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I N T R O D U C T I O N 

The p r i m a r y purpose o f s t u d y i n g s t a n n i c oxide was t o 
assess i t s p o s s i b i l i t i e s as a h i g h temperature t h e r m o e l e c t r i c 
m a t e r i a l . S t a n n i c oxide i s c h e m i c a l l y s t a b l e a t h i g h temper­
a t u r e s ( f u l l d e t a i l s are r e p o r t e d i n Chapter 2) and measure­
ments on t h e t h e r m a l c o n d u c t i v i t y o f ceramics i n d i c a t e t h a t 
t h i s p r o p e r t y i s i n the saiae o r d e r as o t h e r t h e r m o e l e c t r i c 
m a t e r i a l s . A reviev; o f the l i t e r a t u r e t h a t was a v a i l a b l e a t 
th e b e g i n n i n g o f t h i s work, and t h a t vihlch has s i n c e appeared, 
i s made i n Chapter k. Although t h e r e had been many papers 
p u b l i s h e d on t h i n f i l m s , the o n l y r e p o r t s on the b u l k m a t e r i a l 
v/ere o f compressed pov/der samples and o f n a t u r a l c r y s t a l s . 
The r e j s u l t s o f the former v/ere c o m p l i c a t e d by p o s s i b l e g r a i n 
boundary e f f e c t s and those o f the l a t t e r by the r e l a t i v e l y 
h i g h i m p u r i t y c o n c e n t r a t i o n s i n the c r y s t a l s . I n order t o 
o b t a i n as much i n f o r m a t i o n on s t a n n i c o x i d e , i t was decided 
t h a t s i n g l e c r y s t a l s s h o u l d be grown. This was the i n i t i a l 
problem o f the r e s e a r c h . Since the main i n t e r e s t was i n 
t h e r m o e l e c t r i c a p p l i c a t i o n s , h i g h l y doped n- and p-type 
c r y s t a l s v;ere r e q u i r e d . The measure o f success i n t h i s f i e l d 
i s r e p o r t e d i n Chapter 2, 

The second major problem v;as the measurement o f the 
p r o p e r t i e s o f the c r y s t a l s a t h i g h temperatures. The methods 
used and the r e s u l t s o b t a i n e d are r e p o r t e d i n Chapter 3« 

( x i i ) 



The f i r s t c h a p t e r o f t h i s t h e s i s attempts t o summarise 
the elements o f band t h e o r y on which the c o n c l u s i o n s o f 
Chapter k are based. I t t r i e s t o shov/ the d e r i v a t i o n o f 
t h e e q u a t i o n s used and t o o u t l i n e the t h e o r i e s and 
assumptions on v/hich t h e f i n a l c o n c l u s i o n s are based. This 
c h a p t e r a l s o i n c l u d e s a s h o r t d i s c u s s i o n on the n a t u r e o f 
t h e chemical bond betv/een the t i n and oxygen atoms or i o n s 
i n the s t a n n i c oxide c r y s t a l i n r e l a t i o n t o i t s semi­
c o n d u c t i n g p r o p e r t i e s . 

( x i i i ) 



C H A P T E R 1: 

S e c t i o n 1: Band Theory 

l a . Formation o f Energy Bands 

I n an i s o l a t e d atom, the energy l e v e l s o f each 
e l e c t r o n o r b i t a l have d i s c r e t e v a l u e s . I f , however, 

atoms are brought i n t o v e ry c l o s e p r o x i m i t y , as i n a 
c r y s t a l l a t t i c e , the v;ave f u n c t i o n s - v;hich d e s c r i b e 
the p r o b a b i l i t y o f f i n d i n g an e l e c t r o n i n time and 
space i n a p a r t i c u l a r o r b i t a l - o f e l e c t r o n s i n 
a d j a c e n t atoms can o v e r l a p . I f t h i s o v e r l a p i s very 
s t r o n g , the l e v e l s broaden out i n t o bands v/hich cover 
a range o f e n e r g i e s . Figure 1.1 shov/s the c a l c u l a t e d 
broadening o f the energy l e v e l s i n /sodium a g a i n s t the 
i n t e r a t o m i c d i s t a n c e ( r ) . 

l b . Metal,, . I n s u l a t o r or Semiconductor 

I f the c o n s t i t u e n t atoms o f a l a t t i c e c o n t r i b u t e 
the e x a c t number o f e l e c t r o n s needed t o f i l l a s e t o f 
energy s t a t e s , i . e . , t o c o m p l e t e l y f i l l a band.-,, t h e r e 
can be no c u r r e n t flow i n t h i s band,. This s i t u a t i o n 
can o n l y occur a t a b s o l u t e zero temperature. At 
temperatures g r e a t e r than 0°K, t h e r e w i l l be a f i n i t e 
p r o b a b i l i t y o f e l e c t r o n s being e x c i t e d t h e r m a l l y from 
t h i s f i l l e d band t o a h i g h e r empty band. This enables 
two t y p e s o f conductiryn t o occur. The few e l e c t r o n s i n 
the u n f i l l e d band, known as the c o n d u c t i o n band, are 



.Figure 1*1: The broadening o f the energy l e v e l s o f sodium 
w i t h change i n atomic s e p a r a t i o n 'r 
the a c t u a l s e p a r a t i o n o f the atoms i n 
m e t a l l i c sodium. 
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F i g u r e 1.2: The p o t e n t i a l w e l l model o f a f r e e e l e c t r o n gas. 



f r e e t o move i n a f i e l d : and so are the h o l e s , or 
absence o f e l e c t r o n s , i n the almost f i l l e d band, 
knov/n as the valence band. The o n l y d i f f e r e n c e be­
tween an i n s u l a t o r and a semiconductor, a t a p a r t i c u l a r 
t e m p e r a t u r e , i s t h e w i d t h o f the f o r b i d d e n gap between 
the two bands. The number o f e l e c t r o n s i n the con­
d u c t i o n band, v/hich i n an i n t r i n s i c semiconductor 
equals the number o f ho l e s i n - t h e valence band, a t a 
g i v e n temperature i s i n v e r s e l y p r o p o r t i o n a l t o the 
e x p o n e n t i a l ofj^the w i d t h o f the f o r b i d d e n gap (see 
e q u a t i o n 1.20), which may i t s e l f vary w i t h temperature. 

I f the c r y s t a l bonding were com p l e t e l y i o n i c (see 
sect.6) t h e r e would be no o v e r l a p o f wave f u n c t i o n s and 
no bands would be formed. I n t h i s case charge t r a n s ­
p o r t can o n l y occur by the m i g r a t i o n o f i o n s , which 
w i l l have a v e r y low m o b i l i t y . I o n i c c r y s t a l s are 
u s u a l l y v e r y good i n s u l a t o r s . 

I f t he atoms i n a l a t t i c e o n l y c o n t r i b u t e enough 
e l e c t r o n s t o h a l f f i l l the energy s t a t e s a v a i l a b l e i n 
the band, then e l e c t r o n s w i l l be f r e e t o move under the 
i n f l u e n c e o f an a p p l i e d f i e l d even a t a b s o l u t e zero 
t e m p e r a t u r e . T h i s can a l s o occur i f the co n d u c t i o n 
band i n one d i r e c t i o n i n the c r y s t a l o v e r l a p s the 
va:lence band i n another. T h i s type o f m a t e r i a l i s a 
m e t a l . 

I c . F e r i a i - D i r a c S t a t i s t i c s 
T h i s type o f s t a t i s t i c s i s based on the P a u l i 

e x c l u s i o n p r i n c i p l e , which s t a t e s t h a t no more than tv/o 
e l e c t r o n s , each o f o p p o s i t e s p i n , can occupy any one 



energy l e v e l and on the p r i n c i p l e t h a t each e l e c t r o n i s 
i n d i s t i n g u i s h a b l e from another. An i m p o r t a n t r e s u l t 
o b t a i n e d from these s t a t i s t i c s i s t h a t the p r o b a b i l i t y 
f (E ) o f a s t a t e o f energy ( £ ) being occupied at a 
p a r t i c u l a r temperature (T) i s g i v e n by 

[ e x p 'Izif , , ] - ^ (1.1) 

where k i s known-as - Boltzmann.'s constant and Bf. i s 
d e f i n e d as the Fermi energy and i s the p a r t i c u l a r value 
o f the energy s t a t e i n v;hich the p r o b a b i l i t y o f 
o c c u p a t i o n i s 

I n c a l c u l a t i n g expressions f o r the v a r i o u s 
p r o p e r t i e s o f semiconductors, i t i s o f t e n necessary t o 
e v a l u a t e i n t e g r a l s o f the form 

p CP ^ 

where ̂  . £, and , £j 

T h i s f u n c t i o n i s known as the Fermi Dirac i n t e g r a l 
and i t s v a l u e s f o r i n t e g r a l and h a l f i n t e g i ^ a l values o f 
X are t a b u l a t e d i n r e f e r e n c e s (1 - 5)« 

I d . Maxwell-Boltzmann S t a t i s t i c s 
I f each e l e c t r o n may be co n s i d e r e d independent and 

t h e r e i s no r e s t r i c t i o n on the number o f e l e c t r o n s t h a t 
may occupy a g i v e n energy l e v e l , c l a s s i c a l s t a t i s t i c s 
g i v e t h e r e s u l t t h a t the p r o b a b i l i t y ( f ( E ) ) o f a 
p a r t i c l e h a v i n g an energy E at temperature (T) i s 

f ( £ j . - a w ( - i ) _ (1.3) 
where A i s a c o n s t a n t . 



The Fermi-Dirac d i s t r i b u t i o n f u n c t i o n approximates 
t o the Maxv/ell-Boltzmann f u n c t i o n when E - E F ^ J ? T . 

. j t i s much more convenient t o use Maxi-/ell-Boltzmann 
s t a t i s t i c s when c o n s i d e r i n g non-degenerate semi­
c o n d u c t o r s , 

l e . Degeneracy 
I f t h e r e are o n l y a few e l e c t r o n s i n the c o n d u c t i o n 

band compared w i t h the number o f s t a t e s a v a i l a b l e , the 
energy d i s t r i b u t i o n o f these e l e c t r o n s villi not be 
s i g n i f i c a n t l y a f f e c t e d by the e x c l u s i o n p r i n c i p l e . I n 
t h i s c o n d i t i o n the semiconductor i s s a i d t o be non-
degenerate and Maxwell-BoItzmann s t a t i s t i c s may be used 
t o s i m p l i f y c a l c u l a t i o n s . A u s e f u l c r i t e r i o n i s t h a t 
non-degenerate s t a t i s t i c s may be a p p l i e d i f the reduced 
Fermi l e v e l ( ) i s l e s s than - 1 ,as measured from the bottom 

— I f T̂ r ̂  2. , the c o n d i t i o n s near the bottom o f the 
condu'etibn band.i 

-"'-'conduction band are s i m i l a r t o t2i6'S'« i n a m e t a l . The 
lower energy l e v e l s are a l l f i l l e d \ a c c o r d i n g t o the 
e x c l u s i o n p r i n c i p l e . Since most o f the f r e e e l e c t r o n s 
occur i n a narrow band o f energy i n the r e g i o n o f the 
Fermi l e v e l , f o r most c a l c u l a t i o n s t hey may a l l be con­
s i d e r e d t o have the same energy, the Fermi energy ( C f ) . 

For t h e i n t e r m e d i a t e r e g i o n (-1<'^p^2) the f u l l 
' Fermi D i r a c s t a t i s t i c s must be used f o r c a l c u l a t i o n s . 
I f . Wave P r o p e r t i e s o f an E l e c t r o n 

The d i r e c t evidence o f e l e c t r o n d i f f r a c t i o n has 
shown t h a t a beam o f e l e c t r o n s o f momentum ( P) can 
be t r e a t e d as a wave t r a i n o f wavelength X g i v e n by 

> i i (1.^) 
A - f> 

1 
r o f the 



'Ntw.P- E q u a t i o n 1.5 i s s t r i c t l y t h e time - independent 
S c h r o d i n g e r e q u a t i o n . To o b t a i n the more g e n e r a l 
time-dependent e q u a t i o n , t h e s p a c i a l l y d e f i n e d 
S c h r o d i n g e r J''-function must be expanded i n t o a 
space-time f u n c t i o n ( u ) , where 

« 

The wave e q u a t i o n may now be v / r i t t e n • 



where h i s knovm as Planck's c o n s t a n t . 
I n g e n e r a l , the motion o f e l e c t r o n s can be c a l ­

c u l a t e d by d e t e r m i n i n g the a p p r o p r i a t e wave equation-,--
i i 

the form o f v/hich was proposed by Schrodinger, 

where i s the a p p r o p r i a t e wave f u n c t i o n , £ the 
i i 

k i n e t i c and W the p o t e n t i a l energy, and ft 
I g . k - Space 

Quantum t h e o r y s t a t e s t h a t energy i s not con-
tind.ous, but i s q u a n t i s e d : t h a t i s , o n l y d i s c r e t e 
v a l u e s o f energy, and thus momentum (£)are per­
m i s s i b l e . The p e r m i t t e d v a l u e s o f £ are g i v e n by 
the r e l a t i o n : 

1̂  = hk ^ (1.6) 
where k = n = 0 , ^ l , i 2 . e t c . 

L 
cind L i s t h e p e r i o d i c l e n g t h o f the wave f u n c t i o n 
p a r a l l e l t o one o f the c r y s t a l axes. 

The v/ave v e c t o r ( k ) g i v e s the d i r e c t i o n o f 
p r o p a g a t i o n o f plane waves ( ^ = C exp ( i k.r ),where 
C i s a c o n s t a n t ) . 

I h . Sommerfeld Model o f a Metal 
The Sommerfeld, or f r e e e l e c t r o n gas , model o f 

e l e c t r o n s i n a m e t a l i s considered as i t was a f i r s t 
s t e p tov/ards e x p l a i n i n g the behaviour o f c a r r i e r s i n 
a s o l i d . I n t h i s model, the e l e c t r o n s are considered 
i n a p o t e n t i a l w e l l , the boundaries o f which are the 
boundaries o f the m e t a l . The number o f c a r r i e r s i s 
about the same as the number o f atoms (~10*'cm"'). Ea ch 
e l e c t r o n has the same p o t e n t i a l energy W and a k i n e t i c 
energy 6 as w e l l (see f i g u r e l.jL)« 



l i . Bloch Waves 
Bloch f i r s t c o n sidered the motion o f an e l e c t r o n 

t h r o u g h a p e r i o d i c l a a t i c e i n I928. He assumed a 
p e r i o d i c p o t e n t i a l t h a t v a r i e d i d e n t i c a l l y i n each u n i t 
c e l l o f the c r y s t a l . Thus i f a t r a n s l a t i o n v e c t o r 
i s d e f i n e d as 

R^ = ni.a,+ fflj^a^ + m,a, (1.7) 
(where 3^,3.3^,a^ are the t h r e e p r i m i t i v e v e c t o r s 
d e f i n i n g the edges o f the c r y s t a l u n i t c e l l and 

m, , m^, fflj, are i n t e g e r s ) 
then Bloch showed t h a t i n o r d e r t o s a t i s f y the con­
d i t i o n s o f the p e r i o d i c i t y , the s o l u t i o n s o f the 
Schrodinger e q u a t i o n must be o f the formr': 

yj = U^(r) exp ( i k . r ) ^ a.8) 
where 13fc(r + R^) = U j ^ ( r ) . : i n g e n e r a l U^(r) 
w i l l be d i f f e r e n t f o r each value o f E . 

V/aves o f t h i s form w i l l proceed unhindered through 
a p e r f e c t l a t t i c e . 

I j . Bragg R e f l e c t i o n 
The Bragg r e f l e c t i o n law f o r a beam o f wavelength A 

s t r i k i n g a c r y s t a l , w i t h a s p a c i n g o f d i s t a n c e 'd' 
between planes o f atoms, a t an angle 6 w i t h the pianos i s 

n\= 2d s i n e . (1.9) 
I f t h i s law i s a p p l i e d t o a wave packet o f 

e l e c t r o n s p r o p a g a t i n g through a l a t t i c e , a wave w i t h a 
value o f k = I!i5(v/here n i s an i n t e g e r ) a long one o f the 

a. 

c r y s t a l axes, i n v/hich d i r e c t i o n the l a t t i c e spacing i s 
' 0-', w i l l not pass t h r o u g h , but will be r e f l e c t e d . 
Shis means t h a t the energy t h a t such an e l e c t r o n v/ave 
packet may have i n a r e a l c r y s t a l i s not continuous 
but has allov/ed and f o r b i d d e n v a l u e s . 



1k, B r i l l o u i n 2iones 
The k v a l u e s f o r which Bragg r e f l e c t i o n occurs are 

s a i d t o l i e on t h e B r i l l o u i n zone boundaries i n k space. 
So the c r y s t a l l a t t i c e determines the zone shapes. The 
zone boundaries correspond t o d i s c o n t i n u i t i e s i n the E - k 
c u r v e . 

Due t o Bragg r e f l e c t i o n , when o n l y one dimension i s 
c o n s i d e r e d t h e r e must always be a gap o f f o r b i d d e n energ.y 
betiveen each a l l o w e d band. But since the value o f the k 
a t which Bragg r e f l e c t i o n occurs d i f f e r s f o r d i f f e r e n t 
d i r e c t i o n s i n t h e c r y s t a l , i t i s p o s s i b l e f o r an allov/ed 
band i n one d i r e c t i o n t o o v e r l a p a lov;er allov/ed bamd i n 
anot h e r d i r e c t i o n . When t h i s occurs t h e r e i s , i n e f f e c t , 
no f o r b i d d e n energy and the m a t e r i a l w i l l have m e t a l l i c 
p r o p e r t i e s . 

1 1 . E - k Diagrams 
F i g u r e 1.3(a) shows the p a r a b o l i c shape o f the E-k 

diagram f o r an e l e c t r o n on the Somunerfeld model. The 
t o t a l energy i s g i v e n by ^ ^ 

E = e-W=-E! - W= - W (1.10) a*n Zm 

D i f f e r e n t i a t i n g t h i s e x p r e s s i o n v/ith r e s p e c t t o k 

dk ^ 
Thus the e l e c t r o n v e l o c i t y v i s g i v e n by 

I 9 E 
v = (1.12) 

Also from e q u a t i o n (1.11) the e l e c t r o n mass i s g i v e n 

by m = ĥ c ( ) " ( l - l ? ) 

I f the v a l u e o f w i s c o n s t a n t , another e x p r e s s i o n f o r 
m , o b t a i n e d by t h e second d i f f e r e n t i a l o f e q u a t i o n ( I . I O ) i s 

m = >i'( ) ' ' (1.14) 
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F i g u r e 1.3: E-k curves i n one d i r e c t i o n f o r ( a ) Sommerfeld 
waves and (b) Bloch v/aves. 
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F i g u r e 1 . ^ : Band p i c t u r e f o r ( a ) an i n t r i n s i c and (b) an 
' i m p u r i t y semiconductor. 



On the Bloch t h e o r y E - k diagrams such as f i g u r e 
1.5(b) are o b t a i n e d . The g r a d i e n t o f the E - k curve 
.( | ~ ) i s alv/ays zero a t the zone boundaries. 

Im. E f f e c t i v e Mass 
From f i g u r e 1.3(b), i t can be seen t h a t - r — i s 

9 k 

not c o n s t a n t , consequently f o r the Bloch t h e o r y we must 
r e p l a c e the f r e e space e l e c t r o n mass by an e f f e c t i v e 
mass f^* , d e f i n e d by the r e l a t i o n s h i p 

The e f f e c t i v e mass may si m p l y be regarded as the 
value o f mass r e q u i r e d t o f i t the Newtonian equations 
o f motion t h a t tcikes i n t o account the tffect o f 
c r y s t a l l i n e f i e l d . 

I n . D e n s i t y o f S t a t e s and I n e r t i a l E f f e c t i v e Mass 
I n r e a l substances t h e energy s u r f a c e s are u s u a l l y 

c o m p l i c a t e d and depend on the d i r e c t i o n i n the c r y s t a l 
l a t t i c e , and the e f f e c t i v e mass should be considered as 
a t e n s o r q u a n t i t y . 

D i f f e r e n t p r o p e r t i e s i n v o l v e the energy momentum 
c u r v a t u r e s i n d i f f e r e n t ways and thus a d i f f e r e n t 
e x p r e s s i o n f o r the e f f e c t i v e mass i s r e q u i r e d f o r 
express i o n s f o r m o b i l i t y , d e n s i t y o f s t a t e s and h i g h 
frequency d i e l e c t r i c c o n s t a n t . The two most commonly 
encountered are the 'Density o f S t a t e s ' e f f e c t i v e mass 
and the ' I n e r t i a l ' e f f e c t i v e mass. 

The d e n s i t y o f s t a t e s e f f e c t i v e mass i s t h a t o b t a i n e d 
when the number o f c a r r i e r s i n a band i s r e l a t e d t o the 
p o s i t i o n o f the Fermi l e v e l , and so i s the value o b t a i n e d 
when the H a l l and Seebeck e f f e c t are compared. 



The i n e r t i a l e f f e c t i v e mass i s the q u a n t i t y i n v o l v e d 
i n the h i g h frequency d i e l e c t r i c c o n s t a n t and i s also 
the v a l u e o b t a i n e d f r o m c y c l o t r o n resonance experiments, 

l o . Holes 
From the v a r i a t i o n o f the g r a d i e n t o f the E - k 

curve i n f i g u r e 1.3(b) i t can be seen t h a t the value o f 
- r — b e c o m e s n e g a t i v e i n the upper h a l f o f the a l l o w e d 
a X 
bands. Although i t i s m a t h e m a t i c a l l y c o r r e c t t o con­
s i d e r the e l e c t r o n s near the t o p o f the band t o have a 
n e g a t i v e e f f e c t i v e mass, i t i s d i f f i c u l t t o deduce the 
consequences. I t i s more convenient t o i n t r o d u c e the 
concept o f a h o l e , which i n e f f e c t i s the absence o f 

an e l e c t r o n , t h a t behaves as a p o s i t i v e l y charged 
c a r r i e r . 

I p . D e n s i t y o f S t a t e s 
The quantum c a l c u l a t i o n o f the d e n s i t y o f s t a t e s 

per u n i t volume i n a s o l i d g i v e s the r e s u l t t h a t the 
number o f s t a t e s g ( E ) , each o f which ma.y be occupied by 
two e l e c t r o n s , t h a t e x i s t between the energies E and E + olE 
i s g i v e n by the e q u a t i o n 

<y(')=^^ ^ T ' ^ ^ ' ' ^ ^^^^ 
I q . I n t r i n s i c Semiconductor 

F i g u r e l.()-(a) shows the simple band p i c t u r e o f t e n 
used t o r e p r e s e n t an i n t r i n s i c semiconductor w i t h a f o r ­
bidden band gap o f E^. I t i s c o n v e n t i o n a l t o measure 
a l l e n e r g i e s r e l a t i v e t o the bottom o f the c o n d u c t i o n band. 

The t o t a l number o f c a r r i e r s i n each band i s g i v e n by 
the i n t e g r a l over a l l energies o f the product o f the number 
of s t a t e s a v a i l a b l e and t h e i r p r o b a b i l i t y o f o c c u p a t i o n . 
Thus 

= i / ' g ( E ) . f ( E ) .dE and n^= 2 / g ( f ) ^ - f (EVdE ^ 
• ^ - f j (1.17) 



10 

The a c t u a l w i d t h o f the bands i s unknown, but as the 
m a j o r i t y o f the f r e e c a r r i e r s are close t o the band edges, i t 
i s .̂ n v a l i d a p p r o x i m a t i o n t o p e r f 6 b a i n t e g r a t i o n s between 
p l u s o r minus i n f i n i t y and the r e l e v a n t band edge. The 
r e s u l t o f the i n t e g r a t i o n , u s i n g Formi-Dirac s t a t i s t i c s 
f o r f ( E ) , g i v e s the r e s u l t 

^ = N<Fi dp) and Nv (- ^ ^ ) (I.18) 
where \ - ( )''^ a n i 

are knov/n as the e f f e c t i v e d e n s i t i e s o f s t a t e s o f the 
c o n d u c t i o n and valence bands r e s p e c t i v e l y . 

For a non-degenerate semiconductor, Maxwell-
Boltamann- s t a t i s t i c s may be used. Tliese g i v e the simple 
r e s u l t t h a t 

rtfc=/*fi(t exp and rjh«^^'vexp (- ) (1.20) 
I n an i n t r i n s i c semiconductor 0 ^ = "^K > so"' the two 

e x p r e s s i o n s o f 1.20 may be equated t o o b t a i n an 
e x p r e s s i o n f o r the Fermi energy Ef . 

- . H I l o g , ( ^ ) ^ a.2i) 
I t may be seen t h a t t h e product n̂ ^ i s 

c o n s t a n t f o r a m a t e r i a l a t a g i v e n t e m p e r a t u r e , even-
i f t h e semiconductor i s e x t r i n s i c . 

/>«rtk = Wc.Nv exp (- ^ ) (1.22) 
I r . I m p u r i t y Semi'conductors 

I f an atom v / i t h one more valence e l e c t r o n than i s 
necessai'y f o r bonding i s i n c o r p o r a t e d i n t o the l a t t i c e 
o f a semiconductor, the e x t r a e l e c t r o n v / i l l be o n l y 
v/eakly bound and thus e a s i l y e x c i t e d i n t o the conduction, 
band. This type o f i m p u r i t y i s Icnov/n as a donor. The 
donor s t a t e s u s u a l l y form an energy l e v e l s l i g h t l y below 
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the c o n d u c t i o n band, (see f i g u r e l.kh). 

S i m i l a r l y , i f an atom w i t h one fewer valence e l e c t r o n 
than i s necessary f o r bonding i s i n c p r p o r a t e d i n the l a t t i c e , 
an energy s t a t e w i l l be formed j u s t above the valence band, 
i n t o which e l e c t r o n s from the valence band may e a s i l y be 
e x c i t e d , l e a v i n g behind f r e e h o l e s . This type o f i m p u r i t y 
i s knovm as an a c c e p t o r . 

I f o n l y donor i m p u r i t i e s are p r e s e n t , a t lov/ temper­
a t u r e s , the number o f c a r r i e r s i n the conduction band 
he' g i v e n by 

n,= (/3N, )'''' e x p ( - ) (1.23) 

where i s the d e n s i t y o f donors and^i"..the s p i n 
degeneracy (see s e c t . I t ) and the Fermi energy by 

= - ^ + ^ kT i n ( - ^ ) (3:.24) 

At h i g h e r temperatures the donor l e v e l s w i l l become 
v i r t u a l l y c o m p l e t e l y i o n i s e d and the hiimber o f c a r r i e r s 
may be c o n s i d e r e d c o n s t a n t and equal t o the donor d e n s i t y 
(Np). T h i s r e g i o n i s knovm as the e x h a u s t i o n r e g i o n and 
the Fermi l e v e l i n t h i s r e g i o n i s g i v e n by 

= k T m ( - 1 ^ ) (1.25) 

I n these r e g i o n s where the p r o p e r t i e s o f the semi­
conductor are dominated by the i m p u r i t i e s , i t i s knovm 

as e x t r i n s i c . At h i g h t e m p e r a t u r e s , the i n t r i n s i c 
p r o p e r t i e s o f the m a t e r i a l w i l l become predominant. 

When the p r o p e r t i e s o f the m a t e r i a l are dominated 
by the e l e c t r o n b ehaviour, v;hich i s usual when donor 
i m p u r i t i e s are p r e s e n t , i t i s knovm as n-type. I f the 
behaviour o f the h o l e s i s dominant, i t i s knovm as 
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p-type. For p-type m a t e r i a l , e q u a t i o n s 1.23, 1.2^, 
1.25 h o l d i f i s r e p l a c e d by ^ Bp by-fj-^and £j. by f / j 

• 
I s . I m p u r i t y Semiconductors, v / i t h Compensation 

I f a c c e p t o r s are p r e s e n t , as v ; e l l as donor, i n an 
n-type semiconductor the r e l a t i o n s 1.23 and 1.2^ w i l l be 
a l t e r e d . I f the d e n s i t y o f acceptors (N;,) becomes 
l a r g e r t h a n the c a r r i e r d e n s i t y , then the Fermi l e v e l 
v ; i l l be g i v e n by 

e, = -e, ^ k T l n (1.26) 

So a t temperatures lower than the e x h a u s t i o n tempera­
t u r e , t h e Fermi l e v e l may be a p p r o x i m a t e l y equal to-Efp o f 
-E^ depending on the degree o f compensation. 

2 
I t . I m p u r i t y L e v e l S p i n Degeneracy 

Landsberg (6) and Guggenheim (? ) r e a l i s e d t h a t each 
i m p u r i t y atom v / i l l u s u a l l y o f f e r more than one s t a t e . The 
s i m p l e s t c::exa£ipler:;-is .-.aiL donor-- whose outermost 
e l e c t r o n i s o f p u r e l y s - o r b i t a l c h a r a c t e r . Since t h i s 
i s an u n p a i r e d e l e c t r o n i t can be trapped i n two ways, 
e i t h e r s p i n up or s p i n dovm. A c c o r d i n g l y i t s p r o b a b i l i t y 
o f b e i n g occupied i s g i v e n by the e q u a t i o n 

Ni> p . c t 1 +/3exp f EP - eel ( 1.27) 1 +/3exp f EP - £p ' 
L k T J ; 

where /3 = ^ 

I f the i m p u r i t y atom i s an acceptor which r e q u i r e s 
one e l e c t r o n t o complete a s e t o f p a i r e d bonds, then t h i s 
e l e c t r o n must have the o p p o s i t e s p i n t o the one e l e c t r o n 
a l r e a d y i n t h e o u t e r o r b i t a l . I n t h i s case = 2, i . e . , 
the absence o f an e l e c t r o n may be d e s c r i j j e d i n tv/o v/ays. 
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1u. Band Shape 
Sec t i o n I I shov/ed that on the Sonuaerfeld model the 

shape of the E-k diagrajn was p a r a b o l i c . On the Bloch 
models t h i s parabolic shape i s not maintained. Hov/ever, 
i f the band i s broad ( i . e . , the number of energy s t a t e s 
i s l a r g e ) and only s t a t e s near the bottom or top of the 
band are considered, the band maj* be considered p a r a b o l i c , 
i . e . , the e f f e c t i v e mass may be assumed to be a constant. 
However, t h i s need not n e c e s s a r i l y be so. More elaborate 
band s t r u c t u r e s are found i n p r a c t i c e . The most important 
of these i s the many-valley type of s t r u c t u r e , i n which the 
conduction band has a number of equivalent minima s i t u a t e d 
at points i n k-space which are r e l a t e d to the c r y s t a l 
s t r u c t u r e . 

1v. Weak Impurity Band Conduction 
I f there are e i t h e r donors and/or acceptors present 

as i m p u r i t i e s i n a c r y s t a l , at very lov/ temperatures (not 
greater than a few degrees K e l v i n ) there could e x i s t a 
s i t u a t i o n where a l l the a v a i l a b l e e l e c t r o n supply i s i n 
the impurity band. Since the wave functions of the 
impurity atoms decay exponentially with distance, the 
mobility of e l e c t r o n s i n the band w i l l be strongly 
dependent on the density of the impurity atoms. 

1w. Strong Impurity Band Conduction 
I f the impurity density i s 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 g r a v i t y 
of t h i s d i s t r i b u t i o n may occur v/ithin the conduction band. 
The presence.of t h i s impurity band would have a pronounced 
e f f e c t on the lower energy s t a t e s of the conduction band. 



gfEJ 

Eigure 1.5: V a r i a t i o n of the density of s t a t e s with energy 
for (a) a weak and (b) a strong impurity metal. 
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making the band non-parabolic. The e f f e c t of an 
impurity band on the density of s t a t e s i s shov/n i n 
figure 1.5. 

Section 2. The Boltzmann Equation 

2a. Form of Equation 
An e l e c t r o n system can be described by a d i s t r i ­

bution function f ( k , r ) which i s defined i n such a v/ay that 
the number of e l e c t r o n s i n a volume element dr with a wave 
vector k i n an element dk i s - '".c 

^3 f (k,r>)dk dr <fif- (1.28) 

Once the behaviour of t h i s function f(k,r jt')is known 
under conditions of e l e c t r i c and magnetic f i e l d s , i t i s 
p o s s i b l e to p r e d i c t the various e l e c t r o n i c properties of 
the m a t e r i a l . The problem i s to determine t h i s function 
under steady s t a t e conditions. In the absence of external 
f i e l d s and thermal gradients, f (k,rjf)becomes the Fermi-
Dirac d i s t r i b u t i o n function. I f the perturbing f i e l d s 
are s m a l l , the condition that the s o l u t i o n represents a 

steady s t a t e s i t u a t i o n i s that 

^ = 0 (1.29) 
dt 

Two f a c t o r s contribute to the v a r i a t i o n of the d i s ­
t r i b u t i o n function with time, these are :-
( i ) The a c c e l e r a t i o n of charge c a r r i e r s by e l e c t r i c 

and magnetic f i e l d s , and the d i f f u s i o n of charge 
c a r r i e r s along temperature gradients or concent­
r a t i o n gradients due to non-uniformities i n 
composition 

( i i ) The c o l l i s i o n s of e l e c t r o n s with imperfections 
i n the l a t t i c e . 
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Equation 1.29 may be w r i t t e n 

= 0 (1.30) Kith ot/( 
The f i r s t term i s the d r i f t terra, the second i s the 

c o l l i s i o n terra. tJhen the d r i f t term i s expressed i n 
terms of the inf l u e n c e of p o t e n t i a l and s p a t i a l gradients, 
the Boltzmann equation obtained i s 

( £ * i I A | ) . 5 y,'^-'-^ * v . ^ f (k,r)=(|g)^(1.31) 

Where and are operators i n k-spaco and co­
ordinate space r e s p e c t i v e l y , £ i s the e l e c t r i c and H 
the magnetic f i e l d and c the v e l o c i t y of l i g h t , that 
must be introduced i f c.g.s. u n i t s are used. 

2b. Method of S o l u t i o n 
I t i s not p o s s i b l e to obtain a complete s o l u t i o n to 

the f u l l equation. The problem can be s i m p l i f i e d i f the 
c o l l i s i o n i n t e g r a l can be expressed i n terms of a r e l a x ­
a t i o n time f (k), v^here ' ^ ( k ) i s of the form 

VilO = M(T) E ^ (k), (1.52) 
where M(T) i s a function of temperature only, and s 

i s a constant, knov/n as the s c a t t e r i n g parameter, the 
value of which depends on the type of s c a t t e r i n g . 

Then i f f ( k j r , t ) i s the d i s t r i b u t i o n function at an 
i n s t a n t of time, the approach to equilibrium a r i s i n g from 
c o l l i s i o n s i s 

- / f - f . \ (1.53) 

The general procedure for determining the d i s t r i ­
bution function i s to expand f (k,rJrjabout the 
equilibrium d i s t r i b u t i o n f ^ ( k ) . 

f ( k , r ) = f (k) - V. i ( k , i ) (1.54) o - - I - ^ 



16 

Where ^ (]S'£̂  expressed as a s e r i e s of powers of 
the applied f i e l d s . 

When no magnetic forces act on the el e c t r o n s , com­
bining equations 1.31,1.'35 and 1 . ' ^ gives 

f E . ^ f - ^ V r f = 1 ^ J _ ( ^ , £ , ) P ^ (1.35) 

I f the r e l a t i o n s h i p m 

i s used with equations 1.3^ and 1.35 > the follov/ing 
expression can be obtained: 

(1.37) 

From t h i s formal s o l u t i o n i t i s possible to derive 
appropriate expressions for the e l e c t r i c a l and thermal 
c o n d u c t i v i t i e s and for the thermo-electric e f f e c t s . 

2c. E l e c t r i c a l , Conductivity 
Under isothermal conditions the current d e n s i t y ( J ) 

i n a conductor i s the product of the v e l o c i t y (^f) and 
charge of each c a r r i e r integrated over a l l the c a r r i e r s . 

"^*®* ' e r 
J = — J v f Id-k = — ,kv. ( v . E ) ( i ^ )dk (1.38) 

The co n d u c t i v i t y tensor'.; ( ? " ) i s defined by 
J = cr E • (1.39) 

so = - e^ fCv .v) cr = - e'- /Cv .v) T{'Lli\ (1 .^0) 

I t i s convenient to express t h i s i n t e g r a t i o n over 
k-space as the combination of an i n t e g r a t i o n over s u r f a c e s 
of constant energy, and an i n t e g r a t i o n over energy 

I . e . tdrk = 8 TTY d S d f ( 1 . 4 1 ) 
> 
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-I 

0- = 2e=̂  

where P= (8 fr'Vi, £ )' 

•('the surface density of s t a t e s i n k-space) . 
So expression 1.40 for the conductivity tensor becomes 

or=: - Ze'^JZiK) (yv_ d S Jl^^C (1.42) 

I f the e l e c t r o n gas i s highly degenerate, t h i s may 
be v/ritten as 

r Z (k) (v v)/'dS (1.45) 

where J denotes an i n t e g r a t i o n over the constant 
energy surface i n k-space corresponding to the Fermi 
energy £f . 

In the s p e c i a l case of a s p h e r i c a l energy surface 
and an i s o t r o p i c r e l a x a t i o n time, the conductivity tensor 
i s a multiple of the unit tensor. The diagonal 
components are 

or = 2e" r ( ) ( ̂  ) N ( £f ) . (1.44) 

I t can be shown that 

I f t h i s expression i s used, together v;ith equation 
l . l 6 and the r e l a t i o n s h i p v = 2 , the follov/ing v / e l l -
known r e s u l t i s obtained: ^ 

( r = n e^ K/'} (1.46) ~-
The modification of t h i s r e s u l t for a semiconductor 

i s discussed i n s e c t i o n 4. 
From equations 1.54, 1.57 and I.58 an expression f or 

the current flow may be obtained. 
= K, [ e" E - e T ^ ( % ) - KJ( | ) V T (1.47) 

> 
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where Kr = i j - ^ J T (v v) E"' d k (1.48) 

which for s p h e r i c a l energy surfaces s i m p l i f i e s to 

1^ = ^ j^^^^T^"^ .^-dE (1.49) 

2d. Mobility 
The mobility (y^f-) of a c a r r i e r i s defined by the 

r e l a t i o n s h i p 

jL = i (1.50) 

The c o n d u c t i v i t y i s r e l a t e d to the mobility by the 
expression-

o- = n e ju (1 .51) 

Thus -fromi equations 1.46 and 1.51 

^ = (1.52) 
m* , 

V/hen more thaji one type of s c a t t e r i n g i s present, 
each of which leads to a d i f f e r e n t r e l a x a t i o n time, the 
t o t a l r e l a x a t i o n time i s given by 

So i f a l l TC^) have the same energy dependence the 
m o b i l i t i e s may be added s i m i l a r l y , -

/^"= a " , . 

This equation i s often used when the energy depen­
dences of the important s c a t t e r i n g mechanisms are 
d i f f e r e n t . This i s a reasonable procedure i f approxi­
mate r e s u l t s are required. 

2e. E l e c t r o n i c Thermal Conductivity 
The e l e c t r o n i c contribution to thermal current per 

unit area i s given by 

£ = J E ^ f d k (1 .55) 
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and the e l e c t r o n i c component of the s p e c i f i c thermal 
co n d u c t i v i t y i s defined by the r e l a t i o n s h i p 

H e = -0- ^ a . 5 6 ) 

From equations 1.54, 1.57 and 1?55 an expression 
for Q i s obtained 

Q = K2 let - TS/M - K3 ( | ) Y T J ^ (1.57) 

From t h i s equation, and equation 1.47 a r e l a t i o n s h i p 
between a and may be deduced. 

" I 
L i s known as the '.,'Lorentz:.-n.umber:...t.L:.- . ' i f 

Maxwell-Boltzmann s t a t i s t i c s are applied 

L = (s:. + 1) ( | ) * ^ (1.59) 

and i f the e l e c t r o n gas i s f u l l y degenerate 

L = ( - I ) (1.60) 
3 e 

2f. L a t t i c e Thermal Conductivity 
The l a t t i c e component of thermal conductivity of a 

c r y s t a l v;as shown by L i e b f r i e d and Schlomann (8) to be 
of the form 

K . = K „ f ( ) _ (1 .61) 

D i f f e r e n t workers have produced d i f f e r e n t expressions 
Q 

for the constant K-* The v a r i a b l e f ( ) has been 
0 

shown to be unity v/hen — ^ = 1 , and for T ̂  Oj> : 

and T (G^: 

^ ' ^J> b T 
where b i s a constant. 
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Thus at high temperatures the l a t t i c e component of 
thermal c o n d u c t i v i t y i s expected to vary as T ~ 

The t o t a l thermal conductivity of a m a t e r i a l at a 
p a r t i c u l a r temperature may be found by simply adding the 
separate components. 

^ = Ke.^ Ku . (1-64) 

S e c t i o n 3: Thermoelectric E f f e c t s 
3a. Seebeck E f f e c t 

A simple, thermoelectric c i r c u i t i s shovm i n f i g u r e 
1.6, I t i s found that for zero current when T, = T that 

h c 
= 0. The voltage (V^.|^) generated i n the r e s t of the 

c i r c u i t i s found to be a function of the m a t e r i a l s i n 
the couple and of the temperature dif f e r e n c e of the 
j u n c t i o n s . V̂.|_̂  i s known as the Seebeck voltage. The 
Seebeck c o e f f i c i e n t (<^oj,) i s defined by 

d V ^ ^ = o ( , t d T ^ (1.65) 

The s i g n of the Seebeck c o e f f i c i e n t i s given by 
the s i g n of the voltage of the cold junction with respect 
to the hot j u n c t i o n . 

By d e f i n i t i o n of the Seebeck voltage, equation 1.47 
gives whenV = 0, 

E = - i f o E c - ^ l ^ V . ^ r (1.66) - — j y t ^ 1K ; t - — J J . 
From t h i s expression, and from the d e f i n i t i o n of the 

Seebeck c o e f f i c i e n t (equation 1.65), the absolute thermo­
e l e c t r i c power of a m a t e r i a l i s defined by the r e l a t i o n ­
ship 

< - \ K , V ' . 
I n p r a c t i c e i t i s d i f f i c u l t to measure the absolute 



Figure 1.6: A simple thermoelectric c i r c u i t composed of 
tvro m a t e r i a l s a and b. 
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Figure 1.7: Diagrammatic thermoelement. 
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value of , but once i t has been determined for one 
m a t e r i a l , t h i s m a t e r i a l can be used as a reference 
m a t e r i a l . I f platinum (Pt) i s used as a reference 
m a t e r i a l , the absolute value of the Seebeck c o e f f i c i e n t of 
stannic oxide (Sn 02) w i l l be given by the simple r e l a t i o n ­
ship 

The absolufe value of the Seebeck c o e f f i c i e n t has been 
measured f o r t i n , copper, s i l v e r and lead by Bonelius et 
.lal ( r eferences'9 - I D * Measurements of the absolute 
value of the Seebeck c o e f f i c i e n t of platinum have been 
reported by Gusack and Kendall (12) and Nystrom (15). 

I f Fermi-Dirac s t a t i s t i c s are assumed, expression 
1.67 may be w r i t t e n as 

' ( s + ^ 4 ) Fs.W (?^) 
(-•^3/2) F 3 ^ , ; ( V - I' 

v/here s i s the s c a t t e r i n g parameter defined by equation 
1.52. 

For Maxt'/ell-Boltzraann s t a t i s t i c s the same expression 
reduces to 

^ = * I (s + f ) -V,\ (1.70) 

— e (1.69) 

5b. P e l t i e r E f f e c t 
Again considering figure 1.6, i f a current I<j.J i s 

allov;ed to flov/ i n the c i r c u i t , heat w i l l be absorbed 
from the surroundings at one j u n c t i o n and emitted at the 
other. The P e l t i e r c o e f f i c i e n t TTafcis defined by the 
rate of absorption of heat (dq) 

dq = - TT,!, Vfe . ^1-71) 
The P e l t i e r c o e f f i c i e n t i s r e l a t e d d i r e c t l y to the 

Seebeck e f f e c t by the r e l a t i o n s h i p 

T T = - ~ (1.72) 
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3c. Thomsom E f f e c t 
I f a current flows along a conductor i n v;hich a 

temperature gradient e x i s t s , heat must be exchanged v/ith 
the surroundings i f the o r i g i n a l temperature d i s t r i b u t i o n 
i s to be maintained. The Thomson c o e f f i c i e n t "^r i s de­
fined by 

dq = 'ir d I (1.73) 

The Thomson c o e f f i c i e n t i s r e l a t e d to the Seebeck 
c o e f f i c i e n t by the r e l a t i o n s h i p 

J. T = ^ d T ^ (1.74) 

I t i s t h i s r e l a t i o n s h i p that enables the absolute 
value O'f, to be measured (see references 9 - 11 )• 

3d. I r r e v e r s i b l e E f f e c t s 
For a complete treatment of the thermoelectric 

e f f e c t s that could occur i n a c i r c u i t as shox-zn i n figure 
1.6, the e f f e c t (3f..'J<aule heating, which i s proportional 
to the square of the current flowing, and of the thermsil 
c o n d u c t i v i t y , which i s proportional to the temperature 
gradient along the conductors, must be considered. The 
thermodynamics of the f u l l s i t u a t i o n have been v/orked 
out by Onsager (l4) and Domenicali (15). The main 
r e s u l t s are i d e n t i c a l v/ith those of Thomson (l6) which 

are quoted i n the previous s e c t i o n s . 
3e. E f f i c i e n c y of a Thermoelectric Generator 

Figure 1.7 shows diagrammatically the arrangement 
for a simple thermoelectric generator connected across -a. 
load r e s i s t a n c e R. The e f f i c i e n c y ( ^ ) of such a device 
w i l l be given by 

I ^ R (1.75) 
Qh + Qe - i IV 
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where 1 <̂  i s the e x t e r n a l vjork done by the device, -is 
the P e l t i e r heat t r a n s f e r r e d to the cold junction by 
conduction, r ±s the amount of ^oule heat t r a j i s f e r r e d 
back to the hot jun c t i o n and r i s the i n t e r n a l r e s i s t a n c e 
of the thermoelement. 

From the P e l t i e r e f f e c t r e l a t i o n s h i p s 

Q-i. = <l T-̂ - _ (1.76) 

By the d e f i n i t i o n s of thermal and e l e c t r i c a l 
c o n d u c t i v i t y 

Q̂^ = ( K, +Kt,A\ ) T-M - T̂ c (1.77) 
r 

here At. and Ab are the cross s e c t i o n a l areas of the 
elements a and b and 1' i s the length of the elements. 

The current flowing i n the c i r c u i t w i l l be given by 

I f these expressions are- s u b s t i t u t e d into equation 
1.75 i t can be deduced that for maximum e f f i c i e n c y the 
following relationship- must e x i s t 

= i -4^ )' (1.80) 

3Jid ^ = M = \l + i Z-'- (Tfi + T t ) l (1.81) 
^ L ^ J J 

where = < [(^j'^ -[^f]''' ^ I ' S ^ ) 
The expression f or the maximum e f f i c i e n c y i s then 
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Z' i s known as the figure of merit of the thermo­
element. I t i s the only f a c t o r i n the equations that i s 
dependent on the m a t e r i a l s . 

3f• Figure of Merit 
From the r e l a t i o n s h i p 1.82, the figure of merit of a 

s i n g l e m a t e r i a l i s u s u a l l y w r i t t e n as 

Z = ^ (1.84) 

• I f v/e now s u b s t i t u t e for the i n d i v i d u a l parameter i n 
1_ Z the, r e l a t i o n s h i p s given i n equations 1.51» l . l 8 , 1.6^, 

1.58 and 1.64, the product of ̂ '-T for an n-type semi­
conductor may be w r i t t e n 

and y = L (|) ^ ̂  

Remembering that K(i,oC m" ^''j i t i s seen that for a 
good thermoelectric m a t e r i a l , the quantity 

A oc °̂ 'V (1.86) 

should be as large as p o s s i b l e . 

S e c t i o n 4: H a l l E f f e c t 
4a. H a l l C o e f f i c i e n t 

I f a current (I„:) flov/s along a bar of conductor i n 
a magnetic f i e l d (Hj.) as shovm i n figure 1.8, the 
d e f l e c t i o n of the c a r r i e r s by the magnetic f i e l d w i l l give 
r i s e to a voltage (V^) across the specimen. 

The force i n the y - d i r e c t i o n (F^O on an e l e c t r o n 
moving with v e l o c i t y v^ i n the x - d i r e c t i o n \ i r i l l be 

given by 
F̂ , = - f H^" •• (1-87) 



z 

Figure 1.8: H a l l e f f e c t i n a rectangular bar conductor i n 
a magnetic f i e l d B . An e l e c t r i c current of 
density Jx flowing from a to b, causes a H a l l 
voltage Vy{ across c d. 
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The current density (Jj^^) i s given by 

= n e v^ (1.88) 

S u b s t i t u t i n g for v i n equation I . 8 7 

I n q u a n t i t i e s a c t u a l l y measured 

;vhere t i s the thickness of the specimen, ^ i s the H a l l 
voltage and R i s knovm as the H a l l c o e f f i c i e n t . 

From equation I . 8 9 i t can be seen that the H a l l 
c o e f f i c i e n t R i s given by 

R = (1.91) 
nec 

This i s true f o r a degenerate conductor, A more 
rigorous treatment, as given i n s e c t i o n 4b below, gives 
the r e s u l t 

R = (1.92) 
nec 

where r i s the r a t i o of the H a l l mobility defined by 

= R o- (1.93) 

and the d r i f t m obility defined by equation 1.50. 

4b. Ratio of H a l l Mobility to D r i f t Mobility 
When a magnetic f i e l d i s present, under isothermal 

conditions, from equations I . 5 I and 1.55, the wave 
function must s a t i s f y the equation 

J : - A ^ = Z e , (1.94) 

where /A = — r — . m* 
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I f the equation 1.^7 i s now w r i t t e n i n conponent form, 
using the r e l a t i o n s h i p 1.9^, the expressions obtained are 

= e^ K ; + e £^ K , 

T - o*> P Tf' o r ir " ^ (1.95) . // r 

where f i n the-express ion 1.^9 f o r i s replaced by 

1 + (yUH)*- f o r K ' and 1 +(/<.H)* f o r K " _ 
Assuming a Maxwell-BoItzmann d i s t r i b u t i o n of the 

c a r r i e r s , and sph e r i c a l energy surfaces, equation 1.95 
reduces to 

where the symbol ^ represents the average value of 
X ( f ) over the Boltzmann d i s t r i b u t i o n 

<f?= j ^ / ^ V ' ^ e ^ x / ^ r - ^ j W ^ (1.97) 

I f l i t i s seen from equation I.96 that 

therefore r = < r ^ > (1.99) 
< r > " . 

When the energy dependence of t. i s considered r = 

where the gamma fu n c t i o n 

r ( z ) = 
i f z i s an int e g e r | (z) = (z - I ) ; 

Equation 1.100 gives the p a r t i c u l a r r e s u l t s :-



f o r acoustic mode s c a t t e r i n g 

(s = - ^) r = = 1.18 ^ (1.101) 

f o r o p t i c a l made s c a t t e r i n g 

. (s = 1) r = = 1.10 . (1.102) 
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and f o r ionised i m p u r i t y s c a t t e r i n g 
(s = I ) r = | 1 | J 1 - = 1.93 (1.103) 

c: 512 . 
Section 5« Electron S c a t t e r i n g Mechanisms 

^3L, ' I n t r o d u c t i o n 
An e l e c t r o n wave packet t r a v e l l i n g through a perfect 

l a t t i c e w i l l do so v/ithout any resistance to i t s motion. 
However, any de v i a t i o n ifrom perfect p e r i o d i c i t y of the 
l a t t i c e w i l l s c a t t e r the electrons. These deviations 

f a l l i n t o two classes 
( i ) v i b r a t i o n s of the l a t t i c e 
( i i ) imperfections i n the l a t t i c e s t r u c t u r e . 

5b. Phonams 
For a c r y s t a l containing N atoms there are 3N 

independent modes of vibra.tion of the l a t t i c e . These 
v i b r a t i o n s may be described as l a t t i c e waves and c l a s s i ­
f i e d as l o n g i t u d i n a l or transverse, depending on whether 
the d i r e c t i o n of v i b r a t i o n i s approximately p a r a l l e l or 
perpendicular to the d i r e c t i o n of propagation of the v/ave. 
There are tv/o transverse waves but only one l o n g i t u d i n a l 
one. I n a c r y s t a l w i t h n atoms per u n i t c e l l there are 
n kinds of wave of each of the three types. 

Each v i b r a t i o n a l mode i s described by i t s wave vector 
£ and index p which characterises the type of v i b r a t i o n and 
i t s c i r c u l a r frequency (p>q)« Figure 1-9 shows a 
t y p i c a l frequency spectrum f o r l a t t i c e waves. The energy 
of each v i b r a t i o n a l mode i s quantised, the quanta being 



Accoustic 

Phonon wave vector q 

Figure 1.9: Frequency spectrum f o r phonons i n a polar 
s o l i d containing two atoms per u n i t c e l l . 

L = l o n g i t u d i n a l 
T = transverse 
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^ • For a more complete p i c t u r e , i t should be mentioned 
t h a t there are two types of acoustic mode s c a t t e r i n g . 
Deformation p o t e n t i a l s c a t t e r i n g i s the most important 
as i t can occur i n any s o l i d , ajid i s thus discussed 
b r i e f l y i n Chapter 1 Section 5c. The other type i s 
polar acoustic or piezo-acoustic s c a t t e r i n g . This 
type of s c a t t e r i n g only occurs i n c r y s t a l s t h a t are 
p i e z o e l e c t r i c . Since the s t r u c t u r e of stannic oxide 
has a centre of symmetry^it i s not p i e z o e l e c t r i c and 
so piezo-acoustic s c a t t e r i n g i s not considered. 
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known as phonous. Phonons obey Bose-Einstein s t a t i s t i c s . 
This means tha t the average number of phonons (") i s a 
state 2̂ , p i s given by 

It (q., p''= e x p [ ^ — J ^ (1.104) 

where <9(v<>)= = ^ ^ .̂ ^̂ P̂  (1.105) ~ k. 

i s the c h a r a c t e r i s t i c temperature of the phonons. 
5c. Acoustic Mode L a t t i c e Scattering 

I f only one phonon i s involved i n the s c a t t e r i n g 
process, the strength of s c a t t e r i n g should be proport­
i o n a l to the number of phonons present. Thus M(T) 
i n equation 1.32 w i l l have a temperature dependence of 
(exp — - 1) which f o r T y>0 means that the re l a x -

-1 
at ion time w i l l vary as T . 

The c h a r a c t e r i s t i c temperature f o r acoustical 
phonons i s usually about 50° K. 

Bardeeni- and Shockley (l 7 ) s o l v e d the problem of 
acoustic mode s c a t t e r i n g by a deformation p o t e n t i a l 
method. I t i s seen from f i g u r e 1.1. that a v a r i a t i o n 
i n l a t t i c e constant produces a change i n energy of the 
band edge. The l o n g i t u d i n a l phonons produce a l o c a l 
d i l a t i o n that can be i n t e r p r e t e d as a change i n the band 
edge, which causes the s c a t t e r i n g of the electrons. The 
expression they produce f o r the r e l a x a t i o n time i s 

r = h ^ c . P g"'" (1.106) 
8 T I ^ dm')''''- kTd: ̂  ^ 

where c, i s the l o n g i t u d i n a l component of s t r a i n i n the 
d i r e c t i o n of propagation, iP i s the density of the s o l i d 
and d^ a constant Icnovm as the deformation p o t e n t i a l 
constant. 
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Thus the s c a t t e r i n g parameter£.'̂ r- ̂  and M(T) varies 
as T~ . I f the Boltzmann d i s t r i b u t i o n of energy i s 
assumed, the expression f o r the m o b i l i t y i s 

Thus the m o b i l i t y varies as T and m'' ^ 
In.•thfe".fully degenerate s i t u a t i o n , the m o b i l i t y w i l l 

vai'y as but Harrison (l8 "J has pointed out that f o r 
a degenerate m u l t i v a l l e y band, the m o b i l i t y due to 
acoustic mode s c a t t e r i n g should vary as T ̂ . 

5d. Optical Mode L a t t i c e S c a t t e r i n g 
For o p t i c a l modes the c h a r a c t e r i s t i c temperature does 

not depend s t r o n g l y on v/avelength and i s usually i n the 
range 250-600° K. So near room temperature the f u l l 
expression 1.10^ must usually be used f o r tiie phonon 
density. 

There are two types of s c a t t e r i n g by o p t i c a l modes. 
In i o n i c c r y s t a l s , the atoms carry a charge and the 
o p t i c a l mode v i b r a t i o n s cause an e l e c t r i c p o l a r i s a t i o n 
of the l a t t i c e which sc a t t e r s the electrons. I n an 
elemental semiconductor, a l l atoms are s i m i l a r and, 
although there can be no p o l a r i s a t i o n , s c a t t e r i n g i s 
s t i l l caused by the l a t t i c e d i s t o r t i o n produced. 

The l a t t e r case has been considered i n d e t a i l by 
Iferrison'(.13). Ho expects that at room temperature o p t i c a l 
mode s c a t t e r i n g would be of the same order as acoustical 
mode s c a t t e r i n g i n most cases. Since stannic oxide i s a 
polar c r y s t a l , the former case w i l l be considered i n more 
d e t a i l . 

A free e l e c t r o n introduced i n t o a polar l a t t i c e 
w i l l cause a d i s t o r t i o n of the l a t t i c e . The term 
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•polaron' i s used to describe the combination of the electron 
and the d i s t o r t i o n . The strength of the i n t e r a c t i o n betv/een 
the electrons and the polar modes, or coupling constant ( o ^ c ) , 
i s given by the formula 

< = t ^ i c ^ ^ r ^ e -
where €^ and 6^ are the d i e l e c t r i c constants of the c r y s t a l at 
low and high frequences. I f oc^ ±s small ( ) a pert u r b a t i o n 
theory approach to the motion of the electrons may be used, 
but f o r stronger coupling a polaron theory must be used. 

II 
The problem v;as f i r s t considered by Frohlich ( 1 9 ) who pro­

duced an expression f o r the r e l a x a t i o n time i n a polar c r y s t a l 
at high temperatures as 

~ Z-n{2m*)}e^ kT ^ ( 1 . 1 0 9 ) 

where M i s the reduced mass of the ions and 'a' i s the i n t e r ­
atomic distance. Thus s = -J f o r o p t i c a l mode s c a t t e r i n g and 
i n the degenerate case^«CT~' . Using the Frohlich model, 
Howarth and Sondheiraer ( 2 0 ) set up the Boltzmann equation and 
solved i t by a v a r i a t i o n a l method. They produced expressions 
f o r the thermoelectric power and e l e c t r i c a l c o n d u c t i v i t y f o r 
a l l temperatures, f o r both the degenerate and non-degenerate 
cases, v/hich should be v a l i d f o r small ( < ^ 1 ) . 

The expression f o r the m o b i l i t y , as reformulated by 
P e t r i t z and Scanlon ( 2 1 ) i n the non-degenerate case i s 

„ = ^ (^TTm* k 0 2 ) - l ^e'J -e.-^r^ ( e 2 - 1 ) X ( Z ) , 
^ 3e ( 1 . 1 1 0 ) 

where Ou = , Z = - | and XiZ) = 1 f o r Z « 1 
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and ^ ^ " ^ 1 ^ ^ when Z>^ 1. 

For the degenerate case, the co n d u c t i v i t y may be 
formulated as ' 

1 
Thus f o r degeneracy ©"tĈ  at high T, ando-eCT exp (Z) 

at low T. 
Various formulae have been proposed f o r the polaron-

m o b i l i t y i n the case of intermediate coupling ('ft^S). A l l 
these formulae are only v a l i d at lov/ temperatures (T^ S ), 

The e a r l i e s t of these, proposed by Lee, Low and 
Pines (22, 23, 2^), gives the r e l a t i o n s h i p 
/C = . J^-^ J s ! ^ ) f ( o C , ) exp Z (1.112) 

where °̂p = m* (1 +*f«/̂ ) i s knoi^n as the polaron mass and 
f ('̂ c) i s a slowly varying f u n c t i o n of tabulated i n 
reference 24, 

More recent theories of Feynman et a l (25) and 
Schultz (26) propose s l i g h t l y d i f f e r e n t formulae f o r the 
m o b i l i t y . The former proposes that^<£^^^ ̂  and the 
l a t t e r that^aC(exp Z - 1). 

Recently, theories have been proposed f o r the behaviour 
of small polarons (the s i t u a t i o n where "Ct i s very large),but 
these are beyond the scope of the present work. 

5e. S c a t t e r i n g by Ionised I m p u r i t i e s 
I m p u r i t i e s , d i f f e r e n t , i n valence from the host l a t t i c e , 

give r i s e to long range coulomb f i e l d s , i n the semiconductor, 
w i t h a p o t e n t i a l of t'liejfbrm 

2 
V ( r ) = - ~ : (1.113) 

where £ i s the macroscopic d i e l e c t r i c constant of the 
semiconductor. 

The problem v;as f i r s t considered by Conv;ell and 

Weisskopf (27). By ign o r i n g s c a t t e r i n g processes which 
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occured between inc i d e n t electrons and i m p u r i t i e s that 
were at distances greater than h a l f the mcoin distance 
between im p u r i t y ions, they calculated t h a t , i f the 
Rutherford s c a t t e r i n g of the electrons was the dominant 
process, the m o b i l i t y i n the non-degenerate case v/ould be 
given by 
u- L.[^ f t + p^kT \^] ] " (1.11%) 
r-'TT in N,r,e' mi L I n ; J j J 
where Nj i s the density of ionised impurity ions. 

A more rigorous formula v/as obtained by Brooks (.2k) 

where b = 6m (kT) € 
TTe" h' N,?. 

This expression i s i d e n t i c a l to the one obtained by 
Mansfield ( 2 9 ) , who also produced an expression f o r 
arBifcrary degeneracy, which i n the degenerate l i m i t 
reduces to 

1+b (1.116) 

I n the degenerate case i t i s seen th c t the m o b i l i t y 
i s only dependent on the number of i m p u r i t i e s through 
the logarithmici : term and i t i s independent of 
temperature. 

In the non-degenerate case, i f the r e l a t i v e l y small 
v a r i a t i o n of the logerifilifflid'- term i s ignored, the 
m o b i l i t y should vary as T . 

The s c a t t e r i n g parameter:' (s) i s equal to f o r 
ionised impurity s c a t t e r i n g . 

These formulae were deduced' on the assumption that 

C 
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the host l a t t i c e was non-ionic. M o d i f i c a t i o n may be 
necessary i f the m a t e r i a l i s wholly or p a r t i a l l y i o n i c . 

5f. Neutral Impurity S c a t t e r i n g 
This type of s c a t t e r i n g i s only important at very low 

temperatures v/hen most of the charge c a r r i e r s are i n the 
bound l e v e l s of the donors or acceptors. The e f f e c t has 
been discussed by Sclar (30). 

l5g. D i s l o c a t i o n S c a t t e r i n g 
The e f f e c t of s c a t t e r i n g due to the microscopic de­

formation of the c r y s t a l l a t t i c e at dis l o c a t i o n s has been 
considered by Dexter 8; Seitz (31) who conclude that i t i s 
only important at very high d i s l o c a t i o n densities (10^-10 
d i s l o c a t i o n l i n e s 

Read (26) has discussed the p o s s i b i l i t y of d i s ­
l o c a t i o n s a c t i n g as acceptors. I n n-type material the 
d i s l o c a t i o n villi be negatively charged, and be surrounded 
by a region of equal p o s i t i v e charge. This may be i n 
the order of a micron i n diameter. I f the mean free 
path of the c a r r i e r s , due to other s c a t t e r i n g mechanisms, 
i s small compared with the distance between d i s l o c a t i o n s , 
the electrons w i l l tend to fo l l o v ; curved paths to avoid 
the d i s l o c a t i o n region. I n increase i n c r e s i s t i v i t y w i l l 
r e s u l t . I f the mean free path of the c a r r i e r s i s la r g e , 
the c a r r i e r s could be scattered by tihe.^space charge about 
the d i s l o c a t i o n . 

5h. Electron-Electron S c a t t e r i n g 
Electron-electron s c a t t e r i n g does not a f f e c t the 

m o b i l i t y d i r e c t l y as the t o t a l energy, before and a f t e r a 
c o l l i s i o n , i s unchanged. However, these c o l l i s i o n s can 
r e d i s t r i b u t e the energy so that other mechanisms can 
remove i t more e f f e c t i v e l y . 

to 
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6. Bonding 
6a. I n t r o d u c t i o n 

The simple model of an atom i s a nucleus, around 
which o r b i t a number of electrons. These o r b i t s have 
dis c r e t e energy l e v e l s and the electrons f i l l them accord­
i n g to the P a u l i e^xclusion p r i n c i p l e , v;hich allows tv/o 
electrons of opposite spin i n each l e v e l . The lowest 
l e v e l s are f i l l e d f i r s t . Certain num.bors of electrons 
malce up a complete s h e l l . The d e t a i l s of the electron 
configurations f o r the ground states of the elements may 
be found i n t e x t books such as Cartmell and Fowles (33)' 
The important point i s ihat only the electrons i n the 
outer incomplete s h e l l s take part i n bonding. There are 
many theories and types of bonding. Only the tv/o most 
important w i l l be considered here. 

6b. Ionic Bonding 
Both, the t i n and the oxygen atoms.. i n stannic oxide 

require eight electrons to complete t h e i r outer s h e l l s . 
The t i n atom already has four. The oxygen atom has s i x . 
For i o n i c bonding, the t i n atom can give up i t s four 
outer electrons, becoming a quadruply charged, p o s i t i v e 
i o n . These electrons are accepted by the oxygen atoms, 
two being needed to complete t h e i r outer s h e l l s , v;hich 
then become doubly charged, negative ions. The t i n and 
oxygen ions therefore pack themselves i n a c r y s t a l l a t t i c e 
w i t h two oxygen atoms f o r every t i n atom. I f t h i s v/ere 
the complete s t o r y , stannic oxide would not be a semi­
conductor, but an i n s u l a t o r . However, i o n i c bonding does 
play an important r o l e . 

6c. Govalent or Valence Bonding ' . 
VJhen atoms are i n close proximity, i t i s possible f o r 
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the v;ave fu n c t i o n s , which describe the motion of the 
electrons i n t h e i r separate o.r.litals,to overlap. l/hen 
t h i s occurs i t i s possible f o r an ele c t r o n i n £m o r b i t a l 
i n one atom to be shared betv/een the tv/o atoms. The 
usual s i t u a t i o n i s f o r the atoms to share electrons i n 
such a way as to form complete outer electron s h e l l s about 
each of themselves. Thus two electrons, each of opposite 
sp i n , e f f e c t i v e l y o r b i t both atoms i n the bonding o r b i t a l s . 

6d. Directed Valency or H y b r i d i s a t i o n 
I n order to obtain a stable bond i n a l a t t i c e , where 

each atom has N nearest neighbours, i t i s necessary that 
there are K energy l e v e l s , with one electron i n each, that 
can p a i r w i t h electrons of s i m i l a r energy but of opposite 
sp i n , on the neighboviring atoms. I t thus becomes possible 
f o r an e l e c t r o n i n a paired energy s t a t e , to be donated to 
a d i f f e r e n t s t a t e c r e a t i n g two unpaired electrons ^ which 

I may take par t i n bonding. 
6e. Semiconducting Bond 

Mooser and Pearson (3^) have shown that semiconductor 
behaviour i n a s o l i d i s the r e s u l t of predominantly 
covalent bonds. I n elemental semiconductors, the process 
of e l e c t r o n sharing must lead to completely f i l l e d 's' and 
'p' o r b i t a l s i n a l l atoms. In a semiconducting compound, 
only one atom of any two bonded together need acquire 
closed 's' and 'p' o r b i t a l s . The presence of u n f i l l e d 
o r b i t a l s i n some atoms does not r e s u l t i n metsillic be­
haviour of the s o l i d , provided that these atoms are not 
bonded together. 

6f. Nature of the Bond i n Stannic Oxide 
Coulson (35) gives a formula f o r the percentage i o n i c 

character (.% i . e . ) of a molecular bond as :-
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•Figure 1.10: Electron sharing schemes f o r the covalent bond 
i n stannic oxide f o r co-ordination numbers of 
(a) four and (b) s i x . 
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% i . e . = 16 I'Xfl - X,|. +3.5.| 'X<,- Xal*^ 

v/here X^ and X^ are the values of the e l e c t r o n e g a t i v i t y 
of the two atoms. The e l e c t r o n e g a t i v i t y of t i n and 
oxygen of &re given by Pauling (36) as 1.8 and 3.5 
r e s p e c t i v e l y . Using these fi g u r e s i t i s concluded th a t 
the bond i n stannic oxide i s 37^ i o n i c . 

Stannic oxide has a r u t i l e s t r u c t u r e , which means 
that each t i n atom i s surrounded by an octahedral arrange­
ment of s i x nearest neighbour oxygen atoms. This 
octahedron i s s l i g h t l y d i s t o r t e d such that two atoms of 
ttiiesfi.',ax:':̂ t6:-.'at.''.a. s l i g h t l y greater distance from the t i n 
atom than the other fo u r . Ilooser and Pearson (3^) have 
proposed e l e c t r o n sharing schemes f o r co-ordination 
numbers k and 6 which s a t i s f y the rules f o r a semiconductor 
bond i n r u t i l e ( T i Cg). These schemes can be adapted f o r 
stannic oxide. The e l e c t r o n i c c o n f i g u r a t i o n of t i n r e ­
quires s p'd*" h y b r i d i s a t i o n f o r a co-ordination number of 
6 and s p h y b r i d i s a t i o n f o r a co-ordination number of k. 
The two possible schemes are shovm i n f i g u r e 1.10. I t 
i s probable that both schemes make a c o n t r i b u t i o n tov/ards 
the covalent bonding i n the stannic oxide molecule. 
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C H A P T E R I I 
Crystal Growth, Habit and Structure 

Section 1 . Physical Chemistry of the Tin-Oxygen System 
l a . General 

The t e n t a t i v e phase diagram shown i n f i g u r e 2 . 1 . was ^ 

o r i g i n a l l y proposed by Spandau et a l (37, 38). I t has 
been modified according to the r e s u l t s of Donaldson et a l 
(39, 40) who showed by X-ray analysis, that the dispropor-
t)ibc?]&atio.ili products of SnO^^above 385°^ are Sn and SnO 
rather than SnjO^ as o r i g i n a l l y suggested. 

I t i s now established that there are two oxides of 
t i n , stannous oxide (Sn O) and stannic oxide (SnO,,). 

Although stannous oxide e x i s t s i n a s o l i d form at 
temperatures up to 380°C, thermodynamic calcula t i o n s show 
that i t i s unstable r e l a t i v e to t i n metal and Sn 0̂ ^ from 
25oe to 38ooe (41), Brewer (42) reports that Sn 0 i s the 
stable component i n the vapour phase i n the t i n oxygen 
system. 

Kryahanovskii and Kuznetsov (43) have reported the 
el e c t r o n i c p r o p e r t i e s of Sn 0 i n a compressed pov/der form. 
I t was i n t e r e s t i n g that they found p-type conduction i n 
some of t h e i r samples, before heat treatment. Since the 
stoichometry of t h e i r specimens i s not known, the i n t e r ­
p r e t a t i o n of t h e i r r e s u l t s i s impossible. Single 
c r y s t a l s of stannous oxide l a r g e r than 50 microns have not 
been grown. 

Vapour pressure curves of t i n and i t s oxide are r e ­
produced i n f i g u r e 2.2. Curve 1 f o r Sn 0 was obtained 
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by Spandau and Kohlmeyer (37) • Curve k f o r Sn metal v/as 
c a l c u l a t e d from the thermodynamic data (4l). Curve 2 v/as 
determined by Platteeuv/ and Meyer {kk) from equimolar 
m i x t u r e s o f Sn and Sn Oj^ . The d i s c r e p a n c i e s betv/oen 
curves 1 and 2 are not e x p l a i n e d a l t h o u g h the extreme r e ­
a c t i v i t y o f Sn 0 a t h i g h temperatures mcikes e x p e r i m e n t a t i o n 
d i f f i c u l t , 

l b . Decomposition o f Stan n i c Oxide 

S t a n n i c oxide decomposes a t h i g h temperatures 
a c c o r d i n g t o the r e v e r s i b l e r e a c t i o n : 

Sn O j _ ^ Sn 0 + O2. (2.1) 

Marley and McAvoy (45) c a l c u l a t e d the f r e e energy f o r 
t h i s r e a c t i o n and then the "decomposition p r e s s u r e " o f 
Sn 0 ( t h e apparent vapour pressure o f Sn 02_). The r e s u l t 
i s shown as curve 3 i n f i g u r e 2.'̂ , This curve can be 

• expressed by the e q u a t i o n : 
l o g P(mm) = 11.23 -(1.822 X 10**") /T °K (2.2) 

I t can be seen from f i g u r e 2-.2-thab the apparent sub­
l i m a t i o n p o i n t o f Sn 0 2_ds about I85OO1S. According t o the 
handbook o f Chemistry & Physics (46) Sn Oj. decomposes at 
1127° My own o b s e r v a t i o n s show no change i n s i n g l e 
c r y s t a l specimens heated t o t h i s temperature f o r s h o r t 
p e r i o d s but e v a p o r a t i o n begins t o take place r a p i d l y above• 
about 1500° Q. 

No t r u e e s t i m a t e o f the m e l t i n g p o i n t o f Sn 0-;,_has 
been made. I n s t u d i e s o f d i f f u s i o n Goodman and Gregg 
(47) have e s t i m a t e d the Tamman temperature o f Sn 0to be 
1100° G. Since t h i s temperature i s u s u a l l y h a l f t h a t o f 
the m e l t i n g p o i n t , t hey e s t i m a t e d the m e l t i n g p o i n t o f 
Sn 0^ t o be i n the r e g i o n o f 2500° C This c o u l d o n l y 
be observed under many hundred atmospheres pressure o f 
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oxygen, so c r y s t a l groivth from the melt would be an 
ext r e m e l y d i f f i c u l t o p e r a t i o n . 

S e c t i o n 2. Growth from the L i q u i d Phase 
2a. Fluxed Melt 

One o f t h e s i m p l e s t methods o f c r y s t a l grov/th can be 
the growth f r o m a s a t u r a t e d s o l u t i o n . This method i s 
ext r e m e l y convenient w i t h the common s a l t s v/hich are water 
s o l u b l e as c r y s t a l growth can t£ike place a t or near room 
tem p e r a t u r e . C r y s t a l s grovin by t h i s method can be 

r e l a t i v e l y f r e e o f t h e r m a l d e f e c t s due t o the low temper­
a t u r e o f grov/th, but h i g h p u r i t y can be d i f f i c u l t t o 
achieve s i n c e c r y s t a l s tend t o c o n t a i n i n c l u s i o n s o f the 
s o l v e n t , and f o r e i g n atoms o r i g i n a t i n g from the s o l v e n t 
and i m p u r i t i e s in- the s o l v e n t . 

There are two basic methods o f c o n t r o l l i n g c r y s t a l 
growth by t h i s method. The f i r s t i s by c o n t r o l l i n g the 
temperature o f t h e s a t u r a t e d s o l u t i o n , such t h a t as t h e 

s o l u t i o n c o o l s , t h e excess s o l u t e d e p o s i t s on the seed 
c r y s t a l s . The second method i s by c o n t r o l l i n g the r a t e 
o f e v a p o r a t i o n o f the s o l v e n t . 

Since t h e r e i s no knovm room temperature s o l v e n t f o r 
s t a n n i c o x i d e , a b r i e f survey was made o f f l u x e s t h a t havs 
been used f o r growing s i m i l a r m a t e r i a l s a t h i g h e r tempera­
t u r e s . Zinc c i x i d e , f o r i n s t a n c e , may be grown from a melt o f 
l e a d f l u o r i d e (^8) and barium t i t a n a t e from a melt o f 
an l y d r o u s potassium f l u o r i d e (^9). 

PbO, f b F i , PbCli, KF, KCl,B;i03and CaCl2were used as 
f l u x e s . The g e n e r a l procedure was t o putcc the s a l t w i t h 
20% by weight o f SnO^powder i n a p l a t i n u m c r u c i b l e . The 
c r u c i b l e v;as p l a c e d i n an e l e c t r i c a l furnace and heated t o 
about 1200° G —. t h e a c t u a l temperature depended on the r a t e 
o f e v a p o r a t i o n o f the p a r t i c u l a r f l u x — f o r 2 - k hours t o 
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a l l o w the s o l u t i o n o f Sn Oj.into the f l u x . The furnace was 
the n co o l e d a t 10° .5 per hour u n t i l the s o l i d i f i c a t i o n 
temperature o f t h e f l u x was reached, a f t e r v/hich the f u r n - . 
ace was t u r n e d o f f . l̂ Jhen c o o l , the r e s u l t a n t m i x t u r e was 
examined. The f l u x was leached out w i t h a s u i t a b l e 
s o l v e n t , u s u a l l y water or n i t r i c a c i d , and the Sn Oj^ r e ­
m a i n i n g examined f o r any change o f form. The o n l y p a r t i a l 
success v;as o b t a i n e d w i t h a f l u x o f l e a d o x i d e . A few 
v e r y s m a l l r e d d i s h c r y s t a l s v/ere o b t a i n e d . These c r y s t a l s 
were rods or v/hiskers and were too s m a l l f o r e i t h e r 
e l e c t r i c a l o r o p t i c a l measurements t o be made. 

There are many i n h e r e n t disadvantages, o f t h i s methods. 
The h i g h v o l a t i l i t y o f the s o l v e n t s at h i g h temperatures 
moJces the c o n t r o l o f e v a p o r a t i o n d i f f i c u l t . A p l a t i n u m 
l i d v/as crimped over the c r u c i b l e t o prevent as much 
e v a p o r a t i o n as p o s s i b l e i n the experiments. The h i g h 
v i s c o s i t y o f most o f these f l u x e s , i n c l u d i n g l e a d o x i d e , 
means t h a t t r a n s p o r t o f the s o l u t e t o the grov/ing r e g i o n s 
i s slov; and i r r e g u l a r . And as s t a n n i c oxide appeared t o 
be l e s s s o l u b l e t h a n most i m p u r i t i e s , t h i s method v/as 
abandoned i n f a v o u r o f the more s u c c e s s f u l vapour phase 
method. Marile^ ;and- HacAvoy (43) o b t a i n e d s i m i l a r r e s u l t s 
and quote the s o l u b i l i t y SnO^^ i n Pb 0 as l e s s than 1^% 

by w e i g h t at 1200° G. 
R e c e n t l y , Kunkle and Kohnice (50) have grown s t a n n i c 

oxide c r y s t a l s from a f l u x o f copper oxide (Cua_0). The 
c r y s t a l s are rods (1 mm* x 5 t o 10 mm) and are r e p o r t e d 
t o c o n t a i n v e r y l i t t l e i m p u r i t y . 

2b. Hydrothermal S y n t h e s i s 
C e r t a i n m a t e r i a l s which are not very s o l u b l e i n v/ater 

under normal c o n d i t i o n s can become so under c o n d i t i o n s o f 
ve r y h i g h temperature and p r e s s u r e . Tinder c o n t r o l l e d 
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c o n d i t i o n s i t i s p o s s i b l e t o o b t a i n c r y s t a l growth from 
t h i s s t a t e . With a l l p r o b a b i l i t y , n a t u r a l d e p o s i t s o f 
c a s s i t e r i t e were d e p o s i t e d h y d r o t h e r m a l l y and i t should 
thus be p o s s i b l e t o grow s y n t h e t i c Sn Oj^by t h i s method. 
Kus'mina and L i t v i n (51) have r e c e n t l y r e p o r t e d the 
h y d r o t h e r m a l s y n t h e s i s o f Sn 0^ from a s o l v e n t o f L i 0 H 
s o l u t i o n a t ̂ 00 - 600° 9. and 2000 atmospheres p r e s s u r e . 
Wo i n f o r m a t i o n i s a v a i l a b l e on t h e dimensions or 
p r o p e r t i e s o f these c r y s t a l s . 

S e c t i o n 3» Growth from t h e Vapour Phase 
3a. S u b l i m a t i o n i n a eiosed System 

I f s t a n n i c oxide were heated up t o 1300° iŜ  i n a scale d 
evacuated s i l i c a t u b e , from the fig u i - e g i v e n f o r the 
temperature o f decomposition (1127° 9) ±n r e f e r e n c e 46, 
i t might be expected t h a t t r a n s p o r t o f m a t e r i a l from the 
hot end t o t h e c o l d end v/ould occur; and i f t h i s c o u l d 
be c o n t r o l l e d , s i n g l e c r y s t a l s c o u l d be grown at t h e c o o l i l 
end o f the tu b e . This method works v e r y w e l l f o r cadmium 
s u l p h i d e (Cd S) which has a much lower s u b l i m a t i o n temper­
a t u r e (52). CdS can a l s o be grown a t lower temperatures 
i f i o d i n e i s i n t r o d u c e d i n t o the system, so t h a t the 
r e a c t i o n : 

Cd S + I j _ Cd S (2.3) 

talces p l a c e (53)• The d i r e c t i o n o f t r a n s p o r t depends 
on v/hether t h e r e a c t i o n (23) i s exothermic or endothermic. 

Reagent grade s t a n n i c oxide powder v/as p l a c e d a t one 
end o f a sealled, evacuated s i l i c a t u b e . This tube v/as 

i f i s e r t e d i n t o a f u r n a c e , such t h a t a temperature g r a d i e n t 
e x i s t e d between the two ends. The s t a n n i c oxide pov/der 
was a t t h e hot end o f the tu b e , v/hich was m a i n t a i n e d a t 
temperatures A-zhich v a r i e d betv/een 1000° 6 and 1300° G 
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f o r d i f f e r e n t r u n s . A few s m a l l c r y s t a l s v/ere produced 
by t h i s method. They were u s u a l l y o f h a b i t 3 (see 
s e c t i o n 6). The i n t r o d u c t i o n o f i o d i n e gave a s l i g h t 
improvement on one r u n . The c r y s t a l s were formed at 
the hot end o f the t u b e , on t o p o f the o r i g i n a l charge. 
This r e s u l t c o u l d not ,hovifever, be repeated. 

3b. Hydrelysjs:; o f S t a n n i c C h l o r i d e 
T h i n f i l m s o f s t a n n i c oxide t h a t are used as r e s i s t o r s 

or t r a n s p a r e n t e l e c t r o d e s are u s u a l l y prepared by the 
h y d r o l y s i s o f s t a n n i c c h l o r i d e (54, 55). They are u s u a l l y 
formed by s p r a y i n g an a l c o h o l i c or h y d r o c h l o r i c aqueous 
s o l u t i o n o f s t a n n i c c h l o r i d e on t o a heated s u b s t r a t e such 
t h a t t h e r e a c t i o n (2.4) takes p l a c e . 

Sn Cl^-: + 2 H j_0 Sn Ô^ + 4 HCl (2.4). 

R e c e n t l y Nagasawa e t a l (56) have shown t h a t by 
s u i t a b l y c o n t r o l l i n g t h i s r e a c t i o n s i n g l e c r y s t a l s may be 
grovm. T h e i r method e n t a i l s p a s s i n g oxygen over v/ater 
and n i t r o g e n over s t a n n i c c h l o r i d e and a l l o w i n g the 
streams t o meet i n an e l e c t r i c a l l y heated furnace a t 
1300° C. S i n g l e c r y s t a l s o f up t o 2 x 5 x 15 mm have been 
r e p o r t e d . 

A s i m i l a r method was t r i e d i n t h i s l a b o r a t o r y . A 
l a r g e mass o f c r y s t a l l i n e m a t e r i a l was formed, but 
i n d i v i d u a l c r y s t a l s V'/ere d i f f i c u l t t o separate and 
o r i e n t a t e . The c r y s t a l s were v/hite and opaque. The 
o p a c i t y v/as p r o b a b l y due t o v o i d s i n the c r y s t a l s t r u c t u r e 
v/hich were encouraged by the low s u r f a c e m o b i l i t y o f i o n s 
a t t h e low temperature o f f o r m a t i o n . 
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3c. Vapour Phase Flame Fusion 
Sapphire (Al^O-^ ) has been grown by the h y d r o l y s i s o f 

A l j C l ^ i n an oxy-hydrogen flame, the temperature o f v/hich 
i s a d j u s t e d t o keep a molten s u r f a c e on the grov/ing c r y s t a l , 
The method has been d ^ t i b ^ . d r j j y C u r t i s (57). 

S t a n n i c oxide w i l l be formed by the h y d r o l y s i s o f 
s t a n n i c c h l o r i d e (Sn C l ^ i n an oxy-hydrogen flame. The 
r e a c t i o n i s s i m i l a r t o e q u a t i o n (2.4) where the Ĥ O i s 
formed by t h e b u r n i n g o f hydrogen i n oxygen. M. s t a n n i c 
oxide does not m e l t , but sublimes under atmospheric 
p r e s s u r e , l a r g e s i n g l e c r y s t a l s c o u l d not be grown by t h i s 
method. Hov/ever, i t v/as p o s s i b l e t o grow bunches o f t h i n 
d e n d r i t i c needles. These needles v;ere i n t e r e s t i n g i n 
t h a t t h e y p r o v i d e d the best luminescent s t a j i n i c oxide (see 
Ch. 3. s e c t . 5)« 

3d. Helium Flow Method 

The most s u c c e s s f u l method o f grov/ing Sn c r y s t a l s 
has been r e p o r t e d by Marley ajjd MacAvoy ( ^ ' ) . The 
s t a r t i n g m a t e r i a l was very, .pure s t a n n i c oxide pov/der which 
was p l a c e d i n the hot zone (l650° S) o f a p l a t i n u m wound 
f u r n a c e . A l e l i u m - o x y g e n m i x t u r e v/as passed over the 
pov/der and the c r y s t a l s formed on a m u l l i t e s u b s t r a t e a t 
a c o o l e r p a r t ox the f u r n a c e . C r y s t a l s o f up t o 2 x 4 x 
30 mm are r e p o r t e d . S t u d i e s o f e t c h p i t s by K o f f y b c r g 

I f 

(59) show t h a t they have a d i s l o c a t i o n d e n s i t y o f 10 ov­
er 10 cm^"^ • . One o f the c o n c l u s i o n s o f Harley and 
McAvoy v/as t h a t the c r y s t a l h a b i t v/as very dependent on 
tempe r a t u r e . Table 2.1 shows these c o n c l u s i o n s . 
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Table 2.1 Growth h a b i t and temperature a c c o r d i n g t o 
Marley and McAvoy. 

S e c t i o n 4. 
4a. 

T ?C Ha b i t 

1620 - 1570 
1570 - l46o 
l46o - 1300 

rods 
twinned p l a t e s 
needles 

Argon Flow Method 
Growth o f Sn O^from Sn Vapour and O3, 

Reed e t a l (60) showed t h a t Sn OiCould be grown a t 
a lov/er temperature u s i n g Sn m e t a l as the s t a r t i n g m a t e r i a l . 
They used a q u a r t z c r u c i b l e 5 cm diameter x 8 cm l o n g w i t h 
a 1 cm diameter neck which extended o u t s i d e the f u r n a c e . 
By h e a t i n g t h i s c r u c i b l e c o n t a i n i n g t i n metal f o r s e v e r a l 
days, rods up t o 3 cm x 5 Dim i n area v;ere produced. 
A t t e m p t s v t o reproduce t h e i r r e s u l t s v/ere not so s u c c e s s f u l . 
The s t a n n i c oxide produced f e l l back i n t o the molten t i n . 
Stannous oxide was formed v^^hich r e a c t e d v/ith the q u a r t z 
c r u c i b l e , f o r m i n g an orange s i l - i c a t e o.-f-tin and d e s t r o y i n g 
the c r u c i b l e . Only needles were produced. 

The method adopted f o r growing s t a n n i c oxide c r y s t a l s 
was an argon f l o i i ; method. By u s i n g Sn metal as the 
s t a r t i n g m a t e r i a l , the maximum temperature r e q u i r e d was 
not g r e a t e r t h a j i l450°C, which meant t h a t a s i l i c o n 
carbide.: e l e c t r i c a l h e a t i n g element c o u l d be used. The 
furnace arrangements and temperature p r o f i l e o f the 
furnace are s h o w i n f i g u r e 3. The dimensions are gi v e n 
i n t a b l e 2.2. 

5 N t i n ( f r o m Koch-Light L t d . ) v/as placed i n a r e -
c r y s t a l l i s e d alumina t r a y (30mm x 8mm x 7m), 10cm back 
from the c e n t r e o f the f u r n a c e . The temperature a t t h i s 



F i g u r e 2.3: ( a ) The arrangement o f the fur n a c e and ( b ) i t s temperature 
p r o f i l e , used f o r growing s t a n n i c oxide c r y s t a l s . 
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p o i n t v/as l400° Q. I f the t r a y v/as placed any nearer the 
oxygen o u t l e t , t h e s u r f a c e o f the l i q u i d t i n became 
covered w i t h a t h i c k oxide c r u s t . 

Table 2.2. Dimensions o f C r y s t a l Growing Furnace 

Height 32 cm Width 32 mi Length 56 ma 

Dimensions 
o f tubes 

S r u c i b l e 
element 

Alumina 
tube 

M u l l i t e 
tube 

Inn e r 
M u l l i t e 
tubes 

l e n g t h (mm) 
i n t e r n a l 

diameter(mm) 
e x t e r n a l 

diameter(mmj 
hot zone (ram) 
r e s i s t a n c e ( o h m 

650 

54 

62 

300 
s)2.1 
f 

825 

38 

46 

975 

25.5 

32 

600 

5 

8 

v/hich e f f e c t i v e l y prevented f u r t h e r v a p o u r i s a t i o n . At 
c o o l e r p a r t s o f t h e furnace t h e r a t e o f v a p o u r i s a t i o n was 
much slower. 

The doping agent, u s u a l l y antimony, v/as placed i n 
another alumina t r a y . The p o s i t i o n chosen f o r t h i s t r a y 
depended on the degree o f doping r e q u i r e d , the r a t e o f 
v a p o u r i s a t i o n o f the dopant and the ease w i t h v/hich i t v/as 
accepted by the Sn 0 _ j ^ l a t t i c e , and so had t o be. found by 
experiment. 

To prevent back s t r e a m i n g o f the oxygen, the oxygen 
flow r a t e v/as a d j u s t e d not t o exceed 40 cc/min and u s u a l l y 
r u n a t 20cc/&ip. The argon f l o w was mai n t a i n e d at IOO-I5O 
cc/fcin. V / i t h i n these l i m i t s the q u a l i t y o f c r y s t a l s d i d 
not appear t o be a f f e c t e d by s m a l l f l u c t u a t i o n s i n f l o w 

r a t e . 
The c o n d i t i o n s o f i n i t i a l n u c l e a t i o n o f t h e c r y s t a l s 
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v/ere found t o be i m p o r t a n t . The best r e s u l t s were o b t a i n e d 
i f argon was passed through both tubes i n the e a r l y p e r i o d 
o f the v/arming up o f the f u r n a c e , and the oxygen f l o w 
s w i t c h e d on b e f o r e the furnace had a t t a i n e d l450° C ( i . e . , 
when the maximum temperature was ap p r o x i m a t e l y 1300° C). 

4b. E f f e c t o f D i f f e r e n t C a r r i e r Gases 
Although Marley and MacAvoy (58) r e p o r t e d g r e a t e s t 

success u s i n g h e l i u m as the c a r r i e r gas feee s e c t , 3 c ) , helium 
was found t o be u n s u i t a b l e under the c o n d i t i o n s o f growth 
d e s c r i b e d . The o n l y growth o b t a i n e d v/as i n the form o f 
t h i n n e e d l e s , as would be expected from t h e i r o b s e r v a t i o n s 
o f Table 2.1, s i n c e the maximum temperature was o n l y 1450° C. 
I t seems t h a t c r y s t a l h a b i t i s a f f e c t e d n o t o n l y by temper­
a t u r e but a l s o by the c a r r i e r gas. 

Some c r y s t a l s were grov/n u s i n g n i t r o g e n , but argon 
gave a s l i g h t l y s m a l l e r y i e l d o f s l i g h t l y l a r g e r c r y s t a l s . 

I f t he oxygen was passed over water, the c r y s t a l 
y i e l d was i n c r e a s e d , but c r y s t c i l s so produced were o f t e n 
i r r e g u l a r i n form and c o n t a i n e d many l a r g e v o i d s and 
o t h e r i m p e r f e c t i o n s . 

4c. Undoped C r y s t a l s - Quenching 
I f -undoped c r y s t a l s were a l l o w e d t o c o o l s l o w l y i n 

the presence o f oxygen, they v/ere g e n e r a l l y c o l o u r l e s s . 
I f t h ey were removed from the furnace i m m e d i a t e l y , o r 
a l l o w e d t o c o o l i n an i n e r t atmosphere, they appeared a 
pal e y e l l o w i s h bro.v/n c o l o u r . These brov/n c r y s t a l s had 
a h i g h e r e l e c t r i c a l c o n d u c t i v i t y and lower a c t i v a t i o n 
energy than t h e c o l o u r l e s s c r y s t a l s (Ch. 3. S e c t . l ) . T his 
i s an i n d i c a t i o n t h a t an oxj'-gen d e f i c i e n c y i n the c r y s t a l s 
r e s u l t s i n one form o f donor l e v e l . The brown c o l o u r o f 
these c r y s t a l s i s due t o i m p u r i t y a b s o r p t i o n near the band 
edge, which extends i n t o the v i s i b l e blue r e g i o n o f the 
spectrum ( 6 I ) . 
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4d. Antimony Doped C r y s t a l s 
There was no d i f f i c u l t y i n doping s t a n n i c oxide w i t h 

antimony. Mien the pressure o f antimony was h i g h , the 
c r y s t a l s grew very q u i c k l y (3 days) alt h o u g h the o n l y h a b i t 
was the t p o i j p r i s m a t i c form which was u s u a l l y hollov^r, The 
c a r r i e r d e n s i t y o f these c r y s t a l s was i n the o r d e r o f 
10 cm . These c r y s t a l s were a dcirk navy blue c o l o u r . 
At lov/er c o n c e n t r a t i o n o f antimony, both rods and p l a t e s 
were formed but grov/th was much slower (10-14 d a y s ) . These 
c r y s t a l s were pale blue and t r a n s p a r e n t . The best 
c r y s t a l s were rods which grew a l o n g an a-axis and tended 
t o n u c l e a t e on the alumina boat c o n t a i n i n g t h e t i n . 

M i l o s l a v s k i i (89) showed t h a t the blue c o l o u r a t i o n 
i s due t o the i n f r a r e d f r e e c a r r i e r a b s o r p t i o n e x t e n d i n g 
w e l l i n t o the v i s i b l e r e g i o n . F i g u r e 2.4(a) shows the 
t r a n s m i s s i o n s p e c t r a o f an undoped and an antimony doped 
('v i o cm ) c r y s t a l . 

Table 2.3 shows the c a r r i e r d e n s i t y o f antimony doped 
c r y s t a l s a g a i n s t t h e temperature o f antimony i n the f u r n a c e . 

4e. Chromium Doped C r y s t a l s 
Chromium t r i o x i d e has a v e r y low vapour pressure and 

t o o b t a i n a s i g n i f i c a n t c o n c e n t r a t i o n o f chromium i n the 
c r y s t a l s , the boat c o n t a i n i n g the (Cr;^ O3.) was placed i n 
t h e c e n t r e o f t h e f u r n a c e . Good c r y s t a l s o f a g r e a t 
v a r i e t y o f h a b i t were formed. These showed a p-type s i g n 
o f Seebeck v o l t a g e and were o f h i g h r e s i s t i v i t y . 

The c r y s t a l s were re d i n c o l o u r . Figure 2.4b shov>fS 
the t r a n s m i s s i o n spectrum o f a h i g h l y doped chromium p l a t e 
which c l e a r l y shows very s t r o n g a b s o r p t i o n i n the green. 

E l e c t r o n s p i n resonance measurements on one o f these 
c r y s t a l s i s r e p o r t e d i n Ch 3» Sect. 4c. 
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4f. 

4g. 

4h. 

Table 2.3. 

C a r r i e r d^ensity o f antimony doped c r y s t a l s a g a i n s t the 
temperature o f t h e antimony m e t a l i n the f u r n a c e . 

em."3 Temp °C o f 3b 
_ 

9 l o " 610° •/ 
8 470°. ^ 
5 230° 
2 loi8 110° • 

S e c t i o n 5. 

Indium Ifep'ed C r y s t a l s 
Crysfel's v/ould o n l y grow v e r y s l o w l y i n the presence o f 

in d i u m . The c r y s t a l s produced were badly formed, s m a l l 
and y e l l o w . The s i g n o f t h e i r Seebeck v o l t a g e i n d i c a t e d 
t h a t t hey were p-type but measurement o f the e l e c t r i c a l 
c o n d u c t i v i t y c o u l d not d i f f e r e n t i a t e them from undoped 
samples. The f a c t t h a t i n d i u m had a c t u a l l y gone i n t o 
t h e l a t t i c e v/as co n f i r m e d by mass s p e c t r o g r a p h i c 
a n a l y s i s (Table 2.4). 
G a l l i u m Ijoged C r y s t a l s 

Attempts t o grow g a l l i u m doped c r y s t a l s produced 
s i m i l a r r e s u l t s t o those f o r i n d i u m doping. 
Cerium Boped C r y s t a l s 

As the oxides o f the r a r e e a r t h s are very r e f r a c t o r y 
and t h u s i a v e a v e r y low vapour p r e s s u r e , cerium c h l o r i d e 
was used i n an at t e m p t t o dope s t a i m i c oxide v/ith cerium. 
Smaill i r r e g u l a r c r y s t a l s were grov/n. These shov/ed no 
d i s t i n c t i v e luminescence and i t i s not knov/n v/hethor any 
cer i u m WBJB accepted by the l a t t i c e . The l a r g e i o n i c 
r a d i u s o f cerium (I'OlS. ) (36) i n d i c a t e s t h a t i t i s very 
probable t h a t i t would not be accepted. 
Mass S p e c t r o g r a p h i c A n a l y s i s 

Samples o f t i n oxide c r y s t a l s from seven d i f f e r e n t 
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runs were powdered and despatched i n t i n f o i l t o B r i t i s h 
T i t a n Products Co. L t d . , who k i n d l y performed a mass 
s p e c t r o g r a p h i c a n a l y s i s o f them. T h e i r f i n d i n g s are shown 
i n Table 2.4. 

Samples 1 - 5 were undoped samples from d i f f e r e n t t u n s . 
Samples 4 and 5 v/ere antimony doped, from the runs which 
produced specimens 1 and 2 used f o r e l e c t r i c a l measurements 
(see Chapter 3, Sect. 2 8: 3). Samples 6 and 7 were r e s ­
p e c t i v e l y chromium and indium doped. 

Since i t was suspected t h a t some o f the i m p u r i t i e s 
p r e s e n t were i n t r o d u c e d i n the powdering o p e r a t i o n , 
samples o f powder and o f s i n g l e c r y s t a l s were despatched 
t o the Chemical I n s p e c t o r a t e , Roya.l A r s e n a l , Woolwich. 
There, the c r y s t a l s were powdered by shaking i n a p l a s t i c 
tube with p l a s t i c b a l l s , so t h a t no m e t a l l i c i m p u r i t i e s 
would be i n t r o d u c e d . The r e s u l t s i n Table 2.5 show 

t h a t t h e c r y s t a l s are o f h i g h e r p u r i t y t han f i r s t 
expected. I t i s s u r p r i s i n g t h a t these r e s u l t s show not 
o n l y a low c o n t e n t o f unexpected i m p u r i t i e s (Gfi, I n , Te) 
but a l s o o f s i l i c o n and a l u m i n i i i m j w h i c h were expected, as 
both elements are t o be found i n the ceramic m u l l i t e tube 
i n v/hich the c r y s t a l s were grown. 

I t i s seen i n Chapter 3^ Sect. 3 t h a t specimens 1 and 
2 c o n t a i n S.S.IO-'-̂  and 8.2.10-'-̂  c a r r i e r s per cc. 
r e s p e c t i v e l y . I f we assume t h a t one donor e l e c t r o n i s 
i n t r o d u c e d f o r each antimony a t o m , t h i s corresponds t o O.y/s 
and 0'03% Sb by weight i n these c r y s t a l s . The r e s u l t s o f 
the mass s p e c t r o g r a p h i c a n a l y s i s g i v e 0'2% and 0'04§̂ . As 
these r e s u l t s are quoted w i t h an e r r o r margin o f a f a c t o r 
o f 3» t h e y are not i n disagreement w i t h the o b s e r v a t i o n s 
Lyashenko and M i l o s l a v s k i i (62) who found t h a t f o r t h i n 
f i l m s , one donor e l e c t r o n i s produced f o r each antimony 
atom i n the l a t t i c e . 
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Table 2.4. 

Mass S p e c t r o g r a p h i c A n a l y s i s o f T i n Oxide Samples 
performed by B r i t i s h T i t a n Products C6. L t d . 

R e s u l t s quoted as p.p.m. by v/eight, 
s u b j e c t t o e r r o r o f a f a c t o r o f 3. 
( i . e . 300 p.m. r e p r e s e n t s a range from 

900 p.p.m. t o 100 p.p.m. 

Element 

samples 

Element 1 2 3 4 5 6 7 
Sodium 150 500 150 15 15.0 150 150 
Aluminium 1000 1000 500 100 100 100 100 
S i l i c o n 1000 3000 1000 250 1000 1000 1000 
Potassium 100 300 100 300 100 100 100 
Vanadium 10 30 10 3 30 10 10 
Chromium <30 <30 <30 CO <30 85 <30 
I r o n 300 500 100 500 1000 300 300 
Copper 60 <b <5 10 10 <5 <5 
Indium <10 <10 <10 <10 <10 <10 200 
Antimony 50 <10 <10 2000 400 100 <10 
Mercury 10 5 ^5 <5 30 <5 <5 
Lead 10 10 <10 <10 10 <10 <10 
Z i r c o n i u m 50 50 50 50 • 50 50 50 

A l l o t h e r i m p u r i t i e s not d e t e c t e d i . e . 10 p.p.m. 
see Chapter 2. S e c t i o n 6(c) 
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Table 2.^ 

Se c t i o n 6. 
6a. 

6b. 

Mass Spectrographic A n a l y s i s of T i n Oxide performed 
by the Chemical Inspectorate, Royal Arsenal, 

Wo51v/ich. 
p.p.m. detected 

Element C r y s t a l s Powder 
Sodium t r a c e <5 trace <5 

Calcium 5 10 
Aluminium 20 200 
Ma.gnesium tra c e <5 trace < 5 

S i l i c o n trace<20 300 
I r o n t r a c e <̂50 50 
Gallium n.d. <20 30 
Mercury n.d. <50 200 
T e l l u r i u m trace?<50 150 

n.d. = not detected 
Accuracy quoted as v;ithin a f a c t o r of 2. 
C r y s t a l Habit 
Introduction 

There were if o u r common habits of stannic oxide 
c r y s t a l s produced by the argon flov; method. Rods which 
grev; p a r a l l e l to the c - a x i s u s u a l l y formed on the end of 
the oxygen tube (see figu:re^2'.,5) and p l a t e s grew on 
e i t h e r side of t h i s region. Rods which grew p a r a l l e l to 
the a-a x i s were formed a c t u a l l y on the alumina tray 
containing the t i n . Figure 2.6 shows some of the various 
c r y s t a l forms, produced from s e v e r a l runs. 
Twinned P l a t e s (Habit 1) 

These diamend shaped p l a t e s (BIgure .27a) v/ere the most 
common h a b i t . They occurred i n a l l runs, except those 
producing very h e a v i l y antimony doped c r y s t a l s . The 
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Vc.rious c r y s t a l h a b i t s 
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C r y s t a . l l i n e mass produced by 
ar.'^on fl o v / method. 

see f i g u r e 2.10c 
see f i j u r e 2.12a 

sec f i : ; u r e 2.73-

see fi.'-uro 2.12b 
see f i n j u r e 2.7b 

see f i . ' u r c 2.10a and b 
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Figure 2 . 7 ( a ) : 
T^^^inned p l a t e , showing 
(031) twin plane 

(^031^Twin Plane 

Figure 2.7(b): 
Trapezoidal p l a t e produced 
i n some chromium doped runs, 
(see f i g u r e 2.6 ( v i ) ) . 
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Figure 2,8: 
Arrangement of atoms 
along the (031) twin plane 
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Figure 2.9a: T y p i c a l c - a x i s rods 

Figure 2.9b: c - a x i s rods shoxilng end voids 
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Figure 2.10(a): 
c - a x i s rod ( [OOl] prism) , 
showing end faces observed 
on an doped c r y s t a l . 

Figure 2.10(b): 
c - a x i s rod shelving faces 
observed on an undoped 
c r y s t a l . 

I'igure 2 . 1 0 ( c ) : 
Rhombohedral c r y s t a l 
(see f i g u r e 2 . 6 ( i ) ) . 



Figure 2.11^: a-axis r o d used f o r specimen 5 

Fif;ure 2.11b: End v i e i / o f same c r y s t a l 

Scale i n cms 
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Figure 2.12(a): 
Usual form of a-ax i s 
rod ( [100] prism) 

Figure 2.12(b): 
Common type of plate which 
i s s i m i l a r i n form to the 
above c r y s t a l . O l l - I - • O N 
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Figure 2.13(a) 
C r y s t a l twinned along 
( o i l ) plane. Commonly 
found with chromium 
,doped c r y s t a l s . 

6 7 ° 5 6 ' 

3 3 ° 5 8 ' 

( O l l ) T w i n Plane 

Figure 2.13(b) 
Another form of c r y s t a l 
tivinned along ( O i l ) plane. 

Twin Plane 
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Figure 2 . l 4 : Arrangement of atoms along the 
( O i l ) twin plane. Symbols are 
the same as for fi g u r e 2,8. 
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faces on these c r y s t a l s , as grown, v/ere often of o p t i c a l 
q u a l i t y , e s p e c i a l l y on the thinner c r y s t a l s . Back 
r e f l e c t i o n feUQ photographs v/ere used to orientate the 
c r y s t a l s . The tv/in plane was found to be the (031) plane. 
The arrangement of atoms at the twin plane i s shov/n i n 
figure 2.8. ( 4 5 ) . 

6c. foOlJ Prisms (Habit 2) 
Most rods did grow along the c - a x i s . I f growth was 

too r a p i d the rods were hollow through the centre. On 
most c r y s t a l s , there was a large void at the growing end 
( f i g u r e 2.9^). As there were no faces on the base of 
the c r y s t a l s v/hich were attached to the m u l l i t e tube 
during growth, end f a c e s were often non e x i s t e n t . Figure 
2.10shows some t y p i c a l rods of t h i s type. The rhombohedral 
shape ( f i g u r e 2.10c and figure 2 . 6 ( i ) ) grev/ only i n 
chromium doping runs. 

6d. (lOOl Prisms (Habit 3) 
Only a few c r y s t a l s of t h i s type were produced. The 

best sajjiple, i l l u s t r a t e d i n f i g u r e s 2.11 (a) and ( b ) , was 
used as specimen 3 i n the e l e c t r i c a l ineasureracnts. A 
photograph of the cut form with holes d r i l l e d for thermo­
couples i s shown i n figure (O.IA). The plate form of 
t h i s habit ( f i g u r e 2.12(b) and 2.6(v)) often occurred i n 
chromium doped runs but also appeared i n undoped and 
antimony doped runs. Specimen 4 was a long t h i n plate 
of t h i s type whose { O i l } and { l l O } faces were not v/ell 
defined. I t was an i d e a l shape for H a l l measurements. 

6a. Rods Twinned along the ( O i l ) Plane (Habit 4) 
These rods u s u a l l y only occurred i n chromium doping 

runs, and c r y s t a l s of both forms i l l u s t r a t e d i n f i g u r e 
2.13 v/ere observed. One c r y s t a l l i g h t l y doped with 
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antimony grev; as a twinned rod i n a Coll) d i r e c t i o n . This 
i s i l l u s t r a t e d on figure O.IB. Figure 2.1'f shows the 
arrangement of atoms along the (Oil) tv/in plane. 

S e c t i o n 7. C r y s t a l l o g r a p h i c Data 
7a. Introduction 

Stannic oxide occurs n a t u r a l l y as the mineral 
c a s s i t e r i t e . I t s . , s t r u c t u r e i s s i m i l a r to that of r u t i l e 
TL Oj_ ) , (see figure 2.15a) and i s of the tetragonal 
system, c l a s s k/^ 2/^ ^̂ m' l a t t i c e parameters, as 
measured by various workers,are shown i n table 2,6. There 
are two formula u n i t s per unit c e l l . The Sn atoms are 
found at s i t e s 0, 0, 0; and -g-, ̂ , -g-; and 0 atoms at s i t e s 
X , X , 0; » , X , 0; ^ -)x, ^ - x, -l.-and -J - x, + x, • 
where x = 0.307. A l l Sn - 0 distances are the same 
(2.055A) v/ithin experimental e r r o r . 

Each Sn atom may be considered to be at the centre of 
6 oxygen atoms s i t u a t e d at the corners of a s l i g h t l y d i s ­
torted octahedron. There are two equivalent s i t e s . The 
•g"? "Jj ̂ »site i s s i m i l a r to the 0,0,0, s i t e but rotated 
about the c a x i s through , (see figure 2.15(b)). 

From Andresen (2^) according to Dana (65) na t u r a l 
c a s s i t e r i t e c r y s t a l s are prisma t i c [ 001 i n habit, v/ith 
prominent faces [ l i o j and (lOO^ . These prisms are 
frequently terminated by the pyramids [101] and [111^ 
(of s e c t i o n 9 ) . Natural tv;ins are u s u a l l y twinned along 
the (Oil) plane but Bourgeois (66) reported twinning along 
the (031) plane as found i n the diajnond shaped p l a t e s 
(habit 1 ) . 

7b. Powder D i f f r a c t i o n Photographs 
Photographs of doped and undoped Sn Qz v/ere taken 

using a- .Oebye-S-clierrercamera of 11.^6 i n diameter. To 
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F i g u r e s 2.17(a) and 2,17(b): Nelson-Riley p l o t s of pov/der 
d i f f r a c t i o n photograph r e s u l t s 
for high angle l i n e s . 
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a l l o w f o r s y s t e m a t i c e r r o r s o f the equipiiient, the same 
camera, and same beam from the X-ray g e n e r a t o r v;ere used 
f o r each s e t o f exposures. Copper K o ^ r a d i a t i o n was used. 

The d i f f r a c t i o n photograph o b t a i n e d from Sn 02_pov/der 
f o r t u n a t e l y c o n t a i n s s e v e r a l h i g h angle l i n e s (see f i g u r e 
2.16) which means t h a t a c c u r a t e d e t e r m i n a t i o n o f the 
c r y s t a l parameters i s not too d i f f i c u l t . 

The h i g h angle l i n e s were indexed u s i n g the r e l a t i o n s h i p 

where t h e val u e s o f a and c v/ere o b t a i n e d from Baur ( 6 7 ) . 
The l i n e s v;ere measured t o the neare s t .005 cm on a 

v e r n i e r f i l m measurer. C o r r e c t i o n s v/ere made f o r f i l m 
s h r i n k a g e by o b t a i n i n g the average measured p o s i t i o n o f the 
c e n t r e s f o r b o t h the h i g h and low angle l i n e s . The d 
valu e s v/ere o b t a i n e d from p u b l i s h e d c h a r t s (68) o f t h e 
r e l a t i o n s h i p 

d = ^ - ^ ^ (2.6) 
2 s m 0 

f o r the copper K«^, and Kô ^̂  l i n e s . 
The v a l u e o f a v/as o b t a i n e d from the r e l a t i o n s h i p : 

a = = d yh* + + ^ a j i l'' (2.7) 

The v a l u e o f — was chosen t o g i v e the best agreement c 
o f aQ f o r l i n e s v/ i t h zero and h i g h ' 1 ' i n d i c e s . 

E r r o r s due t o d i f f e r e n t s i z e s o f specimen and a b s o r p t i o n 
o f the specimen were minimised by p l o t t i n g the value o f a on 
a N e l s o n - R i l e y p l o t ( 6 9 ) , The r e s u l t s o f two d i f f e r e n t 
comparisons are shown i n f i g u r e s 2.17a- and 2.17b. 

These r e s u l t s show t h a t t h e r e i s a probable i n c r e a s e 
i n the l a t t i c e parameters o f 0.02% between the undoped 
c r y s t a l s and those h i g h l y doped \:...;( n'"A/10^''cm~5with antimony, 
The c o e f f i c i e n t o f l i n e a r expansion o f ceramic s t a n n i c 
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oxide i s i n the o r d e r o f 10 ^, so a l t h o u g h the temperature 
v/as not c o n t r o l l e d d u r i n g exposures temperature v a r i a t i o n 
o f 20° 0 would be necessary t o e x p l a i n the d i f f e r e n c e . 
Klug and Alexander (70) show t h a t the accuracy o f measure­
ments at70° i s 0.015%, the c o n s i s t e n c y of p o i n t s on 
f i g u r e s 2J7a and 2.17b i n d i c a t e a g r e a t e r r e l a t i v e accuracy. 

The c a l c u l a t e d i o n i c r a d i u s f o r Sn̂ "*" i s 0.71A' and 
f o r Sb-̂  i t i s 0.62A^ ( 3 6 ) , so a d i r e c t s u b s t i t u t i o n o f 
antimony i n a t i n l a t t i c e s i t e i s i n i t s e l f u n l i k e l y t o 
cause an i n c r e a s e i n the l a t t i c e parameter. The 0 i o n 
has a r a d i u s o f l.^OA^' ( 3 6 ) . The d i s t a n c e between each 
Sn and 0 atom i s o n l y 2.05-̂ -̂  so oxyjgen i o n s are u r i l i E e l y .'to 
f i n d an i n t e r s t i t i a l . p o s i t i o n . The s i m p l e s t e x p l a n a t i o n 
f o r t h e i n c r e a s e i n l a t t i c e parameter i s t h a t i n the 
h i g h l y doped c r y s t a l t h e r e i s a c e r t a i n number o f i n t e r s ­
t i t i a l antimony i o n s which d i l a t e the l a t t i c e s l i g h t l y . 

I t can be seen t h a t no d i f f e r e n c e i n l a t t i c e parameter 
c o u l d be d e t e c t e d between undoped m a t e r i a l and more 

l i g h t l y antimony doped (n'vlo'*'cm ^) m a t e r i a l . 
A Debye-Scherrer photograph o f chromium doped Sn 0j_ 

gave l a t t i c e parameters o f a = ^.737 c = 3.186, 
i d e n t i c a l v ; i t h the undoped m a t e r i a l . Since no measurement 
o f the chromium con t e n t was a v a i l a b l e , a more accurate 
d e t e r m i n a t i o n was not made. 

Table 2.6 g i v e s the l a t t i c e parameters o f Sn 0^^ 
a c c o r d i n g t o t h e v a r i o u s workers. 



F i g u r e 2.18a 
Back r e f l e c t i o n Laue photograph o f Sn O2 
taken i n the [OOI] d i r e c t i o n . 

F i g u r e 2.18b 
Back r e f l e c t i o n Laue photograph o f Sn02 
talcen i n the f l O O j d i r e c t i o n . 
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Table 2.6 

The l a t t i c e parameters o f Sn O2 a c c o r d i n g t o v a r i o u s 
workers -

a c r e f e r e n c e s 

4.758 
4.757 
4.7572 

.4.758 

5.188 
5.185 
5.18658 
5.187 

0.675 
9.672 
0.6726 
0.6726 

Swanson and Tatge(71) 
Baur (67) 
Schrdke (72) 
Present work 

7c. Back R e f l e c t i o n Laue Photographs 
Back r e f l e c t i o n L^ue photographs v;ere used t o d i s ­

cover t h e o r i e n t a t i o n o f the c r y s t a l s . The photographs 
talcen, v^ i t h the c r y s t a l 5 cm away from the photographic 
p l a t e , b oth i n the[oOlj a n d [ l O o ] d i r e c t i o n , are shov/n i n 
f i g u r e s 2 . l8a and 2.l8b. The c h i e f r e f l e c t i o n s are 
i n d e x e d , 

7d. Etch P i t s 
A study o f e t c h p i t s was made on v a r i o u s types o f 

c r y s t a l u s i n g the technique o f K o f f y b e r g ( 5 9 ) . He 
showed t h a t e t c h p i t s c o u l d be formed by u s i n g a b o i l i n g 
s o l u t i o n o f h y d r i o d i c a c i d ( H I ) , W i t h a s m a l l q u a n t i t y 
o f hypophosphorous a c i d (HJPO2) added t o remove excess 
i o d i n e , and a l s o t h a t each' p i t corresponded t o a p o i n t 
where a d i s l o c a t i o n l i n e i n t e r s e c t e d the c r y s t a l s u r f a c e . 

On faces 6 f the form { l i o } r e c t a n g u l a r s h a l l o w p i t s 
v;ere formed a f t e r an e t c h i n g time o f 10 minutes. On 
faces o f the form •{Oil} wedge shaped p i t s were formed. 
These u s u a l l y r e q u i r e d an e t c h i n g time o f 50 minutes. 

F i g u r e 2.19 shows a { l l O } e t c h e d face o f a c r y s t a l . 
This photograph c l e a r l y shows the e t c h p i t shapes and 
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a l s o l i n e s o f p i t s a l o n g polygon w a l l s . A l l c - a x i s rods 
exeunined by t h i s method had a s i m i l a r average d i s l o c a t i o n 
d e n s i t y (1-2.105 cm~^), a l t h o u g h l a r g e v a r i a t i o n s were 
found between d i f f e r e n t areas. I n g e n e r a l the d e n s i t y 
o f p i t s vms g r e a t e r i n the 1 o r 2 mm l e n g t h nearest the 
end o f the c r y s t a l t h a t was a t t a c h e d t o the m u l l i t e tube 

d u r i n g g r o w t h . 
F i g u r e 2.20a shov/s the wedge shaped p i t s formed on a 

£oil3 face a f t e r a 50 minute e t c h . The c r y s t a l v;as 
specimen 5 (see Chapter 5) an a-axis r o d . I t had a d i s ­
l o c a t i o n d e n s i t y which v a r i e d from 8.10^, near the base, 
t o 2.10^ cm."*̂ , near the face end. Figure 2.20b shows 
the £llO^ face o f the same c r y s t a l showing the r e c t c i n g u l a r 
p i t s as expected. The e t c h p i t d e n s i t y v<as again 2.10^ 
cm"^ on t h i s f a c e . 

{ l O O j faces d i d not appear t o be etched by t h i s 
method, so o n l y t h e edge faces o f the twinned p l a t e s v/ere 
etched. These a l s o .;hade/.an:: e t c h p i t d e n s i t y i n the 

5 -2 
o r d e r o f 10-^ cm , 
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CHAPTER I I I 
EXPERIMENTAL METHODS MB RESg3;,TS 

S e c t i o n 1 . I n t r o d u c t i o n 
Since i t was not found p o s s i b l e t o grow s t a n n i c oxide 

c r y s t a l s t h a t were l a r g e enough f o r t h e r m a l c o n d u c t i v i t y 
e x p e r i m e n t s , i t v;as decided t o measure the product oi**" vihich 
appears i n the e x p r e s s i o n f o r the t h e r m o e l e c t r i c f i g u r e 
o f m e r i t (see Ch.l.,Sect.4e). The c h i e f i n t e r e s t was 

i n the h i g h temperature behaviour o f the m a t e r i a l . 
To o b t a i n a f u l l a p p r a i s a l o f any s o l i d f o r thermo­

e l e c t r i c a p p l i c a t i o n s , i t i s necessary t o i n v e s t i g a t e i t s 
more funda.raental p r o p e r t i e s , namely those parameters which 
occur i n e q u a t i o n 1.86. Once these are knov/n the optimum 
doping l e v e l can be c a l c u l a t e d . M a t e r i a l s f o r use i n 
t h e r m o e l e c t r i c devices u s u a l l y have h i g h c a r r i e r d e n s i t i e s 
(~ 10 cm ^ ) , so antimony doped specimens v/ith c a r r i e r 

tg (9 -3 

d e n s i t i e s i n the range 2.10 - 9.10 cm vfore s t u d i e d . 
The Seebeck e f f e c t was measured betv/een room temperature 
and 1000° C and a measurement was al s o made on some 
c r y s t a l s a t near l i q u i d n i t r o g e n temperature. The 
e l e c t r i c a l c o n d u c t i v i t y v/as measured between l i q u i d 
n i t r o g e n temperature 77°K and 1200°K, and the H a l l e f f e c t 
betvieen 77°K and 600°K. 

A s m a l l amount o f work was also.done t o measure the 
e l e c t r i c a l c o n d u c t i v i t y o f the undoped c r y s t a l s and 
c r y s t a l s doped v;ith chromium and ind i u m . 

The f i n a l s e c t i o n o f the chapter deals v/ith v a r i o u s 
o t h e r experiments performed on the c r y s t a l s . 

S e c t i o n 2. E l e c t r i c a l C o n d u c t i v i t y a t High Temperatures 
2a. Two-Probe Method 

For specimens o f h i g h r e s i s t i v i t y a tv/o-probe method 
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o f measurement v/as used. Contacts were made t o the ends 
o f s t a n n i c o x i d e rods ( h a b i t 2) u s i n g a p r e p a r a t i o n o f 
p l a t i n u m paste (Johnson and Hatthey type T 177). The 
c r y s t a l was h e l d i n p o s i t i o n by the p l a t i n u m v/ires t h a t 
formed the e l e c t r i c a l l eads t o the specimen. A s m a l l 
q u a n t i t y o f paste was a p p l i e d t o each end o f the c r y s t a l . 
The paste t h e n had t o be f i r e d by h e a t i n g slov/ly up t o 
600° C. The c o n t a c t s produced by t h i s method were 
m e c h a n i c a l l y v e r y s t r o n g and made more s a t i s f a c t o r y 
e l e c t r i c a l c o n t a c t than any o t h e r type used at h i g h 
t e m p e r a t u r e s . During measurement r u n s , the c o n t a c t s 
were f r e q u e n t l y checked t o sec t h a t Ohm's Law was obeyed. 
I f n o t , an O.l^F condenser was charged t o 400 V, u s i n g 
H.T. b a t t e r i e s , and discharged across the c o n t a c t s (see 
r e f e r e n c e 7 5 ) . A f t e r a fev/ such discharges ohmic 
behaviour was r e s t o r e d . T h i s t r e a t m e n t d i d not appear 
t o a f f e c t the c r y s t a l b u l k a t a l l . Contacts formed by 
t h i s method u s u a l l y d e t e r i o r a t e d w i t h time and change o f 
te m p e r a t u r e , and so the process had t o be repeated a t 
i n t e r v a l s . 

Honig e t a l (74) made c o n t a c t s by d i p p i n g the 
c r y s t a l s i n t o molten s i l v e r . T h is method i/as used a t 
the b e g i n n i n g o f the v/ork. The c o n t a c t s beho.vcd 
r e l i a b l y a t h i g h temperatures but belov/ 500°C a sudden 
break i n c o n t a c t o c c u r r e d . T h i s f a i l u r e i s b e l i e v e d t o 
have been .due t o the d i f f e r e n c e i n t h e r m a l expansion 
betv/een s i l v e r and s t a n n i c o x i d e . The mechajiical s t r a i n 
caused by d i p p i n g the c r y s t a l s i n t o the molten s i l v e r 
o f t e n made the c r y s t a l s v ery b r i t t l e . 

' S i l v e r D*f', a c o l l o i d a l s u s p e r s i o n o f s i l v e r i n an 
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o r g a n i c s o l v e n t (M.I.B.K.) t h a t i s marketed by Acheson 
C o l l o i d s L t d . , was a l s o used t o maJse c o n t a c t s i n the e a r l y 
stages o f t h i s r e s e a r c h . I t had the advantage t h a t i t 
d r i e d q u i c k l y t o form a m e c h a n i c a l l y s t a b l e c o n t a c t and 
r e q u i r e d no f u r t h e r heat t r e a t m e n t . U n f o r t u n a t e l y 
e l e c t r i c a l s t a b i l i t y was d i f f i c u l t t o achieve f o r conduct­
i v i t y measurements. Spark f o r m a t i o n o f the c o n t a c t s 
c o u l d improve the s t a b i l i t y f o r s h o r t p e r i o d s but i n 
g e n e r a l , f o r a steady a p p l i e d v o l t a g e , the c u r r e n t would 
wander over a range o f values t h a t c o u l d d i f f e r by a 
f a c t o r o f 10. 

At h i g h temperatures ,the c o n d u c t i v i t y o f the undoped 
specimens was low enough f o r fonir-probc measurements t o 
be mo.de i These were found t o agree w i t h the tv/o-probe 
r e s u l t s w i t h i n reasonable e x p e r i m e n t a l e r r o r (see f i g u r e 
3.2). 

2b. Four-Probe Method 
A photograph o f t h e apparatus c o n s t r u c t e d f o r 

measuring t h e e l e c t r i c a l c o n d u c t i v i t y o f s t a n n i c oxide by 
a f o u r - p r o b e method a t h i g h temperatures i s shown i n 
f i g u r e 3.1a. F i g u r e 5.1b shov/s the c i r c u i t arrangement. 

The p r i n c i p l e s o f t h i s apparatus v/ere o r i g i n a l l y d e s c r i b e d 
by Marley and McAvoy (^5). The method o f c o n s t r u c t i o n 
was as f o l l o v / s : -
( i ) A s i l i c a p l a t e , 2^" x -5-" i n area and 2 mm t h i c k , v/as 
tcUien and s m a l l s l o t s c ut i n t o the edge o f both the l o n g 
s i d e s . These a c t e d as anchor p o i n t s f o r the thermocouple 
and c u r r e n t c a r r y i n g l e a d s . The p l a t e v/as then fused 

t o t h e end o f the s i x boare c a p i l l a r y tube o f 6.5 rm 
d i a m e t e r . 
( i i ) Tvo pieces o f s i l i c a t u b i n g o f 0.5m bosre and 0,3wn 



S c a l e i n cms 

Figure 3 . 1 ( a ) : 

Figure 3 . 1 ( b ) : 

High temperature holder f o r four probe conductivity 
measurement. 
C i r c u i t f or four probe conductivity measurements. 

, Pocen t iometer 

6 
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w a l l t h i c k n e s s were seale d a t one end. A s m a l l h o l e v;as 
blov/n i n each tube a t a p p r o x i m a t e l y ^" from t h i s end. 
Beyond t h i s h o l e the tubes were drawn out evenly u n t i l 
t h e i r e x t e r n a l diameters v/ere 0.5nim f o r a l e n g t h o f 2" 
and t h e n c u t . 
( i i i ) The f i n e c a p i l l a r y boges thus produced v/ere threaded 
w i t h 0.05 nm diameter p l a t i n u m w i r e by means o f the hole 
blov/n near t h e i r t h i c k ends. The ends o f the v / i r e , t h a t 
emerged t h r o u g h the open ends o f the f i n e bores, were 
melted so t h a t s m a l l round beads were produced. These 

prevented the w i r e s from b e i n g drawn back i n s i d e the 
tubes and p r o v i d e d the s u r f a c e t h a t was t o make e l e c t r i c a l 
c o n t a c t w i t h the c r y s t a l . 

( i v ) The f l i c k ends o f the c a p i l l a r y tubes v/ere fused t o 
the s i l i c a p l a t e near the s i x bore t u b i n g . The tubes 
v/ere then shaped as shown i n the photograph ( f i g u r e 3.1a-). 
A c o o l flame was necessary t o prevent the m e l t i n g o f the 
p l a t i n u m w i r e s a t t h e i r c e n t r e s . These shaped, p l a t i n u m 
t h r e a d e d , c a p i l l a r y bores p r o v i d e d i h e v o l t a g e probes t o 
the specimen, 
( v ) P l a t i n u m w i r e l e a d s , 0.25mm diaimeter, were threaded 
t h r o u g h f o u r o f the bores i n the s i x bore c a p i l l a r y tube. 
Two o f these v/ere fused t o the v o l t a g e probe v/ires, and tv;o 
were anchored t o the side s l o t s i n the p l a t e . A thermo­
couple o f Pt/Pt 13% Rh v/as c o n s t r u c t e d so t h a t i t s 
j u n c t i o n would r e s t near the specimen. This occupied 
the r e m a i n i n g two bores o f the s i x bore t u b e . 
( v i ) The v o l t a g e probes were f l e x i b l e enough t o a l l o w 
the l e a d s t o be s p r i n g loaded on t o the sample. The 
c u r r e n t c o n t a c t s were made by a p p l y i n g p l a t i n u m paste, 
v/hich had t o be f i r e d on. 
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T h i s apparatus was s u c c e s s f u l l y used i n a i r up t o 
1000°C, a l t h o u g h l o n g p e r i o d s a t t h i s temperature caused 
r e c r y s t a l l i s a t i o n o f the s u r f a c e o f the s i l i c a . This made 
the f r a g i l e v o l t a g e probe c a p i l l a r y tubes very b r i t t l e . 

Some d i f f i c u l t y was experienced i n o b t a i n i n g lov/ r e ­
s i s t a n c e c o n t a c t s betx'/een the v o l t a g e probes and the 
specimen. Spark discharge t h r o u g h the c o n t a c t s , as des­
c r i b e d i n s e c t i o n 2a, was o f t e n s u c c e s s f u l . A very r e l i a b l e 
c o n t a c t was made i f a l a y e r o f in d i u m was evaporated on 
the s u r f a c e o f the c r y s t a l under these c o n t a c t s . 

The e x t e r n a l c.a£cuitry meant t h a t the h i g h e s t r e s i s t ­
ance t h a t c o u l d be reasonably measured v/as about l O ^ i l . 

The r e s u l t s o f c o n d u c t i v i t y measurements on the 
antimony.doped specimens are g i v e n i n s e c t i o n 4, 

2c. R e s u l t s on Undoped C r y s t a l s 
The e x p e r i m e n t a l r e s u l t s o f both two and f o u r probe 

methods f o r c o l o u r l e s s s t a n n i c oxide rods are shox'/n i n 
f i g u r e 5.2. I f the s t r a i g h t r e g i o n s o f the curves 2, 4, 
5 and 6 (between 700°K and 1200°K) are f i t t e d t o the 
e q u a t i o n . 

(T = B exp ( - ) ̂  (5.1) 

where B^^t i s knov/n as the a c t i v a t i o n energy, the average 
value f o r E ^ s t i s 5.04 eV. T h i s agrees w i t h Kohnlce (75)» 
v/ho measured a c t i v a t i o n energy o f n a t u r a l c r y s t a l s . 

Comparing e q u a t i o n 5.1 w i t h equations 1.51 ^ j i d 1.20, 
and assum.ing o n l y e l e c t r o n i c c o n d u c t i o n , i t i s - seen t h a t 

B = (N,. Nv̂  )i eyU.^ (3.2) 

and i s thus not independent o f temperature. This w i l l be 
f u r t h e r d i s cussed i n Chapter 4 s e c t i o n 5c. 
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Figure 3.2: 
Temperature v a r i a t i o n o f 
r e s i s t i v i t y o f h i g h 
r e s i s t i v i t y SnO^ rods. 
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SBGI4' (.two probe) 
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Undoped S]|02crystal from 
argon f l o w method(tv/o 
probe) 
Same c r y s t a l as 4 ( f o u r 
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Undoped S i ^ 0 2 c r y s t a l 
from argon f l o w method 
(two p r o b e ) . 
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F i g u r e 3.3 J 
Temperature v a r i a t i o n o f r e s i s t i v i t y 
;-of brown undoped c r y s t a l s . 

Key 

1,2,5 and 4. Four probe measurements 
on d i f f e r e n t c r y s t a l s . 
Lev/ temperature tv/o probe 
measurement f o r same 
c r y s t a l as curve k. 
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The brown undoped c r y i s t a l s had a r a t h e r h i g h e r conduct­
i v i t y t han t h e c o l o u r l e s s c r j ^ s t a l s . The r e s u l t s o b t a i n e d 
from measurements on t h i s type o f c r y s t a l are shown i n 
f i g u r e 3 . 5 « The low temperature measurements were made 
u s i n g the H a l l e f f e c t h o l d e r d e s c r i b e d i n s e c t i o n 4a. 
The average a c t i v a t i o n energy, as d e f i n e d by e q u a t i o n 3 . 1 , 

f o r these c r y s t a l s was 0.9^eV. 
Due t o the v a r i a t i o n o f B v/it h temperature, and the 

v a r i a t i o n o f the band gap v/it h t e m p e r a t u r e , the a c t i v a t i o n 
energy does hot g i v e a d i r e c t measurement o f the band gap 
(see Chapter k S e c t . 3 c . ) . 

2d . Chromium and Indium Doped C r y s t a l s 
The. p l o t s f o r the v a r i a t i o n o f c o n d u c t i v i t y w i t h 

temperature f o r a chromium doped and an indium doped 
c r y s t a l are a l s o shown i n f i g u r e 3 . 2 . The a c t i v a t i o n 
e n e r g i e s c a l c u l a t e d from these p l o t s v/ere 3«7eV f o r the 
chromium doped and 3 .0eV f o r the i n d i u m doped c r y s t a l . 

The chromium doped c r y s t a l was a deep r e d c o l o u r (see 
f i g u r e 0 .1 D) and so i t vms l i k e l y t h a t t h i s c o n t a i n e d a 

r a t h e r h i g h e r i m p u r i t y c o n c e n t r a t i o n than the i n d i u m 
doped c r y s t a l , which was o n l y a v e r y pale jellovr. By 
c o n s i d e r i n g the e l e c t r o n i c c o n f i g u r a t i o n o f chromium'and 
i n d i u m , both t y p e s o f atom c o u l d act as ac c e p t o r s . I t 
i s probable t h a t the h i g h e r a c t i v a t i o n energy o f the 
chromiiua doped c r y s t a l i s accounted f o r by a v a r i a t i o n 
i n h o l e m o b i l i t y . Since o n l y one c r y s t a l was measured, 
d e f i n i t e c o n c l u s i o n s cannot be drawn. 

S e c t i o n 3 . Seebeck C o e f f i c i e n t 
5 a . Apparatus: 

The Seebeck e f f e c t a t h i g h temperatures vias measured 
i n an apparatus based on the design o f M i d d l e t o n and 
Scanlon ( 7 6 ) . A diagram o f t h i s apparatus i s shov/n i n 
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f i g u r e By c o n s t r u c t i n g i t i n s i l i c a and by o p e r a t i n g 
i t i n an atmosphere o f n i t r o g e n t o prevent o x i d a t i o n o f the 
carbon b l o c k s used f o r the heat source and heat s i n k , the 
apparatus c o u l d be operated up t o 1 0 0 0 ° C. Kanthal r e s i s t ­
ance w i r e was used f o r the d i f f e r e n t i s i l h e a t e r . The h e a t e r 
w i r e s and thermocouple v/ires were i n s u l a t e d u s i n g " R e f r a s i l " 
s l e e v i n g . 

The j u n c t i o n between the s i l i c a tubes and the sindanyo 
bung v;ere not a b s o l u t e l y gas t i g h t , so a continuous stream 
o f n i t r o g e n was parsed through the system v/hile i t v/as a t 
h i g h t e m p e r a t u r e s . The f l o w v/as stopped, and the system 
a l l o w e d t o reach t h e r m a l e q u i l i b r i u m before each r e a d i n g vms 
tak e n . 

3b. Method 
The c i r c u i t diagram f o r the measurement o f the Seebeck 

v o l t a g e i s sho\<m i n f i g u r e 3«5« To a l l o w f o r s m a l l 
d i f f e r e n c e s i n t h e a b s o l u t e value o f the Seebeck v o l t a g e o f 
the Ltherm^couples, t h e Seebeck v o l t a g e o f each specimen(Vw. ) 

v/as p l o t t e d a g a i n s t t h e temperature d i f f e r e n c e (AT) recorded 
by the thermocouples 

^ T = (V^ - )c{rc (T) , ( 3 . 5 ) 

where Vj, and Vj. are t h e v o l t a g e s o f the hot and c o l d 
j u n c t i o n s o f the thermocouples a t an average temperature T 
and c^Tv i s the Seebeck c o e f f i c i e n t f o r the couples a t the 
temperature T. CX j t was o b t a i n e d from t a b l e s ( 7 7 ) » 

The-Seebeck c o e f f i c i e n t o f each specimen v/as measured 
w i t h r e s p e c t t o the p l a t i n u m l e a d s o f the thermocouples. 

To o b t a i n t h e a b s o l u t e value o f O<j,o, the value o f <X"̂  had t o 
be s u b t r a c t e d from the observed value (see e q u a t i o n 1 . 6 8 ) . 

Values ofeC^ were o b t a i n e d from Nystrtim (13 ) • 

The thermocouples v/ere a t t a c h e d t o the specimens 
u s i n g ' S i l v e r Dag'. I f p o s s i b l e , s m a l l h o l e s v/ere 
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d r i l l e d i n the specimens, u s i n g an ab r a s i v e c u t t e r , i n t o 
which t h e thermocouple j u n c t i o n s c o u l d be i n s e r t e d . T h i s 
was o n l y p r a c t i c a b l e f o r one c r y s t a l (specimen 3 ) . 

The Seebeck v o l t a g e was measured on a P h i l i p s h i g h 
impedance v a l v e m i c r o v o l t m e t e r (model GM 6020) v/hich 
gave a conti n u o u s i n d i c a t i o n o f i t s magnitude and s t a b i l i t y . 
The v o l t a g e v;as a l s o checked u s i n g the p o t e n t i o m e t e r . 

On t h e specimens o f h i g h r e s i s t i v i t y the e l e c t r i c a l 
p i c k - u p was g r e a t e r than the Seebeck v o l t a g e . So measure­
ments c o u l d not be made w i t h o u t s c r e e n i n g the whole 
apparatus. On the antimony doped specimens o f lov; 
r e s i s t i v i t y , e x trajieous p i c k - u p was n e g l i g i b l e and r e ­

p r o d u c i b l e r e s u l t s c o u l d be o b t a i n e d . 
3c. R e s u l t s 

The v a r i a t i o n o f Seebeck c o e f f i c i e n t w i t h temperature 
o f f o u r antimony doped c r y s t a l s vms measured. Table 3*1 

shov.'s the dimensions o f each specimen as v/ e l l as the 
values f o r R,n,o^and^at room temperature. Specimens 
1 cind 2 were o f the fOOl] p r i s m a t i c form and so a l l 
measurements v/ere talcen p a r a l l e l t o the c ^ a x i s . Specimens 
3 and k were o f the ClOO} p r i s m a t i c form and the measure­
ments v/ere taken p a r a l l e l t o one o f the a-axes. I n each 
o f these specimens (3 and k) the c - a x i s was p a r a l l e l t o 
the s h o r t e s t s i d e . 

As Marley and HcAvoy (^5) and K o f f y b e r g (59)' r e p o r t e d 
a v a r i a t i o n i n d e f e c t c o n c e n t r a t i o n betv/een the s u r f a c e 
and the b u l k o f some c r y s t a l s , the s u r f a c e s v/ere ground 
down u s i n g 800 grade carborundum pov/der. I t v/as e a s i e r 

t o make ./d.hmlc c o n t a c t s t o the ground s u r f a c e than t o the 
s u r f a c e as grovm. 

F i g u r e 3*7 shows the measured v a r i a t i o n o f the 
a b s o l u t e Seebe^k c o e f f i c i e n t o f each specimen w i t h 
temperature.. The val u e s were always negatjLve. 

The r e s u l t s o f lov/ temperature Seebeck measurements 
are shown i n Table 4 . 2 . 



66 

3d, I r r e p r o d u c i b i l i t y o f Specimen k 
The curves 4a ,4b and 4c on f i g u r e 3 . 7 show the r e ­

s u l t s o f successive runs t o measure the v a r i a t i o n o f 
Seebeck c o e f f i c i e n t with temperature. The f i r s t r u n 
shov/ed a sudden f a l l i n the Seebeck c o e f f i c i e n t a t 750°K. 
Because o f t h i s , t h e r u n v/as t e r m i n a t e d and the c o n t a c t s 
remade. The second r un (curve 4b) gave a lox-ier value 
t h a n the i n i t i a l _"run f o r the Seebeck c o e f f i c i e n t a t a l l 

• temperatures and aga i n the value f e l l a t temperatures 
above 700°K. As the i n i t i a l r e s u l t s gave a value o f 
e f f e c t i v e mass t h a t was s i m i l a r t o t h a t o b t a i n e d f o r 
specimen 3 , the c r y s t a l v/as examined a t h i r d time at a 
l a t e r d a t e . The va l u e o f Seebeck c o e f f i c i e n t was s t i l l 
lower, as shov/n by curve 4 c . 

The H a l l c o e f f i c i e n t v/as remeasured and found t o be 
2 . 9 8 , a r e d u c t i o n o f 3% on the value o b t a i n e d p r e v i o u s 
t o p e r f o r m i n g the f i r s t s e t o f Seebeck measurements, (see 
Table 3*1) and v / i t h i n probable e x p e r i m e n t a l e r r o r t .. 

The c o n d u c t i v i t y appeared unchanged. ̂  
Since the Seebeck measurements were performed i n a 

n i t r o g e n atmosphere, i t was suspected t h a t t h i s f a l l i n 
the Seebeck c o e f f i c i e n t a t h i g h temperatures v/as due t o 
the l o s s a f oxygen from the s u r f a c e l a y e r o f the c r y s t a l , 
and t h a t the oxj^gen vacancies p r o v i d e d donor c e n t r e s . 
Thus t h e c a r r i e r d e n s i t y a t the s u r f a c e o f the c r y s t a l 
was i n c r e a s e d . 

To c o n f i r m t h i s , the c r y s t a l v/as heated i n a i r a t 
1000°C f o r f o u r h o u r s . A few Seebeck measurements were 
made and the r e s u l t s v/ere found t o agree w i t h the f i r s t 
r u n . The p o i n t s o b t a i n e d are marked w i t h crosses on the 
curve 4 a . 
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I t has a l r e a d y been r e p o r t e d (78) t h a t the a d d i t i o n 
o f antimony s t a b i l i s e s . t h i n f i l m s o f s t a n n i c o x i d e . • I t 
v/as no doubt because specimens 1 and 2 c o n t a i n e d a h i g h e r 
c o n c e n t r a t i o n o f antimony t h a t t h i s i r r e v e r s i b l e e f f e c t 
d i d not occur i n them. 

The thermocouples i n specimen 3 were embedded i n holes 
d r i l l e d i n t o c r y s t a l . Since these h o l e s were f i l l e d w i t h 
' S i l v e r Dag' i t v/as u n l i k e l y t h a t the oxygen c o u l d escape 
from the s u r f a c e underneath the thermocouples. So the 
e f f e c t may have been u n n o t i c e d on t h i s specimen. 

Table 3 .1 

Dimensions and values o f e l e c t r i c a l parameters a t 
room temperature o f antimony doped c r y s t a l s . 

S e c t i o n 4 

4a. 

Specimen 1 2 3 4 

-1 
R(coulomb cm "/ ) -7.1>-10~2 -0 .80 1.23 -3 .12 

N (cm"-^) 8.8 10^9 8.210^^ 5.1 10^8 2.10^^ 

(T 0 J i , cm 1.2 10^ 91 102 27 
-2 -1 -1 

^ cm V sec 87 69 125 83 

w i d t h (mm) 1.22 1.48 2.18 1.22 

t h i c k n e s s (mm) 0.93 1.34 1.13 0.44 

l e n g t h (mm) 8 7 51 
Colour Dark Blue Pale Very Pale Almost 

Blue Blue Transparent 

H a l l E f f e c t 
Low Teapera.ture 

,A f i v e probe method was adopted f o r measuring the 
H a l l e f f e c t o f the low r e s i s t i v i t y , ^ t i m o n y doped 
c r y s t a l s . Diagrams o f the apparatus and c i r c u i t are 
shov/n i n f i g u r e s 3 . 6 a and 3 .6b . The c u r r e n t c o n t r o l 
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c i r c u i t v/as s i m i l a r t o t h a t used f o r the f o u r probe con­
d u c t i v i t y measurements. The p o t e n t i o m e t e r v/as a T i n s l e y 
model 3387B capable o f measuring d i v i s i o n s o f one m i c r o ­
v o l t . The H a l l e f f e c t h o l d e r was a l s o used f o r the f o u r 
probe c o n d u c t i v i t y measurements a t low temperatures and 
f o r the two probe measurements on specimens o f h i g h 
r e s i s t i v i t y a t lov/ temperatures. 

The H a l l e f f e c t h o l d e r was enclosed i n a s p l i t 
copper c y l i n d e r Xl:^" diameter and 2" l o n g ) , the c e n t r e o f 
which was m i l l e d out t o accommodate i t . The c a v i t y v/as 
l i n e d v / i t h mica f o r e l e c t r i c a l i n s u l a t i o n . The v/hole 
apparatus was i n s e r t e d i n t o a c l o s e l y f i t t i n g Dev/ar f l a s k , 
which v/as f i l l e d w i t h l i q u i d n i t r o g e n . VJhen the system 
had reached l i q u i d n i t r o g e n temperature and readings had 
been ta k e n a t t h i s t e m p e r a t u r e , the excess l i q u i d was 
poured o ut and the apparatus a l l o w e d t o vvar.m up slowly 
while t h e c o n d u c t i v i t y and H a l l v o l t a g e v/ere measured. 
The temperature was measured w i t h a copper-constantf\n 
thermocouple. The magnet used had 4" diameter pole 
pieces v / i t h an a i r gap o f 2". I t v/as capable o f p r o ­
ducing a f i e l d o f 6 k i l o g a u s s . 

C u r r e n t c o n t a c t s v/ere ma.de u s i n g i n d i u r a - g a l l i u m 
paste o r i n d i u m amalgam. The p o t e n t i a l probe c o n t a c t s 
were made hj e v a p o r a t i n g s m a l l areas o f indium on the 
c r y s t a l s u r f a c e i n the c o r r e c t p o s i t i o n s . A s m a l l 
p e l l e t o f i n d i u m was p l a c e d on t o p o f the evapora.ted l a y e r . 
The copper probes were pressed i n t o t h i s indium p e l l e t and 
h e l d by the phosphor bronze l e a f s p r i n g s . 

kh. High Temperature 
At h i g h temperatures a system v/as used t h a t v/as f i r s t 
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employed by Breckenridge and H o s i e r (79) f o r measuring 
the H a l l e f f e c t i n r u t i l e . S mall s i l i c a posts were fused 
t o a s i l i c a p l a t e . P l a t i n u m leads v/ere a t t a c h e d t o these 
p o s t s . One end o f these leads v/as pressed i n t o an i n d i u m 
p e l l e t on the specimen t o form the p o t e n t i a l probe con­
t a c t s . The o t h e r end was brought out t o the e x t e r n a l 
c i r c u i t v/hich was e s s e n t i a l l y the same as shovm i n f i g u r e 
3.6b. P l a t i n u m paste was used f o r the c u r r e n t c o n t a c t s . 
A s m a l l f u r n a c e , o f e x t e r n a l dimensions 5" x 2" x 1-̂ ", 

was c o n s t r u c t e d t o f i t betv/een the pole pieces o f the 
magnet. A s i l i c a t u b e , 2 cm diameter and 12 cm l o n g , 
v/as v/ound w i t h 36 s.w.g. K a n t h a l r e s i s t a n c e v/ire. The 

r e s i s t a n c e o f t h e element when c o l d was 120 A • The 
tube v/as coated v / i t h a.lumina cement and enclosed i n a 
syndanyo case. I'he resistai?.ce h e a t e r was pov/ored from 
the mains t h r o u g h a 2 aiiip 'Eegavolt' v a r i a b l e v o l t a g e 

t r a n s f o r m e r . The furnace wa.s e a s i l y capable o f r e a c h i n g 
.1000°C. 

The l i m i t a t i o n on the h i g h temperature o p e r a t i o n o f 
t h i s apparatus v/as s e t by the c o n t a c t s . Above .-the m e l t i n g 
p o i n t o f i n d i u m the c o n t a c t s had l i t t l e mechanical s t r e n g t h 
and the s l i g h t e s t v i b r a t i o n v/ould d i s t u r b them. O x i d a t i o n 
o f the s u r f a c e o f the molten c o n t a c t s d i d not a f f e c t 
r e s u l t s . No measurement was o b t a i n e d above 600°K. 

4c. V a r i a t i o n o f M o b i l i t y v/ith Temperature 
There v/as no d e t e c t a b l e change i n the H a l l c o e f f i c i e n t 

o f any o f the f o u r specimens over the range o f temperature 
measured. The most accurate readings v/ere o b t a i n e d a t 
room temperature and l i q u i d n i t r o g e n temperature where a 
c o n s t a n t temperature c o u l d be m a i n t a i n e d w h i l e a number o f 
r e a d i n g s v/ere t a k e n . The room temperature values o f He i l l 
c o e f f i c i e n t are g i v e n i n t a b l e 3»1' 

Since t h e magnitude o f t h e Seebeck c o e f f i c i e n t 
i n d i c a t e d t h a t a l l the specimens v/ere degenerate a t low 
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F i g u r e 3.8: Temperature v a r i a t i o n o f e l e c t r i c a l 
c o n d u c t i v i t y o f antimony doped specimens. 
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F i g u r e 3.9: Temperature v a r i a t i o n o f m o b i l i t y o f antimony 
doped specimens. 
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t e m p e r a t u r e s , the f a c t o r r i n e q u a t i o n 1.92 was talcen as 
u n i t y i n c a l c u l a t i n g t h e c a r r i e r d e n s i t y and <Jr±f^ m o b i l i t y . 

F i g u r e 3.8 shows the v a r i a t i o n o f c o n d u c t i v i t y v/ith 
t emperature o f the f o u r samples. Since no v a r i a t i o n i n 
P l a l l c o n s t a n t v/as d e t e c t e d , the v a r i a t i o n o f m o b i l i t y 

v/ i t h t e m p e r a t u r e ( f i g u r e 3*9) was c a l c u l a t e d assuming t h a t 
the c a r r i e r d e n s i t y v/as c o n s t a n t up t o 1000°C. 

The i n t e r p r e t a t i o n o f the temperature v a r i a t i o n o f 
m o b i l i t y i s found i n Chapter k s e c t i o n 2. 

4d. E r r o r s 
The l a r g e s t e r r o r s i n the a b s o l u t e value o f the 

m o b i l i t y were p r o b a b l y made i n measuring the dimensions 
o f the sample and the s e p a r a t i o n o f the v o l t a g e probes. 
Each o f these measurements c o u l d not be expected t o have 
an accuracy g r e a t e r than v / i t h i n 3%. 

The v a l u e o f / < i n terms o f the q u a n t i t i e s t h a t v/ere 
a c t u a l l y measured may be g i v e n by 

><. = R ( r = — ^ (3.4) 

where Vj^ i s the H a l l v o l t a g e , Vj, the v o l t a g e betv/een the 
r e s i s t a n c e probes, 1 the s e p a r a t i o n o f the v o l t a g e probe, 
V/ the v/idth o f the specimen and H the magnetic f i e l d 
strength'. 

The measurement o f the magnetic f i e l d v/as made u s i n g 
a f l u x meter. The s c a t t e r o f p o i n t s i n d i c a t e d a p o s s i b l e 
e r r o r o f 2.%, F l u c t u a t i o n s i n the H a l l v o l t a g e readings 
c o u l d e a s i l y account f o r an e r r o r o f one m i c r o v o l t . On 
specimens 1 and 2 the maximum H a l l v o l t a g e a t t a i n a b l e was 
30 yaV. The c u r r e n t became u n s t a b l e i f i n c r e a s e d f u r t h e r . 
The e r r o r on i h e o t h e r specimens v/as o f a s i m i l a r r e l a . t i v e 
magnitude. The e r r o r i n measuring the v o l t a g e across the 
r e s i s t a n c e probes was n e g l i g i b l e compared w i t h these o t h e r 
q u a n t i t i e s . The maximum probable e r r o r i n the a b s o l u t e 
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value o f the m o b i l i t y i s t h e r e f o r e 1^%, The accuracy o f 
th e r e l a t i v e v a l u e s o f m o b i l i t y measured on the same sample 
a t d i f f e r e n t temperatures v/as v e r y much b e t t e r i^l% e r r o r ) . 
Even the l a r g e e r r o r allowance o f 1% does not account f o r 
the range o f v a l u e s o b t a i n e d f o r the m o b i l i t i e s o f the f o u r 
specimens. These f i g u r e s do n o t , hov/ever, talce i n t o con­
s i d e r a t i o n p o s s i b l e inhoraogeneities o f the specimens. I f 
the magnitude and geometry o f inhomogeneities i s unknown i t 
i s i m p o s s i b l e t o p r e d i c t a c c u r a t e l y any e f f e c t they may 
have. The t h e r m o e l e c t r i c probe showed t h a t the donor 
c o n c e n t r a t i o n o f specimen 3 was f a i r l y u n i f o r m ( sect . 5 d ) , 

so t h e r e s u l t s from t h i s specimen are p r o b a b l y the most 
r e l i a b l e . 

S e c t i o n 5. Other Measurements 
3a, Luminescence 

C r y s t a l s o f s t a n n i c oxide and s t a n n i c oxide powder v/ere 
examined under 3.n u l t r a - v i o l e t lamp v/ith the s p e c t r a l d i s ­
t r i b u t i o n between 0 , 3 5 a n d 0,40yy. . The antimony and 
chromium doped c r y s t a l s shov/ed no observable luminescence, 
nor d i d the c o l o u r l e s s undoped c r y s t a l s . The brov/n c r y s t a l s , 
i n d i u m doped and g a l l i u m doped c r y s t a l s and s t a n n i c oxide 
powder a l l shov/ed a f a i n t yellow luminescence a t lov/ tem­
p e r a t u r e s . The b r i g h t e s t luminescence was found i n the. 
v/hiskers grov/n by the h y d r o l y s i s o f Sn C l ^ i n an oxyhydrogen 
flam e . These appeared a g r e e n i s h v/hite a t l i q u i d n i t r o g e n 
temperature and the c h a r a c t e r i s t i c yellow c o l o u r a t the tem­
p e r a t u r e o f so'li'd carbon d i o x i d e . This luminescence d i s ­
appeared j u s t below room temperature. At room temperature, 
i t was b e l i e v e d t h a t a f a i n t r e d luminescence v/as observed. 

The luminescence from these v/hiskers v/as b r i g h t 
enough t o o b t a i n a s p e c t r a l d i s t r i b u t i o n c u r v e , shown i n 
f i g u r e 5.10, The s l i t s o f the H i l g e r and Watts s p e c t r o ­
meter v/ere a t t h e i r l a r g e s t a p p e r t u r e (1.5™^^ ^° f i n e 
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luminescence from ,S^02 
w h i s k e r s , grown by the flame 
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n i t r o g e n and s o l i d carbon 
d i o x i d e temperatures. 
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s t r u c t u r e of the pealts was not expected. The photo-
m u l t i p l i e r V70.S c a l i b r a t e d against a thermopile and the 
r e l a t i v e energy response p l o t t e d against wavelength, 
leadings were taJcen at i n t e r v a l s of 0 . 1 ^ . 

Figure IfOshows probable peoics i n the luminescence 
at 0 . ^ ^ , 0.49,Oi5.53stnd Ql60 ./L? v/hich correspond to 2 . 8 , 2 . 5 , 

2 .3 and 2 . 1 oeV- re s p e c t i v e l y . Most of these v/ere probably 
due to surface s t a t e s . 

5 b . Photoconductivity 
The brown c r y s t a l s also shov/ed an increase of con­

d u c t i v i t y when i l l u m i n a t e d with u-.v. l i g h t at room temper­
ature and l i q u i d n i t r o g e n temperature. Normal daylight 
had no observable e f f e c t . 

Houston and Kohnke (80) have reported photoconductivity, 
and measured the thermally stimulated photocurrent i n 
c r y s t a l s grown from a f l u x of copper oxide (Cu 2 ^ ) * Copper 
i s knovm to d i f f u s e e a s i l y i n t o most substances and also 
to increase the s e n s i t i v i t y of photoconductivity i n Zn S 
and Cd S ( 8 l ) . Copper was introduced i n t o a rod of 
stannic oxide by evaporating a layer of copper on to the 
surface and heating i t i n an evacuated ses-led s i l i c a tube 
at 9 0 0 ° C f o r a few hours. The co n d u c t i v i t y of the 
specimen increased from 10~^ to 10̂ J2.''cm~.' This value 
of c o n d u c t i v i t y remained constant between room temperature 
and ^ 0 0 ° C, but ar.ddonly decreased, i n d i c a t i n g that the 
copper had d i f f u s e d out of the c r y s t a l , v;hen l e f t at 
t h i s temperature overnight. A q u a l i t a t i v e appraisal of 
the photoconductivity of the Cu doped c r y s t a l i ndicated 
that i t d i d have a greater s e n s i t i v i t y when i l l u m i n a t e d 
by the u.'v.' lamp. 

No p h o t o e l e c t r i c e f f e c t v/as detected on the colourless 



73 

undoped c r y s t a l s . 
3c. Electron Paramagnetic Resoncince 

Stannic oxide, being of a s i m i l a r s t r u c t u r e to r u t i l e , 
i s also a s u i t a b l e host l a t t i c e f o r paramagnetic ions f o r 
elect r o n spin resonance measurements. I t v/as f o r t h i s 
reason t h a t chromium doped c r y s t a l s were grown. One of 
the l a r g e s t c r y s t a l s was mounted i n a Q-band spectrometer 
( 3 ^ * ^ kMc/s ) , many l i n e s were observed. Some of these 
were i d e n t i f i e d as chromium l i n e s by comparison with From 
(82) who has studied the paramagnetic resonance of Cr^^ 
i n Sn Ô . The other l i n e s observed were believed to be 
due to i r o n Fe'' , ;vhich probably o r i g i n a t e d from the 
chromic oxide doping m a t e r i a l . The sign a l was too weak 
f o r measurement of the spin r e l a x a t i o n times. 

An undoped c r y s t a l was examined i n the X band 
( 9 ^ . 4 IdVIc/s) spectrometer at room temperature. Many l i n e s 
were observed at f i e l d s between 3 .3 and ^ . 1 Koersted. No 
attempt has been made to i d e n t i f y them. 

5 d . Eff-ect of High Fields 
Under high f i e l d s , Ohm's law f o r a conductor w i l l 

break dovm. The electrons i n the s o l i d will reach a 
terminal v e l o c i t y vihen 

1 m v^ = ^ ( 3 . 5 ) 

where VQ i s the frequency of o p t i c a l made vibrations,.; and 
v the average v e l o c i t y of the electrons. 

Thus, at high f i e l d s , a s a t u r a t i o n value of current 
i s a t t a i n e d . This current does not increase s i g n i f i c a n t l y 
with f u r t h e r increase i n the f i e l d u n t i l j u s t before break­
down occurs. 
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N.'6, The high f i e l d c o n d u c t i v i t y measurements were 
performed on brown undoped c r y s t a l s . I n f i g u r e 5 .11 

i t can be seen th a t I i s approximately p r o p o r t i o n a l 
to V̂ . A. Rose (R.C.A. Rev. 1 2 , 3 6 2 , ( 1 9 5 1 ) ) proposed 
th a t f o r a t r a p free s o l i d i n which the current i s 
l i m i t e d by space charge I«^V^. indium contacts were 
used. Indium has a low work f u n c t i o n and so the 
contacts could act as e l e c t r o n i n j e c t i n g contacts, 
which would account f o r the apparently small, low f i e l d , 
r e s i s t i v i t y of the sample ( ̂  5 0 i l c m ) . 
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Stannic oxide plates about , 0 ^ cm t h i c k wer^ held i n 
a j i g betv/een indium coated copper surfaces and voltages 
of up to 300 "V applied. A t y p i c a l r e s u l t i s shown i n 
f i g u r e 3 . 1 1 a . The experiment v;as performed i n l i q u i d 
n i t r o g e n , but even so i t i s most l i k e l y that the deviation 
from Ohm's law was due to l o c a l heating of the c r y s t a l . 
No s a t u r a t i o n current v/as noticed before breal^dovm, so no 
c:anelusions could be drawn. 

The breakdov/n f i e l d varied from ..50-75 KV/cm • f o r 
d i f f e r e n t c r y s t a l s . 

5e. Thermoelectric Probe 
One meajis of obtaining a q u a l i t a t i v e estimate of, the 

homogeneity of a specimen i s to use a thermoelectric probe. 
The probe used was e s s e n t i a l l y an e l e c t r i c a l l y heated 
copper rod v;ith a small blunt point at one end that pro­
truded from beyond the i n s u l a t o r y sheath that surrounded 
i t . The copper rod was connected to one side of the 
input to the P h i l i p s microvoltmeter. The other side of 
the input was attached to the back face of the c r y s t a l s 

which vrere coated v/ith'Silver Dag', A diagrain of the 
c i r c u i t i s shovm i n f i g u r e 5 . 1 2 . I f the doping l e v e l 
were uniform throughout the c r y s t a l , no v a r i a t i o n i n the 
voltmeter v/ould be expected as the probe was placed at 
d i f f e r e n t points on the f r o n t face of the c r y s t a l , Vlhcn. 
used on the four antimony doped specimens, only f o r 
specimen 5 was the v a r i a t i o n small ( ^ 1 0 9 ^ ) . The other 
c r y s t a l s shov/ed qu i t e large v a r i a t i o n s (yzOfo), 
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CHAPTER IV 

DISCUSSIONS AND CONCLUSIONS 

Section 1 . Previous Vfork on Stannic Oxide • <, 
l a . Thin Films 

The e a r l i e s t e l e c t r i c a l measurements on stannic oxide 
were made i n 1937 by Bauer ( 8 3 ) . The samples were poly-
c r y s t a l l i n e t h i n f i l m s prepared by the thermal oxidation 
of t i n evaporated on quartz p l a t e s . The s p e c i f i c conduct­
i v i t y of these f i l m s v;as between 10"^ and 3^ ̂  cm"-*-, and 
the m o b i l i t y , from H a l l e f f e c t measurements, f/as between 
0 . 9 and 6 .6 cm^ V"-'- sec"-'-. 

Since then the usual method of preparation has been 
by the h y d r o l y s i s of a s u i t a b l e com-pound of t i n , usually 
stannic c h l o r i d e (Sn ClZj.) i n an alcoholic or aqueous 
hydrochloric acid s o l u t i o n . The s o l u t i o n i s sprayed on 
to a hot substrate. Papers by Aitcheson ( 8 ^ ) , Burkett 
(85 ) and Holland (86) contain d e t a i l s of the production 
of t h i n f i l m s . Mochel ( 8 8 ) discovered that the a d d i t i o n 
of antimony s t a b i l i s e d the f i l m s and gave them a higher, 
and even p o s i t i v e , temperature- c o e f f i c i e n t of r e s i s t i v i t y . 
Stannic oxide f i l m s on a glass base have been manufactured 
extensively as r e s i s t o r s and although there i s extensive 
patents l i t e r a t u r e on the subject, r e l a t i v e l y few 
tec h n i c a l papers have been w r i t t e n . 

Two papers by Ishiguro et a l ( 5 ^ ) and Imai ( 8 8 ) report 
e l e c t r i c a l and o p t i c a l measurements a© both undoped and 
antimony doped t i n oxide f i l m s . Aral ( 78 ) i n t e r p r e t s 
these r e s u l t s and h i s own, proposing a t e n t a t i v e bojid 
scheme. Among the conclusions of these papers, v;as that 
the predominant s c a t t e r i n g mechanism at room temperature. 
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even i n the undoped c r y s t a l s , was that of ionised 
i m p u r i t i e s , 

M i l o s l a v s k i i and Lyashenico ( 6 2 , 89 , 90) performed 
s i m i l a r measurements e n t i r e l y on antimony doped f i l m s . 
They concluded th a t each antimony ion introduced i n t o the 
l a t t i c e gives r i s e to one donor centre, the depth of v/hich 
they found from o p t i c a l measurements to be 0 .15 eV, 
Reference 90 explains the i n f r a red absorption i n these 
doped f i l m s on the assumption th a t the elec t r o n e f f e c t i v e 
mass varies v;ith the donor concentration. 

The most recent pu b l i c a t i o n s of the o p t i c a l and 
e l e c t r i c a l p r o p e r t i e s of undoped t i n oxide f i l m s have- been 
by Koch (55> 9 1 , 9 2 ) . The e l e c t r i c a l properties of the 
f i l m s were measured between l i q u i d a i r temperature and 
100°C: above t h i s temperature i r r e v e r s i b l e changes took 

place. The antimony doped f i l m s of Arai ( 7 8 ) were stable 
even above 8 0 0 ° C. Koch i n t e r p r e t e d h i s r e s u l t s on the 
theory jfof'.--conduction.- 0. i n polar semiconductors proposed 
by Hoviarth and Sondheimer (20): thus recognising that the 
s c a t t e r i n g was by the polar l o n g i t u d i n a l o p t i c a l mode 
v i b r a t i o n s of the l a t t i c e . A minimum i n the H a l l constant 
at I50OK was discovered. According to the theory of Lev/is 
and Sondheiraer ( 9 3 ) , t h i s coincides with the c h a r a c t e r i s t i c 
temperature of the o p t i c a l phonons. The temperature co­
e f f i c i e n t of r e s i s t i v i t y of the f i l m s did not obey the 
pr e d i c t i o n s of the Howarth and Sondheimer theory. 

I n reference 9 1 , the value of the e f f e c t i v e mass i s 
discussed, A value of O . I7 was deduced from the 
measurement of o p t i c a l dispersion, 

l b . P o l y c r y s t a l l i n e Samples 
Loch ( 9 ^ ) prepared S c i m p l e s of stannic oxide by com­

pressing Sn O2 powder v/ith various proportions of antimony 
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t r i o x i d e (Sb2 O3) to act as a donor impurity. The 
e l e c t r i c a l c o n d u c t i v i t y and Seebeck c o e f f i c i e n t virere measured 
on these samples i n a vacuum. The m o b i l i t y of these speci-
mens was i n the range 10.9-12 cm V sec and i t d i d not 
vary v;ith temperature over the range covered (100-800°C). 
The f a c t t h a t t h i s m o b i l i t y i s very much smaller than the 
values subsequently obtained from measurements on single 
c r y s t a l s i n d i c a t e s that the e f f e c t of grain boundaries and 
other imperfections was:: considerable. I r r e g u l a r i t i e s i n 
the high temperature r e s u l t s were i n t e r p r e t e d as being due 
to the antimony coming out of s o l u t i o n . 

I c . Natural Single Crystals 
There does not appear to be any data published on 

single c r y s t a l s of stannic oxide before those of Kohnke 
(75), v;ho measured the e l e c t r i c a l and o p t i c a l properties 
of good n a t u r a l c r y s t a l s . He found that the a c t i v a t i o n 
energy f o r i n t r i n s i c conduction aboxe 8OO K was 3»05 eV; 
and the energy gaps as obtained from o p t i c a l absorption 
and photo-conductivity were 3.5^ and 3.k^ e'Y-reg|)ecti.vely. 
Room temperature H a l l m o b i l i t i e s varied from 7 to 315 
cm*"!/""' sec ~^ and increased w i t h increasing c a r r i e r 
concentration. 

I d , Synthetic Single Crystals 
Publications on methods of c r y s t a l grov/th have 

already been mentioned i n Chapter 2. 
Nagasav/a et a l (56, 95) have published measurements 

made on si n g l e c r y s t a l s v/hich were gro™ by the hydrolysis 
of stannic c h l o r i d e . Marley and Dockerty (96) have r e ­
ported the r e s u l t s of measurements on several undoped and 
antimony doped c r y s t a l s grovm by the:.heliUm..-flow method 
of Marley and McAvoy (58). These r e s u l t s are discussed 
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Author M a t e r i a l Reference 
Koch Thin Films 55 

• — Imai do. 88 

A A r a l do. 78 

I Ishiguro et a l do. 5^ 
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Van der Maesen do. 97 
and Witmer 

Van Daal and Enz Single Crystal 98 

Marley and fScAvoy do. 45 

N Nagasawa et a l do. 56 

s B BO do. do. do. 95 

Kohnke do, 75 
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Figure 4 . 2 : Temperature v a r i a t i o n of m o b i l i t y of various 
c r y s t a l s as measured by Marley and Dockerty (96)< 
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more f u l l y i n sections 2c and 2 d , 

l e . Summary of M o b i l i t y Measurements 
Figure 4 . 1 shows most of the published r e s u l t s of 

m o b i l i t y measurements on stannic oxide. The r e s u l t s of 
Marley and Dockerty are omitted f o r c l a r i t y and are shovm 
i n f i g u r e 4 . 2 . 

A l l these r e s u l t s show the same general trend. The 
m o b i l i t y increased v/ith increasing temperature up to about 
300°K and then decreases v/ith increasing temperature up to 
the highest temperature (1200°K) at which measurements 
have been made. The notable exception of t h i s i s the 
recent r e s u l t o f Nagasav/a et a l ( 9 5 ) . 

Koch ( 55 ) shows that i f the s c a t t e r i n g i s by. o p t i c a l 
mode v i b r a t i o n s , according to the Hov/arth and Sondheimer 
theory ( 2 0 ) i 

where n i s the c a r r i e r density^ 
His room temperature r e s u l t s approximately obey t h i s 

r e l a t i o n s h i p . The temperature dependence of m o b i l i t y of 
the f i l m s below room temperature i s probably influenced 
more by io n i s e d i m p u r i t y s c a t t e r i n g and so the behaviour 
predicted by t h i s theory i s not observed. 

Section 2 . Va.riation of M o b i l i t y v/ith Temperature 
2 a . Above 500°K 

Figure 3 . 9 shows tha t the v a r i a t i o n , both at low and 
y 

high temperatures, of m o b i l i t y closely obeys a ^ t f T ' 
r e l a t i o n s h i p . The value of x i s d i f f e r e n t f o r each 
specimen at both extremes of the temperature range over 
whicii the m o b i l i t y v/as measured. At high temperature 
the two c r y s t a l s w i t h the highest c a r r i e r densities had 
a value of x tha t was very nearly --g-, • 
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A simple theory of s c a t t e r i n g by o p t i c a l modes states 
th a t f o r high temperatures (kT»hVo ) x = ( 9 9 ) . 
However, t h i s r e s u l t i s obtained using Maxwell-Boltzmann 
s t a t i s t i c s f o r the energy d i s t r i b u t i o n of the c a r r i e r s and 
so i t i s not expected to apply to the degenerate case. I n 
general,for a degenerate semiconductor, a value of x = - 1 
i s predicted f o r a l l types of l a t t i c e s c a t t e r i n g at high 
temperatures except, perhaps i n the case of a many v a l l e y 
semiconductor (see Chapter 1 . Sect. 5 c ) , 

The value of x i s f o r a l l specimens very much greater 
than the - ^ 2 predicted f o r acoustic mode s c a t t e r i n g . Etch 
p i t counts show t h a t the d i s l o c a t i o n density i s several 
orders too small to have any s i g n i f i c a n t e f f e c t . The 
conclusions of Koch ( 55 ) and more recently by Marley and 
Dockerty ( 9 6 ) i n d i c a t e that the important s c a t t e r i n g 
mechanism at high temperatures i s due to polar o p t i c a l 
mode v i b r a t i o n s . The e f f e c ^ maiss ca l c u l a t i o n s of section 
3 o f f e r f u r t h e r evidence i n favour of t h i s . 

I f o p t i c a l mode s c a t t e r i n g i s important i n a polar 
c r y s t a l i t i s necessary to have an estimate of the coupling 
constant (<Xc )(see equation I . I 0 8 ) . Reddaway (100) has 
r e c e n t l y determined by o p t i c a l methods, the v/avelengths of 
the o p t i c a l modes of v i b r a t i o n . He proposes that the 
most important value of \ i s 703cm ; although i f more than 
one mode i s present i n the c r y s t a l a l l modes w i l l give 
some c o n t r i b u t i o n towards the coupling constant. I f t h i s 
value i s used, together with the r e s u l t s that m* = 0 . l 6 m ^ 

(see section 3),Co(,= k (101) and g.̂ , = 2k ( 1 0 2 ) , i n equation 
1,108, , the value obtained f o r o^^ i s 0 , 6 . Higher values 
of \ w i l l produce higher values of . I f © i s taken 
to be 1 5 0 ° K (from reference 55) and 0 = , then 

ofg = 2 . 5 . The true value probably l i e s between these 
values. This means tha t an intermediate coupling theory 
should be applicable. The Howarth and Sondheimer theory. 
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v/hich i s v a l i d f o r e(j^^ , gives at high temperatures, 
X = - 1 f o r both degenerate and non-degenerate semiconductors, 
The observed absolute value of m o b i l i t y i s lower than that 
predicted by t h i s theory. The theory of Lee, Low and Pines 
(equation 1 ,112) f i t s the r e s u l t s quite w e l l q u a n t i t a t i v e l y 
i f a value o f « < t ~ 1 i s used. Their expression also gives 
X = - 1 at high temperatures, although they do not expect 
i t to be v a l i d f o r T y 8 (see reference 23). 

I f the values N j = 10"** , m* = O . l6mo, and6 = 4 are 
su b s t i t u t e d i n t o Mansfieldb equation f o r ionised i m p u r i t y 
s c a t t e r i n g i n a degenerate semiconductor (equation 1 .116) 

a very small value o f ( = 8 cm^ V"'sec"'^) i s obtained. 
I f the s t a t i c d i e l e c t r i c constant (£=24) i s used, the 
r e s u l t w i l l be almost 56 times greater. Hov/ever, the 
r e l a x a t i o n time obtained from equation 1.52 indicates that 
the high frequency d i e l e c t r i c constant should be used. 
I t must also be remembered tha t t h i s equation was obtained 
assuming a non-polar l a t t i c e and i t might be expected t h a t 
the e f f e c t of ionised i m p u r i t i e s v/ould be reduced i n an 
i o n i c l a t t i c e . However, i f t h i s r e s u l t (/*= 8cm*V 'sec"*) 
i s c o r r e c t , and as the Seebeck and H a l l measurements 
i n d i c a t e that a l l the specimens are at le a s t p a r t i c i l l y 
degenerate at high teiiiperatures, most of the current must 
be c a r r i e d i n regions of the c r y s t a l that are not as 
hi g h l y doped as the H a l l measurements i n d i c a t e . 

The thermoelectric probe (Chapter 3 Sect . 5 e ) shov:ed 
tha t there v/as a c e r t a i n ajnount of v a r i a t i o n i n the doping 
l e v e l betv/een d i f f e r e n t p o i n t s on the c r y s t a l s . The mob­

i l i t y of a completely degenerate semiconductor, due to 
ionised i m p u r i t y s c a t t e r i n g , - i s independent of temperature, 
but i f the^re were a gradation of donor density throughout 
the c r y s t a l some regions could become p a r t i a l l y or non-
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degenerate as the temperature was raised. The ionised 
i m p u r i t y component of m o b i l i t y v/ould increase i n these 
regions. I t i s impossible to calculate the exact be­
haviour that such non-uniformities of doping would have 
on the m o b i l i t y but i t would lead to a higher value of x 
than the value of -1 expected f o r the degenerate case. 
For specimen 3 , v/hich was the most evenly doped, x (= -0 .91 ) 

most nearly approached t h i s f i g u r e . 
2b. Below 300° K 

Since the slope of the l o g ^ v s , l o g T p l o t s ( f i g u r e 
3.9) at high temperatures d i d not f i t exactly to any theory, 
to o b t a i n an approximate estimate of the low temperature 
component of m o b i l i t y the f o l l o w i n g procedure was followed. 

The s t r a i g h t l i n e region above 500° K was extra­
polated r i g h t back to 100° K f o r each specimen, using the 
approximate formula quoted i n Chapter 1 (equation 1.5^) 

""yA'opr + ^^Too (4.2) 

(v/here Jdoti the observed m o b i l i t y ; Jbloptwas the high 
temperature component of m o b i l i t y , believed to be at 
le a s t p a r t l y due to s c a t t e r i n g by o p t i c a l phonons; and 
/^ior> was the low temperature component at m o b i l i t y v;hich 
i s shown here to be due to ionised impurity s c a t t e r i n g ) , 
the v a r i a t i o n of ̂ .onwas calculated. The r e s u l t f o r each 
c r y s t a l i s shovm i n f i g u r e 4 .3 . I t can be seen t h a t , 
considering the approximations, the v a r i a t i o n of m o b i l i t y 
w i t h temperature i s s i m i l a r f o r each c r y s t a l . I t also 
approximates to the^^T^'* law expected f o r ionised 
i m p u r i t y s c a t t e r i n g i n a non-degenerate specimen. Also 
shown f o r comparison i s the calculated value of ^ 
obtained from the formula of Brooks (28) and Mansfield 
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.Figure 4 .3: 
Low temperature com­
ponent of m o b i l i t y (.jUion) 
as c a l c u l a t e d (Ch .4 , 
sect. 2b) . 
Key i s the same as f o r 
f i g u r e 3 .9 . 

Temperature 

Figure 4.4: 
V a r i a t i o n of band gap wit h 
temperature as measured by 
Sumraitt and B o r r e l l i . 

Temperature. 
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(29) (equation 1.115) f o r N j =10*^, m*= 0.l6 m„ and 
£ = ̂ , assuming non-degeneracy. The observed behaviour 
i s consistent w i t h the proposal, made i n section 2a, that 
regions of the c r y s t a l s were less h i g h l y do^^ed than others 
cjid behaved non-degenerately, 

2c. B r i e f Discussion of the Results of Marley and Dockerty 
Marley and Dockerty (96) measured the high tenperature 

v a r i a t i o n of m o b i l i t y of one undoped c r y s t a l (specimen 
66-1, f i g u r e k.2c\). The c a r r i e r density of t h i s c r y s t a l 

IS -\ 

was about 10 cm at room temperature. I r r e v e r s i b l e 
e f f e c t s occurred above 500°G i n c r y s t a l s v/ith loi/er 
c a r r i e r concentrations. The value ofxv/as -1.1. They 
used a value of 0 = 300°K i n the Lee, Low and Pines 

formula (equation 1.112) and shovved that i t f i t t e d t h e i r 
r e s u l t s at high temperatures. Lov/ and Pines, i n r e f e r ­
ence 33, do express doubts on the v a l i d i t y of t h i s formula 
when H yO. 

At temperatures less than 300°K, Marley and Dockerty 
obtained values f o r x greater than ^2. This was i n t e r ­
preted i n terms of combined ionised impurity s c a t t e r i n g 
and i m p u r i t y band conduction. 

2d. B r i e f Discussion of the Results of Magasav/a, Shionoya 
and Makishima 

Nagasawa et a l (95) have published preliminary 
measurements of H a l l m o b i l i t y and c a r r i e r density of one 
c r y s t a l betv/een 90°E and 300 K. They also show that a 
curvey^Ji = constant X f i t s t h e i r r e s u l t s over the 
higher end of the temperature range and i n t e r p r e t t h i s 
i n terms of predominantly acoustic mode s c a t t e r i n g , with 
a f u r t h e r c o n t r i b u t i o n due to o p t i c a l modes. Hov/ever, 
i t can be shown tha t the same r e s u l t s f i t a curve 

^^='-c6nst.. :X;exp . ( w h e r e & = 215°K) over the same high 
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end of the temperature range. The deviation from t h i s 
r e l a t i o n s h i p at lower temperature end can be shovm to be 
due to ionised i m p u r i t y s c a t t e r i n g using the some analysis 
as described i n section 2b, 

They quote a value of e f f e c t i v e mass (= O.33mo) which 
v/as obtained from the room temperature Seebeck c o e f f i c i e n t 
assuming acoustic mode s c a t t e r i n g (s i n equation I.69), 
I f o p t i c a l mode s c a t t e r i n g i s assumed is=^ i n equation 
1.69) and the r e s u l t r e c a l c u l a t e d , an e f f e c t i v e mass of 
0.17 m„ i s obtained. This value i s i n good agreement 
wit h the present v;ork. 

Section 3« E f f e c t i v e Masses of Electrons and Holes . 
3a. Electron E f f e c t i v e Mass 

In the simple model of a broad band semiconductor the 
e f f e c t i v e mass of the c a r r i e r s can be considered constant. 
The e f f e c t i v e mass was calculated from the Seebeck r e s u l t s 
f o r specimens 1 - ^ using equations 1.18 and I.69. The 
value of n was obtained from the H a l l e f f e c t . Table ^.1 
sho\/s the Fermi energy (. ) and e f f e c t i v e mass (m*) of 
each specimen f o r o p t i c a l mode (s=^) and ionised impurity 
s c a t t e r i n g (s='/^) f o r temperatures betv/een 300°K and 
1200°K. Table k.2 shows f o r comparison the r e s u l t s of 
the measurements of Seebeck c o e f f i c i e n t near l i q u i d 
n i trogen temperature. 

The most r e l i a b l e r e s u l t s are those obtained from 
specimen 3. Not only was t h i s c r y s t a l large enough f o r 
the holes to be d r i l l e d i n t o i t to accommodate the thermo­
couples i n the Seobeck measurements, but the thermo­
e l e c t r i c i)robe i n d i c a t e d that i t had a f a i r l y uniform 
c a r r i e r density. I f o p t i c a l mode s c a t t e r i n g i s assumed 
fo r a l l T, the r e s u l t s show a f a i r l y _ constant value of 
e f f e c t i v e mass, averaging O.I6 m̂ . The same r e s u l t i s 
also obtained f o r the f i r s t measurement run on specimen k, 

(see Chapter 3, sect. 3d). Measurements on both these 
c r y s t a l s were along the a-axis. 



Table ^.1 

E f f e c t i v e Mass and Fermi l e v e l of Antimony 
Doped Crystals 
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ST°K 
s \ 

300 4oo 500 600 700 800 900 1000 1100 1200 

Specimen 
1 

^ f 
(ev. 

0.30 0.35 0.41 0.45 0.48 0.52 0.56 0.60 0.64 0,68 

Specimen 
1 

^ f 
(ev. 

3/ 
2 0.46 0.50 0.58 0.64 0.71. 0.78 0.85 0.92 0.99 1.05 Specimen 

1 
0.24 0.20 0.18 0.16 0.15 0.14 0.13 0.12 0.11 0.10 

Specimen 
1 

0.l6 0.l4 0.12 0.11- 0.10 0.09 0.08 0.08 0.07 0.07 

Specimen 
2 

^ f 
0.12 0.12 0,12 0.12 0.12 0.12 0.12 0,12 0,11 

Specimen 
2 

^ f 0.19 0.21 0.22 0.22 0.24 0.24 0.26 0.26 0,27 Specimen 
2 

m* 
mo 

2" 0.12 0.11 0.11 0.11 0.10 0.10 0.09 0.09 0.09 
Specimen 

2 
m* 
mo 3/, 0.08 0.07 0.07 0.07 0.06 0.06 0.05 0.05 0.05 

. 

Specimen 
3 

^ f 
(ev) 

1 2 0.04 0.04 0.04 0.05 0.01 -0.01 -0.02 -0.04 -0.05 -0.06 
. 

Specimen 
3 

^ f 
(ev) O.OB 0.10 0.10 0.10 0.10 0.09 0.08 0.07 0.07 

. 

Specimen 
3 2 0.17 0.17 0.16 0.16 0.16 0.16 0.16 0.15 0,15 

. 

Specimen 
3 

0.11 0.09 0.08 0.08 0.08 0,08 0.07 0.07 ' 0.07 

Specimer 
k 

^ f (ev) 

1 2 0,04 0.02 -0.01 -0.03 -0.05 
Specimer 

k 

^ f (ev) o.o8 0.07 0.05 0.03 0.02 Specimer 
k m* 

mo 
1 2 0.13 0.12 0.14 0.16 0.16 

Specimer 
k m* 

mo 
0.07 0.07 0.08 0.09 0.08 



Table h,2. 

E f f e c t i v e Mass and Fermi l e v e l as 
measured near 100° K. 
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Specimen 1 2 5 

13 29 

s 2 
•1 
2 

3/3 

^£ 0.39 0.29 0.17 0.13 0.05 0.08 

1 " I 

4Ho. 

0.17 0.08 0.1^ 0.11 0.19 0.13 
1 " I 

4Ho. 



86 

The r e s u l t s of specimens 1 and 2 are a l i t t l e more 
d i f f i c u l t to i n t e r p r e t . These c r y s t a l s were measured along 
the c-axis. Specimen 2 shows a constant value of over 
a wide range of temperature when o p t i c a l mode s c a t t e r i n g 
i s assumed. The average value of m* i s O.IOm^. This 
value i s also approached by the r e s u l t s from specimen 1 at 
high temperatures, where i t might be expected that 
s c a t t e r i n g by o p t i c a l phonons v;ould be more important than 
at tlieoloiverirtemperatures. I f ionised impurity s c a t t e r ­
i n g i s assumed at room temperature f o r specimen 1,m*= 0.l6m^. 
This i s i n agreement wi t h the value obtained f o r specimen 3« 

I n Chapter 1, section 1u, i t was seen that the band 
need not be parabolic and furthermore Chapter 1 section 1w 
showed that the band could be d i s t o r t e d by the presence of 
an overlapping i m p u r i t y band at high impurity concentrations. 
I f t h i s was occurring i n specimen 1 , v/e might expect the 
high temperature r e s u l t s to give the nearest value to t h a t 
expected f o r the undistorted conduction band. This i s 
because the number of i m p u r i t y states depends on the 
number of i m p u r i t y ions present i n the c r y s t a l and t h i s i s 
constant; xvhereas the e f f e c t i v e density of states i n the 
conduction band i s p r o p o r t i o n a l to T . So the r a t i o of 
the number of states i n the conduction band to the number 
of i m p u r i t y states i s increased as .the temperature i s 
increased. 

On t h i s reasoning i t could be argued that there i s a 
v a r i a t i o n of e f f e c t i v e mass w i t h c r y s t a l l o g r a p h i c d i r e c t i o n . 
This has not previously been reported i n l i t e r a t u r e and i t 
i s probably' safer at t h i s stage to explain the discrepancy 
i n terms of the inhomogeneities detected i n these h i g h l y 
doped specimens. 

3b. Conclusion 
I t has' already been stated i n section 1a that Koch 
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had obtained a value of m' = 0.17ni6 from o p t i c a l measure­
ments. Section 2d showed that the r e s u l t s of Nagasawa et 
a l could be r e i n t e r p r e t e d to give the same value. Marlcy 
and Dockerty (96} give no d e t a i l s ^ but state that measure­
ments of the Seebeck c o e f f i c i e n t on t h e i r c r y s t a l s give 
values of m* betv/een 0.12 m, and 0.18 m„ . The present 
r e s u l t s give a most r e l i a b l e value of m*= 0.16 m̂  or 
0.17 m̂  • Further experiments should be performed to 
determine whether the electron e f f e c t i v e mass i s anisotropic 
as suggested i n section 3a. 

3c. Forbidden Energy Gap 
Summitt and B o r r e l l i (103) have recently determined 

the band gap of stannic oxide from o p t i c a l measurements 
over a v;ide range of temperature. Figure 4.4 shows the 
curves they obtain f o r l i g h t polorised perpendicular and 
p a r a l l e l to the c-axis. The lov/er of these i s considered 
as i t would have the greatest e f f e c t on the.intrLhsic con­
d u c t i v i t y . 

Above 200°K the curve f o r the v a r i a t i o n of E v/ith 
temperature i s a s t r a i g h t l i n e , and so the energy gap may 
be v / r i t t e n as 

= Eo XT, (4.3) 

where E „ i s the extrapolated value of the band gap at 
0°K (=3.8 eV) and V i s a constant. 

Comparing equations 1.20 and 1.21 v/ith 3.1 i t can 
be .seen that 

<r = B exp-(||5-) ' (4.4) 
/ • 

s u b s t i t u t i n g f o r E^ from 4.3 

^ = B exp^(^°^ B' exp(-ggg^)(4.5) 

where b ' = ( N p ) * e^ exp , 
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lb 3/ 
The product (N^ Ny ) i s pr o p o r t i o n a l to T * and 

section 2a shows tha t the expected v a r i a t i o n ot/*- f o r a 
nondegenerate c r y s t a l i s as T~' . Thus B i s approximately 

'/a. -1 
pr o p o r t i o n a l to T . On the slope of log d-.-VS T"r Vbett^een 
500°K and 1000°K, t h i s would malce only a small difference 
equivalent to 0 .08 e V (or y/o) on the measured a c t i v a t i o n 
energy which would otherv/ise be equal to E^ . The measured 
value of E at^ was 3.04 eV (Chapter 3 sect.2c). The t h i r d 
f i g u r e i s not s i g n i f i c a n t , so the energy gap at 0°K (E<> ) 
as measured i s 3 .0 eV. This i s somewhat lower than the 
value of Siimmitt and B o r r e l l i , although the r e s u l t obtained 
on the chromium doped c r y s t a l (3.7 eV) i s very much nearer 
t h e i r value. I t i s usual f o r the energy gaps i n a polar 
semiconductor, as determined by o p t i c a l and e l e c t r i c a l 
methods, to be s l i g h t l y d i f f e r e n t . 

3d. Hole E f f e c t i v e Mass 
By making various assumptions and using the r e s u l t s 

a v a i l a b l e , i t i s possible to obtain an estimate of the hole 
e f f e c t i v e mass from equation 1.22. I n aja i n t r i n s i c semi­
conductor n = n, and a value of n i s obtained using the 

e J h e ^ 
values(J'=2.10' (from curve 2,figure 3.2, at 1000°K) and 

= 5 0(from specimen 3 f i g u r e 3 . 9 , at 1000°K) i n equation 
1.51 . I f a value of Eq = 3 .0e V i s used and also the value 
of y (= 1.2.10"^ eV/°K) obtained from Summitt and B o r r e l l i , 
the value of the band gap (E ) at 1000°K i s 1.8 eV. I f 

S 
t h i s f i g u r e , and the value obtained f o r the electron e f f e c t -
mass ( m* = 0.l6m^) i s now s u b s t i t u t e d i n t o equation 1.22 
the hole e f f e c t i v e mass i s found to be 19ni . This i s 

o 
l i k e l y to be a lower l i m i t . I f the value of band gap at 
1000°K obtained by ex t r a p o l a t i n g Summitt and B o r r e l l i ' s 
r e s u l t s i s used (Ej= 2.6 eV), then = 55*^0. 

Such a high e f f e c t i v e mass would explain why p-type 
m a t e r i a l of high c o n d u c t i v i t y has not been produced. 
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3e. Impurity Levels 
The brown undoped c r y s t a l s had an a c t i v a t i o n energy 

of 0.94 The comparison of equation 3-1 and equation 
1.24 shows t h a t i f the number of acceptors i s small, t h i s 
should correspond to the depth of the donor l e v e l s below 
the conduction band. I f the number of-acceptors i s la r g e , 
then Ej, = ̂  E^ct = 0,47 cV (equation 1.26). I t i s 
believed t h a t the donor l e v e l s i n these c r y s t a l s are 
created by oxygen vacancies i n the l a t t i c e as they only 
occur i n c r y s t a l s that were quenched from a high temperature 
or eoo.led i n the absence of oxygen. However, since the mass 
spectrographic analysis (Table 2.5) showed that the largest 
s i n g l e i m p u r i t y i^as aluminium, and being a group I I I . 
element i t would act as an acceptor i f i t replaced t i n ' i n the 
staiinic oxide l a t t i c e , the l a t t e r case should not be 
ignored. 

Houston and Kohnke (104) have determined several 
defect l e v e l s i n Sn 0^ c r y s t a l s by measuring the thermally 
excited photocurrent. Among these are l e v e l s at, 0.52 
and 1.0 eV which are both near to the possible posi t i o n s 
of the donor l e v e l . 

The brown c r y s t a l s shov/ed a f a i n t luminescence i n the 
yellov;. The t r a n s i t i o n observed was probably the sane 
one that gave a pealc at 0,49 ̂  (2.5 eV) i n the flame 
fus i o n v;hiskers (figure- 3-10), This v/as observed at 
l i q u i d n i t r o g e n temperature v/here the band gap might be 
expected to be near 3.0 eV (see section 3c) or 3,6 eV 
(reference 103). So there i s a p o s s i b i l i t y that t h i s 
t r a n s i t i o n corresponds to one bctv/een the donor l e v e l and 
the valence band. I t i s , howsver, d i f f i c u l t to r e l a t e 
the defect l e v e l s proposed by Houston and Kohnke v/ith the 
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t r a n s i t i o n s observed from the s p e c t r a l d i s t r i b u t i o n of the 
luminescence. 

The t h e o r e t i c a l value of the f i r s t ionised p o t e n t i a l of 

a donor, based on the Bohr model of the Hydrogen atom, i s 
given as 

_ 2 7T^a*e^ _ 13.6 (m* .) ^ 

Using the values of m* = 0.l6m^ and € = k, then E =0.136eV. 
This i s close to the value obtained by M i l o s l a v s k i i and 
LysLshenko (89) f o r the depth of the donor l e v e l s i n antimony 
doped f i l m s (O.I5 eV). 

Section 4. Thermoelectric Figure of Merit 
^a. '̂'Q' Product 

The values of o<'"<r f o r the four c r y s t a l s are d i r e c t l y 
obtainable from the values of Seebeck c o e f f i c i e n t and 
e l e c t r i c a l c o n d u c t i v i t y reported i n Chapter I I I . The v a r i ­
a t i o n of o(V v/ith temperature f o r each specimen i s shovm i n 

f i g u r e ^.5a. Even at high teraperatures the magnitude of 
t h i s product i s an order of magnitude lower than the best 
high temperature thermoelectric materials known today. 
Ge-Si a l l o y s , ii^hich are among the best, have a value of 

o ( V = 2.5.10"^ at 900°K. 
The value of •<*<r should vary v/ith the degree of doping. 

For each temperature there w i l l be a doping l e v e l f o r which 
t h i s product w i l l have a maximum value. 

4b. Thermal Conductivity (K) 
Unfortunately no r e s u l t s of measurements of the thermal 

c o n d u c t i v i t y of stannic oxide single c r y s t a l s have been 
_ i 

published. A value f o r ceramic material of 57.10 c a l 
cm~'*'"°C ~'sec"' (O.OI36 watts cm~^ °C "') i s reported by 
Marley and McAvoy (45). This i s of the same order as 
thermoelectric materials such as bismuth t e l l u r i d e (105) 
(0.015 watts cm" ^ °C'') and lead t e l l u r i d e (IO6)(0.025 
watts cm~^°C~' ),although i t i s possible that the single 
c r y s t a l would have a higher value. 

The Handbook of Chemistry and Physics (107) also 
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ô  

u •o c O 
U 
E 
(U 
[-

Ho' 

1-6 

.* • 
/ 

/ 

I I 

lOOO 
I Temperature \ 



91 

quotes r e s u l t s for the thermal conductivity of ceramic Sn 0 
I t does so for three d i f f e r e n t temperatures. These r e s u l t s 
are shown i n f i g u r e 4.3b. Since the e l e c t r i c a l conductivity 
of ceramic Sn 0^ i s u s u a l l y very low, i t was assumed that the 
values given were due e n t i r e l y to the l a t t i c e component of 
thermal c o n d u c t i v i t y . 

The e l e c t r o n i c component (J(^) was c a l c u l a t e d from 
equations I . 5 8 and I . 6 0 , The values of -K̂  for other 
temperatures v/ere c a l c u l a t e d -̂ nn nthnm •Yiiiirprr-rmraei?- assuming 
that Ki.'C T'* (see Chapter 1, Sect. 2f).. The t o t a l expected 
thermal c o n d u c t i v i t y at each temperature v/as found by adding 
the two components (equation 1.64). The r e s u l t s are shov/n 
i n f i g u r e k.yo. 

4c. Figure of Merit ( Z ) 
The estimated of the value of Z and i t s temperature 

v a r i a t i o n v/as made by simply combining the r e s u l t s plotted 
i n f i g u r e s 4 . 5 a and 4 , 5 6 . Although t h i s value of Z i s an 
order of magnitude smaller than the best known thermo­
e l e c t r i c m a t e r i a l s , i t i s comparable with such m a t e r i a l s as 
the I I I - V compounds I n Sb and I n As (I08), 

4d. Conclusion 
The above res u l t s , c o u p l e d v/ith the f a c t that no p-type 

m a t e r i a l of high con d u c t i v i t y has yet been obtained,suggest 
that i t i s u n l i k e l y that s t a n n i c oxide would be a goo*d 
m a t e r i a l f or a.ny p a r t i c u l a r thermoelectric a p p l i c a t i o n . 

S e c t i o n 5 . Summary and Suggestions for Further Work 
Although the technology of manufacturing s t a b l e t h i n 

f i l m s of s t a n n i c oxide has been developed for many years, 
i t i s only r e c e n t l y that any s c i e n t i f i c p u b l i c a t i o n s on 
the p r o p e r t i e s of the m a t e r i a l have been made. Good s i n g l e 
c r y s t a l s of sta n n i c oxide have now been grô m̂ by various 
v/orkers (50 , 56 , 58 and 60) so the f i e l d i s nov/ open to 
qu a n t i t i v e study. Even so there are s t i l l many d i f f i c u l t i e s 
to be overcome. I t i s d i f f i c u l t to malte low noise, ohmic 
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contacts to the c r y s t a l s and these are essential f o r r e l i a b l e 
H a l l measurements. Although there i s no information on the 
homogeneity of doped c r y s t a l s grov/n by other v/orkers, the 
present work shows that u n i f o r m i t y of doping i s d i f f i c u l t 
to achieve. 

I t appears tha.t s c a t t e r i n g by l o n g i t u d i n a l o p t i c a l 
polar modes i s the predominant mechanism i n l i m i t i n g the 
m o b i l i t y of electrons at high temperatures. Unfortunately, 
there i s as yet no polaron theory that claims to be v a l i d 
at high temperatures. The c h a r a c t e r i s t i c temperature of^ 

the o p t i c a l mo.de v i b r a t i o n s has not yet been determined 
v/ith any c e r t a i n t y , but values of 150°K (55), 500°K (96), 
196°K and 4l4^K (103) have been used to explain experi­
mental r e s u l t s . 

A l l methods of c r y s t a l grov/th require a high tempera­
t u r e . This r e s u l t s i n a high defect concentration i n the 
c r y s t a l s and means that the e f f e c t of the o p t i c a l mode 
s c a t t e r i n g at low temperatures i s masked by the i m p u r i t y 
s c a t t e r i n g . I f c r y s t a l s of low defect concentration 
could be produced i t night be possible to confirm one of 
the expressions proposed f o r polaron m o b i l i t y (24, 25, 26), 
and also to obtain accurate values for<<<.and & . The 

recent c r y s t a l s of Nagasav/a et a l (56, 95) v/hich show a 
m o b i l i t y which increases w i t h decreasing temperature down 
to 100°K may possibly be used f o r t h i s type of measurement. 

Although as a thermoelectric material stannic oxide 
may not be p a r t i c u l a r l y i n t e r e s t i n g , f u r t h e r more precise 
work on the conduction mechanism could be p r o f i t a b l e . I t 
would be i n t e r e s t i n g to obtain much more information on 
the nature of the valence band. 

Electron parajnagnetic resonance studies on doped and 
undoped c r y s t a l s could y i e l d i n t e r e s t i n g r e s u l t s . An un­
doped c r y s t a l showed many u n i d e n t i f i e d l i n e s when examined 
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at room temperature. At l i q u i d helium temperatures i t 
may be possible to l e a r n something from the f i n e s t r u c t u r e 
of such l i n e s and to r e l a t e some of them to various types 
of defect. 

There, has been a small amount of work on the photo­
c o n d u c t i v i t y of stannic oxide but very l i t t l e i s yet known 
about the e f f e c t of various i m p u r i t i e s on t h i s phenomena. 
The present work has also shown that there i s luminescence 
i n stannic oxide prepared by some methods. I t would be 
i n t e r e s t i n g to discover the types of defect responsible 
f o r the various t r a n s i t i o n s . 

At present, the only commercial i n t e r e s t i n stannic 
oxide i s as a t h i n f i l m r e s i s t o r , or as a transparent 
conducting f i l m ; but as a-material very l i t t l e i s knov/n 
about some of i t s most basic properties and i t could 
provide t o p i c s of research f o r majiy years to come. 
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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 coetBcients leads to an average 
electron effective mass of 013 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 previous 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 eff"ective mass 
of 0-3 WQ. More recently, Summitt and Borelli (1965) obtained a value of 0-14 WQ 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. 

UntU 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 SnCl4 
with H 2 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 

arrangement is shown in figure 1. The starting material was 5N pure tin. The gas 
supplies were regulated to give a constant flow in the range 100-150 cm^ niin~^ for the 
argon and 20-40 cm'* min-^ for the oxygen. The crystals grew on the muUite 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 containiiig metallic antimony. By this 
method crystals up to 1-5 mm x 1-5 mm 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 c axis with end and side faces of the form (101) and (110). 
Some rods, however, grew with the c axis perpendicular to their longest side. These were 
hexagonal in cross section with faces of the form (Oil) , (010) and (110). The rods which 
grew parallel to the c 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 weU-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. Ai r 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 sihca capillary tubing. A n 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°K 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. 

I t is clear f rom the magnitude of the Seebeck effect that both samples are at least partially 

Table 1. Electrical properties of doped Sn02 

Temperature (°K) 
R{cm^ C-i) 
n (carriers/cm^) 
<7(n-i cm-i) 
^(cm^v"^ sec-i) 

Specimen 1 
77 

7- 2.10-2 
8- 7.10" 

1-33.10' 
96 

Specimen 2 
293 

7- 1.10-=' 
8- 8.10i» 

1-22.10' 
87 

77 
0-79 

8-0.10i» 
79 
62 

293 
0-80 

8-2.10" 
87 
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 

a = nefi (2) 

where n in this case is constant, log /x was plotted against log T (see figure 2). The curves 
approximate closely to ccT-'^l^ at the higher temperatures, confirming that the scattering 
is by optical modes. 

200 

ISO 

100 

50 

Specimen 
8-8 X 1 0 " 

Specimen 2 
/)-8-2 x l O " 

77 100 200 500 1000 
r c'K) 

Figure 2. Plot of mobility against tempera­
ture. The broken lines represent /iozT~^l^. 

Specimen 2 

> ^ Specimen I 

0 300 500 750 1000 1250 
r (°K) 

Figure 3. Plot of Seebeck coefficient against 
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. I n 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 Vs (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 

„ _ , ^ f(̂  + l )F«+3 /2 (7?) J 

(. + f ) W ^ ) ~ T 
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 = (47r/A3) (2m*kTf/' F M (4) 

where -q is the reduced Fermi level {E^/kT), e the electronic charge, m* the effective mass of 
the electrons and h is Planck's constant. 

A t the lower temperatures, at least part of the scattering will be due to impurities. 
Ionized impurity scattering would mean that j = f should be used in equation (3). Using 
the (log /J., log T) plot, the values of jxccT-^l^ at high temperatures were extrapolated back 
to the low-temperature region. Assuming that this extrapolation gave values of the 
component of mobility ^̂ opt due to optical mode scattering, the component in due to 
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impurities was then derived f rom 
/xm-i = M r ' + Mopt-^ (5) 

where /xm is the measured value as in figure 2. I t was found that, at low temperatures, [n 
was approximately proportional to T^'^ for both samples, confirming that there is a con­
tribution f rom ionized impurity scattering. 

I t 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 f rom 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 ~ 8-2 X 10̂ ^ carriers/cm^) the (incorrect) assumption of optical 
mode scattering {s = throughout the temperature range leads to a value of m* = 0-11 
at 300°K, falling to 0-lOmg at 1300°K. Assuming wholly ionized impurity scattering at 
300°K (s = I ) , m* = 0-07 is obtained. Since /xm is 75 % of ^opt at 300°K, m* must be 
nearly equal to 0-10 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 mo at 300°K, falling to 0-10 at 1100°K. 
With 5 = I at 300°K, m* = 0-12wo. Here jum is 91 % of fioptl m* is therefore clearly 
greater than 0-12 /MQ at 300°K and probably near 0-17 /MQ. 

The value of m* at 100°K for specimen 1 was found to be 0-19 W Q assuming s = ^ and 
0-14 ntQ assuming s = f. Here /xm is 50% of /xopt and again m* must therefore be near 
0-17 W Q . There is thus an indication that m* decreases above room temperature in this 
sample. I t should, however, be noticed that due to the nature of expression (3), for low 
values of a, small variations in a lead to large variations in the value of TJ, and hence m*, 
obtained. I t 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*/mo are shown in table 2 and their mean is 0-13. 

Table 2, Thermoelectric properties and efifective mass 
Temperature ( ° K ) 100 300 1100 
Specimen 1 2 1 2 1 2 
a(/ivdegc-i) 13 42 104 72 214 
a^ff 2-1.10-» 9-5.10-' 3-6.10-« 2-7.10-' 
m*lmo 017 017 O i l 010 010 

As regards thermoelectric applications, the values of a^a at 300 and 1 100°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^a of 
the order of 2-5 x 10-^ at 900°K, considerably larger than those in table 2. So far the 
therrnal conductivity has not been measured for SnOa in this laboratory, nor have highly 
conducting samples of p-type material been prepared. 
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