1.60)

Lattice Thermal Conductivity

The lattice component of thermal conductivity of a
crystal was shown by Liebfried and Schlomann (8) to be
of the form :
6>
K.= K_1( - ) (1.61)
Different workers have produced different expressions

e
for the constant Kj. The variable f ( T’ ) has been
6»

shown to be unity when -7= = 1, and for T'> Gy .
9D 6, ) ‘
£ (T) = | - (1.62)
andT(eni
6» T 3 6 (1.63)

where b is a constant.
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Thus at high temperatures the lattice component of
thermal conductivity is expected to vary as T 1,

The total thermal cénductivity of a material at a
particular temperature may be found by simply adding the

separate components.
X = Ke+ K. ’ (1.64)

Thermoelectric Effects

Seebeck Effect

A simple. thermoelectric circuit is shown in figure

1.6, It is found that for zero current when Th = TC that
Vb = 0. The voltage(Vab) generated in the rest of the
circuit is found to be a function of the materials in

the couple and of the temperature difference of the
junctions. vab is known as the Seebeck vdltagei The

Seebeck coefficient (& ) is defined by
d Vab =, d T . (1.65)
The sign of the Seebeck coefficient is given by

the sign of the voltage of the cold junction with respect

to the hot junction.
By deflnltlon of the Seebeck voltage, equation 1.47

gives when'J = O,

. ---{VEF ARV, ] s

From this expression, and from the deflnltlon of the
Seebeck coefficient (equation 1.65), the absolute thermo-
electric power of a material is defined by the relation-

ship

CKa - E K
X = =5 K, T . (1.67)

In practice it is difficult to measure the absolute




Figure 1.6: A simple thermoelectric circuit composed of
two materials a and b.

a b
I
n p
. - T
LOAD ¢

Figure 1.7: Diagrammatic thermoelement.
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value of O(, but once it has been determined for one
material, this material can be used as a reference
material. If platinum (Pt) is used as a referecnce
material, the absolute value of the Seebeck coefficient of
stanmic¢ oxide (Sn 02) will be given by the simple relation-
shib

- X

The absolute value of the Seebeck coefficient has been

0(5903 = & (1.68)

observed

measured for tin, copper, silver and lead by Bonelius et
2al (references 9 - 11). Measurements of the absolute
value of the Seebeck coefficient of platinum have been
reported by Cusack and Kendall (12) and Nyst;Sm (13).

If Fermi-Dirac statistics are assumed, expression

1.67 may be written as

5/
_ }'E (S"‘ 2) Fszt(?f) :l
=23 [(s+3/2) FS*; 7 = 1e) , (169

where s is the scattering parameter defined by equation

l.32.
For Maxwell-Boltzmann statistics the same expression

reduces to

9(:3

oI

[(s+%_) '715] ' (1.70)

Peltier Effect

Again considering figure 1.6, if a current Igh is

allowed to flow in the circuit, heat will be absorbed
from the surroundings at one junction and emitted at the
other. The Peltier coefficient Tl.pis defined by the
rate of absorption of heat (dq)‘
dg = - Thp Ly (1.71)
The Peltier coefficient is related directly to the
Seebeck effect by the relationship

m= = (1.72)
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Thomsom Effect

If a current flows along a conductor in which a
temperature gradient exists, heat must be exchanged with
the surroundings if the original temperature distribution
is to be maintained. The Thomson coefficient ¥ is de-
fined by

dg = T4 IJTT , (1.73)
oX .

The Thomson coefficient is related to the Seebeck

coefficient byAthe relationship

;
X = f——%— aT (1.74)

It is this relationship that enables the absolute
value of X to be measured (sece references 9 - 11),

Irreversible Effects

For a complete treatment of the thermoelectric
effects that could occur in a circuit as shown in figure
1.6, the effect of.Joule heating, which is proportional
to the square of the current flowing, and of the thermal
conductivity, which is proportional to the'temperature
gradient along the conductors, must be considered. The
thermodynamics of the full situation have been worked

out by Onsager (14) and Domenicali (15)., The main
results are identical with those of Thomson (16) which
are quoted in the previous sections.

Efficiency of a Thermoelectric Generator

Figure 1.7 shows diagrammatically the arrangement
for a simple thermoelectric generator connected across-a

load resistance R. The efficiency (f’) of such a device

will be given by

’{ = I’. R (1'75)
Qh + QC - :EE Ilr
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where I'R is the external work done by the device, Q% is
the Peltier heat transferred to the cold junction by
~conduction, %Ifr is the amount of Joule heat transferred
back to the hot junction and r is the internal resistance
of the thermoelement.

From the Peltier effect relationships

W o= T T, (1.76)
By the definitions of thermal and electrical
conductivity
Qe = ( Kodq +KAL ) Tx - Te (1.77)
. 1! N
and r= ( =+ =L ) (1.78)

o As op Ay

here An and An are the cross sectional areas of the
elements a and b and 1 is the length of the elements.

The current flowing in the circuit will be given by

_ X (Th-Te )
I-= Br . (1.79)

If these expressions are substituted into equation
1.75 it can be deduced that for maximum efficiency the

following relationship must exist

C2
Keo o (L2 (1.80)
Kasa Ay
R , -*
and ==M=]1+ 3 2" (T + Te) (1.81)
i )
. 3 ' -2
;_ 1 c.“ ,1 01 Iz]
= —_— b 1.82
where 2 o,y [-(K.) + Ks) ( )
The expression for the maximum efficiency is then
oy Iy - T4 M-~ 1
ﬁqu - : ( T’A ) ( M+ TC/TH) (1'83)
. k- J
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Z" is known as the figure of merit of the thermo-
element. It is the only factor in the equations that is
dependcent on the materials,

Figure of Merit

From the relationship 1.82, the figure of merit of a
single material is usually written as
kS
e S
7 = —— 1.84
73 ] ( )
If we now substitute for the individual parameter in
% the relationships given in equations 1.51, 1.18, 1.69,

1.58 and 1.64, the product of 2T for an n-type semi-

Aconductor may be written

A Fa(l)
ZT - l +XA F,,,.(?'.)/ , ( ) J’(?l;85)
) R o _ (s+%h) Fe+¥3( 7+
where A = (g) Ne T(/]%_) y & = (s+ %) Fs+y(7:¢)

and ¥ = L (%) a

¥
Remembering that NeeCm z, it is scen that for a

good thermoelectric material, the quantity
x
Lo m A (1.86)
kL ‘
should be as large as possible.

Hall Effect
Hall Coefficient

If a current (Iy) flows along a bar of conductor in

a magnetic.field (H,) as shown in figure 1.8, the
deflection of the carriers by the magnetic field will give
rise to a voltage (Vg) across the specimen.

The force in the y-direction (Fg) on an electron
moving with velocity ¥4 in the x-direction will be

given by

Fy, = = v, H (1.87)

3 =




A
Bz X
]
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e '
—> - -+
~ . v
C N d
] ~
~
~
)
b ™\
N t
0\_\ N
e— .
Ix
Figure 1.8: Hall effect in a rectangular bar conductor in

a magnetic field Bz. An electric current of
density Jx flowing from a teo b, causes a Hall
voltage Vi across c d.
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The current density (J,) is given by

Jy =ne v, ‘ (1.88)
Substituting for v in equation 1.87
Jx H
= =X __x =
T R Jyp Hy | (1.89)

In quantities actually measured

V, t
R = ﬁ'i——f: (1.90)

where t is the thickness of the specimen, %g is the Hall
voltage and R is known as the Hall coefficient.
From equation 1.89 it can be seen that the Hall

coefficient R 1is given by

1 .
R = — (1.91)

This is true for a degenerate conductor. A more
rigorous treatment, as given in section 4b below, gives

the result

r
R = — (1.92)

where r is the ratio of the Hall mobility defined by

/(u = Ro (1093)

and the drift mobility defined by equation 1.50.
Ratio of Hall Mobility to Drift Mobility

When a magnetic field is present, under isothermal

conditions, from equations 1.31 and 1.33, the wave

function must satisfy the equation
y +/(g,\}” = T & (1.9%4)
2- o—

e

where /u = ToF .
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If the equation 1.47 is now written in component form,
using the relationship 1.9%, the expressions obtained are

Iy =e2f. K] + e £, K,

Jy=e" €, K/ - e & K[ } ‘

where T in the~expression 1.49 for K, is replaced by

]

(1.95)

v ' MTH
T+ (MH)> for K' and 7 +(uH)* for K"
Assuming a Maxwell-Boltzmann distribution of the
carriers, and spherical energy surfaces, equation 1.95
reduces to
J > = ne /l“'/¢'_'r H
. - n* { €x <7—T‘> E T+ U(gi »}
) (1 96)
J =  ne 6 - /"‘/:(
J ‘ m* z H) 1+ (/u H)
where the ymbol ('2_’) represents the average Value of
T (E) over the Boltzmann distribution ,

®) =~ 374—11—/ T tenp () elq (o

If 4H {{ 1it is seen from equation 1.96 that

gz 858 wa fo s B )
therefore r = LT ' (1.99)

()*

When the energy dependence of ¥ is considered
= f"(’/ﬂ M{a+2s) (1.100)
[ )]

where the gamma function
[ -]
-X z~}
r'(z) = j e X A’L,
]

if z is an integer r(z) =(z - 1I) !

P

Equation 1,100 gives the particular results :=
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for acoustic mode scattering

‘ 3 7Y

(s ==3) r-= =5 = 1.18 ) . (1.101)
for opticai_made scattering

gs = 3) r= %g__ = 1.10 (1.102)
and for io#ised impurity_spattering

(s=2) r= AW -1.93 (1.103)

Electron Scattering Mechanisms

Introduction

An electron wave packet travelling through a perfect

lattice will do so without any resistance to its motion.

- However, any deviation from perfect periodicity'of the

lattice will scatter the electrons. These deviations
fall into two classes |
(i) vibrations of the lattice
(ii) imperfections in the lattice structure.
Phonans

For a crystal containing N atoms there are 3N
independent modes of vibr&tion of the lattice. These
vibrations may be described as lattice waves and classi-
fied as longitudinal or transverse, depending on whether
the direction of vibration is épproximately_parallél or
perpendicular to the direction of propagation of the wave,
There are two transverse waves but only one lbngitudinal
one. In a crystal with n atoms per unit cell there are
n kinds of wave of each of the three types.

Each vibrational mode is described by its wave vector
q and index p which characterises the type of vibration and
its circular frequency W (p,q). FPigure 1-9 shows a
typical frequency spectrum fo; lattice waves. The energy

of each vibrational mode’is quantised, the quanta being




Accoustic

Phonon wave vector q
Figure 1.9: Frequency spectrum for phonons in a polar
solid containing two atoms per unit cell.

L = longitudinal
T = transverse
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For a more complete picture, it should be mentioned
that there are two types of acoustic mode scattering.
Deformation potential scattering is the most important
as it can occur in any solid, and is thus discussed
briefly in Chapter 1 Section 5c. The other type is
polar acoustic or piezo-acoustic scattering. This
type of scattering only occurs in crystals that are
piezoelectric. Since the structure of stannic oxide
has a centre of symmetry;it is not piezoelectric and

so piezo-acoustic scattering is not considered.
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known as phonons. Phonons obey Bose-Einstein statistics.
This means that the average number of phonons (A) is a

state g, p is given by

‘ , -1
iy ((3_., p): exp[ 4 (g 18) - l]

' (1.104)
wﬁere 9(1m¥ = ‘E_ElféiLRl (1.105)

is the characteristic temperature of the phonons. |

Acoustic Mode Lattice Scattering

If only one phonon is involved in the scattering
process, the strength of scattering should be proport-
ionai.to the number of phonons present. Thus M(T)
in equation 1.3%2 will have a temperature dependence of
(exp %— - 1) which for T »6 means that the relax-
ation time ¥ will vary as T-l.

The characteristic temperature for acoustical
phonons is usually about SOO K.

Bardéen. and Shockley (17)solved the problem of
acoustic mode scattering by a deformation potential
method. It is seen from figure 1.1l. that a variation
in lattice constant produces a éhange in energy of the
band edge. 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

expression they produce for the relaxation time is

T = htc. P E* | (1.106)
81> (2m* ) kTd} ~ :

where ¢, is the longitudinal component of strain in the

direction of propagation, P is the density of the solid

and d, a constant known as the deformation potential

constant.
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Thus the scattering parametertg§r- 4 and M(T) varies
as T-l. If the Boltzmann distribution of energy is

assuned, the expression for the mobility is

(87T)%“t e ¥ c. P

M= ESER R & (1.107)

3

R .
Thus the mobility varies as T “and m*. 2

Th.othé fully degenerate situation, the mobility will
vary as T_l, but Harrison (18".) has pointed out that for
a degenerate multivalley band, the mobility due to
acoustic mode scattering should vary as T_%.

Optical Modé Lattice Scattering

For optical modes the characteristic temperature does
not depend strongly on wavelength and is usually in the
range 250-6000 K. So near room temperature the full
expression 1.104 must usually be used for the phonon
densitye.

- There are two types of scattering by optical modes.
In ionic crystals, the atoms carry a charge and the
optical mode vibrations cause an electric polarisation
of the lattice which scatters the electrons. In an
elemental semiconductor, all atoms are similar and,
although there can be no polarisation, scattering is
still caused by the lattice distortion produced.

The latter case has been considered in detail by
Horrison {I8). He expects that at room temperature optical
mode scattering would be of the same order as acoustical
mode scattering in most cases. Since stannic oxide is a
polar crystal, the former case will be considered in more
detail.

A free electron introduced into a polar lattice

will cause a distortion of the lattice. The term
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'polaron' is used to deécribe the combination of the electron
and the distortion. The strength of the interaction between
the electrons and the polar modes, or coupling constant ({c),
is given by the formula
O( = & ea) m* 3 -1 -1

e TR (Tﬁ‘z‘_) €, -€) (1.108)
where Go and'Eu, are the dielectric constants of the crystal at
low and high frequences. If o, is small (1) a perturbation
theory approach to the motion of the electrons may be used,
but for stronger coupling a polaron theory must be used.

The problem was first considered by FTghlich (19) who pro-
duced an expression for the relaxation time in a polar crystal
at high temperatures as

T . a’N@Ee) 5

2 r(2m¥ie™ kT , (1.109)

where M is the reduced mass of the ions and ‘'a' is the inter-

atomic distance. Thus s = 4 for optical mode scattering and
in the degenerate case)u«:T_‘ . Using the Frohlich model,
Howarth and Sondheimer (20) set up the Boltzmann equation and
solved it by a variational method. They produced expressions
for the thermoelectric power and electrical conductivity for
all temperatures, for both the degenerate and non-degenerate
cases, which should be valid for small . (41).

The expression for the mobility, as reformulated by

Petritz and Scanlon (21) in the non-degenerate case is

R= 80" et x 02)7% (€2 -6 HT BT (e 1) X(2),
> (1.110)

where @, = Qﬁ&- s Z = J%’ and )((Z) = 1 for ZQ&1
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‘ 1
and 3—(-“—5-)—5— when Z)> Te

For the degenerate case, the conductivity may be
formulated as ' 4
bk © ¢ sin %2
TIRRT (e-€) W z .

Thus for degeneracy v{% at high T, andedT exp (2)
at low T,

o (1.111)

Various formulae have been proposed for the polaron-
mobility in the case of intermediate coupling (K‘(6). All
these formulae are only valid at low temperatures (T8 ).

The earliest of these, proposed by Lee, Low and
Pines (22, 23, 24), gives the relationship '

M =E"m_e¢.:—§t é %;— ; £ (X)) expz = (1.112)
where "p = m* (1 +%) is known as the polaron mass and
f(A.) is a slowly varying function of @ctabulated in
reference 24.

More recent theories of Feynman et al (25) and
Schultz (26) propose slightly different formulae for the
mobility. The former proposes that;&igzgrg and the
latter thatueC(exp Z - 1).

Recently, theories have been proposed for the behaviour
of small polarons (the situation where X.is very large),but
these are beyond the scope of the present work.

Scattering by Ionised Impurities

Impurities, different, in valence from the host lattice,
give rise to long range coutoumb fields, in the semiconductor,

with a potential of the:form
2
e
v (r) = et (1.113)

where € is the macroscopic dielectric constant of the

semiconductor.
The problem was first considered by Conwell and

Weisskopf (27).‘ By ignoring scatfering processes which
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occured between incident electrons and impurities that
were at distances greater than half the mean distance
between impurity ions, they calculated that, if the
Ruthérford scattering of the electrons was the dominant
process, the mobility in the non-degenerate casc would be

given by

8§ [2 (xT) n 1 + (3exT 1" (1.11%)
/‘ﬂ?fr; N,,e m[ { e*N’ )}])

where N, is the density of ionised impurity ions.

ey oy

A more rigorous formula was obtained by Brooks (24) -
7 3, 2 -
ECTELTAN R .15
M= o e mel, T

where b = 6m~ (kT) €
Tre™ B® N_:

This expression is identical to the one obtained by
Mansfield (29), who also produced an expression for
arBErary degeneracy, which im the degenerate limit

reduces to

. 2k PCIRE S Ty (1.116)
A= Tewre w [ TP T L

t ¥ ‘ '
where b = (g) gg ( %%%);

In the degenerate case it‘is seen theét the mobility
is only dependent on the number of impurities through
the logérithmid: term and it is independent of
temperature.

In the non-degenerate case, if the relatively small
variation of the logerithmic~ term is ignored, the
mobility should vary asffwﬁ

The scattering parametér: (s) is equal to %& for
ionised impurity scattering.

These formulae were deducéd- on the assumption that
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the host lattice was non-ionic. Modification may be
necessafy if the material is wholly or partially ionic.

Neutral Impurity Scattering

This type of scattering is only important at very low
temperatures when most of the charge carriers are in the
bound levels of the donors or acceptors. The effect has
been discussed by Sclar (30).

Dislocation Scattering

The effect of scattering due to the microscopic de-
formation of the crystal lattice at dislocations has been
considered by Dexter & Seitz (31) who conclude that it is
only important at very high dislocation densities (lO'-lO'
dislocation lines VQJ"‘). |

Read (26) has discussed the possibility of dis-
locations acting as acceptors. In n-type material the

dislocation will be negatively charged, and be surrounded

'by a region of equal positive charge. This may be in

the order of a micron in diameter. If the mean free
path of the carriers, due to other scattering mechanisms,
is small compared with the distance hetween dislocations,

the electrons will tend to follow curved paths to avoid

the dislocation region. Ar ihcrease incresistivity will

result. If the mean free path of the carriers is large,
the carriers could be scattered by the:space charge about
the dislocation.

Electron-Electron Scattering

Electron~-electron scattering does not affect the
mobility directly as the total encrgy, before and after a

collision, is unchanged. However, these collisions can
redistribute the energy so that other mechanisms can

remove it more efféctively.
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Bonding
Introduction

The simple model of an atom is a nucleus, around
which orbit a number of electrons. These orbits have
discretc energy levels and the electrons fill them accord-
ing to the Pauli exclusion principle, which allows two
electrons of opposite spin in each level. The lowest
levels are filled first. Certain numbers of electrons
make up a complete shell, The details of the electron
configurations for the ground states of the clements may
be found in text books such as Cartmell and Fowles (33).
The important point is hat only the electrons in the
outer incomplete shells take part in bonding. There are
many theories and types of bonding. Only the two most
important will be considered here.

Ionic Bonding

Both the tin and the oxygen atoms.: in stannic oxide
require eight electrons to complete their outer shells.
The tin atom already has four. The oxygen atom has six.
For ionic bonding, the tin atom can give up its four
outer electrons, becoming a gquadruply charged, positive
ion. These electrons are accepted by the oxygen atoms,
two being neceded to complete their outer shells, which
then become doubly charged, negative ions. The tin and
oxygen ions therefore pack themselves in a crystal lattice
with two oxyg;n atoms for évery tin atom. If this were
the complete story, stannic oxide would not be a scmi-
conductor, but an insulator. However, ionic bonding does
play an important role.

Covalent or Valencc Bonding ' .

When atoms are in close proximity, it is possible for
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the wave functions, which describe the motion of the
electrons in their separate orlitals,to overlap. When
this occurs it is possible for an electron in an orbital
in one atom to be shared between the two atoms. The
usual situation is for the atoms to share electrons in
such ‘'a way as to form complete outer electron shells about
each of themselves., Thus two electrons, each of opposite
spin, effectively orbit both atoms in the bonding orbitals.

Directed Valency or Hybridisation

In order to obtain a stable bond in a lattice, where
éach'atom has N nearest neighbours, it is necessary that
there are N energy levels, with one electron in each, that
can pair with electrons of similar energy but of opposite
spin, on the neighbouring atoms. It thus becomes possible
for an electron in a paired energy state, to be donated to

a different state creating two unpaired clectrons e which

f mé& take paft in_Bbﬁaing.

Semiconducting Bond -

Mooser and Pearson (34) have shown that semiconductor

behaviour in a solid is the result of predominantly
covalent bonds. In elemental semiconductors, the process
of electron sharing must lead to completely filled 's' and
'p! orbitals in all atoms. In a semiconducting compound,
only one atom of any two bonded together need acquire
closed 's' and 'p' orbitals. The presence of unfilled
orbitals in some atoms does not result in metallic be-
haviour of the solid, provided that these atoms are not
bonded together.

Nature of the Bond in Stannic Oxide

Coulson (35) gives a formula for the percentage ionic

character (% #.c.) of a molecular bond as :~
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’ in stannic oxide for co-ordination numbers of

(a) four and (b) six.
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2.
%ic. = 16 |Xa - Xg| o+ 350 % - x|’ )

where X, and Xg are the values of the electronegativity :;
of the two atoms. The eléctronegativity of tin and
oxygen of are given by Pauling (36) as 1.8 and 3.5
respectively. Using these figures it is concluded that
the bond in stannic oxide is 37% ionic.

Stannic oxide has a rutile structure, which means
that each tin atom is surrounded by an octahedral arrange-
ment of six nearest neighbour oxygen atoms. This
octahedroﬁ'is slightly distorted such that two atoms of
these.dxlareratrad slightly greater distance from the tin
atom than the other four. looser and Pearson (34) have
proposed electron sharing schemes for co-ordination
numbers 4 and 6 which satisfy the rules for a semiconductor
bond in rutile (Ti ). These schemes can be adapted for
stannic oxide. The electronic configuration of tin re-
quires s p’dl hybridisation for a co-ordination number of
6 and s p° hybridisation for a co-ordination number of k4,
The two possible schemes are shown in figure 1.10. It
is probable that both schemes make aAcontribution towards

the covalent bonding in the stannic oxide molecule.
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CHAPTER II

Crystal Growth, Habit and Structure

Physical Chemistry of the Tin-Oxygen System

General

The tentative phase diagram shown in figure 2.1. was
originally proposed by Spandau et al (37, 38). It has
been modified according to the results of Donaldson et al
(39, 40) who showed by X-ray analysis, that the dispropor-
bhonatioRh products of SnOpabove 385%8 are Sn and SnO
rather than Sny04 as originally suggested.

It is now established that there are two oxides of
tin, stannous oxide (8n O) and stannic oxide (Sn0,).
' Although stannous oxide exists in a solid forﬁ at
temperatures up to 380°¢, thermodynamic calculations show
that it is unstable relative to tin metal and Sn Oz from
250€ to 380°¢ (41). Brewer (42) reports that 8n O is the
stable component in the vapour phase in the tin oxygen
systen.

Kiyzmhanovskii and Kuznetsov (43) have reported the
electronic properties of Sn O in a compressed powder form.
It was interesting that they found p-type conduction in
some of their samples, before heat treatment. Since the
stoichometry of their specimens is not known, the inter-
pretation of their results is impossible. Single
crystals of stannous oxide larger than 50 microns have not
been grown,

Vapour pressure curves of tin and its oxide are re-

produced in figure 2.2. Curve 1 for Sn O was obtained
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by Spandau and Kohlmeyer (37). Curve 4 for Sn metal was
calculated from the thermodynamic data (41). _ Curve 2 was
determined by Platteeuw and Meyer (44) from equimolar
mixtures of Sn and Sn 0, . The discrepancies between
curves 1 and 2 are not explained although the extreme re-
activity of Sn O at high temperatures'makes experimentation
difficult.

Decomposition of Stannic Oxide

Stannic oxide decomposes at high temperatures

according to the reversible reaction:
Sn 0,5 Sn 0+ 340, (2.1)

Marley and McAvoy (45) calculated the frece eﬁergy for
this reaction and then the "decomposition pressure' of
Sn 01.(the apparent vapour pressure of Sn 0,). The result

is shown as curve 3 in figure 2.2, This curve can be

- expressed by the equation:

4 o
log P(mm) = 11.23 -(1.822 x 10) /T "k (2.2)

It can be seen from figure2a2kha;the apparent sub-
limation point of Sn O,.is about 1850°€. According to the
handbook of Ghemiétry & Physics (46) Sn 0, decomposes at
11270 C, My own observations show no change in single
crystal specimens heated to this temperature for short
periodé but evaporation begins to take place rapidly above-
about 15000 G, '

No true estimate of the melting point of Sn O, has
been made. In studies of diffusion Goodman and Gregg
(47) have estimated the Tamman temperature of Sn 0, to be
1100° ¢. Since this temperature is usually half that of
the meiting point, they estimated the melting point of
Sn 0, to be in the region of 25000 €. This could only

be observed under many hundred atmospheres pressure of
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oxygen, so crystal growth from the melt would be an
extremely difficult operation.

Growth from the Liguid Phase

Fluxed Meit

One of the simplest methods of crystal growth can be

the growth from a saturated solution. This method is
extremely convenient with the common salts which are water
soluble as crystal growth can take place at or near room
temperature. Crystals grown by this method can be
relatively free of thermal defects due to the low temper-
ature of growth, but high purity can be difficult to
achieve since crystals tend to contain inclusions of the
solvent, and foreign atoms originating from the solvent
and impurities in the solvent.

There are two basic methods of controlling crystal
growth by this method. The first is by controlliﬁg the

temperature of the saturated solution, such that as the
solution cools, the excess solute deposits on the seed
crystals. The second mgthod is by controlling the rate
of evaporation of the solvent.

Since there is no known room temperapure solvent for
stannic oxide, a brief survey was made of fluxes that have
been used for growing similar materials at higher tempera-
tures. Zinc Oxide, for instance, may be grown from a melt of
lead fluoride (48) and barium titanate from a melt of
anlydrous potassium fluoride (49). ,

PbO, PbF,, PbCl, KF, KCleB,0,and CaClpwere used as
fluzes. The general procedure was to piatcc the salt with
20% by weight of Sn0, powder in a platinum crucible. The
crucible was placed iﬁ an electrical furnace and heated to
about 1200° G - the actual temperature depended on the rate

of evaporation of the particular flux — for 2 - 4 hours to
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Iallow the solution of Sn O,into the flux. The furnace was

then cooled at 10° G per hour until the solidification
temperature of the flux was rcached, after which the furn-.
ace was turned off, When cool, the resultant mixture was
examined. The flux was leached out with a suitable
golvent, usually water or nitric acid, and the Sn O, re-
maining examined for any change of form. The only partial
success was obtained with a flux of lead oxide. A few
very small reddish crystals were obtained. These crystals
were rods or whiskers and were too small for either
electrical or optical measurements to be made.

There are many inherent disadvantages of this method.
The high volatility of the solvents at high temperatures
makes the control of evaporation difficuit. A platinum
1id was crimped over the crucible to prevent as much
evaporation as possible in the experiments. The high
viscosity of most of these fluxes, including lead oxide,
means thaot transport of the solute to the growing regions
is slow and irregular. And as stannic oxide appeared to
be less soluble than most impurities, this method was
abandoned in favour of the more successful vapour phase
method. Marled :and MacAvoy (45) obtained similar results
and quote the solubility SnO, in Pb O as less than 15%
by weight at 12000 C.

Recently, Kunkle and Kohnke (50) have grown stannic
oxide crystals from a flux of copper oxide (Cuy0). The
crystals are rods (1 mm® x 5 to 10 mm) and are reported
to contain very little impurity.

Hydrothermal Synthesis

Certain materials which are not very soluble in water
under normal conditions can become so under conditions of

very high temperature and pressure., Under controlled
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conditions it is possible to obtain crystal growth from
this state. With all probability, natural deposits of
cassiterite were deposited hydrothermally and it should
thus be possible to grow synthetic Sn O,by this method.
Kus'mina and Litvin (51) have recently reported the
hydrothermal synthesis of Sn O from a solvent of Li O H
solution at 400 - 600° €, and 2000 atmospheres pressure.
No information is available on the dimensions or
properties of these crystals.,

Growth from the Vapour Phase

Sublimation in a €losed System

If stannic oxide werc heated up to 1300° & in a scaled

evacuated silica tube, from the figure given for the
temperature of decomposition (1127° &) in reference 46,

it might be expected that transport of material from the
hot end to the cold end would occur; and if this could

be controlled, single crystals could be grown at theccoil
end of the tube. This method works very well for cadmium
sulphide (Cd S) which has a much lower sublimation temper-
ature (52). C€dS can also be grown at lower temperatures
if iodine is introduced into the system, so that the

reaction:
Cd s +I,% CdI+sS (2.3)

takes place (53). ‘The direction of transport depends
on. whether the reaction (23) is exothermic or endothermic.
Reagent grade stannic oxide powder was placed at one
end of a sedled, evacuated silica tube. This tube was
iaserted into a furnace, such that a temperature gradient
exisfed between the two ends. The stannic oxide powder
was at the hot end of tﬁe tube, which was maintained at

temperatures which varied between 1000° € and 1300° ¢
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for different runs. A few small crystals were produced
by this method. They were usually of habit 3 (see
section 6). The introduction of iodine gave a slight
improvement on one run. The crystals were formed at
the hot end of the tube, on top of the original charge.
This result could not however, be repeated.

Hydrelysis: of Stannic Chloride

Thin films of stannic oxide that are used as resistors
or transparent electrodes are usually prepared by the
hydrolysis of stannic chloride (5%, 55). They are usually
formed by spraying an alcoholic or hydrochloric aqueous
solution of stannic chloride on to a heated substrate such

that the reatsion (2.4) takes place.
Sn Cl,: +2 H,0— Sn o0, + 4 HCL (2.4).

Recently Hagasawa et al (56) have shown that by
suitably controlling this reaction single crystals may be
grown, Their method entails passing oxygen over water
and nitrogen over stannic chloride and allowing the
streams to meet in an electrically heated furnace at
1300° G,  Single crystals of up to 2 x 5 x 15 mm have been
reporfed.

A similar method Qas tried in this laboratory. A
large mass of crystalline material was formed, but
individual crystals were difficult to separate and
orientate. The crystals were white and opaque. The
opacity was probably due to voids in the crystal structure
which were encouraged by the low surface mobility of ions

at the low temperature of formation.
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Vapour Phase Flame Fusion

Sapphire (Al1,03) has been grown by the hydrolysis of
Al1,;Cl,in an oxy-hydrogen flame, the temperature of which
is adjusted to keepa molten surface on the growing crystal.
The method has been dessxibedly Curtis (57).

Stannic oxide will be formed by the hydrolysis of
stannic chloride (8n Cl) in an oxy-hydrogen flame.  The
reaction is similar to equation (2.%) where the H,0 is
formed by the burning of hydrogen in oxygen. 48 stannic
oxide does not melt, but sublimes under atmospheric
pressure, large single crystals could not be grown by this
method. However, it was possible to grow bunches of thin
dendritic needles. These needles were interesting in
thet they provided the best luminescent stannic oxide (see
Ch. 3. sect. 5).

Helium Flow Method
The most successful method of growing Sn 04 crystals

has been reported by Marley and MacAvoy (58"). The
starting material was very pure stannic oxide powder which
was placed in the hot zone (1650° @) of a platinum wound
furnace. A heiium-oxygen mixture was passed over the
powder and the crystals formed on a mﬁllite substrate at

a codler part df the furnace. Crystals of up to 2 x 4 x
30 mm are reported. Studies of etch pits by Koffyberg
(59) show that'they have a dislocation density of qubf

‘or lOcml'2 LTroan. One of the conclusions of Marley &nd

Mc Avoy was that the crystal habit was very dependent on

temperature. Table 2.1 shows these conclusions.
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Table 2.1 Growth habit and temperature according to
Marley and McAvoy.

T 9C Habit

1620 - 1570 | rods
1570 - 1460 | twinned plates|
1460 - 1300 | needles

Argon Flow Method

Growth of Sn O,from Sn Vapour and O,
Reed et al (60) showed thot Sn Ojcould be grown at

a lower temperature using Sn metal as the starting material.
They used a quartz crucible 5 cm diameter x 8 cm long with
a 1 cm diameter neck which extended outside the furnace.
By heéting this crucible c&ntaining tin metal for several
days,f_;gaéc_r up to 3 cm x 5 mm in area were produced.
Attempfézzérreproduce their results were not so successful.
The stannic oxide produced fell back into the molten tin,
Stannous oxide was formed which reacted with the quartz
crucible, forming an orange §ili¢ate°i”tin and destroying
the crucible., Only needles were produced. .

The methqd adopted for growing stannic oxide crystals
was an argon flow method. By using Sn metal as the
starting material, the maximum femperature required was
not greater than 1450°C, which meant that a silicon
carbide: electrical heating element could be used. The
furnace arrangements and temperature profile of the
furnace are shown in figure 3. The dimensions are given
in table 2.2.

5 N tin (from Koch-Light Ltd.) was placed in a re-
crystallised alumina tra& (30mm~x 8mm x 7m), 10cm back

from the centre of the furnace. The temperature at this




Figure 2.3:

(a) The arrangement of the furnace and (b) its temperature
profile, used for growing stannic oxide crystals.
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point was 1400° €, If the tray was placed any nearer the
oxygen outlet, the surface of the liquid tin became

covered with a thick oxide crust.

Table 2.2. Dimensions of Crystal Growing Furnace

Height 32 cn Width 32 mm Length 56 mm
Dimensions Erucible Alumina Mullite Inner
of tubes element tube tube HMullite
tubes

length (mm) 650 . 325 975 600
internal =

diameter(mm) oh 38 2243 >
external

diameter{(mm) 62 46 e 8
hot zone (mm) 300
resistance(ohms)2.1

[

which effectively prevented further vapourisation. At
cooler parts of the furnace the rate of vapourisation was
nuch slowver.

The doping agent, usually antimony, was placed in
another alumina tray. The position chosen for this tray
depended on the degree of doping required, the rate of
vapourisation of the dopant and the ease with which it was
accepted by the Sn Oplattice, and so had to be found by
experiment.

To prevent back streaming of the oxygen, the oxygen
flow rate was adjusted not to exceed 40 cc/min and usually
run at 20ccftin, The argon flow was maintained at 100-150
ccAuin, Within these limits the quality of crystals did

not appear to be affected by small fluctuations in flow
rate.

The conditions of initial nucleation of the crystals
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were found to be important. The best results were obtained
if argon was passed through both tubes in the early period
of the warming up of the furnace, and the oxygen flow
switched on before the furnace had attained 1450 C (i.e.,
when the maximum temperature was approximately 1300 Cle

Effect of Different Carrier Gases

Although Marley and MacAvoy (58) reported greatest
success using helium as the carrier gas ee sect.3c¢), helium
was found to be unsuitable under the conditions of growth
described. The only growth obtained was in the form of
thin needles, as would be expected from their observations
of Table 2.14 since the maximum temperature was only 145000.
It seems that crystal habit is.affected not only by temper-
ature but also bj the carrier gas.

Some crystals were grown using nitrogen, but argon
gave a slightly smaller yield of slightly larger crystals.

If the oxygen was passed over water, fhe crystal
yield was increased, but crystals so produced were often
irregular in form and contained many large voids and .
other imperfections. .

Undoped Crystals - Quenching
If undoped crystals were allowed to cool slowly in

the presence of oxygen, they were generally colourless.

If they were removed from the furnace immediately, or
allowed to cool in an inert atmosphere, they appeared a
pale yellowish brown colour. These brown crystals had

a higher electrical conductivity éﬁd lowernactivation
energy than the colourléss crystals (Ch. 3. Sect.l). This
is an indication that an oxygen deficiency in the crystals

results in one form of donor level. The brown colour of

" these crystals is due to impurity absorption near the band

edge, which extends into the visible blue region of the

spectrum (61).
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Antimony Doved Crystals

There was no difficulty in doping stannic oxide with
antimony.v' When the pressure of antimony was high, the
crystals grew very qyickly (3 days) although the only habit
was the (901] prismatic form which was usually hollow. The
carrier density of these crystals was in the order of
10*° en

At lower concentration of antimony, both rods and plates

+. These crystals were a dark navy blue colour.

were formed but growth was much slower (10-14 days). These
crystals were pale blue and transparent. The best
crystals were rods which grew along an a-axis and tended
to nucleate on the alumina boat containing the tin.
Miloslavskii (89) showed that the blue colouration
is due to the infra red free carrier absorption extending
well into the visible region. Figure 2.4(a) shows the
transmission spectra of an undoped and an antimony doped
(~10"" cn™) crystal.
Table 2.3 shows the carrier density of antimony doped
crystals against the temperature of antimony in the furnace.
Chromium Doped Crystals

Chromium trioxide has a very low vapour pressure and

to obtain a significant concentration of chromium in the
crystals, the boat containing the (Cr2 03 ) was placed in
the centre of the furnace. Good crystals of a great
variety of habit were formed. These showed a p-type sign
of Seebeck voltage and were of high resistivity.

The crystals were red in colour. Figure 2.4b shows
the transmission spectrum of a highly doped chromium plate
which clearly shows very strong absorption in tﬁe.green.

Electron spin resonance measurements on one of these

crystals is reported in Ch 3., Sect. 4c.
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Table 2.3,

Carrier density of antimony doned crystals against the

temperature of the antimony metal in the furnace.

n., cm,~> Teinp °C of Sb
9 10%7 6100 -

8 1018 Lpo°

5 108 2300

> 10%8 110°

Indium Doped Crystals

Crystal's would only grow very slowly in the presence of
indivm. -~ The crystals produced were badl& formed, small
and yellow. The sign of their Seebeck voltage indicated
that they were p~type but measurement of the electrical
conductivity could not differentiote them from undoped
samples. The fact that indium had actually gone into
the lattice was confirmed by mass spectrographic
analysis (Table 2.4).

Attempts to grow gallium doped crystals produced

similar results to those for indium doping.

Cerium Doped Crystals

As the oxides of the rare earths are very refractory
and thus kave a very low vapour pressure, cerium chloride
was used in an attempt to dope stannic oxide with cerium.
Small irregular crystals were grown. These showed no
distinctive luminescence and it is not known wﬁether any
cerium was accepted by the lattice. the large ionic
radius of cerium (1'013 ) (36) indicates that it is very

probable that it would not be accepted.

Mass Spectrographic Analysis

Samples of tin oxide crystals from seven different
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runs were powdered and despatched in tin foil to British
Titan Products Co. Ltd., who kindly performed a mass
spectrographic analysis of themn. Their findings are shown
in Table 2.4.

Samples 1 - 3 were undoped samples from different tuns.
Samples 4 and 5 were antimony doped, from the runs which
produced specimens 1l and 2 used for electrical measurements
(see Chapter 3, Sect. 2 & 3). Samples 6 and 7 were res-
pectively chromium and indium doped.

Since it was suspected that some of the impurities
present were introducecd in the powdering operation,
samples of powder and of single crystals were despatched
to the Chemical Inspectorate, Royal Arsenal, Woolwich.
There, the crystals were powdered by shaking in a plastic
tube with plastic balls,so that no metallic impurities
would be introduced. The results in Table 2.5 show
that the crystals are of higher purity thaﬁ first
expected. It is surprising that these results show not
only a low content of unexpected impurities (G&, In,.Te)
but also of silicon and aluminium,which were expccted, as

both elements are to be found in the ceramic mullite tube

- in which the crystals were grown.

It is seen in Chapter 3, Sect. 3 that specimens 1 and
2 contain 8.8.1019 and 8.2.10%8 carriers per cc.
respectively. If we assume that one donor electron is
introduced for each antimony atom,this corresponds to 0.3%
and 0+°03% 8Sb by weight in these crystals. The results of
the mass spectrographic analysis give 0-2% and Q~04%- 4s
these results are quoted with an error margin of a.factor
of 3, they are not in disagreement with the observations
Lyashenlo and Miloslavskii (62) who found that for thin
films, one donor electron is produced for each antimony

atom in the lattice.




Table 2.4,

Mass Spectrographic Analysis of Tin Oxide Samples
performed by British Titan Products Td. Ltd.

Results quoted as p.p.m. by weight,

Element
Sodium
Aluminium
Silicon
Potassium
Vanadium
Chromium
Iron
Coppér
Indium
Antimony
Mercury
Lead

Zirconium

subjcct to error of a factor of 3.
(i.e. 300 p.m. represents a range from

900 p.p.m. to 100 p.p.m.

samples
1 5 3 4 5 6 7
150 { 500 | 150 15| 150 | 150 | 150
1000 | 1000 [ 500 | 100 | 100 | 100 | 100
1060 | 3000 | 1000 | 250 | 1000 |1000 | 1000
100 | 300 | 100 | 300 | 100 | 100 | 100
10 30 10 3 30 10 10
{30 | €30 | 30| GO | 30 85 | <30
300 | 500 | 100 | 300 | 1000 | 300 | 300
60 {5 5 i0 10 <5 &
Qo | 10| 0] Qo | €o | €10| 200
50 | €10 | €10 | 2000 | 4oo | 100 | {10
10 5 (5 <5 30 | <5 <5
10 10 { €10 <10 10 | €10 | &o
50 50 50 50 50 50 50
All other impurities not detected i.e. 10 p.p.m.

seec Chapter 2. Section 6(c)

o0
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Table 2.§

Mass Spectrographic Analysis of Tin Oxide performed
by the Chemical Inspectorate, Royal Arscnal,

Wodlwich.
p.p.m. detected
Element Crystals Powder
Sodium trace €5 trace €5
Calcium 5 10
Aluminium 20 200
Magnesium trace 45 trace {5
Silicon trace{20 300
Iron trace{50 50
Gallium n.d. €20 30
Mercury n.d. {50 200
Tellurium | trace?€50 150

n.d. = not detected
Accuracy quoted as within a factor of 2.

Crystal Habit

Introduction

There were -four common habits of stannic oxide.

crystals produced by the argon flow method. Rods which

grew parallel to the c-axis usually formed on the end of
the oxygen tube (sce figure.2.5) and plates grew on
either side of this region. Rods which grew parallel to
the a-axis were formed actually on the alumina tray
containing the tin. Figure 2.6 shows some of the various
crystal forms, produced from several runs.

Twinned Plates (Habit 1)

These diamend shaped plates (figure .27a) were the most

common habit. They occurred in all runs, except those

producing very heavily antimony doped crystals. The
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HABIT |

Figure 2.7(b):
Trapezoidal plate produced
in some chromium doped runs.
(see figure 2.6 (vi)).

Figure 2.7(a):
Twinned plate, showing
(031).twin plane

(101)



Figure 2.8:
Arrangement of atoms

along the (031) twin plane

Co-ordindtes of the Atoms,( R )

n 0.00 0.00 | 0.00 .

2,37 | 2.37 | 1.60 o

1.45 | 1.45 | 0.00 O

o 3,26 | 3,28 o0.00{ @

%3.82 | 0.92 | 1.60] &

- 0.92 |+3.82 ]| 1.60] @
a=4,74 c = 3;:20j







HABIT 2
Figure 2.10(a): '
c-axis rod ([001] prism)

showing end faces observed
on an 8y doped crystal.

o 110

Figure 2.10(c):
Rhombohedral crystal
(see figure 2.6(i)).

il

Figure 2.10(b):

¢c-axis rod showing faces
observed on an undoped
crystal,







HABIT 3

[e]]
7\ .
\\ 11O Figure 2.12(a):
N /! Usual form of a-axis
\'_ / rod ( [100] prism)
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Figure 2.12(b): s S
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HABIT 4

Figure 2.13(a)
Crystal twinned along
(011) plane. Commonly
found with chromium
,doped crystals,

Twin Plane
(o)

(OI|)Twin Plane

Figure 2.13(b) _
Another form of crystal
twinned along (011) plane.



" Figure 2.14:

Arrangement of atoms along the
(011) twin plane. Symbols are
the same as for figure 2.8.
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faces on these crystals, as grown, were often of optical
quality, especially on the thinner crystals. Back
reflection I2ue photographs were used to orientate the
crystals. The twin plane was found to be the (031) plane.
The arrangement of atoms at the twin plane is shown in
figure 2.8. (45).

{001} Prisms (Habit 2)

Most rods did grow along the c-axis. If growth was

too rapid the rods were hollow through the centre. On
most crystals, there was a large void at the growing end
(figure 2.9b).  As there were no faces on the base of

the crystals which were attached to the mullite tube

during growth, end faces were often non existent. Figure
2.10shows some typical rods of this type. The rhombohedral
shape (figure 2.10c and figure 2.6(i)) grew only in
chromium doping runs.

{100) Prisms (Habit 3)

Only a few crystals of this type were produced. The

best sample, illustrated in figures 2.11 (a) and (b), was
used as specimen 3 in the electrical measurencnts. A
photograph of the cut form with holes drilled for thermo-
couples is shown in figure (O0.14). - The plate form of

this habit (figure 2.12(b) and 2.6(v)) often occurred in

chromium doped runs but also appeared in undoped and

antimony doped runs. Specimen 4 was a long thin plate
of this type whose {011} and {110} faces were not well
defined., It was an ideal shape for Hall measurcments.
Rods Twinned along the (011) Plane (Habit 4)

These rods usually only occurred in chromium doping

runs, and crystals of both forms illustrated in figure

2.1% were observed. One crystal lightly doped with
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antimony grew as a twinned rod ind a [011} direction. This
is illustrated on figure 0.1B. Figure 2.14 shows the
arrangement of atoms along the (0ll) twin plane.

Crystallographic Data

Introduction

Stannic oxide occurs naturally as the mineral
cassiterite. It$u structure is similar to that of rutile
Ti O;_), (sec¢ figure 2.15a) and is of the tetragonal
system, class 4/m 2/m 2/m. The lattice parameters, as
measured by various workers,are shown in table 2.6. There
are two formula units per unit cell. The Sn atoms are
found at sites 0, 0, 0; and &, %, %; and O atoms at sites
x, x, O; %=, x, 0; % ‘i%’ % - X%, 2;and ¥ - x, ¥ + x, &, -
where X = (0,307, All Sn - O distances are the same
(2.055A) within experimental error.

Bach Sn atom may be considered to be at the centre of
6 oxygen atoms éituated at the corners of a slightly dis-
torted octahedron. There are two equivalent sites. The
I, %, 3,site is similar to the 0,0,0, site but rotated
about the ¢ axis through 90°, (see figure 2.15(b)).

From Andresen (24) according to Dana (65) natural
cassiterite crystals are prismatic [001] in habit, with
prominent faces {1103 and {100; . These prisms are
frequently terminated by the pyramids {lOl} and {;lli
(cf section 9). Natural twins are usually twinned along
the (011) plane but Bourgeois (66) reported twinning along
the (031) plane as found in the diamond shaped plates
(habit 1). ‘

Powder Diffraction Photographs

Photographs of doped and undoped Sn Oz were taken

using a- Debye-Scherrercamera of 11.46 in diameter. To




‘Figure 2.15(a): Rutile structure unit cell,
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Figure 2.15(b): Rutile structure showing ® Layer
two equivalent sites for Sp - Y }Sn‘H‘ ions
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Figures 2.17(a) and 2.17(b): Nelson-Riley plots of powder

diffraction photograph results

for high angle lines.
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gllow for systematic errors of the equipment, the same
camera, and same beam from the X-ray generator were used
for each set of exposures. Copper Ky radiation was used.
The diffraction photograph obtained from Sn O, powder
fortunately contains several high ahgle lines (see figure
2.16) which means that accuréte determinétion of the
crystal parameters is not too difficuit. |

The high angle lines were indexed using the relationship

sin* @ ='( A )1[h:l + k4 (—2)1 12‘] (2.5)
7

2 a
where the values of a and ¢ were obtained from Baur (67).
The lines were measured to the nearest .005 cm on a
vernier film measurer. Corrections were made for film
shrinkage by obtaining the average measured position of the
centres for both the high and low angle lines. The d
values were obtained from published charts (68) of the

relationship

2 sin @
for the copper Kg, and K¢, lines.

d = (2.6)

The value of a was obtained from the relationship:

c
The value of % was chosen to give the best agreement

a=4d Jh‘ + K2 +(a)1 1* o (2.7)

of a, for lines with zero and high '1! indices.

Errors due to different sizes of specimén and absorption
of the specimen were minimised by plotting the value of a on
a Nelson-Riley plot (69). The results of two different
comparisons are shown in figures 2.17a and 2.17b.

These results show that there is a probable increase
in the lattice parameters of 0.02% between the undoped
crystals and those highly doped il ﬂ;v102°cm-5with antimony.

The coefficient of linear expansion of ceramic stannic
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.oxide is in the order of 10_5, so although the temperature
was not controlled during exposures temperature variation
of 20° €@ would be necessary to explain the difference.
Klug and Alexander (70) show that the accuracy of measure-
ments 8t70° is 0.015%, the consistency of points on
figures 2J7a and 2.17b indicate a greatgr relative accuracy.
The calculated ionic radius for Sn¢4 is O.?lK“ and
for Sb5+ it is 0.622u (36), so a direct substitution of
antimony in a tin lattice site is in itself unlikely to
cause an increase in the lattice parameter. The 0 ion
has a radius of l.4OX°'(36). The distance between each
S5n and O atom is only 2.052” so oxygen ions are unliRely :to
find an interétitial,position. The simplest explanation
for the increase in lattice parameter is that in the
highly doped crystal there is a certain number of inters-
titial.antimony ions which dilate the lattice slightly.
It can be seen that no difference in lattice parameter
could be detected between undoped material and more

3

lightly antimony doped (n’leﬁqcm_ ) material.

A Debye-Scherrer photograph of chromium doped Sn O,
gave lattice parametersof a = 4.737 and ¢ = 3.186,
identical with the undoped meterial. Since no measurement
of the chromium content was available, a more accurate
determination was not made. .

Table 2.6 gives the lattice parameters of Sn 01

according to the various workers.




Figure 2.18a

Back reflection Laue photograph of Sn Op
‘taken in the [001] direction.

Figure 2.18b

Back reflection Laue photograph of SnOj
taken in the [100] direction.
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Table 2.6

The lattice parameters of Sn Op according to various

workers -

a c cé . references
4.738 3.188 0.673 Swanson and Tatge(71)
k,737 [3.185 B.672 Baur (67)
4,7292 13.186380.6726 Schréke (72)
A.738 [3.187 0.6726 Present work :

7c. Back Reflection Laue Photographs

Backbreflection Laue photographs were used to dis-
cover the orientation of the crystals. The photographs
taken, with the crystal 3 cm away from the photdgraphic
plate, both in thg[OOl]and[lOO]directiop, are shown in
figures 2.18a and 2.18b.  The chief reflections are
indexed. |

7d. Etch Pits

A study of etch pits was made on various types of
crystal using the technique of Koffyberg (59). He
showed that etch pits could be formed by using a boiling
solution of 47% hydriodic acid (HI), with a small quantity
of hypophosphorous acid (H3P02)“added to remove excess
iodine, and also that each‘pit corresponded to a point
where a dislocation line intersected the crysfal surface,

On faces af the form {llO}rectangular shallow pits
were formed after an etching time of 10 minutes. On
faces of the form {Oll}wedge shaped pits were formed.
These usually required an etching time of 30 minutes,

Figure 2.19 shows a {llO}etched face of a crystal.

This photograph clearly shows the etch pit shapes and
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also lines of pits along polygon walls. All c-axis rods
examined by this method had a similar average dislocétion
density (1-2.105 cm-z), although large variations were
found between different areas. In éeneral the aensity
of pits was greater in the 1 or 2 mm length nearest the
end of the crystal that was attached to the mullite tube
during growth.
Pigure 2.20a shows the wedge shaped pits formed on a

{Oll} face after a 30 minute etch. The crystal was
specimen 3 (see Chapter 3) an a-axis rod. It had a dis-
location density which varied fronm 8.104, near the base,
to 2.10
the {}10} face of the same crystal showing the rectangular
pits as expected. The etch pit density was again 2.'104

b cm-a, near the face end. Figure 2.20b shows

cm-'-~2 on this face. ‘ .

{100} faces did not appear to be etched by this
method, so only the edge faces of the twinned plates were
etched. These also thdejan: etch pit density in the

order of lO5 cm-a.
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CHAPTER III
EXPERIMENTAL METHODS AND RESULTS

Introduction

Since it was not found possible to grow stannic oixide
crystals that were large enough for thermal conductivity
experiments, it was decided to measure the product «’¢ nich
appears in the expression for the thermoelectric figure

of merit (see Ch.l.,Sect.4e). ‘the chief interest was
in the high temperature behaviour of the material,

To obtain a full appraisal of any solid for thermo-
electric applications, it is necessary to investigate its
more fundamental properties, namely those parameters which
occur in equation 1.86. Once these are known the optinum
doping level can be calculated. Materials for use in
thermoelectric devices usually have high carrier densities
(“'lOm cmﬁa), so antimony doped specimens with carrier

densities in the range 25Mf{-9.10'9cm-3 were studied.
The Seebeck effect was measured between room temperature

and 1000° ¢ and a measurement was also made on Ssone

crystals at near liquid nitrogen temperature. The

electrical conductivity was measured between liquid
nitrogen tempcrature 77°K and 1200°K, and the Hall effect
between 77°K and 600°K. .

A small amount of work was also . done to measure the
electrical conductivity of the undoped crystals and
crystals doped with chromium and indium.

The final section of the chapter deals with various
other experiments performed on the crystals.

Electrical Conductivity at High Temperatures
Two-Probe Method

For specimens of high resistivity a two-probe method
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of measurement was used. Contacts were made to the ends
of stannic oxide rods (habit 2) using a preparation of
platinum paste (Johnson and Matthey type T 177). The
crystal was held in position b§ the platinum wires that
formed the electrical leads to the specimen. A small
quantity of paste was applied to each end of the cryétal.
The paste then had to be fired by heating slowly up to
600° ¢. The contacts produced by this method were
mechanically very strong and made more satisfactory
electrical contact than any other type used at high
temperatures. During measurement funs, the contacts
were frequently checked to sec that Ohm's low was obeyed.
If not, an O.%gF condenser was charged to 400 V¥, using
H.T. batteries, and discharged across the contacts (see
reference 73). After a few such discharges ohmic
behaviour was restored. This treatment did not appeccor
to affect the crystal bulk at all. Contacts formed by
this method usually deteriorated with time and change of
temperature, and so the process had to be repeated at
intervals.

Honig et al (74) made contacts by dipping the
crystals into molten silver. This method was used at
the beginning of the work. The contacts behaved
reliably at high temperatures but below 500°C a sudden
break in contact occurred. This failure is believed to
have been .due to the difference in thermal expansion
between silver and stannic oxide. The mechanical strain
‘caused by dipping the crystals into the molten silver

often made the crystals very brittle.

'Silver Da&g', a colloidal suspersion of silver in an
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organic solvent (M.I.B.K.) that is marketed by Acheson
Colloids Ltd., was also used to moke contacts in the early
stages of this research. It had the advantage that it
dried quickly to form a mechanicallj stable contact and
required no further heat treatment. Unfortunately
electrical stability was difficult to achieve for conduct-
ivity measurements. Spark formation of the contacts
could improve the stability for shorf ?eriéds but in
general, for a steady appliéd voltage, the current would
wander over a rénge of values that could differ by a
factor of 10,

At high temperatures,the conductivity of the undoped
specimens was low enough for foumr-probc measurenents to
be mades These were found to agree with the two-probe

results within reasonable experimental error (see figure

3.2)e

Four~Probe HMethod

A photograph of the apparatus constructed for
measufing the electrical conductivity of stannic oxide by
a four-probe method at high temperatures is shown in
figure 3.la. Figure 3.1lb shows the circuit arrangement.
The principles of this apparatus were originally described
by Marley and McAvoy (L5). The method of construction
was as follows:i-. A
(i) A silica plate, 23" x 2" in area and 2 mm thick, was
taken and small slots cut into the edge of both the long
sides. These acted as anchor points for the thermocouple
and current carrying leads. — The plate was then fused
to the end of the six bowre capillary tube of 6.5 mm

diameter.
(ii) Two pieces of silica tubing of 0.5m boxre and O.5nm
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wall thickness were sealed at one end. A small hole was
blown in each tube at approximately £'" from this end.
Beyond this hole the tubes were drawn out evenly until
their external diameters were 0.5mm for a length of 2"
and then cut., |
(iii) The fine capillary bozes thus produced were threaded
with 0.05 mm diameter platinum wire by means of the hole
blown near their thick ends. The ends of the wire, that
emerged through the open ends of the fine bores, were
melted so that small round beads were produced. These
prevented the wires from being drawn back inside the
tubes and provided the surface that was to make electrical
contact with the crystal.
(iv) The thick ends of the capillary tubes were fused to
the silica plate near the six bore tubing. The tubes‘
were then shaped as shown in the photograph (figure 3.la).
A cool flame was necessary to prevent the melting of the
platinum wires at their centres. These shaped, platinum
threaded, capillary bores provided the voltage probes to
the specimen, |
(v) Platinum wire leads, 0.25mm diameter, were threaded
through four of the bores in the six bore capillary tube.
Two of these were fused to the voltage probe wires, and two
were anchored to the side slots in the plate. A thermo-
couple of Pt/Pt 13% Rh was constructed so that its
junction would rest near the specimen. This occupied
the remeining two bores of the six bore tube,
(vi) The voltage probes were flexible enough to allow
the leads to be spring loaded on to the sample. The
current contacts were made by applying platinum paste,

which had to be fired on.
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This apparatus was successfully used in air up to
1000°C, although long periods at this temperature caused
recrystallisation of the surface of the silica. This made
the fragile voltage probe capillary tubes very brittle,

Some difficulty was experienced in obtaining low re-
sistance contacts between the voltage probes and the
specimen. Spark discharge through the contacts, as des-
cribed in section 2a, was often successful. A very reliable
coﬁtact was made if a layer of indium was evaporated on
the surface of the crystal under these contacts.

The external cicuitry meant that the highest resist-

ance that could be rcasonably measured was about 100,

The results of conductivity measurements on the
antimony doped specimens are given in section 4,

Results on Undoped Crystals

The experimental results of both two and four probe
methods for colourless stannic oxide rods are shown in
figure 3.2.  If the straight regions of the curves 2, &,
5 and 6 (between 700°K and 1200°K) arc fitted to the

equation,

e = Bexp(-g‘l—;—f)l (3.1)
where E. 1s known as the activation energy, the average
value for Egx is 3.04 eV.  This agrees with Kohnke (75),
who measured activation energy of natural crystals.

Comparing equation 3.1 with equations 1.51 and 1.20,
and assuming only electronic conduction, it is' seen that

B = (N Ny )2 e, (3.2)

and is thus not independent of temperature. This will be

further discussed in Chapter 4 section 3c.
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The brown undoped crystals had a rather higher conduct-
ivity than the colourless crystals. The results obtained
from measurcments on this type of crystal are shown in
figure 3.3. The low témperature measurements were made
using the Hall effect holder described in section fa.

The average activation energy, as defined by equation 3.1,
for these crystals was 0.9%eV.

Due to the variation of B with temperature, and the
variation of the band gap with temperature, the activation
energy does not give a direct measurement of the band gap
(see Chapter 4 Sect.3c.).

Chromium and Indium Doped Crystals

The. plots for the variation of conductivity with
temperature for a chromium doved and an indium doped
crystal are also shown in figure 3.2, The acti#ation
energies calculited from these plots were 3.7eV for the
chromium doped and 3.0eV for the indium doped crystal.

The chromium doped crystal was a deep red colour (see

figure 0.1 D) and so it was likely that this contained a
rather higher impurity concentration than the indium
doped crystal, which was only a very pale yellow. By
considering the electronic configuration of chromium and
indium, both types of atom could act as acceptors. It
is probable that the higher activation energy of the
chromium doped crystal is accounted for by a variation
in hole mobility. Since onlj one crystal was mecasured,
definite conclusions cannot be drawn.

Seebeck Coefficient

AEEaratus:

The Seebeck effect at high temperatures was measured

in an apparatus based on the design of Middleton and

Scanlon (76). A diagram of this apparatus is shown in




——Weight

Silica Rod

Glass Wool = Heater Wires

Sindanyo Plug Thermocouple Wires

Furnace Wall

~Differential Heater

Thermocouples

Specimen;

L\Window

}S_ilica Tubes

Nitrogen

/Figure‘}.h: Apparatus for measuring the variation
' of Seebeck coefficient with temperature.



Cold

Junction |

’ T r‘ INPUTS
Th APt ' - Cu. A 0
< pe/Rh | ' 2 »
: o — POTENTIOMETER

|
Pt PR —
e

| 3

Specimen

Figure 3.5: Circuit for measuring the Seebeck coefficient.
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figure 3.4. By constructing it in silica and by operating
it in an atmosphere of nitrogen to pfeVent oxidation of the
carbon blocks used for the heat source and heat sink, the
apparatus could be operated up to 1000° C.  Kanthal resist-
ance wire was used for'the.differential heater. The heater
wires and thermocouple wires were insulated using '"Refrasil"
sieeving.

The junction between the silica tubes and the sindanyo
bung were not absplutely gas tight, so a continuous streanm
of nitrogen was passed through the system while it was at
high temperatures. The flow was stopped, and the system
allowed to reach thermal equilibrium before each reading was
taken.

Method

The circuit diagram for the measurement of the Seebeck
voltage is shown in figure 3.5. To allow for small
differences in the absolute value of the Seebeck voltage of
the “thermocouples, the Seebeck voltage of each specimen(WVa« )
was plotled against the temperature difference (AT) recorded

by the thermocouples

AT = (V) -V )X (T) (3.3)
where Vy and V. are the voltages of the hot and cold
junctions of the thermocouples at an average tempefature T
and Ky, is the Seebeck coefficient for the couples at the
température T. Ok y. was obtained from tables (775.
The "Seebeck coefficient of each specimen was measured
with respect to the platinum leads of the thermocouples.
To obtain the absolute value of O(s,,,’, the value of g had to
be subtracted from the observed value (see equation 1.68).
Values °f°ﬁw were obtained from Nystrdm (13).

The thefmocouples were attached to the specimens

using 'Silver Dag'. If possible, small holes were
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drilled in the specimens, using an abrasive cutter, into
which the thermocouple junctions could be inserted. This
was only practicable for one crystal (specimén 3)e

The Seebeck voltage was measured on a Philips high
impedance valve microvoltmeter (model GM 6020) which
gave a continuous indication of its magnitude and stability.
The voltage was also checked uéing the poténtiometer.

On the-specimens of high resistivity the electrical
pick-up was greater than the Seebeck voltage. So measure-
ments could not be made without screening the whoie
apparatus. On the antimony doped specimens of low

resistivity, extraneous pick-up was negligible and re-
producible results could be obtained.
Results

The variation of Seebeck coefficient with temperature
of four antimony doped cryétals was measured. Table 3.1
shows the dimensions of each specimen as well as the
values for R,n,ofan@ﬂ.at room temperature. Specimens
1 and 2 were of the [001) prismatic form and so all
measuréments were taken parallel to the c-axis. Specimens
3 and 4 were of the [lOO] prismatic form and the mcasure-
ments were taken parallel to one of the a-axes. In each
of these specimens (3 and 4) the c-axis was parallel to
the shortest side.

As Marley and McAvoy (45) and Koffyberg (59) reported
a variation in defect concentration between the surface
and the bulk of some crystals, the surfaces were‘ground

down using 800 grade carborundum powder. It was easier
to make .ohmic contacts to the ground surface than to the
surface as growne.

Figure 3.7 shows the measured variation of the

absolute Seebeck coefflclent of each spe01mgn with

temperature.,The values were always negatlve

The results of low temperature Seebeck measurements

are shown in Tapje L,»
. .
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Irreproducibility of Specimen 4

The curves 4a,4b and 4c on figure 3.7 show the re-
sults of successive runs to measure the variation of
Seebeck coefficient with temperature. The first run
showed a sudden fall in the Seebeck coefficient at 750°K.
Because of this, the run was terminated and the contacts
remade. The sSccond run (curve 4b) gave a lower value
than the initial “run for the Seebeck coefficient at all

temperatures and again the value fell at femperatures
above 700°K. As the initial results gave a value of
effective mass that was similar to that obfained for
specimen 3, the crystal was examined a third time at a
latef date. The value of Seebeck coefficient was still
lower, as shown By curve 4c.

The Hall coefficient was remeasured and found to be
2.98, a reduction of 5% on the value obtained previous
to performing the first set of Seebeck measurements, (sece
Table 3%.1) and within probable experimental errors
The conductivity appeared unchanged.

Since the Seebeck measurements were performed in a
nitrogen atmosphere, it was suspected that this fall in
the Seebeck coefficient at high temperatures was due to
the loss af oxygen from the surface layer of the crystal,
and that the oxygen vacancies provided donor centres.
Thus the carrier density at the surface of the crystal
was ilncreased.,

To confirm this, the crystal was heated in air at
1000°C for four hours. A few Seebeck measurements were
made and the results were found to agree with the first

run. The points obtained are marked with crosses on the

curve k4a.
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It has already been reported (78) that the addition
of antimony stabilises .thin films of stannic oxide. It
was no doubt because specimens 1 and 2 contained a higher
concentration'of'antimoﬁy that this irreversible effect
did not occur in them. |

The thermocouples in specimen 3 were embedded in holes

drilled into crystal.

'Silver Dag' it was unlikely that the oxygen could escape

Since these holes were filled with

from the surface underneath the thermocouples. So the

effect may have been unnoticed on this specimen.

Table 3.1

Dimensions and values of electrical parameters at
room temperature of antimony doped crystals.,

Specimen 1 é | 3 b
Rcoulomb™ em™]) -7.141072 -0.80 [1.23  |-3.12
N (cn™) 8.8 1019 8.210%%.1 10*8| 2.1018
o o d)Y en 1.2100 | 91 o2 27
y cm"2 V-qsec;] 87 69 125 85
width (mm) l.22 1.48 2.18 1,22
thickness (mm) 0.95 1.3 [.13 0.4k
fength  (mm) 8 i 54 5%
Colour Dark Blue |Pale [|Very Pale | Almost
Blue Blue Transparent

Hall Effect
Low Temperature
A five probe method was adopted for measuring the

Hall effect of the low resistivity, dntimony doped

cryétals. Diagrams of the apparatus and circuit are

shown in figures 3.6a and 3.6b. The current control
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circuit was similar to that used for the four probe con-
ductivity measurements. The potentiometer was a Tinsley
model 3387B capable of measuring divisions of one micro-
volt. The Hall effect holder was also used for the four
probe conductivity measurements at low temperatures and
for the two probe measurements on specimens of high
resistivity at low temperatures.

- The Hall effect holder was enclosed in a split
copper cylinder (13" diameter and 2" long), the centre of
which was milled out to accommodate it. The cavity was
lined with mica for electrical insulation. The whole
apparatus was inserted into a closely fitting Dewar flask,
which was filled with liquid nitrogen. When the systenm
had reached liquid nitrogen temperature and readings had
been taken at this temperature, the excess ligquid was
poured out and the apparatus allowed to warm up slowly
while the conductivity and Hall voltage were measured.

The temperature was measured with a copper-constantan
thermocouple. The magnet used had 4' diameéter pole
pieces with an air gap of 2". It was capable of pro-
ducing a field of 6 kilogauss.

Current contacts were made using indiuﬁ-gallium
paste or indium amalgam. The potential probe contacts
were made by evaporating small areas of indium on the
crystal surface in the correct positions. A snall
pellet of indium was placed oﬁ top of the evapgrated layer,
The copper probes were pressed into this indium pellet and
held by the phosphor bronze leaf springs.

iligh Temperature

At high temperatures a system was used that was first
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employed by Breckenridge and Hosler (79) for measuring
the Hall effect in rutile. Small silica posts were fused
to a silica plate. Platinum leads were attached to these
posts. One end of these leads was pressed into an indium
pellet on the specimen to form the potential probe con-
tacts. The other end was brought out to the external
circuit which was essentially the same as shown in figure
3.6b. Platinum paste was used for tne current coxntacts,
A small furnace, of external dimensions 5" x 2" x 12",
was constructed to it between the pole pieces of the
magnet. A silica tube, 2 cm diameter and 12 cm long,
was wound with 36 S.Weges Kanthal resistance wire. The
resistance of the element when cold was 12000 . The
tube was coated with alumina cement and enclosed in a
syndanyo case. The res&stance heater was powcred from
the mains through a 2 amp 'Regavolt' variable voltage

transformer. The furnace was easily capable of reaching

.1000°c¢C.

The limitation on the high temperature operation of
this apparatus was set by the contacts. Above :the nmelting
point of indium the contacts had little mechanical strength
and the slightest vibration would disturb them. Oxidation
éf the surface of the molten contacts did not affect
results. Ho measurement was obtained above 600°K.
Variation of Mobility with Temperature

There was no detectable change in the Hall coefficient

of any of the four specimens over the range of tempcrature

measured. The most accurate readings were obtained at

room temperature and liquid nitrogen temperature where a
constant temperature could be maintained while a number of

readings were taken. The room temperature values of Hall

coefficient are given in table 3.1l.

Since the magnitude of the Seebeck coefficient

indicated that all the specimens were degencrate at low
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temperatures, the factor r in equation 1.92 was taken as
unity in calculating the carrier density and @rift nobility.

Figure 3.8 shows the variation of conductivity with
temperature of the four samples., S5ince no variation in
Hall constant was deteéted, the variation of mobility
with temperature (figure 3.9) was calculated assuming that
the carrier density was constant up to 1000°C.

The interpretation of the temperature variation of
mobility is found in Chapter 4 section 2.
Errors

The largest errors in the absolute value of the
mobility were probably made in measuring the dimensions
of the sample and the separation of the voltage probes.
Bach of these measurements could not be expected to have
an accuracy greater than within 5%.

The value of M in terms of the quantities that were

actually measured may be given by

= __‘LIL .____.]; &
/(—-RO’— V', Hw , (J.L*')

where Vi is the Hall voltage, Vi the voltage between the
resistance probes, 1 the separation of the voltage probe,
w the width of the specimen and H the magnetic ficld
strength.

the measurement of the magnetic field was nade using
a flux mecter. The scatter of points indicated a possible
error of 2%. Fluctuations in the Hall voltage readings
could easily account for an error of one microvolt. On
specimens 1 and 2 the maximum Hall voltage attainable was
30 PV} The current became unstable if increased further.
The error on the other specimens was of a similar relative
maénitude. The error in measuring the voltage across the
resistance probes was negligible compared uith these other

quantities. The maximum probable error in the absolute
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value of the mobility is therefore 15%. The accuracy of

tﬁe ;. relative valucs of mobility measured on the same somple
at different temperatures was very much better ((IWSerrorl
Even the large error allowance of 15% does not account for

the range of values obtained for the mobilities of the four
specinmens, These figures do not, however, talke into con- ot
sideration possible inhomogeneities of the specinmens. If '

the magnitude and geometry of inhomogeneities is unknown it

have. The thermoelectric probe showed that the donqr
concentration of specimen 3 was fairly uniform (sect.5d),
so the results from this specimen are probably the most
reliable,

Other Measurements

Luminescence

Crystals of stannic oxide and stannic oxide powder were
examined under an ultra-violet lamp with the spectral dis-
tribution between 0.35/u and O.#QN.. The 'antimony and
chromium doped crystals showed no observable luminescence,
nor did the colourless undoned crystals. The brown crystals,
indium doped and gallium doped crystals and stannic oxide
powder all showed a faint yellow luminescence at low tem-
peratures., The brightest luminescence was found in the
whiskers grown by the hydrolysis of Sn C14 in an oxyhydrogen
flame. These appeared a greenish white at liquid nitrogen
temperature and the characteristic yellow colour at the tem-
perature of gg1ig carbon dioxide, This luminescence dis-
appeared just below room temperature. t roon tempercture,
it was believed thet a faint red luminescence was observed.

The luminescence from these whiskers was bright
enough to obtain a spectral distribution curve, shown in
figure 3.10, The slits of the Hilger and Watts spectro-

meter were at their largest apperture (1.5mm) so fine
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Figure 3.10:
Spectral distribution of
luminescence from SpOo
whiskers, grown by the flame
fusion method, at liquid
nitrogen and solid carbon
dioxide temperatures.
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structure of the peaks was not expected. The photo-
multiplier was calibrated against a thermopile znd the
relative energy response plotted against wavelength,
Readings were taken at intervals of 0.7k .

Fiéure!j@shows probable peoks in the luminescence
at 0.4k, 0.49,0554nd Q60 . i which correspond to 2.8, 2.5,
2.3 and 2.1 ceV respectively. Most of these were probably
duc to surface states.

Photoconductivity

The brown crystals also showed an increcse of con-
ductivity when illuminated with w.¥. light at room tenmver-
ature and 1iqgid nitrogen temperature. Normal daylight
had no observable effect.

Houston and Kohnke (30) have reported photoconductivity,
and measured the thermally stimulated photocurrent in
crystals grown from a flux of copper oxide (Cu 2O). Copper
is known to diffuse easily into most substances and also
to increase the sensitivity of photoconductivity in Zn S
and Cd S (81). Copper was introduced into a rod of
stannic oxide by evaporating a layer of copper on to the
surface and heating it in an evacuated sealed silica tube
at 900° C for a few hours. The conductivity of the
specimen incrcased from 10_6 to 1021140m-! This value
of conductivity remained constant between room temperature
and 400° C, but swddesiz decreased, indicating that the
copper had diffused out of the crystal, when left at

‘this temperature overnight. A gualitative appraisal of

the photoconductivity of the Cu doped crystal indicated
that it did have a greater sensitivity when illuminated
by the S lanp.

No photoelectric effect was detected on the colourless
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undoped crystals.,

Electron Paramagnetic Resonance

Stannic oxide, being of a similar structure to rutile,
is also a suitable host lattice for paramagnetic ions for
electron spin resonance measurements. It was for this
reason that chromium doped crystals were grown. One of
the largest crystals was mounted in a @~band spectrometer
(34,4 kMc/s ), many lines were observed. Some of these
were identified as chromium lines by comparison with From
(82) who has studied the paramagnetic resonance of crot
in Sn 02. Ths other lines observed were believed to be
due to iron Fe)+, which probably originated from the
chromic oxide doping material. The signal was too weak
for measurement of the spin relaxation times. .

An undoped crystal was examined in the X band
(9444t kMc/s) spectrometer at room temperature. Many lines
were observed at fields between 3.3 and 4.1 Koersted. No
attempt has been made to identify them.

Effect of High Fields

Under high fields, Ohm's law for a conductor will

break down. The electrons in the solid will reach a
terminal velocity when
Inve =ny. , (3.5)
where \% is the frequency of optical mode vibrations,; and
v the average velocity of the electrons.
Thus, at high fields, a saturation value of current
is attained. This current does not increase significantly

with further increase in the field until just before break-

down occurse.
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Figure 3,11:

I Typical measurement of current

behaviour under high fields at 77°K.
Crystal thickness 0,38 mm

K Surface area 4 sq. mm,

Current

Figure 3%.12: Circuit for
Thermoelectric probe.
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The high fieldlconductivity neasurements were
performed on brown undoped crystals. In figure 3.11
it can be seen that I is approximately pfoportional
to V°.  A. Rose (R.C.A. Rev. 12, 362, (195ﬁ)) proposed
that for a trap free so0lid in which the current is
limited by space charge I=Ve, indium contacts were
used. Indium has a low work function and so the
contacts could act as electron injecting contacts,
which would account for the apparently small, low field,
resistivity of the sample ( ~ 50fcm).
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Stannic oxide plates about .O4% cm thick weré held in
a jig between indium coated copper surfaces and voltages
of up to 300 V¥V applied. .A typical result is showa in
figure 3.lla. The experiment wes performed in liquid
nitrogen, but even so it is most likely that the deviation
from Ohm's law was due to local heating of the crystal.
No saturation current was noticed before brealkdown, so no
conclusions could be drawn. |

The breakdown field varied from _350-75 KV%cﬁi for
different crystals.

Thermoelectric Probe

One means of obtaining a qualitative estinate of the
homogeneity of a specimen is to use a thermoelectric probe.
The probe used was essentially an electrically heated
copper rod with a small blunt point at one end that pro-
truded from beyond the insulatory sheath that surrounded
it. The copper rod was connected to one side of the
input to the Philips microvoltmeter. The other side of

the input was attached to the back face of the crystals
which were coated with'Silver Dag'. A diagram of the
circuit is shown in figure 3.12. If the doping level
were uniform throughout the crystal, no variation in the
voltmeter would be expected as the probe was placed at
different points on the front face of the crystal. Vhen
used on the four antimony doped specimens, only for
specimen 3 was the voriation small ({10%).  The other

crystals showed quite large variations (y20%).
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CHAPTER IV

DISCUSSIONS AND CONCLUSIONS

Previous Work on Stannic Oxide
Thin Films

The earliest electrical measurenents on stannic oxide

were made in 1937 by Bauer (83). The samples were poly-
crystalline thin films prepared by the thermal oxidation
of tin evaporated on quartz plates. The specific conduct-

1

-t
ivity of thesec films was between 10~% and 34 N em™, and

the mobility, from Hall effect measurements, ¥as between
0.9 and 6.6 cm? V1 sec™L,

Since then the usual method of prepargtion has been
by the hydrolysis of a suitable compound of tin, usually
stannic chloride (Sn Cly) in an alcoholic or aqueous

hydrochloric acid solution. The solution is sprayed on

‘to a hot substrate. Papers by Aitcheson (84), Burkett

(85) and Holland (86) contain details of the production
of thin films. Mochel (88) discovered that the addition
of antimony stabilised the films and gave them a higher,
and even positive, temperature coefficient of resistivity.
Stannic oxide films on a giass base have been manufactured
extensively as resistors and although there is extensive
patents literature on the subject, relatively few
technical papers have been written.

Two papers by Ishiguro et al (54) and Imai (88) report
electrical and optical mcasurements ©8 both undoped and
antimony doped tin oxide films. Arai (78) interprets
these results and his own, proposing a tentative band
schene. Among the conclusions of these papcrs, was that

the predominant scattering mechanism at room temperature,
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even in the undoped crystals, wés that of ionised
impurities.

Miloslavskii and Lyashenko (62, 89, 90) performed
similar measurements entirely'on antimony doped films.

They concluded that each antimony ion introduccd into the
lattice gives rise to one donor centre, the depth of which
they found from optical measurements to be 0.15 eV,
Reference 90 explains the infra red absorption in these
doped films on the assumption that the electron effective
mass varies with the donor concentration.

The most recent publications of the optical and
electrical properties of undoped tin oxide films have been
by Koch (55, 91, 92). The electrical properties of the
films were measured between liquid air temperature and

100°C: above this temperature irreversible changes took
place. The antimony doped films of Arai(78) were stable
even above 800° C. Koch interpreted his results on the
theory .Iof..conduction. w in polar semiconductors proposed
by Howarth and Sondheimer (20): thus.recognising that the
scattering was by the polar longitudinal optical mode
vibrations of the lattice. A minimum in the Hall coanstant
at 150°9K was discovered. According to the theory of Lewis
and Sondheimer (93), this coincides with the characteristic
temperature of the optical phonons. The temperature co-
efficient of resistivity of‘the films did not obey the
predictions of the Howarth and Sondheimer theory.

In reference 91, the value of the effective mass is
discusseds A value of 0.17 m, was deduced from the
measurement of optical dispersion.

Polycrystalline Samples
Loch (94) prepared samples of stannic oxide by com-

préssing Sn Op powdef'with:vafious proportions of antimony
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trioxide (Sb2 03) to act as a donor impurity. The
electrical conductivity and Seebeck coefficient were measured
on these samples in a vacuum. The mdbility of these speci~
mens was in the range 10.9-12 em” V' sec™ and it did not
vary with temperature over the range covered (100—80000).
The fact that this mobility is very much smaller than the
values subsequently obtained from measurements on single
crystals indicates that the effect of grain boundaries and
other imperfections was: considerable. Irregularities in
the high temperaturebresults'were interpreted as being due
to the antimony coming out of solution.

lc. Natural Single Crystals

There does not appear to be any data published on
single crystals of stannic oxide before those of Kohnke
(75), who meuasured the electrical and optical properties
of good matural crystals. He found that the activation
energy for intrinsic conduction above 800°K was 3.05 eV;
and the energy gaps as obtained from optical absorption
and photo-conductivity were 3,54 and 3.44 e¥-respectively.
Room temperature Hall mobilities varied from 7 to 315
em® V' sec "% and increased with increasing carrier

concentration.

1ld. Synthetic Single Crystals

Publications on methods of crystal growth have
already been mentioned in Chapter 2.

Nagasawa et al (56, 95) have published measurements
made on single crystals which were grown by the hydrolysis
of stannic chloride. Marley and Dockerty (96) have re-
ported the results of measurements on several undoped and
antimony doped crystals grown by thaihelium flow method

of Marley and McAvoy (58). These results are discussed
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more fully in sections 2c and 2d.

Summary of Mobility Measurements

Figure 4.1 shows most of the published results of
mobility measurements on stannic oxide. The results of
Marley and Dockerty are omitted for clarity and are showm
in figure 4.2,

A1l these results show the same general trend. The
mobility increased with increasing temperature up to about
BOOOK and then decreases with increasing temperature up to
the highest temperature (lEOOOK) at which measurements
have been made, The notable exception of this is the
recent result of Nagasawa et al (95).

KochA(55) shows that if the scattering is by optical
mode vibrations, according to the Howarth and Sondheimer
theory (20):

o ocn 3 (&4.1)

L
where n is the carrier density,

His room temperature results approximately obey this
relationship. The temperafure dependence of mobility of
the films below room temperature is probably influenced
more by ionised impurity écattering and so the behaviour
predicted by this theory is not observed.

Variation of Mobility with Temperature
Above 300°K

Figure 3.9 shows that the variation, both at low and

high temperatures, of mobility closely obeys a)uch
relationship., The value of x is different for each
specimen at both extremes of the temperature range over
which the mobility was measured. At high temperature
the two crystals with the highest carrier densities had

a value of x that was very nearly —%, :




79

4 simple theory of scattering by optical modes states
that for high temperatures (kT hv, ) x = =% (99).
However, this result is obtained using Maxwell-Boltzmann
statistics for the energy distribution of the carriers and
so it is not expected to apply to the degenerate case. 1In
general ,for a degenerate semiconductor, a value of x = - 1
is predicted for all types of lattice scattering at high
tenperatures except, perhaps in the case of a many valley
semiconductor (see Chapter 1. Sect. 5c).

The value of % is for all specimens very much greater

than the -%@Zpredicted for acoustic mode scattering. Etch

pit counts show that the dislocation density is several

orders too small to have any significant effect. The

conclusions of Koch (55) and more recently by Marley and

Dockerty (96) indicate that the important scattering
mechanism at high temperatures is due to polar optical
mode vibrations. The effecéfﬁass calculations of section
3 offer further evidence in favour of this.

If optical mode scattering is important in a polar
crystal it is necessary to have an estimaté of the coupling
constant (. )(see equation 1.108). Reddaway (100) has
recently determined by optical methods, the wavelengths of
the optical modes of vibration. He proposes that the
most important value of A is 703cm ; although if more than
one mode is present in the crystal all modes will give
some contribution towards the coupling constant. If this
value is used, together with the results that m* =0.16m,
(see section 3),€p= 4 (101) and€,= 2k (102),‘in equation
1.108,. the value obtained for &, is 0.6, Higher values
of A will produce higher values of &, . If @ is taken

h
to be 150° K (from reference 55) and @ = ,:b, then

X = 2.5, The true value probably lies between these
values. This means that an intermediate coupling theory

should be applicable. The Howarth and Sondheimer theory,
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which is valid fore( &1, gives at high temperatures,
X = - 1 for both degenerate and non-degenerate semiconductors.
The observed absolute value of mobility is lower than that
predicted by this theory. The theory of Lee, Low and Pines
(equation 1.112) fits the results quite well quantitatively
if a value of X ~1 is used. Their expression also gives
X = - 1 at high temperatures, although they do not expect
it to be valid for T D8 (see reference 23).

If the values Ny = 106%° , m* = 0,16m,, and€ = 4 _az“e
substituted into Mansfieldb equation for ionised impurity
scattering in a @egeneratebsemiconductor (equation 1.116)

a very small value of/U-(=8 cm® V'sec™) is obtained.

If the static dielectric constant (€ =24 is used, the
result will be almost 36 times greater. However, the
relaxation time obtained from equation 1.52 indicates that
the high frequency dielectric constant should be used.

It must also be remembered that this equétion was obtained
assuming a non-polar lattice and it might be expected that
the effect of ionised impurities would be reduced in an
ionic lattice. However, if this result (M= 8em® v 'sec™®)
isAcorrect, and as the Seebeck and Hall measurements
indicate that all the specimens are at least partially
degénerate at high temperatures, most of the current must
be carried in regions of the crystal that are not as
highly doped as the Hall measurements indicate.

The thermoelectric probe (Chapter 3 Sect.5e) showed
that there was a certain amount of variation in the doping

level between different points on the crystals. The mob-
ility of a completely degenerate semiconductor, due to .
ionised impurity scattering,' is independent of temperature,
but if thére were a gradation of donor density throughout

the crystal some regions could become partially or non-
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degenerate as the temperature was raised. The ionised

impurity component of mobility would increase in these

regions. It is impossible to calculate the exact be-

haviour that such non-uniformities of doping would have
on the mobility but it would lead to a higher value of x
than the value of =1 expected for the degenerate case.
For specimen 3, which was the most evenly doped, x (==-0.91)
most nearly approached this figure.
Below 300° K

Since the slope of the loguvs, log T plots (figure

3.9) at high temperatures did not fit exactly to any theory,

to obtain an approximate estimate of the low temperature

component of mobility the foilowing procedure was followed.
The straight line region above 500° K was extra-

polated right back to 100° K for each specimen, using the

‘approximate formula quoted in Chapter 1 (equation 1.54)

-t - -1 ~}
Mos = Mopr + Mo (4.2)
(wﬁere )unbs was the observed mobility;/uoprwas the high
.

jo)

temperature component of mobility, believed to be
least partly due to scattering by optical phonons; and
Man was the low temperature component at mobility which
is5 shown here to be due to ionised impurity scattering),
the variation of Mwawas calculated. The result for each
crystal is shown in figure 4.3. It can be seen that,
considering the approximations, the variation of mobility
with temperature is similar for each crystal. It also
approximates to the/ucTzl"' law expected for ionised
impurity scattering in a non-degenerate specimen. Also
shown for comparison is the calculated value of M

obtained from the formula of Brooks (28) and Mansfield




Figure 4.3:
Low temperature com-
ponent of mobility (Mion)
as calculated (Ch.h4,
sect., 2b).
Key is the same as for
figure 3.9+
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Figure L.h4:

Summitt and Borrelli.

Variation of band gap with
temperature as measured by
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(29) (equation 1.115) for N, =_lO'7, m*= 0.16 m_, and

€ = 4, assuming non-degeneracy. The observed behaviour
is consistent with the proposal, mede in section 2a, that
regions of the crystals were less highly doped than others
and behaved non-degénerately.

Brief Discussion of the Results of Marley and Dockerty

Marley and Dockerty (96) measurcd the high temperature
variation of mobility of one undoped crystal (specimen
66-1, figure 4.,2a).. The carrier density of this crystal
was about lO'x cm  at room temperature, Irreversible
effects occurred above BOOOC in crystals with lower
carrier concentrations. The value of Xxwas -l.l. They

used a value of @= 5OOOK in the Lee, Low and Pines
formula (equation 1.112) and showed that it fitted their
results at high temperatures. Low and Pines, in refer-
ence 33, do express doubts on the validity of this formula
when T )9.

At temperatures less than BOOOK, Marley and Dockerty
obtained values for x greater than ;2. This was inter-
preted in terms of combined ionised impurity scattering
and impurity band conduction.

Brief Discussion of the Results of Nagasawa, Shionoya
and Makishima

Nagasawa et al (95) have published preliminary

measurements of Hall mobility and carrier density of one
cfystal between-900k and BOOGK. They also show that a
curve/“"==constant X Thl'fits their results over the
higher end of the temperature range and interpret this
in terms of predominantly acoustic mode: scattering, with
a further contribution due to optical modes. However,
it éan be shown that the same results fit a curve

}!.uzrcd'nst:. :Xzesgp,-—%— (where O = 21501{) over the -same high
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end of the temperature range. The deviation from this
relationship at lower temperature end can be shown to be
due to ionised impurity scattering using the same analysis
as described in section 2b.

They quote a value of effective mass (= 0.33m,) which
was obtained from the room temperature Seebeck coefficient
assuming acoustic mode scattering (s =-% in equation 1.69),
If optical mode scattering is assumed (s=% in equation
1.69) and the result recalculated, an effective mass of
6.17 m, is obtained. Thié value is in good agreement

with the present work.

Effective Masses of Eleétrons and Holes

Electron Effective Mass

In the simple model of a broad band semiconductor the
effeétive mass of the carriers can be considered constant.
The effective mass was calculated from the Seebeck results
for specimens 1 - 4 using equations 1.18 and 1.69. The
value of n was obtained from the Hall effect. table 4.1
shows the Fermi energy ( Eg) and effective mass (n*) of
each specimen for optical mode (s=%}) and ionised impurity
scattering (s:éé) for temperatures between BOOOK and
1200°K. Table 4,2 shows for comparison the results of
the measurements of Seebeck coefficient near liquid
nitrogen temperature. _

The most reliable results are those obtained from
specimen 3. Not only was this crystal large enough for
the holes to be drilled iﬁto it to accommodate the thermo-
couples in the Seebeck mecasurements, but ﬁhe thermo-
electric brobe indicated that it had a fairly uniform
carrier density. If opticel mode scattering is assumed
for all T, the results show a fairly ;;COnstént value of
effective mass, averaging 0.16 m,. The same result is
also obtained for the first measurement run on specimen kL,

(see Chapter 3, sect. %2d). Measurements on both these

crystals were along the a-axis.
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Table 4,1

Effective Mass and Fermi level of Antimony
Doped Crystals

K 300 | koo| s500] 600f 700|  800f 900{ 1000 1100 | 1200
% 0.50] 0.35| o.k1f o.L5] 0.48] 0.52) 0.56f 0.60| 0.64| 0.68
Specimen Ef 5/ \
y (ev 12 0.46' 0.50] 0.58] o.64 0.71} 0.78} 0.85) 0.92} 0.99] 1.05
n* ? 0.24] 0.20 0.18] 0.16] 0.15| 0.14} 0.13f 0.12f 0.11] 0.70
1&§ ’é 0.16] 0.14} 0.12] 0.1%] 0.10} 0.09] 0.08] 0.08] 0.07] 0.07
- z. 0.12| 0.12] 0.12] 0.12] 0.12] 0.12] 0.12] 0.12] 0.1
sPecimen(gv)Béi 0.19) 0.21] 0.22] 0.22] ©0.24] 0.24] 0.26] 0.26] 0,27
2 - = 0.12) 0.114 0.11] 0.11} 0.10] 0.10} 0.09] 0.09} 0.09
5 /2 10.08 0.07} 0.07] 0.07] .06} 0.06 '0.05 0.05 0.05'
B z  [o.ot| 0.04] o.on 0.05} 0.01]-0.01} -0.02]-0.04}-0.05 |-0.06
Specimen(ev 3/2, 0.08} 0.10} 0.10] 0.10] 0.10] 0.091 0.08] 0,07| 0.07
3 @ig %— 0.17] 0.17] 0.16 0.16] 0.16] 0.16 0.16] 0.15] 0.15
’é 0.11| 0.09] 0.08} 0.08] 0.08} 0,08 0.07} 0.07[ 0.07
B, f 0.04] 0,02[-0.01]-0.03} -0.05
Specimnen(ev) é 0.08} 0.07] 0.05] 0.031 0.02
b %8% 0.13] 0.12] 0.14] 0.16] 0.16
55' 0.071 0.07} 0.08} 0.09]_0.08




Table 4.2.

Effective Mass and Fermi level as
measured near 100° XK.

Specimen 1 2 : 3
/e | 13 29 8l
< 3 [ 26| 2| 2%] 2 | 3%
Ef ‘ 0,39 | 0,29 [ 0,17 0.13]0.05 | 0.08
j/ : 0.17 | 0.08 [0.14 | 0.11]0.19 | 0.13
g,

35
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The results of specimens 1 and 2 are a little more
difficult to interpret. These crystals were measured along
the c-~-axis. Specimen 2 shows a coﬁstant value of Ef over
a wide range of temperature when optical mode scattering
is assumed. The average value of m* is O.10mo. This
value is also approached by the results from specimen 1 at
high temperatures, where it might be expected that
scattering by optical phonons would be more important than
at théslower:temperatures. If ionised impurity scatter;
ing is assumed at room temperature for specimen 14m*= O.16m01
This is in agreement with the value obtained for specimen 3.

In Chapter 1, section 1u, it was seen that the band
need not be parabolic and furthermore Chapter 1 section 1w
showed that the band could be distorted by the presence of
an overlapping impurity band at high impurity concentrations.
If this was occurring in specimen 1, we might expect the
high temperature results to give the nearest value to that
expected for the undistorted c&nduction band. this is
because the number of impurity states depends on the
number of impurity ions present in the crystal and this is
constant; whereas the effective density of states in the
conduction band is proportional to T%ﬁ . So the ratio of
the number of states in the conduction band to the numver
of impurity states is increused as the temperature is
increased.

On this reasoning it could be argued that there is a
variation of effective mass with crystallographic direction.
This has not previously been reported in literature and it
is probably safer at this stage to explain the discrepancy
in terms of the inhomogeneities detected in these highly
doped specimens.

Conclusion
It has already been stated in section 1a that Koch
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had obtained a value of m' = 0d7m, from optical measure-
ments. Section 2d showed that the results of Nagasawa et
al could be reinterpreted to give the same value. Marley
and Dockerty (96) give no details , but stote that measure-
ments of the Seebeck coefficient on their crystals give
values of m" between 0.12 @, and 0,18 m, . The present
results give a most reliable value of m = 0,16 m, Or

017 mg o Further expcrimenté should be performed to

determine whether the electron effective mass is anisotropic

as suggested in section 3a.
Forbidden Energy Gap

Summitt and Borrelli (103) have recently determined

the band gap of stannic oxide from optical measurements
over a wide range of temperaturé. Figure 4.4 shows the
curves they obtain for light polorised perpendicular and
parallel to the c-axis. The lower of these is considecred

as it would have the greatest effect on the. intzinsic con-

- ductivity.

Above 200°K the curve for the variation of E with
temperature is a straight line, and so the energy gap may

be written as

E, = E, +¥T, (4.3)

d
where E, is the extrapolated value of the band gap at
0°K (=3.8 eV) and ¥ is a constant.

Comparing equations 1.20 and 1.21 with 3.1 it can

be:seen that

o =3B exp’(%ﬁT~)
substituting for E§ from 4.3

o =B exp-(gigj§3%£)= B’ exp(-ZEﬁT)$4.5)

(k)

1

)
A =X,
where B = (NeN,) epexp 2€: 

/
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The product (N Ny )%‘is proportional to T2 and
seﬁtion 2a shows that the expected variation of M4 for a
nondegenerate crystal is as T-' « Thus B is approximately
proportional to Tia. On the slope of log oO.vs T?jﬁbetween
SOOOK and 1000°K, this would make only a small difference
equivalent to 0.08 e V (or 3%) on the measured activation
energy which would otherwise be equal to E, « The measured
value of E ot was 3.04 eV (Chapter 3 sect.2c). The third
figure is not significant, so the energy gap at 0°K (E, )
as measured is 3.0 eV, This is somewhat lower than the
value of Summitt and Borrelli, although the result obtained
on the chromium doped crystal (3.7 eV) is very much nearer
their value. It is usual for the energy gaps in a polar
semiconductor, as determined by optical and electrical
methods, to be slightly differenf.

Hole Effective Mass

By making various assumptions and using the results
available, it is possible to obtain an estimate of the hole
effective mass from equation 1.22. In an intrinsic semi-
conducfor n,6 =n, and a value of n, is obtainéd using the
valuese=2.10"" (from curve 2,figure 3.2, at 1000°K) and
M= 50(from specimen 3 figure 3.9, at 1000°K) in equation
157, If a value of Eg = 3.0e V is used and also the value
of ¥ (= 1.2.107°
the value of the band gap (E, ) at 1000°K is 1.8 eV. If

this figure, and the value obtained for the electron effect-

eV/°K) obtained from Summitt and Borrelli,

mass ( m} = O.16mo) is now substituted into equation 1.22
the hole effective mass is found to be 19m0. This is
likely to be a lower limit. If the value of band gap at
1000°K obtained by extrapolating Summitt and Borrelli's
;esults is used (Ejz 2.6 eV), then md - 55T,

Such a high effective mass would explain why p-type

material of high conductivity has not been produced.
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' Impurity Levels

The brown undoped crystals had an activation enecrgy
of 0.94 eV. The compmarison of equation 3.1 and equation
1.24 shows that if the number of acceptors is small, this
shéuld correspond to the depth of the doﬁor levels below
the conduction band. If the number of-acceptors is large,
then E, = % Eqct = 0.47 eV (equation 1.26). It is
believed that the donor levels in these crystals are
created by oxygen vacancies in the lattice as they only
occur in crystals that were quenched from a high temperature
or ¢cooled in the absence of oxygen. However, since thec mass
spectrographic analysis (Table 2.5) showed that the largest
single impurity was aluminium, and being a group IIT .
element it would act as an acceptor if it replaced tin in the
stannic oxide lattice, the latter case should not be
ignoréd.

Houston and Kohnke (104) have determined several
defect levels in Sn O, crystals by measuring the thermally
excited photocurrent.  Among these are levels at 0.52

and 1.0 eV which are both near to the possible positions

‘of the donor level.

The brown crystals showed a faiﬂt luminescence in the
yellow. The transition observed was probably the sanme
one that gave a peak at 0'49;F'(2'5 eV) in the flane
fusion whiskers (figure 3.10). This was observed at
liquid nitrogen temperature where the band gap might be
expected to be near 3.0 eV (see section 3c) or 3.6 eV
(reference 103). So there is a possibility that this
transition corresponds to'one between the donor level and
the valence band. It is, howsver, difficult to relate

the defect levels proposed by Houston and Kohnke with the
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transitions observed from the spectral distribution of the
luminescence.
' The theoretical value of the first ionised potential of

a donor, based on the Bohr model of the Hydrogen atom, is

given as . . 6 ( )
_ 2T n*e _ 13, m*
E’ = _-—_e' h" - ex (mo ) e V (4.6)

Using the values of m* = O.’16mo and € = 4, then E =0.13%6eV.
This is close to the value obtained by Miloslavskii and
Lyashenko (89) for the depth of the donor levels in antimony
doped films (0.15 eV).
Section 4. Thermoelectric Figure of Merit
ha, &*0 Product '

The values of ®¢°0 for the four crystals are directly

obtainable from the values of Seebeck coefficient and
electrical conductivity reported in Chapter III. The vari-
ation of o> with temperature for each specimen is shown in
figﬁre 4.5a. Even at high tenmperatures the magnitude of ‘
this product is an order of magnitude lower than the best
high temperature thermoelectric materials known today.
Ge-Si alloys, which are among the best, have a value of
o« = 2.5.107° at 900°K. |

The value of %!6" should vary with the degree of doping.

For each temperature there will be a doping level for which

this product will have a maximum value,

4b, Thermal Conductivity (X)

Unfortunately no results of measurements of the thermal

conductivity of stannic oxide single crystals have been

published. A value for ceramic material of 57,10 cal
=20 _ =1 -) -2

cm C sec (0.0136 watts cm

Marley and McAvoy (45). This is of the same order as

°c —') is reported by

thermoelectric materials such as bismuth telluride (105)
(0.015 watts cm™ -~ °C™') and lead telluride (106)(0.025
watts cm~ - °C™' ) although it is possible that the single

crystal would have a higher value.

The Handbook of Chemistry and Physics (107) also
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quotes results for the thermal conductivity of ceramic Sn 02.
It does so for three different temperatures. These results
are shown in figure 4.5b. Since the electrical conductivity
of ceramic Sn O2 is usually very iow, it was assumed that the
values given were due entirely to the lattice component of
thermal conductivity.

The electronic component (Xe) was calculated from
equations 1.58 and 1.60. The values of K for other
temperatures were calculated Stietdditimtonnstmmiees a5suNing
that K.« T~ ' (see Chapter 1, Sect. 2f). The total expected
thermal conductivity at each temperature was found by adding
the two components (equation 1.64).  The results are shown
in figure 4.5b.

Figure of Merit (Z)

The estimated of the value of Z and its temperature

variation was made by simply combining the results plotted

in figures 4.5a and 4.56., Although this value of Z is an
order of magnitude smaller than the best known thermo-
electric materials, it is comparable with such materials as
the ITI-V compounds In Sb and In As (108).

Conclusion

The above results,coupled with the fact that no p-type
material of high conductivity has yet been obtained,suggest
that it is unlikely that stannic oxide would be a good
méterial for any particular thermoelectric application.

Summary and Suggestions for Further Work

Although the technology of manufacturing stable thin
films of stannic oxide has been developed for many years,
it is only recently that any scientific publications on
the properties of the material have been made. Good single
crystals of stanﬁic oxide have now been grown by various
workers (50, 56, 58 and 60) so the field is now open to
quantitive study. Even so there are still many difficulties

to be overcome, It is difficult to make low noise, ohmic
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contacts to the crystals and these are essential for reliable

Hall measurements. Although there is no information on the
homogeneity of doped crystals grown by other workers, the
present work shows that uniformity of doping is difficult
to achieve.

It appears that scattering by longitudinal optical
polar modes is the predominant mechanism in limiting the
mobility of electrons at high temperatures. Unfortunately,
there is as yet no polaron theory thet claims to be valid

at high temperatures. The characteristic temperature of:
the optical mode vibrations has not yet been determined
with any certainty, but values of 150°K (55), 500°K (96),
1960K and-#l#aK (103) have been used to explaiﬁ experi-
mental results. '

All methods of crystal growth require a high tempera-
ture. This results in a high defect concentration in the
cryétals and means that the effect of the optical mode
scattering at low temperatures is masked by the impurity
scattering. If crystals of low defect concentration
could be produced it might be possible to confirm one of
the expressions proposed for polaron mobility (24, 25, 26),

and also to obtain accurate values fore( and 6 . The
recent crystals of Nagasawa et al (56, 95) waich show a
mobility which increases with decrecasing temperature down
to 100°K may possibly be used for this type of measurement.

Although as a thermoelectric material stannic oxide
may not be particularly interesting, further more precise
work on the conduction mechanism could be profitable. It
would be interesting to obtain much more information on
the nature of the valence band.

Electron paramagnetic resonance studies on doped and
undbped crystals could yield interesting results. An un-

doped crystal showed many unidentified lines when examined
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at room temperature. At liquid helium temperatures it
may be possible to learn something from the fine structiure
of such lines and to relate some of them to various types

of defect.

There. hos been a small amount of work on the photo-

conductivity of stannic oxide but very little is yet known
aBout the effect of various impurities on this phenomena.
The present work has also shown that there is luminescence
in stannic oxide prepared by some methods. It would be
iﬁteresting to discover the types of defect responsible

for the various transitions.

At present, the only commercial interest in stannic
oxide is as a thin film resistor, or as a transparent
conducting film; but as a-material very little is known
about some of its most basic properties and it could

provide topics of research for many years to cone.
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Abstract. Single crystals of stannic oxide heavily doped with antimony have been

grown from tin vapour and oxygen at 1450°c. - Their electrical properties have been

studied between 77 and 1100°k. These can be interpreted in terms of optical mode

lattice scattering at the higher temperatures, with an impurity scattering contribution

below about 300°k. Combining the Hall and Seebeck coefficients leads to an average
. electron effective mass of 0-13 m,.

1. Introduction

Stannic oxide is a semiconducting oxide with an energy gap of 3 -4 ev (Arai 1960, Kohnke
1962), and is chemically stable up to 1100°c (Handbook of Chemistry and Physics 1952).
These properties indicated that the material might be useful for thermoelectric applications
at high temperatures.

Stannic oxide conducting films have been produced commercially for many years, and it

is well known that the electrical conductivity can be controlled by adding antimony as a

donor impurity. The conductivity of these doped films is stable up to 800°c (Arai 1960),
whereas films without added impurity undergo irreversible changes above 100°c (Imai
1960, Koch 1963a). Koch (1963a) has summarized prev10us work on thin films of stannic
oxide and has concluded that the predominant scattering is by polar longitudinal optical
modes, and that the characteristic temperature of the phonons is around 150°k. In a later
paper on optical measurements, Koch (1963b) proposes a probable electron effective mass

" of 0-3 m,. More recently, Summitt and Borelli (1965) obtained a value of 0-14 m, from

measurements of the Faraday rotation. Attention should also be drawn to the work of
Lyashenko and Miloslavskii (1965) who conclude, from measurements of the optical
constants in the infra-red, that the effective mass varies with carrier concentration.

Until recently, electrical measurements on single crystals have been confined to natural
crystals (Kohnke 1962), but Nagasawa et al. (1965a, b) have measured the conductivity and
Hall effect of undoped crystals of high resistivity grown by the controlled reaction of SnCl,
with H,O at 1300°c.

The purpose of the present work was to grow single crystals of stannic oxide, doped with
various concentrations of antimony, and to measure the electrical conductivity, Hall effect
and Seebeck effect over a wide range of temperatures to obtain information about the
effective mass, scattering and thermoelectric figure of merit of the material.

2. Crystal growth

The crystals were prepared by a high- temperature vapour phase method. The furnace
arfangement is shown in figure 1. The starting material was SN pure tin. The gas
supplies were regulated to give a constant flow in the range 100-150 cm® min~?! for the
argon and 20-40 cm?® min? for the oxygen. The crystals grew on the mullite oxygen tube
in the region of the aperture and on the walls of the outer mullite tube. The most perfect
crystals, however, grew on the alumina boat, containing the tin metal, from the small
amount of oxygen that diffused back. These crystals grew in about 10-15 days. The
amount of antimony introduced into the crystals was controlled by varying the position,
and thus the temperature, of the alumina boat containing metallic antimony. By this
method crystals up to 1:5mm x 1:5mm x 10 mm were grown at a temperature of 1450°C.
The chief crystal habits were diamond-shaped twinned plates and rectangular rods. Most
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Figure 1. Furnace arrangement for growing stannic oxide crystals.

of the rods grew parallel to the ¢ axis with end and side faces of the form (101) and (110).
Some rods, however, grew with the ¢ axis perpendicular to their longest side. These were
hexagonal in cross section with faces of the form (011), (010) and (110). The rods which
grew parallel to the ¢ axis were used for the electrical measurements.

Attempts to grow p-type material by introducing indium or gallium into the crystal have
not been successful. A crude determination of the sign of the Seebeck coefficient has shown
that these crystals are p-type, but their resistivity has been very high and well-formed crystals
have not been produced. '

3. Experimental procedure and results

The electrical conductivity was measured by a four-probe method using a silica specimen
holder described by Marley and McAvoy (1963, U.S. Air Force Rep. No. AFCRL-67-771).
The current contacts were of platinum paste and the voltage probes were pressure contacts
of fine platinum wire held in place by fine silica capillary tubing. An Ohm’s law plot was
made at temperatures between 77 and 1300°k in air. There was no change in the resistivity
of samples kept at 1300°Kk for several days.

Hall effect measurements were made on the samples at room temperature and liquid
nitrogen temperature, using indium contacts. The carrier density of each sample was
found to be about the same at each temperature (see table 1). No satisfactory contact has
been found for these measurements at very high temperatures, but measurements have
been made up to 600°k using contacts of molten indium. These results show that the
carrier density remains constant up to this temperature. \

It is clear from the magnitude of the Seebeck effect that both samples are at least partially

Table 1. Electrical properties of doped SnO»

Specimen 1 Specimen 2
Temperature (°K) 77 293 77 293
R(cm® C-Y) 7-2.10-2 7-1.10-2 0-79 0-80
n (carriers/cm?®) 8-7.10%° 8-8.10t° 8-0.108 8-2.10%8
a(Q1cmY) 1-33.10° 1-22.108 79 87
ulem?v—1 sec™1) 96 87 62 70
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degenerate, so in calculating the carrier density n, the factor r in the relationship

. R=r/ne (1)
is taken as unity. Using the relationship
o = neu @

where n in this case is constant, log u was plotted against log T (see figure 2). The curves
approximate closely to woc7-1/2 at the higher temperatures, confirming that the scattering
is by optical modes.
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Figure 2. Plot of mobility against tempera- Figure 3. Plot of Seebeck coefficient against
ture. The broken lines represent woc7-1/2, temperature.

The Seebeck coefficient of the same specimens was measured in an apparatus based on
the design of Middleton and Scanlon (1953) made of silica, using carbon blocks as the
heat source and heat sink.  In a nitrogen atmosphere this apparatus was used up to 1000°c.
The Seebeck voltage was measured with respect to the platinum components of Pt-Pt/13 % Rh
thermocouples. A plot of ¥5 (Seebeck voltage) against AT (temperature difference) was
made at each temperature. The results are shown in figure 3.

4. Discussion and conclusions
The expression for the Seebeck coefficient a is

_ E (s + £) Foraa(n) _
=+ € {(S + 8) Foyro(n) } ®

Since both the present work and that of Koch (1963a, b) indicate optical mode scattering,
the value s = % should be applicable at the higher temperatures.

The carrier density is given by .

n = (4 [K?) 2m*kT)*I* Fyy5(n) @
where 7 is the reduced Fermi level (Ex/kT), e the electronic charge, m* the effective mass of
the electrons and 4 is Planck’s constant.

At the lower temperatures, at least part of the scattering will be due to impurities.
Tonized impurity scattering would mean that s = £ should be used in equation (3). Using
the (log u, log T) plot, the values of pocT-/2 at high temperatures were extrapolated back
to the low-temperature region. Assuming that this extrapolation gave values of the
component of mobility popt due to optical mode scattering, the component p; due to
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impurities was then derived from :
pmt = pit + popt™! , ®
where um is the measured value as in figure 2. It was found that, at low temperatures, p4
was approximately proportional to T%2 for both samples, confirming that there is a con-
tribution from ionized impurity scattering.

It should be noted also that the contribution due to impurity scattering is greater in
specimen 2 than in specimen 1, in spite of the lower carrier concentration. This, presu-
mably, is due to different concentrations of acceptors, leading to different degrees of
compensation. Acceptors may arise from the departure from stoichiometry of the
crystal; it is known, however, that these crystals contain appreciable but varying amounts of
silicon, iron, aluminium, sodium and potassium.

For specimen 2 (n~ 82 x 10% carriers/cm®) the (incorrect) assumption of optical
mode scattering (s = 4) throughout the temperature range leads to a value of m* = 0-11 m,
at 300°k, falling to 0-10 m, at 1300°k. Assuming wholly ionized impurity scattering at
300°Kk (s = §), m* = 0-07 m, is obtained. Since pm is 75% of popt at 300°k, m* must be
nearly equal to 0-10 m, from 300 to 1300°k.

Correspondingly, for specimen 1 (n ~ 8-8 X 10%® carriers/cm®) optical mode scattering
throughout the range would indicate m* = 0-20 m, at 300°k, falling to 0-10 m, at 1100°k.
With s = £ at 300°k, m* = 0-12m,. Here pm is 919, of popt; m* is therefore clearly
greater than 0-12 m, at 300°k and probably near 0-17 m,.

The value of m* at 100°k for specimen 1 was found to be 0-19 m, assuming s = 4 and
0-14 m, assuming s = 4. Here pm is 509 of popt and again m* must therefore be near
0-17 m,. There is thus an indication that m* decreases above room temperature in this
sample. It should, however, be noticed that due to the nature of expression (3), for low
values of a, small variations in « lead to large variations in the value of 5, and hence m*,
obtained. It also appears that at the lower temperatures m* is higher in this sample than
in sample 2. The accuracy is however hardly adequate for firm conclusions to be drawn.
The estimated values of m*/m, are shown in table 2 and their mean is 0-13.

Table 2. Thermoelectric properties and effective mass

Temperature (°K) 100 300 1100

Specimen 1 2 1 2 1 2

a(uv degc™) 13 42 104 _ 72 214

ao 2-1.10-¢ 9-5.10~7 3-6.10-° 2-7.10-8
. m*/m, 0-17 0:17 0-11 0-10 0-10

As regards thermoelectric applications, the values of a?c at 300 and 1100°k are shown in
table 2, and are not very promising. There are no really good materials for thermoelectric
generation at high temperatures; Ge-Si alloys are among the best and have values of a%c of
the order of 2-5 x 10-% at 900°k, considerably larger than those in table 2. So far the
thermal conductivity has not been measured for SnQ, in this laboratory, nor have highly
conducting samples of p-type material been prepared.
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