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ABSTRACT 

The photoconductive and luminescent properties of cadmium sulphide have 

long been of i n t e r e s t , and have only been studied extensively since 1947 when 

Prerichs reported a convenient method of preparing small single c r y s t a l s . 

The properties of the material are summarised i n Chapter Two of t h i s t h e s i s , 

following an outline of the e s s e n t i a l theory of e l e c t r i c a l conduction i n 

semiconductors. 

Conventional methods of single c r y s t a l preparation such as growth from the 

melt or from solution are not practicable with cadmium sulphide and most 

measurements have been made on small plates or rods grown by sublimation in a 

flow of c a r r i e r gas. However the preparation of large single c r y s t a l samples 

i s desirable for certain measurements, e,g. Hall effect measurements, and -

es s e n t i a l i f recent applications such as gamma-ray detectors or ultrasonic 

amplifiers are to be pursued. Various methods of growing large single 

c r y s t a l s by sublimation have been reported, and these are reviewed i n Chapter 

4, However c r y s t a l s produced by similsu* nsbhods can show marked differences i n 

t h e i r properties. The r e s i s t i v i t i e s of c r y s t a l s as grown can be as high as 

10^^ ohm-cm,, or as low as 1 ohm-cm,, with wide veiriations i n the c a r r i e r 

mobility. Close control of the properties of the material produced i s 

e s s e n t i a l f o r any p r a c t i c a l application or for any detailed study of the 

material i t s e l f . 

The work which forms the basis of t h i s t h e s i s therefore consists of an 

investigation into the f e a s i b i l i t y of growing large single c r y s t a l s by 

several methods. The effect on the resultant properties i s observed when 

parameters such as the growth temperature or the p a r t i a l pressures of the 

components are a l t e r e d . The s u i t a b i l i t y of various starting materials i s 



also discussed. 

The conclusions from the present work are that departures from 

stoichiometry i n the growth system are responsible for much of the d i f f i c u l t y 

i n preparing large single c r y s t a l s of good quality at low temperatures 

(~1050°C). Further, at the present time the properties of the as-grown 

material are controlled "by departures from stoichiometry rather than by 

contamination from chemical impurities. 

The f i n a l section of the t h e s i s indicates which of the reported methods 

i s most suitable for small-scale production of large single c r y s t a l s of high 

r e s i s t i v i t y cadmium sulphide. I t also described a growth method embodying 

the conclusions drawn from the present work as a basis for further study. 



1. 

CHAPTER 1 

THE THEORY OF CONDUCTION IN CRYSTALS 

1 . 1 Bonding 

1 . 1 . 1 Introduction 

Crystals are regular three dimensional arrays of individual atoms 

bound together by inter-atomic forces. The binding force i s usually 

e l e c t r o s t a t i c i n nature, but the exact nature of forces acting can be 

of several forms. Only the p r i n c i p a l "types of bonding w i l l be discussed. 

1 . 1 . 2 Coulomb or Ionic Bonding; 

I n ionic bonding the forces between atoms of the molecule arise 

from coulombic a t t r a c t i o n . The atoms are ionised so that the electronic 

structure of each atom consists of closed shells. An example is sodium 

chloride, Na''"Cl~. The 3 s electron from the sodium atom i s transferred 

to the lower energy 3p s h e l l of the chlorine atom, leaving each ion vdth 

an overall charge. Coulorabic a t t r a c t i o n then draws the ions together; 

the equilibrium separation between the ions i s that at which the attrac­

t i o n force i s balanced by the strong repulsive forces as the electronic 

space clouds of the ions begin to overlap. The repulsive forces become 

large only at small separations so that the binding energy of an ionic 

c r y s t a l i s large. Each ion tends to surround i t s e l f with as many ions 

of the opposite charge as possible, which leads to either the rocksalt 

or caesium chloride structure. 

1 . 1 . 3 Metallic Bonding 
In metallic bonding the electrostatic a t t r a c t i v e forces are between 
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the f i x e d metal ions, which are p o s i t i v e l y charged, and a 'sea' of free 

electrons d i s t r i b u t e d throughout the crystal. The att r a c t i v e force i s 

again large and the strong binding usually results i n the formation of 

a close packed structure, either hexagonal or cubic. 

1 . 1 . 4 Coyalent Bonding 

Mutual sharing of electrons between two adjacent atoms leads to a 

reduction i n energy and hence a bonding force. V/here two atoms share 

an electron p a i r the bonds are p a r t i c u l a r l y stable and are ]aiown as 

covalent bonds. ' .' Examples of such bonds are to be found i n the group 

IV elements, which have four outer electrons. I n germanium, s i l i c o n 

and diamond crystals each atom i s linked by a covalent bond to each of 

i t s four nearest neighbours arranged tetragedrally around i t to fom the 

face-centred cubic diamond l a t t i c e . 

1 . 1 . 5 Mixed Bonding 

I t shoxxld be emphasised that i n general the binding between the 

atoms i n a s o l i d can be a combination of several types of bond. Compounds 

such as l i t h i u m f l u o r i d e , LiF, can be regarded as dominantly ionic, and 

s i l i c o n , germanium, and possibly indium antimonide as covalent, but the 

nature of the bonding i n intermediate compounds i s not always obvious. 

This i s p a r t i c u l a r l y true i n the case of the I I - V I compounds (CdS,ZnS,etc.) 

where the bonding can only be regarded as a mixture of covalent and ionic. 

Determination of the degree of i o n i c i t y i s d i f f i c u l t . A guide can be 

obtained from the electronegativity of the constituent atoms; the greater 

the difference between the electronegativities the more ionic the bond. 

The degree of i o n i c i t y i s also indicated by the manner i n which some 
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materials cleave. Perhaps the best infonnation can be obtained from a 
study of the l a t t i c e ^ b s o r p t i o n , by applying the Szigeti relations^ , 
1.2 Band Theory 

1 . 2 . 1 Introduction 

To discover the effe c t on the allowed electronic energy levels 

whin in d i v i d u a l atoms are combined to form a s o l i d , there are two important 

approaches withi n the framework of the one-electron approximation. In 

the f i r s t , the effect on the electronic levels of one atom when other 

atoms are brought near i s discussed. This i s called the Valence Bond 

Model or Tight Binding Approximation, I n the second, the Band Theory or 

Zone Theory approach, the possible levels available to an electron moving 

i n the periodic potential of the ions i n the l a t t i c e of a s o l i d are 

evaluated. 

1 . 2 . 2 Tight Binding Approximation 

The potential energy of an electron bound to an ion by coulombic 
Ze^ 

forces i s ^ where Z i s the effective charge on the ion; e the 

electronic charge, €Q the p e r m i t t i v i t y of free space and r the separation 

between the electron and the nucleus. Solution of the Schrodinger wave 

equation f o r an electron i n such a potential f i e l d shows that the only 

allov/ed energies f o r the electron are a series of discrete energy levels. 
(For the hydrogen atom the levels are given by E = — - r ~ ). 

n^h^ 

i n a second atom isolated from the f i r s t the energy levels would be 

i d e n t i c a l with those of the f i r s t , or degenerate (indistinguishable). 

I f the distance between the atoms were reduced, the electrons v/ould be 

under the influence of a t t r a c t i v e forces from both nuclei, and repulsive 
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forces between the electron clouds. The outer electron energy levels 
v/ould be s p l i t into tvio adjacent levels, analogous to the s p l i t t i n g of 
the resonant frequency when two i d e n t i c a l resonant c i r c u i t s are coupled. 
The degree of s p l i t t i n g depends on the degree of interaction of the 
electron clouds, or the atomic separation. 

For a regular l a t t i c e of N atoms, each energy level w i l l be s p l i t 

i n t o N closely spaced levels, the separation between the levels increas­

ing as the atoms are brought together. For the highest energy levels, 

occupied by the outer or valence electrons, the s p l i t t i n g i s greatest, 

and the levels can be regarded as a permitted band of electron energies. 

The lower levels, corresponding to the more t i g h t l y bound electrons 

shielded by the outer electron shells, show l i t t l e s p l i t t i n g . The effect 

i s i l l u s t r a t e d i n Fig. 1 . 1 . 

The t i g h t binding approximation i l l u s t r a t e s the presence of permitted 

bands of energies f o r electrons i n a s o l i d , and can explain the differences 

between metals, semi-conductors and insulators. I t provides a useful 

introduction to the e l e c t r i c a l and optical properties of solids, but an 

approach incorporating more of the ideas and conditions of v/ave mechanics 

i s necessary f o r a more detailed understanding of such properties. 

1 , 2 . 3 Bend Theory Approach 

The band or zone theory of solids considers an electron moving i n 

the p o t e n t i a l f i e l d due to the c r y s t a l as a whole. I t i s assmed t h ^ t 

the ions are e f f e c t i v e l y at rest. 

The potential f i e l d f o r an electron moving i n an array of positive 

ions i n the l a t t i c e of a metal f o r example i s a series of potential v^ells. 
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Electrons whose energies l i e above the peaks between the vvells are free 
to move through the s o l i d , whereas electrons w i t h lower energies are 
boimd to t h e i r respective ions. The energies of electrons t r a v e l l i n g 
through the crystal w i l l be l i m i t e d to certain permitted bands due to 
inte r a c t i o n with and scattering by the positive ions. 

According to de Broglie an electron can be regarded as possessing 

an associated wavelength \, where X = h/mv = h/p; h i s Planck's constant 

and p the momentum of the electron assumed to be i n free space. The 

electron has associated with i t a wave number vector K, with direction 

that of the electron's velocity, and magnitude K- = 2ir/K . For a free 

electron the electron energy i s 

E = ^ ( 1 . 1 ) 

8jr m 

A p l o t of energy versus K f o r the free electron i s the parabola 

described by equation(L^l) (Fig. 1 ^ 2(a)). Negative values of K represent 

motion i n the opposite sense. The presence of a periodic potential f i e l d 

w i l l introduce discontinuities i n the E versus K curve as shown i n 

Fig, l , 2 ( b ) . 
(2) 

F. Bloch^ ^ has shown how to take account of. the periodic potential 

of the l a t t i c e . For a one-dimensional periodic potential with period d, 

the p o t e n t i a l , V(x), i s such that V(x) = V(x + r d ) , v/here r i s any integer. 

The solution of the Schrodinger equation can then be shown to be of the 

form 
p^^ix) = U^Jx) exT ( i l i x ) ( 1 . 2 ) 

where U,^(x) i s a periodic function of x of period d, and K i s the wave 
K 



0 

(a) 

K 

. E versus K . 

^) free electron: (b) in periodic potential. 

F I G U R E 1.2 
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number vector. A quantity P i s defined as P = lOo/^ir, and i s knovTn as the 

'crystal momentum'. This has many properties of the electron momentum, 

but only reverts to the value of momentum of a free electron f o r V(x) 

constant." . 

¥ave packets made up of functions l i k e those given i n equation (1,2) are 

required to describe the motion of localised electrons. The velocity of 

an electron i s equal t o the group velocity do/dJC, where oo i s given i n 

terms of energy by a)(K) = 27n> = 27rEj^h. 

The velocity v i s therefore ^ = = ' f " • 

However the energy E i s no longer a simple function of K, but depends on 

the form of the periodic potential V(x). ICronig and Penneŷ '̂ ^ discussed 

a model i n which atoms formed square potential wells i n a one^sfdimensional 

l a t t i c e . They showed that the d i s t r i b u t i o n of possible electron energies 

( i ) consists of a series of allowed energy bands separated by forbidden 

regions 
( i i ) the width of the bands increases with increasing crystal binding energy. 

( i i i ) the width of the bands decreases with increasing electron binding 

energy. 

1.2,4 B r i l l o u i n Zones 

The energies that are forbidden correspond to the wavelengths at 

which Bragg d i f f r a c t i o n w i l l occur f o r electrons, considered as v^aves, 

passing through the solid. The forbidden energies w i l l be di f f e r e n t f o r 

electrons t r a v e l l i n g along d i f f e r e n t crystallographic directions, since 

the apparent atomic separation w i l l a l t e r . For example, i n a cubic crystal 



E vs. K for a cubic structure. 

F I G U R E I . 3 
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an electron t r a v e l l i n g i n the 100 direction with a velocity corresponding 

to a wavelength X = 2a w i l l be dif f r a c t e d . I n terms of K, t h i s happens 

at = 7r/a. Similarly, d i f f r a c t i o n occurs f o r K̂ , - it/a.. For an 
7r\/~2 

electron t r a v e l l i n g i n the 110 directions, K^, K̂ ^ or = ^— f o r 

d i f f r a c t i o n to occur. Similar l i m i t i n g values apply f o r any direction 

of t r a v e l . 

The l i m i t i n g values can be plotted on a system of coordinates V7ith 
axes K , K , K known as 'K-space', and the figure constructed from the X y z 
l i m i t s of the f i r s t order d i f f r a c t i o n i s known as the f i r s t B r i l l o u i n 

zone. Y/avelengths < 2a are of course possible f o r electrons with velocities 

i n the 100 d i r e c t i o n , and 2 n d , 3 r d and higher B r i l l o u i n zones caij be 

constructed corresponding to the higher permitted energy ranges. These 

zone boundaries represent the maximum energies that electrons can have 

without.a discontinuity i n energy developing. 

The zones are functions only of structure, and do not depend on 

chemical composition or number of atoms i n the structure. The discon­

t i n u i t i e s f o r any p a r t i c u l a r c r y s t a l direction can be shown on an E versus 

IC plot f o r that d i r e c t i o n , and the energy gap between these permitted 

values i s called a forbidden zone. However the p o s s i b i l i t y that an energy 

forbidden i n one direction may be allowed i n another must not be over­

looked. This i s i l l u s t r a t e d i n Fig. 1 . 3 , which shows S versus K curves 

f o r the 100 and 110 directions, derived from an energy contour diagram 

f o r a cubic structure. 

1 , 2 , 5 Effective Mass m" 
Near the maxima and minima of the allowed energy bands the relation 
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between the energy E and wave vector K changes, and i s appreciably d i f f e r e n t 

from that f o r a free electron. Since K i s proportional to momentum p 

there i s therefore a change i n the r e l a t i o n of electron energy to momentum. 

I t can be shown that, i n a s o l i d , the normal lav/s of motion of particles 

can be applied to the electron provided that the free electron mass m i s 

replaced by an effective mass m . This effective mass i s not necessarily 

constant, and can vary f o r d i f f e r e n t crystallographic directions or electron 

energies. The effective mass is given by 

( 6^Ev 1 , h x2 

f o r a s o l i d vd.th spherical energy surfaces i n K-space. For a free- electron 

t l i i s gives m equal to m as expected, but i n a sol i d m" can be quite d i f f e r e n t 

from m, especially f o r an electron with an energy close to the band edge. 

Hov/ever most of the r e s i i l t s derived i n the free electron model can be 

carried over to the s o l i d provided that the equation ( l . l ) , Ê^ = i s 

replaced by Ê^ = h IC , m then replaces m i n the expressions f o r the 
Q H 2 
Om TT 

Fermi energy, conductivity, and similar cases. 

The value of m i s dependent on the position of the electron i n the 

band and on the way i n which E varies v/ith K. However equation (1.3) 

together with a t y p i c a l E versus ;K curve as i n Fig. 1.2(b); enables a 

q u a l i t a t i v e description of the expected variation of m through a band 

to be made. Electrons v/ith an energy near the band minimum show behaviour 

associated with a positive, almost constant effective mass. As the electron 

passes to higher energies within the band, i t s effective mass increases 

and tends to i n f i n i t y at the point of i n f l e x i o n of the E versus K curve. 



Electrons vdth s t i l l higher energies have an associated negative effective 

mass, increasing from -CB to a small negative value f o r electrons close 

to the top of the band. 

1,2.6 Density of States 

In the foregoing sections the factors governing the possible energy 

bands available t o electrons i n solids have been outlined; T;e nov/ need 

to consider the density of the levels i n these band and t h e i r degree of 

occupancy by electrons. 

For an electron i n a uniform potential well, v/e can apply the Pauli 

exclusion p r i n c i p l e and the uncertainty principle to derive the density 

of levels N(E)dE f o r electrons w i t h energies between EandE + dS. Ue 

have 

N(E)dE = ^ (2mf/^ .E^. dE. (I.4) 
h^ 

An analogous treatment f o r the density of levels i n a B r i l l o u i n zone 

can be performed, although generally elements of K-space rather than 

momentum space are considered. The distrllJution of levels follows that 

f o r the free electron i n i t i e i l l y ; the number of possible elements of It -

space f o r a given value of K increases as K̂ , since f o r low E the surfaces 

of constant energy are spherical. A d i s t o r t i o n of the spherical energy 

surfaces w i l l become apparent near a B r i l l o u i n zone boundary, and as 

higher values of energy' become forbidden i n some directions i n K-space, 

the density of levels w i l l f a l l , becoming zero at the maximum energy of 

the band. Figure 1.4(a) compares the density of energy levels f o r the 

free electron and i n the B r i l l o u i n zone. 



NfE) 

DENSITY OF STATES 

(a) single zone (b) overlapping zones. 

FIGURE I .4-
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The B r i l l o u i n zones, i.e. the volumes i n K-space between successive 

polyhedra denoting discontinuities of energy, are such that each 

B r i l l o u i n zone occupies the same volume. This volume contains levels 

s u f f i c i e n t to accommodate 2N electrons, where N i s the t o t a l nmber of 

atoms i n the cry s t a l . 

1.2.7 Metals. Semiconductors and Insulators 

The presence of bands of permitted energies f o r the higher energy 

electrons i n a s o l i d , and the determination of the density of energy 

levels, allows the obvious differences i n the conduction properties of 

metals, semiconductors and insulators to be explained. I7e s&vi i n 

section 1.2.2 that i n a sol i d of N atoms there v / i l l be N closely-spaced 

energy levels i n an energy band, and each level can accommodate two 

electrons. For an atom with an odd number of valence electrons (e.g. 

L i ; 2Sj,, I s ^ ) only h a l f of the available energy levels i n the highest 

occupied band w i l l be f i l l e d . As a result, electrons i n such a solid 

can be accelerated by an applied e l e c t r i c f i e l d and take part i n con­

duction, since empty, higher energy levels are available. Such a 

material w i l l be a good metallic conductor. 

In a metal such as magnesium with an even number of valence 

electrons per atoms, empty energy levels are s t i l l available to the 

valence electrons since the top of the highest occupied band (3s) over­

laps the bottom of the (3p) band above. The 2N electrons are therefore 

i n a combined band of 2N levels, and empty levels are available to allow 

conduction to take place. 



The density of permitted levels f o r overlapping bands i s shorn i n 

Fig. l . i f ( b ) . Note that the overlap i n permitted energies does not 

occur f o r the same direction i n K-space. 

Wlaere a material has an even number of valence electrons per 

atom, and the highest f i l l e d energy band i s well below the next a v a i l ­

able band (Eg >> K i ) , no empty energy levels are available f o r conduction, 

and the material i s therefore an insulator. 

When, however, the energy gap separating a f u l l band from an empty 

band i s small (< l e v ) , at temperatures above 0°K a few electrons w i l l be 

excited thermally across the gap, so that conduction can take place i n 

both bands. Conduction i n the previously f u l l band via the empty 

energy levels i s best thought of as being due to posit i v e l y charged 

'holes'; similar s t a t i s t i c s can be applied to the holes^are used f o r 

electrons. 

The temperature at which the e l e c t r i c a l conduction becomes s i g n i f i ­

cant depends of course on the magnitude of the energy gap. A sol i d where 

the conduction takes place through thermally generated carriers i s known 

as an i n t r i n s i c semiconductor. The lower, previously' f u l l band i s 

termed the valence band, and the upper band the conduction band. 

1.3 Semiconductors 

Since this thesis i s concerned with cadmium sulphide, a semiconductor 

or serai-insulator, only the properties of semiconductors w i l l be dis­

cussed i n any d e t a i l . The d e f i n i t i o n of semiconductors i s not e;:act.,. 

but semiconducting materials are generally considered to have conductiv­

i t i e s i n the range lO^-lo"'''^ (ohm cm) The term semi-insulator i s 
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sometimes used f o r semiconductors with conductivities lover than about 

10 ^ (ohm-cm) ̂ . 

1.3.1 I n t r i n s i c Semiconductors 

The terra i n t r i n s i c semiconductor implies that the semiconducting 

property i s a characteristic of the pure material. Extrinsic semi­

conductors, which are those where the semiconducting properties arise 

from chemical impurities or from departures from stoichiometiy, w i l l 

be discussed l a t e r . 
less ikan 

In an i n t r i n s i c semiconductor the energy gap must be 03ily a fow 

rS i n order to permit appreciably theimal excitation across the f o r ­

bidden gap. The group IV elements i l l u s t r a t e the d e f i n i t i o n : -
Element Gap Type 

C (Diamond) 7 ev Insulator 

Si 1.1 ev Semiconductor 

G-e 0.7 ev R 

Sn (G-rey t i n ) Very small, +ve 11 

Pb - Metal 

G-rey t i n i s a semiconductor at room temperature; Ge and Si i n a pure 

state are insulators a t room temperature and become ' i n t r i n s i c ' afeove 

100°C. On t h i s scale, pure stoichiometric cadmium sulphide ̂ vith an 

energy gap of ~ 2.4 ev could be regarded as intermediate between a 

semiconductor and an insulator, i,e. a semi-insulator. 
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1.5.2 Femi Level and Free Carrier Density i n I n t r i n s i c Semiconductors 

The density of energy levels available to electrons i n a band was 

evaluated i n section 1.2.6. Since the electrons i n the levels are 

subject to the Pauli exclusion p r i n c i p l e , the probability of a level 

being occupied i s given by the Fermi-Dirac d i s t r i b u t i o n function 

P(E) = ^ (1.5) 
E-E 

e x p ( - ^ ) + 1 

i s a parameter which i s determined so as to normalise the 

d i s t r i b u t i o n f o r the t o t a l nimber of electrons present. I t i s equal to 

the energy at which the pr o b a b i l i t y of a l e v e l being occupied i s 0,5> 

and i s called the 'Fermi Energy Level. ' 

Equation (1.5) can be w r i t t e n as P(E) = f ( ( E - E p A ^ ) , (1.6) 

where f ( x ) = 1 i s the Fermi-Dirace function. (1.7) 
e + 1 

Note that f ( x ) varies from zero through 0,5 to one as E goes from 

E-E^ » kT through E = E^ to E-Ê  « k l . 

For an i n t r i n s i c semiconductor with an energy gap AE, we take as 

E = 0 the bottom of the conduction band. I f N^.^(E)dE i s the density 

of allowed levels i n the conduction band between E and E + dE, then 

the c a r r i e r density i n t h i s energy range i s n(E)dE = 2N^^(E).P(E)dE, 

amd the t o t a l density i n the band from E = 0 to E = Ê  i s 
^ + 

n^ = 2 N^^(E).P(E).dE ( l . 8 ) 

0 

Now providing only a few levels are occupied and we can assume 

spherically symmetric energy bands, N^^(E)dE i s given by ( l . 4 ) . Hence 
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f o r the non-degenerate case, i.e. (E-E^) > 2kT, using (I.4), (1.5) 

and (1.8), and l e t t i n g E^ ->oo. 

h* J exp[(E-^kT]+| (1.9) 

Now using E-E^ » KT, and substituting f o r x = i / k l , 

CD 

h' kT/ exp X 

_ 2(2irnCkT)'^''exp (E./KT) 
(1.10) 

or Rj = N^.exp(Ef/kT) ( l . l l ) 

H.. 2̂ 
v/here = 2(27nnVkT) i s called the effective density of states i n 

h3 
the conduction band. 

Similar s t a t i s t i c s apply f o r the number of vacant levels, or 

holes, i n the valence band due to the excitation of electrons to the 

conduction b'and. As mentioned i n 1.2.7, conduction by electrons i n the 

valence band involving these vacant levels can best be interpreted as 

movement of positive holes. 

The equivalent of (I . 4 ) , or the density of levels, f o r holes i s 

N,k(E)dE 2ir(2m:)^(>AE-E3^.dE (1.12) 
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Pi 
exp[(^-E)/kf[fl 

-00 
and 

(1.13) 

p. = N^exp(-(E^ + A E ) A T ) ^^-^^ 

where N = 2(27nB^^) ^ effective density of states i n the valence 

band. In i n t r i n s i c conduction, the density of electrons i n the conduc­

t i o n band must equal the density of holes i n the valence band. 

Equating p^ and n^ gives from (l.11) and ( l . 14) 

nfAxp(Ef/kT) m * \ x p [ - ( E ^ - A ^ k f 

or E. = ^ _ i . 3 l i T ln(m;^/m?) 
2 4 

Substituting f o r (l . l 5 ) i n ( l . l l ) we have 

(1.15) 

-AE 
2kT 

3_ln /n^' 
4 Imf, 

n, = p. = 2 (airkThmgmirf* exp(-AE/2kT). (1.16) 

1.3.3 Impurity or Extrinsic Semiconductors 

Impurity semiconductors are formed by the addition of small 

quantities of an element int o a s o l i d so that the atomic energy levels 

of the impurity atom l i e i n the energy gap betr/een the valence and 

conduction bands of the solid. I f t h i s energy gap i s very large few 
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i n t r i n s i c carriers w i l l be generated. I f however the highest normally 

f i l l e d electron l e v e l of the impurity atom has an energy only a few KT 

below the bottom of the conduction band, electrons from t h i s 'donor' 

l e v e l can readily thermally excited into the band. A semiconductor 

i n which the carriers are predominantly electrons i s sailed 'n'-type. 

An analogous si t u a t i o n occurs v/hen a normally empty energy level 

due to an impurity atom l i e s a few kT above the top of the f i l l e d valence 

band i n a normally insulating material. Electrons can be excited to 

these 'acceptor' levels to form holes i n the valence band. Mhere 

conduction by holes i s dominant, the material i s termed 'p'-type. Donor 

and acceptor levels can ialso be caused by departure from stoichiometry 

as w e l l as chemical impurities. 

The impurity states can be regarded as localised levels and not 

energy bands since the concentration of the impurity i s low and i n t e r ­

action between the impurity atoms i s therefore small. Vihen the impurity 

concentration is very high, the interaction may not be neglegible, and 

a delocalised band of permitted energies may be formed, allowing move­

ment of electrons and conduction within the so-called impurity band. 

The most f a m i l i a r impurity semiconductors are &e and Si doped with 

group I I I or group V impurities to provide p and n-type conduction 

respectively. A group V atom such as phosphorus incorporated substitu-

t i o n a l l y i n t o a germanium l a t t i c e has f i v e valence electrons, only four 

of which are required f o r bonding to the four nearest neighbours. The 

f i f t h valence electron i s only loosely bound to the phosphorus atom. 
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and can easily be excited thermally and removed int o the conduction 

band of the crystal. The energy needed to release an electron from a 

donor can be calculated by treating the atom and i t s outer electron as 

a hydrogen atom i n a region of the appropriate d i e l e c t r i c constant. 

Such a calculation f o r a group V donor i n Ge indicates a value of 0.01 ev. 

as the depth of a donor level below the conduction band. This value i s 

found i n practice to be a good estimate, although variations from i t do 

occur. 

In the case of a group I I I atom, such as indium, only tliree valence 

electrons are available f o r bonding. The resulting hole i s only loosely 

bound to the indium atom, and can easily be freed thermally to give a 

hole i n the valence band. The group I I I impurities therefore act as 

acceptors i n group IV materials. 

One of the main difference between the elemental semiconductors of 

group IV and the compound semiconductors i s that the l a t t e r contain more 

than one type of atom and departures from stoichiometry can occur. 

Such departures can often have much more effect on the properties of the 

semiconductors than chemical impurities, since departures from s t o i c l i i o -
metry of 1 i n 10 are common, and can lead to c a r r i e r densities greater 

18 3 

than 10 /cm . Overall e l e c t r i c a l n e u t r a l i t y i n the l a t t i c e must s t i l l 

be observed, and departures from stoichiometry are accommodated i n the 

l a t t i c e by a change i n the ratios of Frenkel defects ( i n t e r s t i t i a l s ) 

and Schottky defects (vacancies) of either element. 

An anion vacancy w i l l act as a donor, since the valence electron 

normally sliared by the anion w i l l only be loosely bound to the neigh-
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bouring cations, and can easily be excited from the defect to move 

through the conduction band. Thus a sulphur vacancy i n CdS acts as a 

donor. Similarly a cation vacancy caused by an excess of anions can 

give r i s e to free positive holes at ordinary temperatures. This occurs 

with an excess of S i n PbS. In CdS however, excess S does not give 

ri s e to free holes at room temperatures - the acceptor levels corresponding 

to the cation vacancy are too f a r removed from the valence band to be 

ionised, and are, cjom^Msakd \>y donof%. 

Ions of a d i f f e r e n t valencyftoAthose of the host l a t t i c e can also 

give r i s e to donor and acceptor levels i n compovmd semiconductors as 

well as i n the elemental case. A common example i s chlorine, T/hJLch can 

enter a I I - V I compound as CI , aoBstituting f o r an anion, and release 

an electron to the conduction band. 

1.3.4 Free c a r r i e r density i n impurity semiconductors 

For a non-degenerate s i t u a t i o n , (E - > kT), the number of electrons 

i n the conduction band i s s t i l l given by ( l . l l ) , 

i. e. n - N^exp(E^kT) 

but E^ w i l l now be modified by the extra levels present. Again p i s 

given by (1J4), and 
np = N^N^exp(-AVkT) = n j 

Consider f i r s t an n-type semiconductor with 11^ donors per u n i t 

volume at an energy depth Ej^ below the conduction band; « AE. At 

a temperature high enough f o r the donor levels to be considered as ionised, 

but not too high so that the concentration of i n t r i n s i c electrons n^ 
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i s s t i l l much less than Nj^, we have n ^ N̂ .̂ The fermi level i s 

given i n t h i s situation by n = = exp(E^kT), or 

E^ = kT I n (Kj/N^) (l . l 7 ) 

Note that f o r the assmption of non-degeneracy to hold, we must have 

Njj N^, and lower l i m i t to i s given by the condition li^ » n^, 

or 11^ » (mj^m^)"*. exp(-A]^2kT). In these circumstances the semi­

conductor i s said to be saturated. 

•Where both shallow donors and acceptors are present, under the same 

temperature conditions as above, so that i n t r i n s i c carriers are negligible, 

with Njj >> the fermi l e v e l w i l l be well above the middle of the f o r ­

bidden gap. The acceptor levels w i l l have a high probability of being 

occupied by an electron, since they are well below the fermi l e v e l , and 

the electrons w i l l come from the donor levels. The effective number 

of donors i s therefore Nĵ  - N^, and the fermi l e v e l i s given by 11^ - = 

exp(E/kT). (1.18) 

As -> Njj, the donors are neutralised by the acceptors and the fermi 

l e v e l approaches i t s i n t r i n s i c value. For N^ » Njj the fermi level 

approaches the valence band. 

Consider now the low temperature case v/here f u l l ionisation has not 

taken place. (I^QJE^ iio't small cf. kT). V/e neglect any degeneracy of 

the impurity levels and consider only the case where a level can contain 

only one electron, of either spin. The probability of an electron of 

either spin occupying the lev e l i s 

P(E) = 
\/2 Gxp[(E-Ef) /kf |+l ^^'^^^ 
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Therefore with Wĵ  donors, the number of unionised donors i s N̂ , where 

^ 1 + 1/2 e x p [ ( E - E > T ] 
Similarly the nxomber of 'unionised' acceptors i s N^; 

"a = l ^ i ; 2 . x p [ ( E , - E ) ; . ^ ^ = - ^ ^ ^ ^ * 

To calculate the electron and hole concentrations we u t i l i s e the con­

d i t i o n that f o r e l e c t r i c a l n e u t r a l i t y i n the c r y s t a l , we have 

n ^ + N^ = p + N^ + Njj 

Under the conditions assumed, v;e can neglect p, the number of free 

holes, and N w i l l be small. ' a 
Hence n = N̂ , - N. - -— (l-20) 

^ A |+l/2exp[(E-E^)/k^ 
Writing n = N^exp(E^kT) we obtain a quadratic f o r exp(S^kT) or f o r n, 

n + n(N^ -i- N^) - (Njj - N^) = 0 

where r = •|-N^exp(-S^kT) 

The appropriate solution i s 

n = ^ (N^ + NJ) ^ i ((N^ ^ N')2 + z^' (N^ - N^))^ ( l . 2 l ) 

When Ejy^kT >> 1, w i l l be anall and we may approximate. For partiall;jt 

compensated semiconductors, we can assume « N^, and can expand 

CN^ * Hi)'-

Then n . «Jj!f^ = N„ e^C-y:^, 
-A. 

^Yliere N^ i s so small that N^ « « Njj, 

n = (N^Nj^)^ = exp (-E/2kT) (l.23) 

Thus a measurement of the free electron density n as a function of 

temperature can lead to a value of E^ provided the temperature range 
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i s such that the appropriate l i m i t a t i o n s mentioned are sa t i s f i e d . In 

t h i s case a p l o t of In. (•%/) against i would be a straight l i n e of 

slope - Ep/k, or - E^2k i n the non-compensated case. 

1,3.5 E l e c t r i c a l conduction 

F i r s t consider the effect of an elect r i c f i e l d e on a classical 

gas of free electrons. The electrons i n the absence of an e l e c t r i c 

f i e l d move i n a random v̂ay, with a velocity d i s t r i b u t i o n appropriate 

to t h e i r temperature T. The net d r i f t velocity v^ of the electrons i n 

any direction i s zero. Under the influence of an applied force the 

electrons acquire an average d r i f t v e locity i n the direction of the force 
1 ^ 

given by v^ = ̂  )> Vj where N i s the electron concentration. 

We introduce a constant relaxation time T, related to the mean free 

time between electron c o l l i s i o n s , and therefore also related to t h e i r 

mean free path and velocity. The relaxation time i s the characteristic 

time v/hich determined the establishment of equilibrium by collisions 

from an i n i t i a l s i t u a t i o n where v^ / 0. 

For an external force F acting on an electron, we can write the 

equation of motion 
dv^ 1 

^ = " " ( ^ - f • ^d^ 
Where no external force acts, the variation of v^ v/ith time i s 

given by v ^ ( t ) = v^ (0)exp(-t/i-), so an i n i t i a l disturbance dies away 

with a characteristic time T. 

In an el e c t r i c f i e l d e the force on each electron i s e.e, 
/ d d \ 

... €. e = raC-^ - Y ) 
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The assumption of a f i n i t e relaxation time gives a steady state 
dv 

solution i n keeping with Ohm's law, and the solution when d = 0 i s dt 

v^ = e. T . e 
m 

The d r i f t mobility [i i s defined as the d r i f t velocity per unit 

e l e c t r i c f i e l d , and i s given from the above equation by 

. = f (1.*) 
The e l e c t r i c current density j i s defined as the electric charge 

transported through u n i t area i n un i t time; hence 

j = n e v^ 

where n i s the c a r r i e r concentration and e the electronic charge. Sub­

s t i t u t i n g f o r v^ we have the result 
2 

j = n e r.e (Ohm's law) 
ra 

Current density j = Cf/e, where or i s the e l e c t r i c a l conductivity, so that 

2 
o- = — , or o- = n en. (1.25) 

1.3.6 Conduction electrons i n solids 

Within certain l i m i t s the band theory approach gives similar results 

f o r electrons i n solids. The free electron mass m must be replaced by 

the appropriate effective mass ra'*. Since only those electrons with energies 

near the Fermi level e f f e c t i v e l y take part i n conduction i n a degenerate 

semiconductor, the relaxation time i s that appropriate to electrons near 

the Fermi l e v e l , and [i 
m 
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For non-degenerate semiconductors, where the energy d i s t r i b u t i o n 

of the electrons i n the conduction band i s Maocwellian, the assumption 

that T can be considered as a constant f o r a l l electrons i s no longer v a l i d . 

Consider a simple n-type semiconductor with isotropic effective mass, 

i.e. spherical energy surfaces. In an applied f i e l d e the current density 

i s given by the Boltzmann transport equation, 

J ^ = /"Is v *T(E) .8 i / .dp ^ 

Now d i f f e r e n t i a t i n g the Fermi-Dirac function F , JlE. = S(l ~ 1̂) 

° aE kT 

and since we assume non-degeneracy F « 1, and iLS. = E. 

Hence ^= ^ ffo>^'r{E) 8ir.p*.dp 
^ 3kT/ ^ ^ f ' ^ (1.27) 

STT 2 
However '̂ '̂P • <ip i s the concentration of electrons with momentum 
Ij'-ing between p and p + dp, so on integration we obtain 

= js!fc..n.<v^TfE)> 
^ 3kT 

2 
where n i s the electron concentration i n the conduction band, and <v T> 

2 
i s the mean value of v T averaged over the Maxwellian velocity d i s t r i b u -

H 2 
t i o n . According to k i n e t i c theory 3/2kT = m <v y/2 so we can v/rite 

= " ^ ' ^ (1.28) 

and the mobi l i t y [i becomes 
li _ </T>e , . 

eT 

(This reduces to ~ where T i s no longer a function of E and there-

fore independent of v .) 
The mobility so defined i s called the conductivity mobility. 
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The Yfay i n which T depends on the electron energy E i s determined 

hy the dominant scattering mechanism i n the sample. The dependence f o r 

the major foms of scattering w i l l be summarised l a t e r i n table 1,1. 

1.3.7 Conduction due to both electrons and holes 

V/e have seen (Eqn. 1.25) that the conductivity f o r an n-type semi­

conductor i s given by o" = ne|i. Similar results apply forp-type semi­

conductors, and i n general the conductivity cr due to both sets of carriers 

i s given by 

o- = neHg + peUp (l . 30) 

where (i arid | i are the mobilities f o r electrons and holes respectively, e p 
1.4 Plall Effect 

1,4.1 Simple treatment 

Measurements of the Hall voltage and e l e c t r i c a l conductivity provide 

a means of detennining the values both of the c a r r i e r density and of the 

mobil i t y , and indicate v/hether electrons or holes are the dominant carriers 

i n the conduction process. 

We shall, consider f i r s t a simple treatment i n which the rela:a.tion 

time T i s regarded as independent of energy, so that we can regard the 

carriers i n a s o l i d as having an average d r i f t velocity and need tal:e no 

account of the velocity d i s t r i b u t i o n . The treatment i s i n general applicable 

to metals and degenerate semi-oonductors. 

Consider an el e c t r i c f i e l d applied to a long narrow rectangular 

conductor as shown i n Fig. 1.5., with the resulting current density J^, 

A magnetic f i e l d i n the z-direction w i l l give r i s e to an ele c t r i c 

f i e l d i n the y-direction, mutually perpendicular to the applied e l e c t r i c 



T H E HALL EFFECT. 

FIGURE 1.5 
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and magnetic f i e l d s , which owes i t s o r i g i n to the deflection of the 

charged carriers by the magnetic f i e l d . Carriers v d l l be deflected and 

villi b u i l d up a space charge at one side of the sample u n t i l the e l e c t r i c 

f i e l d set up, e , i s s u f f i c i e n t to balance the Lorentz forces, e i s 

called the Hall f i e l d and e = R«J .B„ where Enis called the Hall constant. 
y X z 

With an n-type semi-conductor, i n equilibrium, 
e.ey = -e.B^.v^ ( l . 3 l ) 

where v i s the mean d r i f t velocity. 

Now the current i = n.e.v^., so the Hall constant 

-1 e 

z X 
The resultant e l e c t r i c f i e l d due to and deviates fiVDm the X-diarection 

by the Hall angle 9, where tan 9 = e^/e^ = R̂ ô-.B̂ . 

I f the sample i s of thickness ' t ' i n the z-direction, the measured 

K a l i voltage v / i l l be f . 

and the c a r r i e r density can be 

obtained from the experimentally obtained parameters since 

z i V ll^ (1-54) 

ne = = I^B^ 

A simultaneous measurement of the conductivity a of the sam^ 

enables the Ha l l mobility [ip. to be found, since cr = ne|i, and the Hall 

m o b i l i t y jjj, = cr. R̂ . 

For a p-type semi-donductor, the carriers would be deflected to the 

saraa side of the sample. As a result V̂^ and would be reversed i n sign, 

i n d i c a t i n g that hole conduction was dominant. 
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1,4.2 Two-carrier Conduction 

The H a l l c o e f f i c i e n t i s more complex i f the s o l i d contains appreciable 

niimbers of both types of carriers. I t can be shovm that i n t h i s case 
,̂2 

- e • (1.55) 
where b = P-^V^' 

2 

• I t i s obvious from t h i s that -> 0 as p •* b n, so that the change 

i n sign of the Hall c o e f f i c i e n t i s dependent both on the car r i e r density 

and the mobility of each carrier. 

}.4.5 H a l l Effect - T a function of energy 

The Hall effect w i l l nov/ be considered f o r an n-type semiconductor 

under conditions where T , although s t i l l i sotropic, i s a function of the 

car r i e r energy E. 

We use again the s i t u a t i o n depicted i n Fig. 1,5. j and suppose that 

the Hall contacts are short-circuited, allowing a Hall current I to flow. 

An electron moving i n the x-direction with velocity v w i l l ezvperience 

an acceleration i n the y-direction of '^z^^z. m 
gy.Bx „ cov, 

m* - (1,36) 

where co = — i s the Larmor. frequency. 
m 

This acceleration w i l l be opposed by forces due to collisions with the 

l a t t i c e , so that [b^y =-Vy 
^>t Lti. 10 

and i n equilibrium v/e have v^ = ui tv^. (l«37) 

Now from eqn. (|;;;27), ^ 

^ 3kT / 3kT 
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Since I can be related to I through the r e l a t i o n of the v e l o c i t i e s , 
y 

(Eqns. 1.27, 1.3l), m u l t i p l i c a t i o n under the i n t e g r a l by wT , follov/ed 

by evaluation as i n 1.3.6., gives 
2 _ ne €• 0) P.2 I„ = x_ <vT' > (1.38) 

^ 3kT 
2 ? 2 2 where <v 'r~> i s the mean value of v T over the Maxwellian d i s t r i b u t i o n 

of electron velocities. 

VThen the Hall contacts are not short-circuited, an ele c t r i c f i e l d 

e-y = ly/cr i s set up which reduces the current i n the y-direction to zero. 

The Hall c o e f f i c i e n t then becomes 

Using equations (1.28) and (1.29) we can therefore evaluate the 

Hall mobility [i^ as 

m <v r> 
Comparing t h i s ?dth the conductivity mobility we f i n d that i n general 

/ |J., unless T i s independent of energy as i n the case of a metal or 

degenerate semi-conductor. The Hall coefficient 
2 2 2 

_ 1 <v r XV > , T V 
\ =Te <v^T>i^ 2 2 2 

/ <v T XV > 
and i n general i s w r i t t e n as lU = r/ne, where r = r - ^ . The 

<v'T> 
value of the factor r depends on the form of the variation of f v/ith 

energy E. The nature of t h i s v a r i a t i o n i s determined by the nature of 

the electron scattering i n the solid. The major types of electron 

scattering w i l l now be discussed. 
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1.5 Electron Scattering i n Crystals 

1.5.1 Types of scattering 

We have seen already that the conductivity of a material i s determined 

by (a) the number of ca r r i e r s , and (b) t h e i r mobility or mean free path, 

which i s determined by the various c a r r i e r scattering mechanisms present. 

In a perfect c r y s t a l (at 0°K') there would be no electron scattering; only 

perturbations caused by departures from perfection can deflect the electron. 

The most important sources of electron or hole scattering are:-

1. Latt i c e scattering, by thermal vibrations of the l a t t i c e . 

2. Impurity scattering, by charged or neutral impurities. 

3. Scattering by imperfections, e, g, dislocations, bubbles. 

4. Scattering of carriers by each other. 

1.5.2 L a t t i c e Scattering 

The scattering produced by thermal vibrations i n the l a t t i c e can 

be considered i n several ways. I n the 'deformation potential* method, 

the l a t t i c e v i b r a t i o n , which i s an acoustic wave of def i n i t e velocity and 

v/avelength, i s considered as superimposing a new period i c i t y on the l a t t i c e 

potential. In a semiconductor t h i s i s seen as a 'ripple' i n the bottom 

of the conduction band. A detailed discussion of the method was given 

by Bardeen and Shockley,^^^ with a simplified account by Shockley^^^ 

In his discussion, he ' itreats the semiconductor as a group of independent 

blocks, each representing a potential barrier which can scatter electrons. 

The average energy of thermal vibration, 3/2 kT, i s shovm to be 

equivalent to an energy change i n the conduction band Ê , where 
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E = kTE, B 0 ^Ln ' 0 
and B i s the bulk modulus of the material, Ê ^ the change i n the bottom 

of the conduction band per un i t deformation and v^ the specific volume. 

The energy b a r r i e r Ê  i s then considered as a ba r r i e r which can 

r e f l e c t electrons according to quantum mechanical principles, even i f 

the electron energy i s much greater than the height of the barrier. A 

mean free path '1' i s calculated from the r e f l e c t i o n coefficient, since 

the p r o b a b i l i t y of a scattering c o l l i s i o n i n a distance L i s e , where 
L i s the width of the scattering 'block*. 

The expression f o r 1 i s , 
TTh C ^ ^ 

1 - ( ^ ^ ' - - ^ ^ 
where c^^ i s the longitudinal elastic constant. The resulting mobility 

AiL = 2r?.-ff k f T ^ 
3 E j W (1.42) 

-3/2 , and also that li7e note h e i ^ that the mobility varies as T 
mobility depends on the effective mass to the power -V2. A consequence 

of t h i s treatment i s that the c o l l i s i o n time associated with barrier 

scattering i s g)herically symmetric, with no preferential direction f o r 

scattering, although i n many materials t h i s i s known not to be the case, 

Shockley points out that the discussion is highly oversimplified, since 

the blocks were considered as independent, not t i g h t l y coupled as i n a 

real material. 

Scattering by optical vibrations was invoked to explain deviations 
-5/2 

from the ̂ 2 ' dependence of mobility i n the covalent semiconductors Ge 
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and Si; the resultant mobility i s given by 

1 1 1 
^ âc ^op 

where ^ ^-3/2 
ac 

lâ pOD T-^ (e^/^ -1), il.L^) 

and & is the equivalent temperature of the optical phonons involved^^^. 

Optical scattering can be the dominant l a t t i c e scattering mechanism i n 

ionic materials. 

In a piezo-electric material, scattering of conduction electrons by 

the longitudinal e l e c t r i c f i e l d s accompanying acoustic l a t t i c e vibrations 

results i n departures from the mobility predicted by the deformation-

potential scattering method of Bardeen and .Shockley. The modifications 

necessary to take account of piezo-electric scattering i n CdB have been 
(8) 

considered by Hutson^ , who found that 

|i ^ 400(ii/m'')^/^(300/T)? (1.45) 

1,5,3 Charged impurity scattering 
(Q) 

Conwell and T/eisskopf^ have considered the scattering of carriers 
by charged impurities, using the Rutherford scattering formula to shov/ 

that the scattering cross-section i s 

0- (») = cosec^' f (I .46) 
(2Ifo.V)2 

where 9 is the angle of scattering. 

Averaging the cross-section over the v e l o c i t i e s found i n a semiconductor 

gives the time between c o l l i s i o n s as 
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' T = 2d _ (2E/E,) ' 
V ln[i4(2E/E;)" 

2 2 

where E i s mv / 2 , E-ĵ  = 2e /Kd, and d i s the distance between impurity 

centres, assumed to be uniform. 

Averaging over the Boltzmann d i s t r i b u t i o n gives the mobili'ty due to 

impurity scattering 

V2 

Thus |ij«<:T , and imperfection scattering can be pa r t i c u l a r l y 

important a t low temperatures, when l a t t i c e scattering decreases. 

Later calculations by Blatt^"*"^^ indicate that this temperature depend­

ence i s only an approximation, being most accurate at higher temperatures; 

at lower temperatures y. i s s t r i c t l y not proportional to T". Sclar^has 

shown that considerable deviations from T"*̂ /̂  can occur, especially at 

low tanperatures or f o r large impurity densities, ' 

V/hen both l a t t i c e and impurity scattering are important, i t i s 

generally assumed that r e s i s t i v i t i e s due to diff e r e n t scattering mechanisms 

are additive, and i = ̂  (1.48) 

(12) 

Conwell^ ' has shown that t h i s i s not accurate, since the l a t t i c e 

scattering c o l l i s i o n time and impuritry c o l l i s i o n time depend i n d i f f e r e n t 

ways upon the energy. Fig. 1.6 shows the r a t i o of t o t a l to l a t t i c e 

m o b i l i t y , p l o t t e d against the l a t t i c e to impurity mobility r a t i o . . Thfese 

results assume the v a l i d i t y of a spherical Fermi surface model. 



Total to lattice mobility ratio versus lattice to impurity mobility ratio. 

FIGURE 1.6 
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1.5.4 Neutral impurity scattering 

Neutral impurities can give rise to large scattering effects i n 

crystals, but the theory i s very uncertain. 

Pearson and Bardeen^'''^^ estimated that 

= 7.6 X 1 0 - 2 \T^ (1.49) 

Erginsoy^"^^^ treated the neutral impurity as a hydrogen atom i n a 

material of the appropriate d i e l e c t r i c constant, and found 

20m^/Q[?n m* e^ (I .50) 

so that mobility should be inversely proportional to impurity density 

with no temperature dependence. 
(15) 

Sclar^ ^ has performed fu r t h e r calculations which indicate a s l i g h t 

temperature dependence. 

1.5.5 Dislocation scattering 

Dislocations are one form of crystal imperfection v/hich can have an 

effect on c a r r i e r mobility. Because of t h e i r i r r e g u l a r i t y , t h e i r influence 

i s d i f f i c u l t to calculate with an accurapy, but Dexter and Seitz^"''^^ liave 
applied a method similar to the deformation potentials f o r l a t t i c e 
scattering. Thqyconclude that, i f the dislocation density were as high 

8 2 
as 10 /cm , the effect on mobility should become apparent, and v/ith a 

11 2 

density of 10 /cm the dislocation scattering has about the same magnitude 

as v i b r a t i o n scattering, at room temperature. At a temperature T, 

dislocation scattering i s comparable to vibrational scattering f o r a 

dislocation density N̂ ^̂ ^ = 6 x 10 .̂T^^^ cm~̂ . 



( IH) 
Ta.ble 1.1 Sur̂ imary of Scattering Mechanisms (Fronr Q 

Mechanism tx<(m*)?'J^ r*E^ = -r/ne. 

X y z r 

Acoustic -5/2 -3/2 -V2 3rr/8 

Polar -3/2 Ezcponential Independent 1,00-1,14 

Ionised 3jiipurity -1/2 3/2 3/2 31W5I2 

Neutral Impurity 1 Indep, Independent 1 

Electron-Hole -V2 3/2 3/2 3157r/512 
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Read̂ '̂ '''̂  has considered the effec t of charged dislocations, and 

finds that l/\i varies as T .̂ 

1.5.6 Carrier-carrier scattering 

•When the effective mass of holeg i s larger than that of electrons, 

electron-hole collisions can reduce the electron mobility. The emalysis; 

of the e f f e c t and resultant temperature dependence i s similar to that 

f o r ionised impurities. Electron-electron c o l l i s i o n s are more complex; 

but can generally be neglected, 

1.6 PhotoHall effect i n semiconductors 

1.6.1 Introduction 

Conventional Hall effect measurements may not be possible on high 

r e s i s t i v i t y samples due to the measurement problems posed by the high 

impedance. In these circumstances a PhotoHall measurement csm be made; 

i.e. the H a l l effect i s measured on a sample i n which extra carriers are 

being generated by illumination. Hov/ever the measured Hall mobility ^i^^ 

may vary vdth i n t e n s i t y of illumination. This variation could be due 

to ( i ) change i n the mobility f o r single c a r r i e r conduction, or ( i i ) 

i n i t i a t i o n of two-carrier conductivity. I n i t i a l experiments showing t h i s 
(19-22) 

mobi l i t y variation were confined to germanium and s i l i c o n . Bube 
and MacDonald give a detailed account of the evaluation of properties of 

(23) 

CdS and CdSe using photoHall data^ . Mobility changes by a factor of 

6 at room temperatures have been observed i n CdS. As w i l l be seen l a t e r , 

where these can be a t t r i b u t e d to changes i n the number or charge of scattering 

centres, a value of the scattering cross-section of the centre can be 

determined. In addition, the sign of the mobility change indicates the 



34. 

effective charge of the centre. The variations i n mobility can also 

lead to an estimate of the energy depth of the centre re l a t i v e to the 

conduction band. 

1.6.2 Scattering cross-sections 

ninperfection centres play a large part i n determining the mobility 

of free carriers i n semiconducting materials, especially when these 

centres are charged and thus have an appreciable associated coulomb f i e l d . 

(See section 1.5.3) Any variation i n the state of charge of such centres, 

e, g, by capture or loss of an electron or hole, w i l l have a resulting 

e f f e c t on the mobility. 
2g2 

I f we equate the coulomb a t t r a c t i o n of a centre, , to the thermal 

energy of an electron, kT, v?e can obtain an approximate value f o r i t s 

capture cross-section. 
^ =kT er 

where Z i s the electronic charge on the centre, r i t s radius and e the 

d i e l e c t r i c constant of the material. Hence the scattering cross-section 

S i s 

-1 rrr' - ( l . 5 l ) 

More detailed calculations f o r the scattering cross-section can be 
(18) 

performed. The Conwell-vieisskopf equation f o r the mobility due to 
coulomb scattering gives a cross-section Ŝ ^ = K S , f o r singly charged 

cw cw o 
centres, and K varies between 1.4 and 0.4 as the density of singly charged 

' cvi 

c a r r i e r s varies from lO'''̂  to 10"̂ ^ cm ^, (This assumes a value of e = 10 

at 300°K), The mobility equation due to Brooks and Herring^ gives a 
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similar result. Hence we can safely use the approximate expression f o r r 

Ŝ  given i n ( l . 5 l ) and have values of the correct order. At room temp-
-12 2 

erature we liave S ~10 cm f o r a singly charged centre, or more generally 
-12 2 2 S - 10 .Z cm . 

1.6.3 Hall' mobility 

In the sit u a t i o n vfhere carriers of one type dominate, we can v/rite 

the conductivity cr = ne|i, (n i s the free c a r r i e r density, ji the conductivity 

m o b i l i t y ) . The Hall constant = r/ne, and the Hall mobility {.u = oR^ = 

r [ i , where r i s a constant betv/een 1 and 2 which depends on the scattering 

mechanism and the band structure. (See section 1.5). Hence the variation 

of Hall m o b i l i t y with l i g h t i n t e n s i t y L i s given by 

dL * '"̂  *dL dli 
dr 

The terra l^.'^ represents the change i n Hall mobility due to any 

change i n the scattering mechanism v/ith increased photoexcitation, and 

can i n general be neglected. Since r can only take values between 1 and 

2, any v a r i a t i o n from t h i s cause vn.ll be less than a factor of 2, even 

when going from completely impurity-dominated to phonon-dorainated scattering, 
(23) 

Moreover i t can be shown that r decreases with L i n this case. 
In the case of two-carrier conduction, the Hall constant R̂ j i s given 

by • ^'K + ^'Kp 

where R , R , cr , cr are the Hall constants and conductivities due to n' p' n' p 

electrons and holes respectively, and the Hall mobility, {i^ = oR^ i s 

therefore given ^y o 2 

- p.u + n.[i^ (1,54) 
^ neglecting r as before. 

^ * r . ^ (1.52) 

(26) 
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We can see from (l.54) that the measured Hall mobility i s almost 

independent of p and ( i ^ i f n » p, especially as i n CdS ji^ > n^. However 

should the excitation by incident l i g h t be capable of producing comparable 

numbers of electrons and holes, the onset of two-carrier conductivity 

w i l l give a variation i n Hall mobility i f the photo excitation i n t e n s i i ^ 

i s varied. This i s one of the two possible causes of the PhotoIIall 

effect. With a t y p i c a l r a t i o of y^^-l^^ of 10:1, the Hall mobility i s 

reduced by 10̂ '̂  f o r p ~ n, and by 50?̂  f o r p ~ lOn. Bubê -̂̂ ^ has found 

mobility variations indicating a hole concentration scane 30 to 6o times 

the concentration of free electrons under conditions of infra-red quenching. 

Onvkl and Hase^^^^ were able to measure a hole mobility i n CdS of 38 
2 2 cm /v.sec., r i s i n g to 48 cm /v,sec. under more intense illumination, 

1.6,4 Effect of impurity centres on mobility 

The second possible cause of the PhotoHall effect; i.e. the variation 

of H a l l mobility under conditions of single c a r r i e r conduction, arises 

from variations i n effective charge, and hence the scattering cross-section 

of impurity of the centres. As we have seen from (1,52), we can neglect 

v a r i a t i o n i n [i^ from other causes i n comparison with changes due to 

variations i n the d r i f t mobility, i , e, ^ ^ ' f i n d the variation 

of [I with L T/e consider a simple case. Normally ionised donor levels 

l y i n g above the Fermi l e v e l i n the dark are f i l l e d with electrons as the 

Fermi l e v e l rises under increasing illumination. Thus t h e i r charge i s 

removed, and t h e i r scattering decreases markedly. This case i s i l l u s t r a t e d 

i n Fig. 1,7 (a). The mobility | i i s given by 

= i8/̂ Q + vS.j9(N^ - n^) (1.55) 
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vfhere j8= r ^ / e i s the p r o p o r t i o n a l i t y f a c t o r between m o b i l i t y and time 

between s c a t t e r i n g s . j S / f ^ allows f o r a l l s c a t t e r i n g processes e.g. 

l a t t i c e s c a t t e r i n g , not dependent on the number o f charged centres; v 

i s the e l e c t r o n thermal v e l o c i t y , and i s the s c a t t e r i n g cross-section 

o f the p o s i t i v e centre, where the de n s i t y of centres i s and the density 

o f e l e c t r o n s i n these centres n^. The number o f i m p u r i t y centres i o n i s e d . 

(N_ - n ) , i s given by 
s l . - n . _ 

1 + 2 e x p [ ( E ^ - E j / k T ] ( 1 . 5 6 ) 

Here and E_p are the energy l e v e l s of the i m p u r i t y centres and 

the e l e c t r o n Fermi l e v e l , measured below the conduction band, E '^eing 

p o s i t i v e upwards. I f we consider varying from E^ « E^ t o E^ >> E^, 

i . e . as more and more centres are f i l l e d by electrons, we have (N^ - n^) 

going from , through f o r E^ = E_̂ , to (N_^ - n^) -> 0. Thus f o r 

t h i s change i n E^, passes tiirough a s i n g l e step, l/^i decreasing as E^ 

increases, due to the reduced s c a t t e r i n g from the now n e u t r a l centres. 

Let the change i n be b.{l/\i) 

Then L{l/\i)=^w N___ ( l . 5 7 ) 

K 2kT ~ Since ̂ ,=mJB, and v = ( — ^ ) , - the change gives a value of 
me 

S N , and f o r S i f N i s known from an a l t e r n a t i v e measurement e.g. 
+ + + + 

t h e r m a l l y s t i m u l a t e d c u r r e n t s , (see Section 2 . 2 ) . The diagram ( F i g . 1 . 7 ( b ) ) 

shows the expected v a r i a t i o n o f l / | i w i t h E^. 

Bube and MacDonald have also considered the v a r i a t i o n i n f o r 

othe r types o f centres; the d e t a i l e d analysis can be found i n the 

o r i g i n a l reference. 



A ' / , 

(b) 

P H O T O H A L L E F F E C T : level system (a) gives mobility change (b). 

F I G U R E 1.7 
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CHAPTER 2 , 
PROPERTIES OF CADMIUM SULPHIDS 

2 ,1 Introduction 

Cadmium sulphide i s a I I - V I compound which normally c i y s t a l l i s e s i n 

the hexagonal (wurtzite) structure. The inter-atomic distance between the 

cadmium atom and i t s four sulphur nearest neighbours i s 2 , 5 2 S , with the 

l a t t i c e parameters a = 4 .13^ and c = 6.69^,^^^^ A cubic phase can also 

e x i s t , but i s not common (e.g. 28). 

I n common with zinc sulphide and the selenides and t e l l u r i d e s of zinc 

and cadmium, cadmium sulphide i s a wide band gap semiconductor, or semi-

i n s u l a t o r . The energy gap of cadmium sulphide i s usually quoted as 2 A 3 ev. 
(29) 

at room temperature^ . and 2 . 5 2 ev. at l i q u i d nitrogen temperature, although 

the value found may depend on the method of measurement. For instance 

Sommers^^^^ obtained a value of 2 . 4 8 ev. from the photoelectromagnetio effect 

(PEM) measured at room temperature. 

The pure stoichiometric high r e s i s t i v i t y (>10'^^ cm) n-type OdS can 

readi l y be converted to a lov/ r e s i s t i v i t y n-type semiconductor by the 

introduction of group I (heilide) impurities which substitute f or the sulphur 

atoms and act as shallow donor l e v e l s 0 .03 ev. below the conduction band. 

Aluminium, gallium or indium w i l l substitute f o r cadmium and produce si m i l a r 

levels^"^^^ Incorporation of a non-stoichiometric excess of cadmium w i l l also 

produce shallow donor l e v e l s , which are due to the formation of sulphur 

vacancies, 

P-type cadmium sulphide cannot yet be produced, probably because of the 

high activation energy of acceptors, which l i e -^l.O ev. above the valence 

band,^^ * •̂ '̂ ^ Copper and s i l v e r impurities, or cadmium vacancies, w i l l 
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produce such l e v e l s , A very high l e v e l of copper doping produces saiqples 

which show p-type conduction, but t l i i s i s most pixjbably due to conduction i n 
f3i».) 

an impurity band; ' 

The defect or impurity l e v e l s which l i e between the bands can dominate 

the e l e c t r i c a l and optical properties of the material. This has resulted i n 

widespread studies of defect l e v e l s i n cadmium sulphide, i n attempts to 

obtain information about the exact nature of the centx>es themselves, with a 

view to improving and extending the use of the material i n p r a c t i c a l devices, 

2 , 2 Photoconductivity 

The absorption of l i g h t by a photoconductor frees charge c a r r i e r s which 

contribute to the e l e c t r i c a l conductivity of the material u n t i l they are 

trapped or recombine. The important parameters of photoconductors, i , e . speed 

of response, s e n s i t i v i t y , dark conductivity, e t c , are strongly affected by 

the nature and density of c r y s t a l imperfections present. I n an i n t r i n s i c 

photooonduotor, incident radiation of energy hv greater than the band gap 

generates equal numbers of electrons and holes i n the conduction and valence 

bands respectively. The probability of direct recombination between a free 

electron and a free hole i s extremely low, and free c a r r i e r s are usually 

captured by imperfection centres. These centres can be of two types; 

•trapping centres', where there i s a high probability that the electron (hole) 

w i l l be thermally freed to the nearest band; and 'recombination centres' 

where the probability for thermal release i s lower than the probability of 

recombination with a free c a r r i e r of opposite charge. 

In CdS, impurities such as copper, or cadmium vacancies, produce l e v e l s 

-^1 ev above the valence band which have a large capture cross-section for 
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holes. Such centres are known as s e n s i t i z i n g centres, because t h e i r 

subsequent cross-section for the capture of a free electron i s veiy low, 

perhaps l e s s than lO"^ times the capture cross-section for holes,^^^^ 

Consequently the photo-excited electrons have a long effective l i f e t i m e , 

since the probability of recombination with a hole i s low. The t r a n s i t 

time f o r an electron to pass through the c r y s t a l under the influence of 

an applied f i e l d can therefore be small compared with the electron 

l i f e t i m e ; t h i s leads to a high value of the photoconductive gain &, 

defined as 
_ Number of electrons flowing between electrodes 

Number of photons absorbed 

Lifetime of a free electron 
Transit time between electrodes 

t |jV < free electron lifetime 
2 t electron mobility 

d V applied voltage 
d electrode spacing 

Other centres which act as recombination centres are also present: 

These would dominate i n the absence of sen s i t i z i n g centres and reduce the 

free electron l i f e t i m e and the photoconductive gain. The two types of 

centres are i l l u s t r a t e d i n F i g , 2 , 1 , for an n-type photoconductor such as 

CdS« Centres A have a large probability of capturing a free electron a f t e r 

capturing a hole, and are always present i n the CdS so f a r produced. Centres 

B can be incotrorated deliberately to produce a sensitive photoconductor 

since they reduce the probability of a type A centre being occupied by a hole. 

The electron lifetime i n a material with deliberately incorporated 

recombination centres can be as low as lO""*"̂  seconds; t h i s r i s e s to 10 ^ 
—2 

seconds for pure material, and to 10 seconds i f impurities such as copper 



are added to give s e n s i t i z i n g centres. 

The study of the energy depths of l e v e l s i n the forbidden gap due to 

defect centres, and t h e i r capture cross-section, i s therefore of the greatest 

importance i n the study of photosensitive material. Investigations of the 

nature and properties of the deep-lying recombination centres are d i f f i c u l t , 
12 

e s p e c i a l l y as the presence of defects i n concentrations as low as 1 i n 10 

can have a marked ef f e c t on c r y s t a l properties, Bube has used measurements of 

photoconductivity against temperature and against l i g h t intensity to evaluate 

some of the parameters of these l e v e l s , ^ ^ ^ ^ 

Measurements on shallow trapping l e v e l s are easier i n comparison. One 

widely-used method i s to measure the 'thermally stimulated current'. For 

thermally stimulated cuiTi^ent measurements the c r y s t a l i s cooled to l i q u i d 

nitrogen temperature, and then exposed to illumination which w i l l 

homogeneously excite the c r y s t a l . The radiation i s removed, and the c r y s t a l 

heated at a l i n e a r heating rate i n the dark. The current through the 

sample under constant applied f i e l d i s monitored, and current peaks higher 

than the normal dark current r e s u l t from c a r r i e r s which are thermally 

excited from trapping l e v e l s as the temperature r i s e s . Correlation e x i s t s 

between the maxima of the current versus temperature curve and the energy 

depth of the trap; the number of trapping centres can also be calculated 

from the area under the curve. In. a recent investigation, Nicholas^^^^ 

found that at l e a s t s i x major trapping l e v e l s are common i n cadmium sulphide 

single c r y s t a l s , although each l e v e l does not occur i n each sample. The l e v e l s , 

together with tentative i d e n t i f i c a t i o n , are as follows: 

( i ) 0 ,05 ev. Double negatively charged sulphur vacancy. 
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( i i ) 0,14 ev. Also associated with sulphur vacancies. 

( i i i ) 0 ,25 ev. Singly charged sulphur vacancy, 

( i v ) 0 ,41 ev. An unidentified neutral l e v e l , 

( v ) 0 ,63 ev, A single p o s i t i v e l y charged cadmium vacancy. 

( v i ) 0 ,83 ev, i s the activation energy for the destruction of a trap 
complex, 

2 . 3 Band Structure 
(38) 

Calculations by BalkanskL and des Cloiseaixs^ ' on the band structure 

of cadmium sulphide indicate that the valence band i s s p l i t into three 

sub-bands. The lowest band a r i s e s from the s-orbitals of the sulphur ions. 

C r y s t a l f i e l d s p l i t t i n g of the p-orbitals gives r i s e to the other two bands, 

the higher of which i s further s p l i t into two closely spaced bands, 0 ,016 ev. 

apart, by spin-orbit coiqpling. The band structure i s depicted i n F i g , 2 , 2 , 

The work of Thomas and Hopfield^^^'^^ on the reflectance and luminescence 

of cadmium sulphide, provides strong support f o r these ideas. 

The selection rules for electronic transitions forbid excitation from 

the highest valence band to the conduction band ijl^-^l^) by l i g h t polarised 

p a r a l l e l to the c r y s t a l c - a x i s l ^ ^ This gives r i s e to anisotropies i n 

the o p t i c a l and luminescent properties. I n measurements of the optical 

absorption Dutton^^^ found a s h i f t i n the absorption edge comparing l i g h t 

polarised p a r a l l e l with l i g h t polarised perpendicvdar to the c-axis. The 

s h i f t of CUIL6 ev, was equivalent to the s p l i t t i n g of the upper two valence 

bands, A s i m i l a r effect i s found i n the photoconduotive spectral response 
( 4 3 ) 

to polarised l i g h t , ^ 
Estimates of the electron effective mass have been made by many workers. 
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KrSger, Vink and Volger^^''"^ evaluated the effective mass from measurements 

of the H a l l e f f e c t , r e s i s t i v i t y , and thermo-electric power, and concluded 

that 0.20m < m»<0,27m^ . Piper and Halstead,^^^ using the temperature 

dependence of the H a l l constant, found m* = 0,19m^ • Cyclotron resonance 

experiments have been performed by Dexter, ̂ ^^^ who found an average value of 

m* = 0,25m ; and by Sawamotol^^^ The l a t t e r found both an effective mass 

of 0 , 1 ? m̂ , and a heavier mass of 0,81 m^whioh he attributed to holes. 

The temperature dependence of the mobility and magneto-resistance as measured 

by Zook and D e x t e r ^ c o u l d be explained by an e s s e n t i a l l y isotropic 

e f f e c t i v e mass of 0,l9iii^, with the conduction band minimum occurring at k = 0 , 

The e f f e c t i v e mass of holes varies for the different valence bands. 

Values of 0 , 7 m and 3 « 0 have been measured f o r the upper and lower l e v e l s 

of the highest band by Thomas and Hopfieli^^^ 

The H a l l mobility of electrons i n CdS i n the temperature range 20 -

700°K was measured by Kroger et a l e , ^ ^ ^ ^ and found to be '*'210 cm,Vv,sec, 

at room temperature. The temperature variation of the mobility above 75°K 

could be accounted f o r by a combination of acoustical mode scattering 

<<!P"3/2 scattering by longitudinal optical vibrations with a 

c h a r a c t e r i s t i c temperature of between 250 and 300**K, (See section 1 , 5 , 2 , ) , 

The appropriate e l a s t i c constants f o r a calculation of the effect of piezo­

e l e c t r i c scattering were not then available. 

I n a recent study of the teniperature dependence of electron mobility 

i n large single c r y s t a l CdS, Zook and D e x t e r ^ f o u n d that the temperature 

dependence above 200°K could best be e:q>lained on the basis of combined 

o p t i c a l mode and p i e z o - e l e c t r i c scattering, assuming an effective mass of 
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0 .19m^. Charged impurity scattering became dominant below 200°K. 

Few measurements of the mobility of free holes i n CdS have been 

reported. Spear and Mort^^^^ measured the d r i f t mobility of holes i n 

bombardment-induced conductivity experiments. The mobilities were between 

10 and 18 cm.Vv«sec. Recently OnukL and Hase^^^^ reported a hole 

mobility of 38 - 48 cm, /v.sec. under illumination i n PhotoHall measurements, 

2,4 Ltminescence. 

The p r i n c i p a l luminescence bands i n CdS can conveniently be divided 

into two; the 'edge emission' and the infra-red luminescence bands. 

The edge emission fluorescence l i e s j u s t to the long wavelength side 

of the fundamental absorption edge, and i s ch£u:actei>ised at low temperature 

by a s e r i e s of equally-spaced peaks, the separation of which i s about 296 

cm,"^. I t has been suggested that the emission i s due to recombination v i a 

an impurity centre with the emission of an integral number of longitudinal 
(49) 

optical phonons. By measuring the r e f l e c t i v i t y i n the infra-red Collins^ ' 

ishdwed that the wave number of the optic a l vibrations i s 305 cm,"^. The 

separation of the zero phonon peak from the absorption edge i s 0 .15 ev., but 

there i s speculation as to whether the recombination centre i s near tiie 

conduction band or the valence band. The centre i s probably due to a native 

defect, and not a chemical impurity,^^^^ 

Due to the ionic and non-cubic nature of the material, the upper valence 
(51) 

bands have different symmetries, as mentioned i n 2,5» and Dutton^ found 

a p r e f e r e n t i a l polarization of the edge emission with respect to the c-axis 

of the c r y s t a l . 
Other luminescence bands can occur i n the region of the absorption edge 
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which are connected with the presence of in^jurities i n the material, and 

are the subject of current study,^^^^ A further band at 580o£. i s present 

i n c r y s t a l s prepared under reducing conditions, and may be associated with 

a l o s s of sulphur. 

The i n f r a - r e d luminescence bands occur i n the range 0,8 - 2,3 m̂, and 

consist of two broad bands centred at 1,6 and 1,8 pm, together with two bands 

centred at 0,82 and 1,02 pm, The^* l a t t e r are sometimes referred to as the 

•blue' and 'green' bands by analogy to t h e i r counterparts i n zinc sulphide. 

Previous models proposed (e,g ,53) to account for the corresponding 

excitation spectra involve ( i n absorption) transitions from the top of the 

valence band to different ionisation states of a luminescent centre* I t i s 

known that copper enhances the emission, but the nature of the luminescent 

centre has not yet been resolved, - i t could be a sustitutional copper 

impurity, a cation vacancy, or a more complex imperfection. 

I n a recent study of the excitation spectra of the infra-red luminescence 
(54) 

i n pure and copper-doped cadmium sulphide, Bryant and Cox̂ -̂  ' found two 

excitation bands centred on 0.89 and 1A9 pm, corresponding to 1,39 and 

0,83 ev. E i t h e r band was found to excite the f u l l infra-red emission 

spectrum. Now Browne^ ' had predicted that the two-level centre model would 

be supported by a change i n emission spectmim on long-wavelength excitation 

only; t h i s change did not i n f a c t occur, Bryant and Cox therefore proposed 

a new luminescent model based on the band structure of CdS as suggested by 

Balkanski and des Cloiseaux^^^\ The low energy excitation bands were 

attributed to excitation from the p-orbitals to a l e v e l i n the forbidden gap. 
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while the high energy band was due to excitation to the same l e v e l from the 
s-bands. Recombination of electrons from the conduction band to the l e v e l 
i n the forbidden gap i s responsible for the 'blue' emission. To explain the 
'green' emission i t i s necessary to postulate that conduction electrons are 
f i r s t trapped i n an excited state before recombining to the same ground state, 
2,5 Acousto-eleotric effect i n CdS 

Attention has recently been drawn to acousto-electric effects i n piezo­

e l e c t r i c photoconductors by the observation of l i g h t - s e n s i t i v e ultrasonic 

( 5 5 - 5 7 ) 

attenuation,^ ' The attenuation was attributed to the interaction of 

mobile charge c a r r i e r s with the strong longitudinal e l e c t r i c f i e l d s accompanying 

the acoustic waves i n pi e z o - e l e c t r i c c r y s t a l s , ^ ^ ^ ^ Vi/hite^^^^ indicated the 

p o s s i b i l i t y of achieving acoustic gain by applying a d.c, e l e c t r i c f i e l d i n the 

direction of the ultrasonic wave. With a c a r r i e r d r i f t velocity s l i g h t l y higher 

than the wave velo c i t y , interaction between the d r i f t i n g electrons and the 

acoustic wave would amplify the l a t t e r by drawing energy from the e l e c t r i c f i e l d . 

Successful amplification of ultrasonic waves i n CdS was reported by 

Hutson, McFee and V/hite,^^^^ A quartz transducer was mounted on one side of 

a block of high r e s i s t i v i t y cadmium sulphide, and a second transducer mounted 

on the opposite face detected the output. Indium contacts between the 

transducers and the sample allowed a d r i f t f i e l d to be applied. The sample 

was illuminated to increase the c a r r i e r density. Attenuation of the 

ultrasonic waves was severe for a d r i f t f i e l d of ~300 volts/cm., but above a 

crossover at 700 volts/cm, ultrasonic gain of more than 38 db, at 45 Mc/s was 

obtained. As predicted by White, the crossover point corresponded to a d r i f t 

v e l o c i t y equal to the appropriate shear wave velocity (v 2 x 10^ cm./sec) 
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2 f o r negative c a r r i e r s with mobility p= 285 cm, /v,sec. This d r i f t mobility 
2 

i s i n good agreement with H a l l mobility values of 300 cm, /v,sec, reported 

f o r high r e s i s t i v i t y CdS (see chapter 8 ) , Amplification has also been 

observed i n CdSe,^^^^ 

The interaction of the electrons with acoustic l a t t i c e waves also leads 

to departures froa Ohmic behaviour at f i e l d s above'•'1000 v/cm. The current 

i s reduced below the expected value, and current o s c i l l a t i o n s at frequencies 

of ~ 1 0 0 kc/s build up,^^^^ I n addition to the onset of current o s c i l l a t i o n s 

there i s a build-up of ultrasonic f l u x i n the sample with no ultrasonic input 

(64) 
applied, ' The e f f e c t i s being pursued with a view to the constrxiction of 

ultrasonic amplifiers and generators, and possibly a high frequency current 

source, (see also 6 5 - 6 7 ) . 

2 , 6 P r a c t i c a l implications 

The most widespread p r a c t i c a l application of cadmium sulphide has long 

been i t s use as a photoconductor. The material i s sensitive to v i s i b l e 

radiation, and can be prepared with photoconductive gains as high as 

10^ - 10^ by the incorporation of appropriate s e n s i t i z i n g centres (see 2 , 2 ) , 

However the preparation of suitable material i s often performed i n a very 

empirical maimer. Small single c r y s t a l detectors are used, but thin 

evaporated f i l m and sintered powder devices are also common. 

Cadmium sulphide can also be used as a i ( - r a y detector, and offers the 

p o s s i b i l i t y of making very small detectors f o r personal radiation dose 

monitoring. Large single c r y s t a l s are desirable for t h i s application, to 

increase the stopping power of the detector. However the properties of the 

large c r y s t a l s must be very c l o s e l y controlled, since for a suitable 
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detector a combination of high s e n s i t i v i t y and f a s t speed of response i s 

required. I n addition, long term s t a b i l i t y of the detector under irr a d i a t i o n 

i s required. At the present time, s e n s i t i v i t y can usually be obtained only 

at the expense of a very long response time due to the presence of a high 

density of electron trapping l e v e l s , Fxorther study of the native defects i n 

large high r e s i s t i v i t y samples i s needed to obtain better con:^ol of the 

material, 

Acoiisto-electric ultrasonic amplifiers are another possible application 

for high r e s i s t i v i t y single c r y s t a l s of cadmium suliiphide, as discussed i n 

2 , 5 , However the f i e l d i s a very new one and many p r a c t i c a l problems must 

be solved before devices are re a d i l y available. Here again the quality of 

the material used i n the e:q)eriments i s c r i t i c a l , and the effects of trapping 
(68) 

l e v e l s i n the c r y s t a l s are only beginning to be investigated,^ ' A 

s i m i l a r i n t e r e s t i s being shown i n the development of electro-optical 

devices, where the pi e z o - e l e c t r i c distortion of the l a t t i c e due to an applied 

e l e c t r i c a l signal w i l l affect o p t i c a l waves t r a v e l l i n g through the sample. 

Apart from the i n t e r e s t i n single c r y s t a l CdS, the application of thin 

f i l m s to device work i s of great importance, Heterojunctions between CdS 
(69) 

and CdSe are being studied as photovoltaic elements,^ The development 

of the thin f i l m t r a n s i s t o r may lead to an active device for use i n 

evaporated f i l m c i r c u i t s , ^ ^ * ^ ^ Another recent development i s the combination 

of a p i e z o - e l e c t r i c transducer and MOS t r a n s i s t o r to produce a transducer 

with b u i l t - i n g a i n . ^ ^ ^ The device i s b a s i c a l l y a metal-oxide-semiconductor 

structure, the semiconductor layer i s cadmium sulphide deposited as a thin 

f i l m on a glass substrate. Current through the semiconducting layer flows 
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between source and sink electrodes, and mechanical s t r a i n applied v i a the 

glass substrate modulates the surface charge on the layer, and hence i t s 

conductivity. 

The most iorportant feature i n any discussion of possible applications 

of cadmium sulphide i s the requirement to control the e l e c t r i c a l and optical 

properties of the material. These properties are strongly dependent on the 

type and numbers of defect l e v e l s present, and hence depend on the mode of 

sample preparation and i t s p u r i t y . The work described i n t h i s thesis i s an 

investigation into the effect of different growth methods on the e l e c t r i c a l 

parameters of single c r y s t a l s , with a view to achieving the necessary control 

over material preparation. 
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CHAPTER 3 . 

FLOW METHOD PREPARi\TION OF CADMIUM SULPHIDE 

3 . 1 Introduction 

The luminescent and photoconductive properties of cadmium sulphide and 

zinc sulphide have been of interest f o r many years, and early investigators, 

e.g« (Judden and Pohl^'^^^ used natural greeno«kite (CdS) or zinc blende (ZnS) 

f o r t h e i r studies. Such natural materials contained so many impurities that 

the i n t r i n s i c properties of the material were often masked. Many studies 

of the photoconducting or liminescent properties of CdS powders have been 

undertaken, but these are hindered by the effects of grain boundaries. This 

resulted i n the investigation of methods to produce, i n the laboratory, 

crystals of useful size and p u r i t y . Large single crystals with centimetre 

dimensions are desirable f o r measurement of bulk properties as i n the Ha l l 

e f f e c t , and have become essential f o r recent applications u t i l i s i n g the 

in t e r a c t i o n of ultrasonic waves and electrons i n the c r y s t a l . ^ ^ ^ ^ 

Since cadmium sulphide sublimes readily at temperatures A ^ I O O O ^ C , vapour 

phase c i y s t a l growth techniques have received most attention. Other accepted 

methods of producing single crystals such as growth from the melt or from 

solution have also been investigated, but usually present considerable 

p r a c t i c a l d i f f i c u l t y . Such methods w i l l be discussed further i n r e l a t i o n 

to the growth of large crystals, i n Chapter !+• 

Sublimation methods can be divided i n t o two main categories; ( i ) 

dyn£unic and ( i i ) s t a t i c . I n ( i ) the cadmium sulphide vapourises i n a hot 

region and the vapour i s ceirried to a cooler growth region by a flow of a 

suitable c a r r i e r gas; i n ( i i ) the transport of vapour i s by diffusion down a 

temperature gradient, with no external gas flow. 
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3.2 dynamic (or flow) Sublimation growth. 

The basis of flow growth i s the 'Frerich's Technique ̂ ^^^^ which i s a 

modification of an e a r l i e r method reported by Lorenz,^^^^ Hydrogen sulphide 

i s led to the hot zone of a tubular furnace. Here i t i s mixed with a stream 

of c a r r i e r gas (H^) containing cadmium vapour from a boat held at 800 - 1000°C. 

The CdS produced by reaction between the H2S and cadmium i s deposited i n a 

cooler region of the system, generally i n the form of rods or t h i n plates, 
(75) 

Many variations of t h i s method have since been reported. Stanley^ ' 

used an i n e r t c a r r i e r gas flowing at a rate of 175 c.c./min. over a cadmium 

sulphide powder charge held at a temperature of ~1000°C, Vapour from the 

charge was carried to the growth regionihere crystals grew as before, ati. a 

temperature of about 900°C. Fochs^^^^ refined t h i s technique by steadily 

cooling the growth zone of the furnace while the run was i n progress, so that 

the point at which supersaturation resulted i n growth moved slowly along the 

tube towards the centre. This allowed crystals to grow without congestion, 

and enabled the p u r i t y and properties of crystals grown at di f f e r e n t times 

during the run to be examined and compared. 

Bishop and Liebson^^^^ modified the Frerich's technique by replacing the 

HgS flow with argon passing over molten sulphur. Thisa:gon flow met a 

second stream of argon, which had passed over the boat of molten cadmium, 

the reaction taking place at 1000°C. Fahrig^^^^ has reported a similar method 

of preparing high-purity cadmium sulphide crystals using the p u r i f i e d 

elements as star t i n g material. Separate external furnaces or ' b o i l e r i : ' are 

used t o hold the sulphur at 500°C and the cadmium at 825°C, An i n e r t c a r r i e r 

gas stream flowing through each b o i l e r brings the vapovirs together i n the 
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Composition of Vapour above CdS at 1014 K 
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Cd" 14,000 
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main growth tube at a temperatxire of 975°C, Sufficient sulphur i s present 

to provide an excess over the stoichiometric amount required. When the 

cadmium supply i s exhausted, the main tube i s heated to 1050°C to ensure 

complete reaction and to remove any unreacted elements that may s t i l l be 

present. The apparatus i s outlined i n F i g . 3.1(a), with idealised time-

temperature curves i n ( b ) . 

3.3 Conditions i n the Vapour. 

There has been considerable discussion as to whether the vapour above 

cadmium sulphide at temperatures i n the region of 1000°C i s composed 

p r i n c i p a l l y of CdS molecules, or i s almost completely dissociated. For 
(79) 

instance I b u k i ^ ' ' has assumed that the degree of dissociation i s small. 

Recently Marquart and Berkowitz^^^^ have reported a detailed study of the 

composition of sulphur vapour, and the vapours above some metal siilphides, 

including CdS, i n t h i s temperature range. The information was derived from 

mass spectrometry measurements. 

The authors found that at a temperature of 1014°K, the cadmium sulphide 

vapour could be regarded as completely dissociatedj the concentration of 

undissociated molecules being less than 10 p.p.m. Most of the sulphur 

occurs as S 2 , with approximately 10^ monatomic sulphur; traces of Ŝ  and Ŝ  

are found, but no larger molecules. 

The results of t h i s investigation are given i n Table 3.1. 

3 ,4 . Differencesbetween the methods. 

I t i s evident from section 3.3 that at the growth temperature involved 

i n flow methods, any cadmium sulphide vapour can be regarded as completely 

dissociated. Differences i n growth conditions have t h e i r o r i g i n i n variations 
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i n the p a r t i a l pressures, or concentrations, of the elements i n the reaction 
zone. 

In Stanley's method the r a t i o of cadmium to sulphur i n the vapour i s 

controlled by dissociation of the CdS powder according to the reaction 

2CdSf^2Cd + Sg, (assuming we can regard the sulphur as Sg). Equal atomic 

concentrations are produced therefore. (Small departures from stoichiometry 

are possible, depending on the previous history of the powder). The in e r t 

c a r r i e r gas does not affect the reaction. 

When elemental cadmium and sulphur are used (Bishop and Liebsen, Pahrig) 

adjustment of the temperature of one of the elements, or alteration of the flow 

rates, can lead to an excess of cadmium or sulphur i n the vapour; stoichiometric 

growth conditions are d i f f i c u l t to achieve and maintain. This i s also true of 

the Prerich's method, wi t h the additional complication that, since hydrogen i s 

present, growth i s occurring i n a reducing atmosphere. 

3.5 P u r i t y . 

Commercial cadmium sulphide powder used as starti n g material f o r crystal 

growth usually contains common metallic impurities (e.g. Pb, Cu, Mn, Fe,) i n 

concentrations of a few parts per m i l l i o n , and can contain much higher 

concentrations of non-metals or traces of solvents, depending on the method of 

i t s preparation. V o l a t i l e impurities can be removed and an improvement i n 

pu r i t y obtained by f r a c t i o n a l d i s t i l l a t i o n , ^ but care must be taken to 

prevent p r e f e r e n t i a l loss of one of the elements (generally sulphur) from 

the powder. D i s t i l l a t i o n i s usually performed at temperatures of the order of 

900°C f o r a few days, treatments both i n vacuum £ind i n HgS being used. The 

d i s t i l l a t i o n can be repeated as often as desired, depending on the i n i t i a l 

p u r i t y of the powder. I n t h i s way f i n a l concentrations below 1 ppm, can be 

obtained. 
Vecht, Ely and Apling^ '̂ have shown that further p u r i f i c a t i o n takes place 
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during c r y s t a l growth. V o l a t i l e impurities are driven past the growth region, 

whilst less v o l a t i l e materials concentrate i n the charge. For maximum pu r i t y 

not a l l of the charge i s sublimed, and the substrate of cadmium sulphide i n 

contsict with the quartz tube i s not removed as t h i s i s contaminated by 

di f f u s i o n of s i l i c o n or other impurities from the tube walls. 
(85) 

Jackson^ ' has recently described a method of producing cadmium sulphide 

pov/der with a t o t a l metallic impurity of less than 1 ppm. A cadmium chloride 

solution i s p u r i f i e d by ion-exchange, then converted to cadmium sulphide using 

ul t r a - h i g h p u r i t y organo-sulphur compounds. These hydrolyse i n the cadmium 

chloride solution to give hydrogen sulphide and thence cadmium sulphide. 

The f i n a l p r e c i p i t a t i o n i s performed at room temperature, and because of t h i s 

departures from stoichiometry are minimised. 
For growth of CdS from the elements a very high degree of p u r i t y of the 

(78) 

s t a r t i n g material can be attained. Fahrig^ ' used multiple d i s t i l l a t i o n s 

to remove zinc and lead from the cadmium metal together with subsequent zone 

r e f i n i n g t o reduce the concentrations of metallic impurities to below 0,5^^.m. 

The p r i n c i p a l impurities i n the sulphur were organic materials, with traces 

of s i l i c o n , magnesium, and copper. Washing i n acids, then water, followed by 

drying i n nitrogen and d i s t i l l a t i o n i n a p a r t i a l vacuum removed the organic 

matter. The remaining impurities were t y p i c a l l y Si 5 ppm., Cji 1 ppm., 

Mg 0.5 ppm. 

With Frerioh's method the cadmium metal can be p u r i f i e d as described 

above; but special care must be taken to remove impurities from the HgS. 

The common Kipp's apparatus i s usually unsuitable since i t i s a source of 

i r o n impurity, but methods of producing high p u r i t y hydrogen sulphide have 
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been d e s c r i b e d l ^ ^ The generator i s chosen so that any l i k e l y impiirities 

i n the H2S can be easily removed i n wash bottles or cold traps. 

Several problems of p u r i t y are common to a l l methods. The growth (and 

often the i n i t i a l p u r i f i c a t i o n ) i s performed i n s i l i c a vessels at elevated 

temperatures, eind contamination of the f i n a l crystals by s i l i c o n must be 

prevented as f a r as possible. I n general t h i s i s done by minimising the 

time taken f o r the growth runs, and by selecting material which has grown 

on a CdS substrate, and not i n dir e c t contact with the s i l i c a . 

The c a r r i e r gas must also be free from impurities. P a r t i c u l a r l y 

troublesome i n t h i s respect are oxygen and water vapour, which are both 

d i f f i c u l t t o exclude, and can have a marked effect on the properties of the 

crystals.produced, (See, f o r example, ^ ^ 5 - 8 ? ) ) ^ , 

3,6 Properties of Flow crystals. 

The properties of crystals grown by flow methods have been reported 
( 7 9 ) 

i n d e t a i l by many authors, and w i l l not be discussed here. Ibuki^' has 

investigated the growth conditions necessary f o r formation of the various 

possible c r y s t a l habits, and considers the associated vapour pressure 

conditions. Stumer and B l e i l ^ ' have given a comprehensive study of defect 

structures by optical and electron microscopy. Other details can be found 

i n the o r i g i n a l papers. 
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CHAPTER 4. 

G-ROTOH OF LAR&E SIMCLE CRYSTALS OF CADMIUM SULPHIDE 

4.1 I n recent years many methods of growing large single crystals of cadmium 

sulphide have been reported i n the l i t e r a t i o r e , i n varying d e t a i l . The 

conventional techniques of growing large single crystals such as p u l l i n g from 

the melt, or d i r e c t i o n a l freezing, are not convenient f o r CdS because i t 

sublimes. G-rowth from solution has only been successful i n the production of 
(89) 

very t h i n layers^ ', The ease with which sublimation occurs provides the 

basis of the majority of cry s t a l growing methods. However successful growth 

from the melt has been achieved under conditions of high temperature and 

pressure, 
4.2 Melt Crowth. 

The melting point of cadmium sulphide was reported by Addamiano^^^^ to 

be 1475°C * 15°C, and Metcalf and Fahrig^^^^ obtained large single crystals 

by cooling from a temperature of 1500°C under an argon pressure of 1500 p . s . i . 

A charge of 150 gras. was held i n a high p u r i t y graphite crucible heated by a 

current flowing through a multiply s p l i t graphite cylinder from a 20 kw, 

supply. The furnace was contained i n a forged steel pressure she l l , which was 

li n e d with fused stabalised zirconia b r i c k enclosing a porous carbon cylinder. 

After flushing and f i l l i n g with argon to a pressure of 1000 p . s . i , , the 

furnace was brought to temperature and the pressure adjusted to 1500 p . s . i . 

The temperature was reduced over a period of six hours to promote the 

progressive freezing of the melt from bottom to top of the crucible. A boron 

graphite-graphite thermocouple was used to monitor the temperature. 

Some of the ingots produced contained crystals weighing more than 100 gms, 
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The growth d i r e c t i o n lay withi n 15° of the c-axis. The crystals had a dark 

colouration, and low r e s i s t i v i t y ( ^ ~ l j i c f f l , ~100-200 cm. / v . s e c ) , 

Ciysteillographic imperfections such as bubbles or inclusions were also 

present. Problems of p u r i t y are obviously inherent with t h i s method, and 

although there was evidence that segregation of S i , Ca, Cu and Pb occurred 

on freezing, Zn, I n , and Mn were distributed homogeneously. 

The Czochralski technique of p u l l i n g from the melt cannot be used because 

excessive vapourisation of the charge would occur from the open-topped crucible, 

Metcalf and Fahrig's technique has been improved however by lowering the melt 
(78) 

from the hot zone to promote freezing,^ ' Seeding was introduced by using a 

two cavity crucible. The small lower cavity was connected to the main cavity by 

a narrow neck; so that freezing occurred f i r s t i n the lower cavity and generally 

only one cry s t a l grew through the constriction to the upper chamber, 
(92) 

A similar growth method has been reported by Takahashi e t , a l , , ^ 

using temperatures of 1400°C and pressures i n the range 350-1300 p , s , i . I n 

t h i s arrangement the crucible could be f i x e d , or lowered through the hot zone; 

larger crystals (several om.^) were found i n the l a t t e r case. 

4.3 Sublimation &rowth. 

4. 3*1. I f a closed system containing a'charge of CdS i s maintained at a 

high temperature, then vapourisation of the charge w i l l occur to create i n the 

system the vapour pressures of cadmium,sulphur, and CdS appropriate to the 

charge temperature, and a dynamic equilibrium w i l l be reached between the 

s o l i d and the vapour. The relevant vapour pressures above cadmium sulphide 
are shown i n figure 4 . 1 . 

I f however the system i s such that there i s a region of lower temperature 



FIGURE 4 . I 

10-''4 

s.v.p. over S 
experimental 

atmoB 
R. over S 

/ 
^ ^ o v c r Cd 

fJ,^ovcr CdSy 

P<. over CdS 

5dO lOOO 

SATURATED VAPOUR PRESSURES OVER Cd, S,&CdS. 

I 5 0 0 * C 



58. 

than that of the charge, the p a r t i a l vapour pressures above the cadmium 

sulphide w i l l be higher than those needed to maintain a solid-vapour 

equilibrium at the lower temperature. Material v a i l sublime from the charge 

and diffuse t o the cooler region where i t deposits. To u t i l i s e t h i s non-

equilibrium s i t u a t i o n f o r growth of crystals, the temperatures and pressure 

of the system must be chosen to give a suitable rate of material transport. 

I n general also the region i n t o which material can be deposited i s constrained 

i n some way, so that large crystals are formed by continued deposition i n the 

same volume. 

4. 3.2. Growth on the charge. 

The simplest case of sublimation growth r e l i e s on the interchange of 

material between the charge and the vapour to produce growth of crystals on 

the charge i t s e l f . No transport of material to other parts of the system i s 
(93) 

involved. The method has been used by Reynolds and Czyzack,^ ' f o r zinc 

sulphide, but conditions f o r the growth of cadmium sulphide are similar. The 

a p p l i c a b i l i t y of various techniques t o both compounds w i l l be found i n many 

references. The growth temperature f o r CdS i s usually some 100°C lower than 

f o r ZnS. Reynolds and Czyzack spread a powder charge inside a quartz tube, 

which was then evacuated and f i l l e d to a pressure of 6 p , s . i , with HgS. The 

tube was heated i n a furnace f o r two to four days at 1150°C, when crystals 

of a few mm, dimensions were formed. Some of the resulting crystals showed 

blue fluorescence under u,v. exc i t a t i o n , t h i s was attr i b u t e d to a non-

stoichiometric excess of zinc. 

When evacuated tubes were used, no c i y s t a l growth occurred. The 

introduction of HgS to the system i s a feature of many crystal growihg methods 
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and must be discussed l a t e r , 

4 , 3 .3 . Sublimation down a temperature gradient. 

The main disadvantage with the method described i n 4 , 3 .2 . i s that there 

i s a strong p o s s i b i l i t y of the crystals being contaminated with impurities 

from the charge. Adsorbed gas and v o l a t i l e impurities can be driven o f f during 

a suitable heat-treatment of the s t a r t i n g material, but less v o l a t i l e 

impurities w i l l remain. Contamination of the f i n a l crystals can be reduced i f 

they are grown by sublimation from the charge to a cooler region; the less 

v o l a t i l e impurities concentrate i n the charge, not a l l of which i s allowed 

to sublime, 

A charge of outgassed cadmium sulphide i s contained i n a quartz tube i n 

one end of a two-zone electidc furnace. The charge temperature i s maintained 

atIL50°C, wit h the other end of the quartz tube some 50° cooler. The tube 

can be evacuated, or contain HgS or an i n e r t gas. Material i s transported 

from the charge to the cool end of the tube over several days, and crystals of 

mm, dimensions are formed, Growth on the charge also occurs, (See 4 . 3 .2 . ) 

This method can conveniently be combined with that of chemical transport, 

^^^^ where a v o l a t i l e intermediary carries a compound by diffusion and 

convection to a region of d i f f e r e n t temperature, where decomposition occurs 

with the production of the o r i g i n a l compound. I n the case of cadmium sulphide, 

incorporation of a small concentration of iodine i n t o the tube ('^1 mg/cc.) 

results i n equilibrium between the CdS charge and the iodine vapour according 

to the reaction Cdig + S CdS + l^, (neglecting any association of the S). 

This reaction i s exothermic, so that i f the charge of CdS i s held at a higher 

temperature than some other poi*tion of the tube, material w i l l be deposited 
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i n the cooler region, the iodine thus freed d i f f u s i n g back and combining with 

more CdS, Since Cdig and S are both more v o l a t i l e than CdS, the temperatures 

involved i n t h i s method are lower than f o r direct sublimation, the charge 

being held at about 650°C, The temperature gradient i s adjusted to give a 

suitable rate of transport f o r appreciable growth to occur. Crystals can be 

grown at temperatures as low as 500°C, However the transport agent i s 

necessarily an iimpurity i n the resulting material, 

4.4. G-rowth on a Substrate. 

4.4.1. Introduction« 

More recently work on growth of large crystals of cadmium sulphide has 

been concentrated on sublimation from a heated charge to a s i l i c a substrate at 

a lower temperature, A large outer jacket which contains either an i n e r t gas 

or HgS, surrounds both charge and substrate. Since the jacket extends from 

the furnace the gas atmosphere can readily be controlled during the run, but 

the vapour pressures which determine the growth conditions w i l l be those 

appropriate to a tube w i t h one end at room temperature. As much of the 
recent data on CdS has been obtained from crystals grown by variations of t h i s 

method, the individual techniques w i l l be considered i n some d e t a i l . 
(81) 

4.4.2, The Method of Greene. Reynolds. Czyzack and Baker^ 
Commercial powder was f i r s t dried and p u r i f i e d by baking i n one atmosphere 

of HgS at 930 - 950°C f o r 2 - 3 days, followed by a similar heat treatment i n 

vacuum. The powder charge was then placed i n a quartz l i n e r at the centre of a 

•globar* furnace (Fi g . 4,2). Quartz cups were placed at either side of the 

charge and at a l i t t l e distance from i t to act as substrates f o r the crystal 

growth. The exact position depended on the furnace p r o f i l e and desired growth 
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temperature, which was usually ~100°C below the charge temperature. The 

mulli t e outer tube which contained the l i n e r was then flushed and f i l l e d with 

the desired atmosphere gas (A, H2S, Hg or N). The pressure was adjusted to be 

760 - 900 mm. Hg. at the growth temperature, which f o r CdS was with the centre 

zone at 1250°C - 1300°C, and the substrates at 1135 - 1175°C. A polycrystalline 

mass of some 400 gm. was formed i n each cup, from which single crystals of 5 

to 115 gm. weight could be cleaved. 

The e l e c t r i c a l properties of these crystals were foimd to be dependent on 

the method of outgassing and p u r i f y i n g the charge. Crystals grown a f t e r 

p u r i f i c a t i o n i n Ĥ S only had a r e s i s t i v i t y considerably less than the normal 

high resistance flow crystals; t h e i r resistance was< ohm.cm. compared T?ith 

9 10 

10 - 10 ohm, cm. However i f the p u r i f i c a t i o n i n HgS was followed by a 

vacuum bake, then the r e s i s t i v i t i e s of crystals as, grown rose to 

ohm,cm. The r e s i s t i v i t y of the more conducting crystals could be increased to 

- 10^ ohm.cm. by baking i n HgS at 800 - 900°C, f o r 19 to twelve hours, 

and to 10 - 10 ohm.cm. on baking i n an i n e r t gas, or i n vacuum. The effects 

of various heat treatments are summarised i n Table 4.1. 

4. 4.3. Method of Boyd and Sihvonen. 

Boyd and Sihvonen^ ' used a similar apparatus to grow single crystals 

of CdS, and investigated the properties of crystals grown under various 

conditions. As before, a large m u l l i t e (or s i l i c a ) outer tube was used to 

contain the ambient gas. The mull i t e tube was mounted i n a three zone 

e l e c t r i c furnace, each zone equipped with independent temperature con t r o l . 

The charge consisted of CdS powder which had been heated i n vacuum at 

150°C f o r 1 hour, before being f i r e d f o r 24 hours at 900°C i n H2S at 380 mm.Hg. 
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The powder was placed inside a s i l i c a growth tube i n the centre of the 

furnace, and the growth chamber evacuated and heated at 150°C f o r 24 hours. 

Then, as the furnace temperature was raised, the tube was purged with H2S. 

At the growth temperature the pressure was adjusted to i t s optimum i n i t i a l 

value of 350 mm, Hg. During a run l a s t i n g seven days diffusion of hydrogen 

through the walla of the tube reduced the pressure to a value of -^200 mm. 

Three types of crystals were produced by the method. Type 1 crystals 

grew r a d i a l l y inward from the walls of the l i n e r i n a region where the 

temperature was~825°C. The charge was at 950°C. The crystals were similar 

to those produced by flow methods, being clear yellow t h i n plates or rods , 

with sizes up to 5 x 4 x 0.1 mm, and 25 x 1 x 1 mm, respectively. 

Ciystals also grew out of the powder charge (see section 4 .3.2); they 

appeared most readily at constant gas pressure, and were transparent prisms 

ranging i n colour from l i g h t to dark amber. These crystals, designated 
2 

•type 2*, grew up to 20 mm. long, with cross-sections of the order of 5 mm. 

The largest sizes and most rapid growth of ty^e 2 crystals occurred with higher 

charge temperatures; the optimum pressure of HgS increased also as the charge 

temperature was increased (e.g. r i s i n g to 400 mm. at 955°C). Helivun and 

argon atmospheres promoted l i t t l e growth compared with Ĥ S at temperatures 

below 1000°C. 

Argon at a pressure near 76O mm. was used i n preference to Ĥ S at the 

higher temperatures, since i t provided a more stable atmosphere. High 

temperature type 2 crystals were transparent, and varied i n colour from a 

very l i g h t amber when grown at 1050^0 or less, to a very dark amber when 

grown at temperatures above 1100°C, 
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Since appreciable sublimation of material from the charge occurred at 

these temperatures, closing the s i l i c a l i n e r with end cups gave ri s e to 

polyc r y s t a l l i n e growth on the s i l i c a substrate as described i n the previous 

section. &rovrth was observed at temperatures from 975°C to 1125°C, the 

largest euid most perfect crystals grew at the higher temperatures. The colour 

of these (type 3) crystals ranged from l i g h t to very dark amber with a 

temperature dependence as f o r type 2 crystals. 

No e l e c t r i c a l properties were quoted by the authors, but a subsequent 
(96) 

paper by Dreeben and Bube^ ' describes the e l e c t r i c a l properties of 

crystals grown by t h i s method. Stsirting material was prepared by 

pr e c i p i t a t i o n from aqueous solution followed by f i r i n g i n HgS at 900°C, 

or by a vapour-phase reaction of the elements. 

Crystals grown at about 1200°C i n 1 atmosphere of argon, away from the 
12 

charge, had centimetre dimensions and very high dark r e s i s t i v i t i e s of >10 Jicm, 

The density of deep trapping levels i n these crystals was of the order of 

10^^/cm^. Other crystals were grown i n argon at a lower temperature, 950°C, 

but grew d i r e c t l y out of the powder charge. Analysis showed that these were 

less piire, p a r t i c u l a r l y with respect to Cu and Zn, and had higher trap 

densities of 10̂ ^ - but they were highly photosensitive. Needle, 

rod, and plate-shaped crystals were obtained at temperatures as low as 800°C, 

but i n an U^S atmosphere. These grew at some distance from the charge. The 

pressure of used lay i n the range 200 - 700 t o r r . Variation of pressure 

of the atmosphere gas did not appear to affect the size of the crystals, i n 

contrast with the previous report,^^^'^ However the photosensitivity of the 

crystals did vary with pressure; those grown i n pressures greater than 300 
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t o r r were the more sensitive. Some crystals also showed a good speed of 

response as well as good s e n s i t i v i t y ; these were grown i n the pressure range 

300 - 500 t o r r . Thermally stimulated current measurements revealed that these 
15 -3 

l a t t e r crystals had a t o t a l trap density of 5.10 cm, , but the deep trap 

density was only 3»10"̂ "̂  cm,"'̂ . I n contrast, crystals grown at 700 t o r r have 

deep trap densities of the order of 10"̂ ^ om,""̂ , with a t o t a l trap density of 

10̂ ^ om."^. 

Copper-doped czystals have also been grown by t h i s method; the s e n s i t i v i t y 

of the crystals decreased strongly with increasing copper concentration. There 

i s evidence that the copper impurity segregates strongly as a function of 

temperature, 

4. 4.4 Fahrig's Method! 

This method i s very similar to that of Reynolds e t , a l , (Section 4. 4.2), 

The charge material was CdS powder produced from vapour phase reaction of the 

elements (see section 3»2). The powder was baked f o r over four hours i n 

vacuum at 900°C to produce a hard bar of dense CdS. Further binding of the 

charge was achieved by heating with 2.5 to 5% of sulphur at 300°C. This charge 

could then be easily handled, and could be accurately positioned i n the 

furnace tube without f o u l i n g the s i l i c a substrates. 

The charge was maintained at 1250 - 1300°C f o r 100 hours to allow 

c r y s t a l l i t e s to grow on the s i l i c a substrates at either side of the charge, at 

a temperature of 1175°C. Individual crystals generally weighed 10 - 50 gms,, 

and occasionally crystals of up t o 400 gms, were obtained. No quantitative 

assessment of the properties of the crystals was given, but the crystals showed 

high r e s i s t i v i t y , and were photosensitive. Incorporation of 0,003/5 indium 

chloride i n tAe charge before sintering gave optimum results with regard to 

improved photovoltaic properties of the materials. 
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f97) 
4, 4 .5 . Konezenko and Yctyanov^ 

The method i s similar to those reported above except that the i n e r t gas 

(Ng) flows through the furnace dxiring the run. The flow i s directed on to the 

substrate to cool the l a t t e r r e l a t i v e to the charge. A mosaic of crystals 

grew from the substrate as before. Apart from t h e i r structural properties, 

the authors investigated dark conductivity versus temperature; s e n s i t i v i t y 

to l i g h t , x-rays, and y-rays; and the thermally stimulated conductivity. The 
9 15 

r e s i s t i v i t y of the ciysta l s was high, of the order 10 - 10 ohm.cm,, at 

room temperature, 
4. 5»1» Growth using a moving temperature gradient. 

The next refinement introduced was the movement of the growth tube r e l a t i v e 
f 98) 

to the furnace, and was f i r s t described by Piper and Polich^ 

The charge i s a block of CdS powder which has been sintered u n t i l i t s 

density i s some 60 - 80^ of the value f o r c r y s t a l l i n e CdS, and i s a sl i d i n g 

f i t inside a short s i l i c a tube closed at one end i n the form of a wide-angled 

cone, A 'back-up tube' i s s l i d i n the other end to contain the charge without 

forming a gas-tight seal (see Fig. 4.3), and the whole i s positioned i n an 

outer m u l l i t e tube which contains the i n e r t gas atmosphere. At the commencement 

of a run the conical end of the s i l i c a tube i s at the centre of the furnace, 

where the temperature i s brought iip to 1200°C. Sublimation of material from 

the charge then seals the tube; the pressure inside the growth tube i s 

therefore that of the atmosphere gas plus the vapour pressures of cadmium 

and sulphvir above cadmium sulphide, which are 'vO,l atmospheres (Fi g . 4.1). 

The mu l l i t e tube i s drawn through the furnace at a rate of 0.2 - 1.0 mm. per 

hour, so that the apex of the cone gradually becomes cooler than the f r o n t 

face of the charge, and supersaturation results i n nucleation and growth. 



66, 

Usually one seed crowds out any others which may have been formed, and a 

single c r y s t a l grows from the t i p at approximately the rate of movement of 

the tube; the temperature of the growth face being some 30*̂ C below the charge 

temperature, A s i l i c a rod attached to the apex of the tube assists i n removing 

heat from the boule. 

The r e s u l t i n g crystals were 13 mm, diameter, and about 3 cm, long, 

although the authors comment that i n prindp le one should not be li m i t e d i n 

the length that can be grown. Crystals of other 11-Vl compounds have also 
(99) 

been grown by t h i s method (see also Aven and Piper^ ' ' ) , Since the crucible 

i s i n thermal equilibrium, any impurities incorporated i n the charge w i l l be 

transferred to the crystal without segregation. Incorporation of Ga i n the 

charge i n the concentration range 10 - 10 ppm, produced a crystal containing 

the same G-a concentration to w i t h i n 30?5, V i r t u a l l y no segregation occurs i n 

the growth of mixed crystals of Zn Cd_ S, and ZnSe Te, 
X J.—X X ; i — X , 

Several important features of t h i s method should be emphasised. The 

sintered charge i s necessary to ensure that the distance from the f r o n t face 

of the charge to the growth face of the crystal does not a l t e r appreciably 

during growth, otherwise the temperature gradients and rate of transport would 

vary. Sintering i s accomplished by baking i n vacuum at 500 - 700°C f o r 1 hour, 

followed by f i r i n g i n a steeam of H2S at 900 - 1000°C f o r 10 hours. 

Although during sublimation the method i s essentially a short sealed 

tube technique, any v o l a t i l e impurities are driven o f f before sealing, and 

the p a r t i a l pressures inside the tube should be completely reproducible. 

The method r e l i e s on controlled nucleation at one point and growth of 

a single c r y s t a l from a small charge rather than growth of many crystals 
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together i n a large system. 

No e l e c t r i c a l or o p t i c a l measurements on the crystals produced were 

described i n the reference, 

4. 5.2. Borisov and Vasilev's Method 

A fu r t h e r 'moving gradient' method was very recently described by Borisov 

and Vasilev^'''^^^ I n t h i s case however the furnace was moved at between 

1 and 5 mn/hour, while the growth tube remained stationary. This tube was 

2cm, i n diameter, and 50 cm. long, closed at one end by means of a f l a t base, 

which acted as the substrate. The charge was commercial CdS, (or alternatively 

material fonned by-precipitation from cadmium sulphate by HgS or sodium 

thiosulphate), which was pressed and sintered into tablets by baking i n H^S 

at 1000°C, The tablets were positioned i n the tube at the appropriate distance 

from the closed end, so as to be at the centre of the furnace. The other open 

end of the tube was 'teed' i n t o ein HgS flow, so that the system v/as e f f e c t i v e l y 

open to the atmosphere while shielded from i t , and any high vapour pressure 

materials were free to escape. This open tube system was found to reduce the 

incorporation of a non-stoiohiometric excess of cadmium int o the crystals. 

During growth the charge temperature was held at 1200 - 1250°C, whilst 

the substrate was at the desired growth temperature, t y p i c a l l y 1100°C. The 

rate of movement of the furnace was adjusted to keep the growing face of the 

c r y s t a l at an approximately constant temperature. I n i t i a l l y , a large number of 

crystals grew on the substrate, but generally a few dominated and produced large 

single c r y s t a l s . Material was also transported down the furnace i n the 

opposite d i r e c t i o n , but t h i s was minimised by choosing a suitable temperature 

p r o f i l e . The type of crystals produced were influenced by the temperature 
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at which they were grown, and by t h e i r rate of growth. As the growth 

temperature was decreased, the c r y s t a l colour became l i g h t e r ; at the same 

time the r e s i s t i v i t y of the material increased sharply. Crystals prepared 

at a temperature of 1100°C had a r e s i s t i v i t y of lO'^^JLcm., and were very 

photosensitive, but the production of large crystals at lower temperatures 

became increasingly d i f f i c u l t . 
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CHAPTER 5. 

PREPARATION OF CHARGE MATERIAL FOR LAR&E CRYSTAL GROWTH 

5.1 Starting Material. 

Throughout t h i s research, commercial cadmium sulphide i n powder form 

was used as s t a r t i n g mateidal. This was supplied by L. Light (S: Co., (high 

p u r i t y grade) or Derby Lumlnesoents Ltd., (electronic grade). These powders 

do not contain any deliberately incorporated impurities. However various 

metals; p a r t i c u l a r l y B, S i , Mg, Pb, Cu, Pe; were present i n concentrations 

of less than 100 ppm together with much larger concentrations of compounds 

such as ammonium chloride, (5 - 10? )̂, formed during the precipitation of the 

powder. Moisture and a l i t t l e free sulphur may also have been present, but 

l i t t l e or no K, Na, or SQ̂ , Thorough drying, outgassing, and purifying was 

therefore necessary before using the material f o r c r y s t a l growth, 

5.2 Powder P u r i f i c a t i o n , 

The powder could be outgassed and v o l a t i l e impurities removed by heating 

i n an evacuated vessel. Cadmium sulphide powder was spread loosely inside 

a 1 inch bore s i l i c a tube, which was connected to a vacuum system comprising 

a conventional o i l rotary pump and mercury diffusion pump with a l i q u i d 

nitrogen cold t r a p . The system was capable of att a i n i n g a pressure of lO"^ 

mm, Hg, A tubular e l e c t r i c furnace was used to heat the powder to a temperature 

of 900°C f o r 48 hours. Material prepared by t h i s treatment w i l l be referred 

to as •outgassed powder'. 

I t appeared from l a t e r studies of crystals grown from t h i s material 

that the outgassed powder contained a non-stoichiometric excess of cadmium, 

due to p r e f e r e n t i a l loss of sulphur during the heat treatment, Reynolds 

e t , ed*^^"^^ recommend outgassing i n an H2S atmosphere as wel l as i n vacuum 
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to obtain reproducible high resistance crystals, but hydrogen sulphide was 

not readily available i n t h i s laboratory i n a suitable form. Outgassing 

i n sealed evacuated tubes, and i n argon f i l l e d tubes, was t r i e d but did not 

produce any s i g n i f i c a n t improvement, 

5,3 P i i r i f i c a t i o n by a Flow Run, 

5« 3»1» Introduction, 

P u r i f i c a t i o n of the powder by simple outgassing was replaced by 

p u r i f i c a t i o n i n an argon flow, using a modified form of Stanley's method^ 

f o r growth of CdS crystals. The aims were thoroughly to dry and outgas the 

powder, to p u r i f y i t by sublimation down a temperature gradient, and to 

obtain a material of increased density, (This l a t t e r point w i l l be seen 

to be of importance i n large c r y s t a l growth). The process should be easily 

reproducible to give a consistent product, Ceidmium sulphide powder was 

retained as the s t a r t i n g material instead of using the p u r i f i e d elements 

because the apparatus required i s simpler and consequently conditions should 

be more reproducible; t h e f / w i l l also be more stoichiometric (see Sec. 3.4). 

Moreover the cost i s lower. Growth from the elements should permit an 

improvement i n p u r i t y to be made, but the properties of the f i n a l crystals 

seem at t h i s stage to be controlled more by departures from stoichiometry 

than by foreign impurities, 

5. 3«2. Apparatus. 

The experimental arrangement i s shown i n Fig. 5.1* The tubular e l e c t r i c 

furnace i s resistance heated through a K«inthal wire element wound on a 

5.5 cm. bore mu l l i t e tube. The resistance of the winding i s chosen so that 

i t can be run d i r e c t l y from mains voltage, passing 5 amps. With 250 volts 
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applied, a temperature of 1250°C can be attained. An Ether anticipatory 

c o n t r o l l e r switches the input to the fximace so as to maintain a desired 

ten5)erature at the position of the charge; the temperature i s measured 

using a platinun/platinum - 13^ rhodium thermocouple. The furnace winding 

i s centre-tapped, eind a 'regavolt' transformer i s connected i n p a r a l l e l 

with i t as shown i n Pig, 5 . 2(b), Adjustment of the regavolt alters the 

proportion of the applied voltage dropped across each half of the furnace, 

and hence t h e i r r e l a t i v e temperatures. Note that since the current flowing 

i n the regavolt i s equal to iwaly the difference i n currents flowing i n eitha: 

h a l f of the furnace, a low power (2 ^ p ) type can be used, 

A 32 mm, bore transparent s i l i c a tube forms the main part of the 

apparatus, and i s terminated at the outlet i n a B 45 cone to permit easy 

insertion of the charge and removal of the product. This end i s closed 

during growth with a I ^ e x end cap and gas outlet tube. Argon enters the 

system through a 10 mm, bore s i l i c a tube alongside the main tube, ensuring 

thorough heating of the gas. The charge i s contained i n a s i l i c a boat 

attached to a s i l i c a rod which enables i t to be accurately positioned i n the 

furnace. Near the outlet i s a s i l i c a l i n e r which i s a loose f i t i n the 

growth tube. 

The c a r r i e r gas, B,0,C,99.9955S pure argon, i s passed through a needle 

valve to reduce the pressure, then through a molecular seive of aluminium 

calcium s i l i c a t e p e l l e t s and over heated copper turnings to remove water 

vapour and oxygen respectively (Fig , 5 . 2 ) , The gas flow to the furnace of 

350 cc/min i s controlled by a furt h e r needle valve and measured on a 

Rotaneter flow meter. The flow rate i s constant over 24 hours to within 
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5 cc/min; (pressure variations were much more marked i f the f i r s t needle valve 

was omitted and pressure reduced by the cylinder regulator alone). 

5, 3.3 Flow Run Sequence, 

The s i l i c a boat i s loosely f i l l e d with cadmium sulphide powder (35 gms) 

and positioned i n the tube. After argon has been flowing f o r 2 hours, the 

charge i s heated to 600°C, and held at t h i s temperature f o r 5 hours. This 

ensiires that any v o l a t i l e impurities, including water vapour and solvents, are 

driven o f f . After t h i s period the furnace i s further heated so that the cheirge 

i s at 1130°C; at t h i s temperature approximately two t h i r d s of the charge w i l l 

sublime i n three hours. Further along the tube, i n a region at about 950 -

900°C, rods and plates grow r a d i a l l y from a cadmium sulphide substrate on the 

s i l i c a w a l l . Near the end of the furnace, on the s i l i c a l i n e r , a grey-black 

deposit forms at a temperature of 200°C or less. This has been shown by X-ray 

powder photographs to be a mixture of cadmium sulphide and cadmium. Fig. 

5.3(a) shows a powder photograph of the deposit; (b) shows CdS w i t h l ^ d f o r 

comparison. Sulphur i s deposited i n the gas e x i t tube as a pale yellow dust. 

After three hours at the growth temperature, the furnace i s switched o f f and the 

tube slowly cools. The argon flow i s maintained u n t i l the furnace i s cold 

(<50°C). 

The s i l i c a l i n e r and cadmium-rich deposits are removed, to prevent them 

contaminating the crystals, a f t e r which the crystals growing out of the 

substrate are dislodged and collected, avoiding any unnecessary disturbance 

of the substrate. The remains of the charge are then withdrawn. The cadmium 

sulphide residue i s now a pale yellow sintered s o l i d , as opposed to the origin a l 

b r i g h t orange powder; the colour change i s due to the change i n physical form^^^-^^ 
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rather than to an a l t e r a t i o n i n p u r i t y . The substrate i s not disturbed since 

the use of acids necessary for i t s complete removal would lead to possible 

contamination of the apparatus, and would also reduce the l i f e of the silicaware. 
(82) 

Further, Vecht, E l y and Apling ' have shown that the cadmium sulphide substrate 

can become heavily doped with s i l i c o n and/or other impurities by diffusion from 

the walls of the tube, whereas c r y s t a l s grown on the substrate are much l e s s 

affected. 

After many rians the substrate i s removed and the tube cleaned. At the 

same time the molecular seive i s dried by gently heating i n vacuum, and the 

copper tximings regenerated with hydrogen. The f i r s t run after cleaning i s 

performed as for a normal run, but i s used solely to deposit a new substrate 

and any c r y s t a l s formed during t h i s run are discarded, 

5» 3»4. Properties of the flow c r y s t a l s . 

The c r y s t a l s produced are pale yellow rods or thick s t r i a t e d plates; 

a few t h i n , c l e a r plates are usually found i n each run and are removed for use 

by other members of the gro(^. The r e s i s t i v i t y of the czystals i s high, and 

under u l t r a - v i o l e t excitation (\=:365C&) at 77°K green luminescence i s 

observed, turning orange before extinction on warning. 

The purity of the c r y s t a l s should be much improved compared with the 

o r i g i n a l s t a r t i n g powder since v o l a t i l e impurities are swept away, and 

impurities l e s s v o l a t i l e than CdS w i l l tend to remain i n the boat. No 

a n a l y t i c a l techniques capable of detecting impurities i n quantities of l e s s than 

20 ppm, are available i n these laboratories, but X-ray fluorescence analysis 

showed that zinc i s present at about t h i s concentration. 

The paper by Vecht, E l y and Apling was concerned with c r y s t a l 
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pui'ification i n a very similar apparatus, and appeared during the course of 
t h i s research. I t confirmed that considerable improvements i n purity could 
be obtained by t h i s method. The authors note, however, that small quantities 
of oxygen i n the product c£innot be assessed, and that no satisfactory chemical 
means i s available for detecting small departures from stoichiometiy, 
5 A . Sulph\xr-rich flow c r y s t a l s 

Since there appears to be a tendency to lose sulphur i n preference to 

cadmium i n open tube growth of the type described i n section 5»3» some runs 

were performed using a charge of cadmium sulphide powder mixed with ifo sulphur 

(pu r i t y 6N), other conditions remaining unchanged. This method of incorporating 

the sulphur was ohosen f o r s i m p l i c i l y , although more uniform conditions 

throughout the rvm would have been obtained using an external sulphur b o i l e r 

and separate gas flow. There was an Increase i n the amount of sulphur deposited 

i n the gas e x i t tube during the run, and the amount of free cadmium on the 

l i n e r was reduced, but the appearance of the c r y s t a l s grown was unchanged. 

Cr y s t a l s produced by t h i s method as charge material for the growth of large 

c r y s t a l s w i l l be referred to as 'sulphui>Tich• flow c r y s t a l s , 

5»5» Control equipment 

To ensure that flow runs were performed under similar conditions each 

time, and to cut down the time needed i n supervision of the equipment, a set 

of motor driven cams was arranged to supply power to the furnaces and controller 

at appropriate times. 

The type 991 Ether controller was f i r s t modified by the insertion of a 

second control arm and relay to bresdc the power supply to the furnace when i t 

had reached 600°C, Removal of the voltage from t h i s second control arm 

restored the furnace power u n t i l the normal control point at 1130°C, 
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A synchronous motor and reduction box were used to drive a shaft at a 

speed of one revolution per 23 hours. On t h i s shaft four cams were mounted. 

The lobes of the cams operated S.P.C.O. mioroswitches, connected to the 

appropriate equipment. To permit easy alteration of the duration of various 

stages of the growth, double cams were used; e.g. for the outgassing period 

of approximately f i v e hours, two adjacent cams with lobes corresponding to 

times of three and a h a l f hours each are used i n preference to a single cam. 

This allows the period of outgassing to be set to between three and a half and 

seven hours. The equipment i s i l l u s t r a t e d in F i g , 5.4. The apparatus 

controlled and sequence of operations are l i s t e d i n Table 5«1» 



TABLE 5*1 - DETAILS OP SEQUENCE TIMIN& 

APPARATUS CONTROLLED 

Cam No, 1 

Cam No, 2 

Cam No. 3 

Cam No. 4 

Cam drive motor 

Copper turnings furnace 

Ether controller mains supply 

Ether controller second control arm (600°C) 

Time elapsed (hours) 

0 

2 

5 

8^ 

23 

24 

CONTROL SEQUENCE 

Switching operation 

Microswitch 1 makes 

Microswitch 2 makes 

Microswitch 3 & 4 make; 

Microswitch 4 breaks 

Microswitch 3 breaks 

Microswitch 2 bre«iks 

Microswitch 1 breaks 

E f f e c t 

Cam drive motor on 

Copper furnace on 

Furnace on, heats to 600°C 

600° control off, furnace 
heats to 1130° 

Ether controller off, 
furnace cools 

Copper furnace cools 

Cam drive motor stopped 



FIGURE 5 . 4 
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CHAPTER 6' 
LAR&E CRYSTAL GROWTH IN THIS RESEARCH 

6.1 I n t r o d u c t i o n 

Sublimation of cadmium sulphide from one end o f a sealed evacuated 

quartz tube t o the oth e r was chosen as a s t a r t i n g p o i n t f o r l a r g e c r y s t a l 

growth, since the experimental arrangements are r e l a t i v e l y simple. The 
f93) 

even simpler method o f growth d i r e c t l y on to a cadmium sulphide charge^ ' 

was avoided since the many n u c l e a t i o n s i t e s present would lead to the 

growth of many small c r y s t a l s r a t h e r than one la r g e one, and the c r y s t a l s 

would be contaminated w i t h n o n - v o l a t i l e i m p u r i t i e s from the charge. I t 

was hoped t o avoid both of these disadvantages w i t h the sublimation method. 

6.2 Sublimation i n sealed evacuated tubes 

I n the f i r s t experiments cadmium sulphide powder, d r i e d and outgassed 

as described i n section 5.2, was used. For each run, 10 grams of the 

powder was i n s e r t e d i n t o a 10mm. bore, 6" long s i l i c a tube. The tube 

vras then connected t o a vacuum system v i a a s i l i c a t o Fyrex graded seal. 
-5 

A f t e r pumping f o r s i x hours a t a pressure o f 10 mm.Hg. the tube v/as 

sealed under vacuum and p o s i t i o n e d i n a t u b u l a r e l e c t r i c furnace. Each 

end of the furnace was provided v.dth a separate power supply and temper­

ature c o n t r o l l e r , so t h a t the temperature a t e i t h e r end of the seaied 

tube could be set as required. The cadmium sulphide charge was held a t 

1100°C, v/ith the other end o f the tube a t 1050°C, f o r a perio d o f 72 hours, 

t o sublime m a t e r i a l from the charge t o the cooler end o f the tube. The 

furnace was then slowly cooled. 
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L i t t l e o f the powder was transported. Instead the charge s i n t e r e d 
and small c r y s t a l s w i t h w e l l pronounced c r y s t a l l o g r a p h i c faces grew 
from i t s surface. Both the charge residues and the c r y s t a l s were very 
dark brown, almost black i n colour. Two-probe resistance measurements 
usi n g indium contacts on small c r y s t a l s showed t h a t the m a t e r i a l had a 
r e s i s t i v i t y of less than 10 ohm-cm. The use o f a thermo-electric 
probe technique showed t h a t the conduction v/as n-type. 

Furt h e r runs were t r i e d using s l i g h t l y higher temperatures, and 

a l a r g e r temperature gradient (ll50°-1050°C) f o r longer periods, but 

there was l i t t l e increase i n the amount of m a t e r i a l transported along 

the tube. The higher temperatures d i d however promote the growth o f 

l a r g e r c r y s t a l s on the charge, and some as l a r g e as 8 x 3 x 2 mm. were 

obtained. (Figure 6.1). The increased size permitted H a l l e f f e c t 

samples t o be obtained; the room temperature r e s i s t i v i t y was 10 ^ ohm-cm. , 
l 7 —3 2 2 w i t h n = 10 cm , and | i = 270 cm /v. sec. The m o b i l i t y rose to ~ 750 cm / 

V. sec. a t 100°K. The H a l l r e s u l t s and the dark appearance of the c r y s t a l s 

show a marked s i m i l a r i t y t o the p r o p e r t i e s of CdS c r y s t a l s prepared i n 
(32) 

a l a r g e excess o f o^dnium. ̂  ' 

I n a f i n a l attempt t o promote sublimation the short tubes were 

replaced w i t h longer evacuated tubes so t h a t the cool end was now a t 2tD0°C. 

This r e s u l t e d i n sublimation of m a t e r i a l from the charge a t 1100°C t o the 

region of the tube a t about 900°C. The c r y s t a l s grew i n the form o f rods; 

those which grew nearest the charge were brown, v/hereas those grown i n 

a s l i g h t l y c o o l e r region v/ere yellow. Since the growth was d i s t r i b u t e d 

over several inches, the i n d i v i d u a l c r y s t a l s were very small. Two probe 
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r e s i s t i v i t y measurements on several rods showed a dark r e s i s t i v i t y of 
5 

10 ohm-cra, , v^hich decreased on i l l u m i n a t i o n . 

6.3 Use of arfion f i l l e d tubes 

The experiments w i t h evacuated tubes suggested t h a t the f a c t o r 

reducing the r a t e of s u b l i m a t i o n i n sealed tubes could be a high p a r t i a l 

pressure o f one of the elements, (probably cadmium) as a r e s u l t of large 

departures from s t o i c h i o m e t r y i n the powder charge. To overcome t h i s , long 

argon f i l l e d tubes were used instead of i s i i o i ^ evacuated ones, 1 cm. 

bore t u b i n g v/as used again, sealed a t one end i n a c o n i c a l p o i n t , but 

the o ther end p r o j e c t e d from the furnace. The charge was contained near 

the closed end by a piece of c a p i l l i a r j ' ^ t u bing which was a s l i d i n g f i t 

i n the main tube. At the outer end, the tube could be evacuated, then 

connected t o an a r g o n - f i l l e d b a l l o o n t o maintain a s l i g h t p o s i t i v e 

pressure o f i n e r t gas throughout the run. The apparatus ds/shown i n 

Fig. 6,2. 

The two-zone e l e c t r i c furnace v/as used as before, so t h a t the t®np-

erature c o u l d be c o n t r o l l e d both a t the charge and a t the closed end of 

the tube. The furnace was slowly brought t o temperature, w i t h the charge 

a t 1100°C and the p o i n t a t 1200°C, t o c l e a r the l a t t e r o f any contaminating 

m a t e r i a l . Any c o n s t i t u e n t i n the charge v/ith a high vapour pressure 

v/ould be d r i v e n o f f a t t h i s stage, before sublimation of the cadmium 

sulphide sealed o f f the c a p i l l i a r y tubing. This method o f s e l f - s e a l i n g 

of the tube a t tlie f i n a l temperature i s s i m i l a r t o t h a t o f Piper and 

P o l i c h ^ ^ ^ ^ . A f t e r 24 hours the temperature o f the charge was r a i s e d t o 

1200°C, and t h a t of the closed end reduced t o 1100°C, and maintained f o r 
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72 hours t o a l l o w sublimation from the charge t o the p o i n t . 

A boule o f c l e a r , orange-yellow CdS v/as formed, composed of several 

c r y s t a l s w i t h a cross-section o f 2 or 3 ram. square, garowing p a r a l l e l t o 

each other. The boundaries on the growth face between the c r y s t a l s 

were o f the hexagonal chicken-wire p a t t e r n noted by Grille^''"'^^^ and 

i n d i v i d u a l c r y s t a l s could r e a d i l y be cleaved from the block. 

Increasing the bore o f the tube t o increase the amount o f m a t e r i a l 

i n the system r e s u l t e d i n the gro\7th of more c r y s t a l s of a s i m i l a r size 

r a t h e r than l a r g e r c r y s t a l s . Part of such a boule i s shown i n Fig. 6.3. 

The c r y s t a l s had a low r e s i s t i v i t y of ~ 10 ohm-cm., w i t h y. ~ 260 
2 l 7 —3 cm /v. sec., and n ~ 10 cm . The resistance could be increased by 

heat-treatment; t h i s w i l l be discussed l a t e r i n chapter 8. 

6.4 P u l l i n g method F.j. t.a. 

To promote the formation o f one or a few l a r g e c r y s t a l s as opposed 

to the many small ones, i t was desirable to exercise b e t t e r c o n t r o l over 

the n u c l e a t i o n o f the boules. The apparatus was modified t o allow the 

grovfth tube t o be p u l l e d slowly though the maximum temperature region 

o f the furnace, as suggested by Piper and Polich^^^''. The tubes used 

were prepared as before, w i t h the a d d i t i o n t h a t a s i l i c a rod was attached 

t o the apex o f the *ube and extended from the flimace. This was dr^wn 

along by a synchronous motor and screwed thread d r i v e , v/ith a gearbox 

t o provide p u l l i n g speeds i n the range 0.5-3 mm./hour. The tube 

was p o s i t i o n e d so t h a t the apex was i n i t i a l l y a t the h o t t e s t p o i n t 

(1200°C) o f a s i l i c o n carbide element furnace, and when the tube had 

moved so t h a t the p o i n t became colder than the charge, supersaturation 
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FIGURE 6 . 3 
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r e s u l t e d i n growth from the t i p . As the run continued the boule grew 

on the seed so formed, e i t h e r as one si n g l e c r y s t a l or as a few sizeable 

c r y s t a l l i t e s , over a pe r i o d o f several days. 

The m a t e r i a l produced was a c l e a r yellow i n colour, (Fig. 6.5(a) 

appendix) i n the form o f boules 1 cm. diameter and up t o 2 cm. long. 

Occasionally the boule grew as one s i n g l e c r y s t a l but m u l t i - c r y s t a l l i n e 

growth o f t e n occurred, e s p e c i a l l y i f the apex of the tube had a very 

l a r g e o r a very small semi-angle. Experiments showed t h a t using a tube 

w i t h l a r g e serai-angle encouraged n u c l e a t i o n a t several p o i n t s , since 

there was l i t t l e temperature v a r i a t i o n between po i n t s on the cone. The 

use o f a very sharp, t a p e r i n g p o i n t r e s u l t e d i n nucleation only a t the 

extreme end of the tube, but the growth d i r e c t i o n was across r a t h e r than 

along the tube, and broken gro^'rth again r e s u l t e d . An angle of between 

45̂ ^ and 60° seemed the most s u i t a b l e . A possible increase i n the size 

of the c r y s t a l s by using l a r g e r diameter tubes was in v e s t i g a t e d , but 

a diameter of 15 ram. proved the p r a c t i c a l l i m i t as m u l t i c r y s t a l l i n e 

boules formed more r e a d i l y i n the l a r g e r bore tubes. Crystals from 

these runs s t i l l showed the low r e s i s t i v i t i e s (~ 10 ^ ohm-cm.) found i n 

e a r l i e r methods. 

A change t o the use o f f l o w c r y s t a l s , prepared as described i n section 

5,3, i n s t e a d of outgassed powder as s t a r t i n g m a t e r i a l was made f o r some 

o f these p u l l i n g runs. The product had a c l e a r yellow c o l o u r and sub­

l i m a t i o n occurred r e a d i l y . Some c r y s t a l s were obtained which had a high 

r e s i s t i v i t y o f 10^ ohm-cm., but the r e s i s t i v i t y was non-uniform along 
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the l e n g t h o f the boule. Single c r y s t a l s w i t h a dark r e s i s t i v i t y o f 
6 

> 10 ohm-cm. could be obtained however by using the product of one run 

as the charge f o r the next. The amount o f m a t e r i a l transported i n a given 

time d u r i n g the second run v/as higher, and several l a r g e c r y s t a l s were 

grown i n t h i s way, ( F i g . 6,3b), 

6.5 Piper and Polich's Method 

A s e r i e s o f runs using the Piper and P o l i c h method, ̂ ^̂ "̂  as described 

i n 4.5.1* were made f o r comparison vTith other teclmiques. This also allov/ed 

the p r o p e r t i e s of c r y s t a l s grov/n i n t h i s way to be studied, since the 

p r o p e r t i e s were not reported i n the o r i g i n a l reference. 

Most of the fea t u r e s o f the method were already i n use; the p r i n c i p a l 

d i f f e r e n c e r e q u i r e d compared w i t h our previous runs was i n the use of 

short tubes surrounded by a m u l l i t e argon j a c k e t , instead of long tubes 

t e r m i n a t i n g i n a bal l o o n . The m u l l i t e outer i s provided w i t h an argon 

i n l e t and o u t l e t , and a continuous stream of gas i s passed through the 

apparatus. 

Some departures were made from the Piper and Pol i c h arrangement t o 

s i m p l i f y the apparatus. (See Fig . 6.4) Instead o f the whole m u l l i t e gas 

j a c k e t being p u l l e d through the furnace, i t v/as f i x e d i n p o s i t i o n . The rod 

attached t o the apex o f the charge tube (wiiich a s s i s t s i n cooling the 

condensing m a t e r i a l ) was extended w i t h a s i l i c a tube t o the p u l l i n g motor. 

This tube also served as the i n l e t f o r the argon f l o w , which t h e r e f o r e 

enhanced the removal o f heat dovm the s i l i c a rod. E f f i c i e n t purging of 

the system was also ensured since the argon was introduced w e l l i n t o the 

system i n s t e a d of near t o the o u t l e t . To permit l o n g i t u d i n a l movement of 
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the pulling tube while maintaining a positive gas pressure inside the 

system, a f l e x i b l e s e a l was made by closing the outer end of the mullite 

jacket with a balloon (of the type used in meteorological work). The 

pulling rod was a tight f i t i n the neck of the balloon. The argon gas 

i n l e t and outlet were both provided with heavy white o i l bubblers to 

maintain the positive pressure. The temperature at the point of the tube 

could be monitored by a platinun/platinum-13/? rhodium thermocouple attached 

to the pulling rod; a s i m i l a r thermocouple outside the mullite at the 

centre of the furnace was connected to the temperature controller. 

Flow c r y s t a l s produced as described i n 5.5 were used as starting 

mateidal. Approximately 15 gms. was required to f i l l the 10 ram. bore, 

5" long s i l i c a tube when loosely packed. After the quartz rod 'seal' had 

been inserted, the tube was evacuated, and then f i l l e d with high purity 

argon, several times. The tube v;as positioned in the argon-filled mullite 

outer, and the system purged for several hours ̂  During this time the 

furnace wa§ slov/ly warmed to ~ 150°C to drive out any moisture which may 

have condensed in the system. After purging, the argon flow was reduced 

to 50 c.c./min., and the furnace brought up to 1300°C at the control point. 

The apex of the tube, at the centre of the furnace but inside the mullite, 

was a t 1250°C, with the charge at about 1175°C. This was maintained for 

24 hours, so that the flow c r y s t a l s sublimed back from the point to form 

a dense charge, and sealed the constriction. The centre temperature v/as 

reduced to the desired value f o r the run, (runs were performed with temp­

erature i n the range 1050 - 1300°C) and the pulling motor started. 
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The run was terminated when the constriotion reached the centre of .the 
furnace, before the l a s t of the charge had sublimed. The furnace could 
be cooled gradually, by feeding the s i l i c o n carbide furnace element v i a 
i t s associated Voltmobile transformer from a motor-driven regavolt, so 
tliat the current through the element was slowly reduced over two days. 
Al t e r n a t i v e l y f a s t cooling or quenching v/as obtained by switching off 
the current, giving an i n i t i a l cooling rate of > 20°C/min. 

The properties of c r y s t a l s grown at different temperatures, and the 

effect of sloyr or f a s t cooling, w i l l be discussed lat e r . (Section 8.4). 

6.6 Vacuum pulling runs 

A return to the use of sealed evacuated tubes was made to see i f 

the improvements i n technique and starting material could lead to success­

f u l r e s u l t s i n t h i s mode of c r y s t a l growth. I t i s very desirable that 

controlled material should be grown by this method since i t offers the 

best opportunity for exact control over the composition of the charge, 

and f o r exclusion of ojygen, v/ater vapour, etc., A given rate of sub­

limation and growth should be attainable at lower temperatures i n an 

evacuated tube, and the gas-handling system and associated complications 

can be dispensed with. Also of great importance i s the fact that a v e r t i c a l 

furnace ara?angement would then be possible; with the additional f a c i l i i y 

of rotation of the tube during the run. Such an arrangement would over­

come the problem of temperature gradients across the sample and associated 

non-uniform c r y s t a l growth found i n horizontal furnace methods. 

The expeilmental arrajagement vfas exactly as shovm i n Figure 6.4 for 

the Piper and Polich runs.-;̂  - with the tube being sealed under vacuum 
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(10 ^ mm.Hg,) instead of open v i a the constriction. The argon jacket was 
retained for some sealed tube runs so that argon-filled and evacuated tubes 
could be used under i d e n t i c a l conditions i n the same run for comparison. 

The flow c r y s t a l charge was again loosely packed so as to f i l l the 

whole tube; about 15 gms. was required. Back sublimation at 1300°C for 

24 hours to consolidate the charge and clean the t i p was followed by 

pulling at speeds of 0.8, 1.5 or 3 mm./hour, and with the maximum temper­

ature of the furnace set as necessary for the pa r t i c u l a r njn i n the range 

1050° - 1300°C. After each run the furnace was slowly cooled, with a 

maximum cooling rate of 0.5°C/min., over tyio days. 

Even with a flow c r y s t a l charge, the rate of sublimation was again 

found to be very low, as i n the previous vacuum methods. The highest 

temperature, 1300°C, combined v/ith the lowest pulling speed to give a long 

run, was necessary to get sublimation of an appreciable amount of material; 

one e s p e c i a l l y good boule, 3 cm. long, of which 2 cm. was single c r y s t a l , 

grew under these conditions. C Fig. 6. 5(d). 3 These joules were transparent, 

but with a brown appearance. Much of the darkening was due to a surface 

l a y e r which could e a s i l y be removed with a chromic acid etch. 

At such high temperatures the s i l i c a tubing was almost at softening 

point, and i n several runs the tube had swollen to a diameter of 1.5 cm. 

or more, but was s t i l l under vacuum when cold. This would seem to indicate 

a component present i n the tube with a p a r t i a l pressure greater than 1 

atmosphere at 1250°C; the vapour pressures of Cd and S above stoichiometric 

CdS a t th i s temperature should be no more than 0.2 atmospheres. 

Boules of 1 - 1.5 cm. i n length could be grown with a centre tempera-



85. 

ture of 1250°C, (corresponding to the boula gror;ing at about 1200°C) 

and a f a s t e r pulling speed of 1.5 msn/hour or 5 mm./hour. These had a 

much darker co'lour than the boules grown more slowly at a higher tempera­

ture, being almost red i n transmitted li g h t . The difference i n shade can 

c l e a r l y be seen i n the photographs. (Pig. 6.5(e)). 

Another consequence of the lovi rate of sublimation i s that the back 

transport of material away from the point at the beginning of a run i s 

also impeded; to allow t h i s to happen completely the druation of th i s 

stage of the run was increased when sealed tubes were employed. I f i n ­

s u f f i c i e n t time has been allowed, grov/th proceeds both from the point and 

by deposition on the p o l y c i y s t a l l i n e 'mat' l e f t by the charge, resulting 

i n departures from single c r y s t a l growth. The pol y c i y s t a l l i n e portion 

can be seen along the boule i n Fig. 6,5(e). 

Y/hen lower furnace temperatures v/ere used, no appreciable growth 

occurred. At temperatures of 1200°C growth on the charge vra.s found as 

i n the f i r s t vacuum tube experiments (see 6.2) but at temperatures of 

1150°C or below, l i t t l e change i n the charge was evident beyond some 

sintering, unless a run v/as continued for at l e a s t 10 days. 

6,7 Addition of sulphur 

To regain stoichiometric conditions and allow sublimation and garowth 

to precede normally, additional sulphur had to be incorporated i n the cliarge. 

This was done in two ways. In the f i r s t , a small quantity of sulphur was 

added d i r e c t l y to the growth tube along with the charge. The amount needed 

was small, since very large departures from stoichiometry were not expected, 

and the maximum quantity of sulphur used was 5 mgra. This amount gave a 
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sulphur p a r t i a l pressure of 1 atmosphere under the growing conditions 

used. Smaller quantities of 1.5 and 0.15 mgm., representing concentrations 

of 0.01 and 0.001̂ 2 by weight of the charge, were also used; 0.15 mgm. 

was the smallest amount i t was convenient to measure. To avoid errors i n 

transferring t h i s quantity of sulphur from the balsmce pan to the tube, 

a c r y s t a l of approximately the right s i z e was weighed and used, rather 

than powder which might be l o s t on transfer. 

Runs were performed at a temperature of 1150°C, using the range of 

sulphur concentrations specified. No transport occurred in the tubes 

with the largest sulphur content (5 mgm.), only sintering. The tubes con­

taining 0.15 mgm. sulphur promoted growth of small yellow cr y s t a l s ( 2 x 2 

X 1 mm.) on the charge. Using the tubes containing 1.5 mgm., or 500 p.p.m. 

sulphur, a polycrystalline boule, 2 cm. long and orange-yellow, grew from 

the point. The residue of the charge was also c l e a r yellov/ c r y s t a l l i n e 

material. 

Incorporating the sulphur during the preparation of the flow c r y s t a l 

charge by using an excess of sulphur i n the original powder, as described 

i n 5.4, also promoted growth. In tubes f i l l e d with these sulphur-rich 

flow c r y s t a l s the charge sintered to a c l e a r yellow polycrystalline mat, 

and a 0.5 cm. long boule could be grown at a temperature of only 1050°C. 

Increasing the centre temperature of the furnace to 1200°G, so that the 

boule grew at 1150°C, produced one some 1.5 cm. long, although again i t 

was very polycrystalline. Also the remains of the charge grew as large 

individual c i y s t a l s with well developed faces. The c r y s t a l s were of 

the order of 3 x 3 x 3 mm., and c l e a r yellow. 

The incorporation of excess si-dphur into the charge thus enables 
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c r y s t a l s to be grown successfully i n sealed evacuated tubes, by restoring 

the necessary near stoicliiometxlc conditions; The reasons for our 

i n a b i l i t y to grow samples i n sealed evacuated tubes using normal out-

gassed powder or flow c r y s t a l s as a charge, and the necessity for 

stoichiometric conditions in the tubes for growth to occur, w i l l be 

discussed i n chapter 8. 

Further to the above experiments on growaiigy c r y s t a l s i n a sulphur-

r i c h atmosphere, low r e s i s t i v i t y c r y s t a l s grown by e a r l i e r sealed tube 

techniques were heated at 900°C i n a p a r t i a l pressure of 10 atmospheres 

o f sulphur for several days. The colour of the cry s t a l s lightened, and 

t h e i r r e s i s t i v i t i e s increased from ~ 10 '''Acm to lO^Acm or higher, 

but i n the case of the very black, highly conducting samples annealing 

had to be continued for up to 10 days to observe this change. 
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CHAPTER 7 
HALL EFFECT MEASUREMENTS 

7,1 Sample Preparation for Hall measurements 
A suitable Hall effect sample would be rectangular, with dimensions 

10 X 2 X 1.5 mm, although samples of these dimensions could not always be 
obtained when the size of crystals grown was small. A correction appropriate 
to the length to width ratio of the sample had then to be applied to correct 

(56) 

for Hall voltage shorting by the current contacts,^ ̂  ' 
Large boules, provided they were annealed and not quenched eifter growth, 

could be cut with a piercing or jeweller's hand saw, using a veiy fine 
(0.004") blade. The crystal was cemented to a mitre block made from dural 
angle, to prevent movement and cracking of the sample, and to guide the saw-
cut. After roughly sawing to shape, (or cleaving, i f obvious crystal 
boundaries are present), the f i n a l shaping of the sample was done by grinding. 
Coarse and fine corundum powders, grades 400 and 800 were used, followed by 
ultra-micro polishing alumina. The grinding was done on a plate glass base, 
using water as a lubricant. So that opposite faces of the sample were as 
near parallel as possible, f i n a l grinding was done with the samples cemented 
into a recess of the correct thickness i n the f l a t base of a steel disc. Pot 
the quenched samples, the i n i t i a l shaping by sawing had to be omitted, since 
the crystal cracked continually as the sawing progressed. In this case, a l l 
of the shaping was done by grinding, but this of course reduced the number of 
samples obtained from a boule. 

G-rinding was followed by a short etch ( 1 - 2 mins.) in chromic acid at 
80°C to prepare the sample for evaporated contacts. After the etch, the 
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sample was thoroughly washed i n d i s t i l l e d water and dried. The dimensions 
were then measured using a micrometer. During these operations care was 
taken to avoid handling the crystal surfaces, since any contamination by 
grease, etc., could prevent the successful application of good indium contacts, 
7.2 Contacts. 

Indium was used exclusively as the contact material, since this forms a 
good ohmic contact and i s convenient to apply. The detailed procedure for 
applying the contacts formed the subject of a recent paper, which i s appended. 
Any evaporated indivmi l e f t on the crystal surface when the contacts had been 
applied could be removed with a further brief etch. The sample was then ready 
for mounting i n the appropriate ciyostat. 

The major disadvantage of the contacts obtained was their size. The 
contact diameter was of the order of 1 mm., except for the current contacts 
which covered the entire end of the ssunple. Probe contacts 1 mm. i n diameter 
w i l l give rise to errors i n the determination of sample resistivity and Hall 
constant, since they act as conducting layers on the side of the sample and 
disturb the current flow, Zook and Dexter obtained indium contacts as small 

( 4 7 ) 

as 0.2 - 0.5 ram. diameter using an ultrasonic soldering technique,^ " They 
found that areas as small as this s t i l l do not approximate to point contacts 
6LS effects due to shorting by the contacts were evident i n their magneto-
resistance studies. Their contacts had the disadvantage that their resistance 
was high; about twice as large as the sample resistance using samples with 
r e s i s t i v i t i e s i n the range 5 - 5 0 ohm-cm. The authors concluded that a lower 
l i m i t to the size and resistance of the contacts was determined by the 
requirement of low noise. 
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7.3 Cryostats. -
7. 3.1 general 

The essential features required of a cryostat for the Hall and other 
measurements described i n this thesis are that the sample can be provided 
with the necessary electrical leads, and can be held at a known temperature 
i n the range 80 - 30oi K, i n a reversible magnetic f i e l d and perhaps with 
illumination of a desired wavelength. Two cryostats were constructed; one 
designed to attain steady temperatures anywhere i n the desired range, the 
other being more portable and with large windows for optical work. 
7. 3.2 'Optical' cryostat 

The design of this oiyostat is shown i n Pig. 7*1. The body was turned 
from a solid copper block, and was provided with a puiig)ing stem, a multiple 
metal-ceramic seal for electrical leads, and front and side windows. 'O'-ring 
seals formed vacuum joints at the windows, which could be s i l i c a or plate 
glass as required. Metal blanks were used when measurements of dark current, 
etc., were made, but the multiple seal had also to be covered as this was 
translucent. 

Two nickel-silver tubes formed a vacuum jacket around a liquid nitrogen 
reservoir. The copper block on which the sample was mounted formed the base 
of this reservoir. The block was of large dimensions to provide a large 
thermal capacity and keep the sample under uniform temperature conditions. 
A thin sheet of mica on the face of the copper provided good electrical 
insulation while maintaining thermal contact. 

The electrical lesids were brought i n through the metsil-ceramic seal and 
were terminated i n pyrophilite blocks mounted on the sides of the sample block. 
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Black wax was used to form a vacuum tight j o i n t between the leads and the 
hollow pins of the seal; soldered joints were found to give rise to thermo­
electric e.m.f.'s which interfered with the measurements. A copper-constantan 
thermocouple was led through the seal i n a similar manner. The crystal was 
mounted on the face of the copper block using a very small quantity of an 
adhesive such as Durofix which was soluble for later removal the sample 
without damage. The f l y i n g leads from the crystal contacts (see section 7.2) 
were soldered to the appropriate leads on the pyrophilite blocks, and the 
thermocouple was embedded i n one of the indium contacts, to measure the sample 
temperature. 

-2 -3 
When the oryostat was evacuated to 10 to 10 mm. Hg. using a conventifnal 

backing pump, the sample cooled to 90°K when the reservoir was f i l l e d with 
li q u i d nitrogen. Measurements between this lower l i m i t and room teii?)erature 
coujd be made while the crystal wanned up after the coolant had evaporated, 
although at the lower temperatures the rate of rise of temperature was rather 
fast, being of the order of 10°C per minute. As an alternative, slush baths 
or freezing mixtures could be used to hold intermediate temperatures, but 
their use was very inconvenient i f many fixed temperatures were required. 

The use of the cryostat as described had many important features, 
( i ) The crystal, complete with flyi n g leads, was easily mounted and 

removed without heating the sample, 
( i i ) The crystal was i n good thermal contact with the copper block and 

coolant, whilst the vacuum jacket and nickel-silver tubes provided 
insxilation from the surroundings, 

( i i i ) Temperatures i n the range 90 - 300°K could be attained and measured. 
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(The use of a small heater i n the reservoir enabled this range to be 

extended upwards to 4 0 0 ° K ) , 

( i v ) Heat transfer down the leads to the sample was minimised by terminating 

these leads on the side of the copper block. 

(v) The vacuum jacket prevented condensation of water or carbon dioxide 

on the sample when cold; the crystal was also l e f t under vacuum once 

measurements had begun so that effects of oxidation or surface 

absorption of gases were minimised. 

( v i ) The windows allowed illumination of the sample with infra-red, visible 

or ultra-violet l i g h t , so that r e s i s t i v i t y , photoconductivity and 

other measurements could be performed without the need for removing 

and remounting the sample. 

The d i f f i c u l t y i n controlling the lower intermediate temperatures was 

one disadvantage found with this cryostat. In siddition, the thickness of 

the cryostat body meant using a large magnet pole gap for Hall effect 

measurements, resulting i n a reduction i n the magnetic f i e l d available. This 

i n turn gave a smaller Hall voltage, decreasing the accuracy of the measurements, 

7. 5.5 Hall effect cryostat 

This oryostat was designed to allow the samples to be held at any 

temperature i n the range 80 - 575°K, for a period long enough for complete 

electrical measurements to be made, with less than 2°K temperature d r i f t . The 

construction of such cryostats has been described many times i n the literature, 

and only brief reference to the details is necessary,̂ '̂ ''"̂ ' *̂̂ ^ The sample 

was again mounted on mica on the face of a copper blSick. The copper was 

joined to the nickel silver support tube by a small neck, to reduce heat flow. 
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The fine-gauge electrical leads were led through the top plate via a metal-
ceramic multi-way seal, and passed dovm the inside of the support tube to 
the sample block. The leads terminated at the neck of the copper block, where 
they were connected permanently to miniature 'bus-bar'S:*̂  of 22 s,w.g. tinned 
copper wire. These were held between pyrophilite blocks and arranged to be 
adjacent to tiie appropriate contact on the sample so that the flying leads 
from the contacts could be soldered i n place with a minimum of disturbance. 
A coppei>-constantan thermocouple was led to the sample alongside the current 
leads. As before, soldered contacts at the multi-way seals were avoided, 
vacuum wax being preferred. Figure 7*3 i s a photograph of the sample holder 
with a sample connected. 

When the sample had been mounted, a copper can was f i t t e d around the 
copper block, sample, and leads. The high thermal conductivity of the copper 
block and the can, together with the absence of convection currents, ensured 
steady and uniform temperature conditions along the sample. The outer face 
of the copper can had a spiral groove cut i n i t to carry a 'nichrome' wire 
heater, insulated with 'Refrasil' sleeving. This heater was supplied from a 
20 volt transformer and 'Variac', and enabled the sample to be heated above 
the ambient room temperature. I t could also be used to boost the heating rate 
of the cryostat from low temperatures. The heater leads were led from the 
oryostat through a separate metal-ceramic. seal, 

The sample holder and heater were located inside a further tube of nickel 
silver which completed the nitrogen gas jacket i n which the sample was kept. 
Outside this again was the brass, tube forming tiie outer wall of the cryostat; 
this was contained i n a dewar of l i q u i d nitrogen mounted between the poles of 
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the electro-magnet. P i l l i n g the interspace between the outer wall and the 
inner gas jacket with nitrogen gas allowed heat transfer between the sample 
and the li q u i d nitrogen bath, and the san^jle temperature slowly f e l l . When 
the minimum temperature had been reached, the outer gas jacket was evacuated, 
reducing the thermal contact. The sample temperature rose slowly due to 
thermal leakage from the room ten^jerature parts,or more rapidly with the 
heater i n use. The rate of tenqperature change both i n cooling and heating 
was such that readings of the temperature, current and voltage probe readings, 
(for r e s i s t i v i t y ) and four readings of the Hall voltage, for either direction 
of current and f i e l d , could a l l be taken with no more than 1°C change i n 

sample temperature. 
As with the optical cryostat, the dimensions of the cryostat necessitated 

the use of a wide pole gap i n the electromagnet. In this case a gap of 2,75 
inches was used, giving a maximum f i e l d of only 2.05 kilogauss, A further 
disadvantage was the i n a b i l i t y to perform measurements under illumination. 
This would have been especially useful i n the case of high resistance, 
photoconducting samples, since conventional Hall measurements on such samples 
are very d i f f i c u l t because of their high impedance. 
7,4 Electrical measurements 

The current through the Hall samples was supplied from D.C. storage 
batteries, via variable series resistors to give coarse and fine current 
control. The current was set approximately to the desired veilue using a 
milli-ammeter, and measured accurately potentiometrically using a 1 ohm 
standard resistance. Currents of between 1 and 5 milliamps were genereilly 
used, since higher currents gave appreciable joule heating i n the samples. 

The sample current was reversed with a knife-blade type of reversing switch. 



95. 

since t h i s was found to give the most reproducible forward and reverse 

currents. 

A I^e portable potentiometer type 7569P, capable of measuring to 0,01 

m i l l i v o l t s , and an external galvanometer with a universal shunt formed the 

basis of the measuring equipment. The input to the potentiometer could be 

selected using a Cambridge Instruments 2-pole 6-way switch, the switch 

terminals being enclosed to eliminate convection currents. Connections 

between the switch inputs and the multi-core screened leads to the sample 

holder were made with conventional screw-terminal b a r r i e r s t r i p to avoid 

soldered connections. The s i x inputs were arranged i n the desired sequence 

of measurements and were connected as follows 

( i ) Thermocouple 

( i i ) Sample Current (Measured across standard resistance) 

( i i i ) Voltage Probe Reading ( p o s i t i v e ) 

( i v ) Voltage Probe Reading (negative) 

(v) H a l l Probe Reading ( p o s i t i v e ) 

( v i ) H a l l Probe Reading (negative) 

The p a i r s of terminals ( i i i ) and ( i v ) and also ( v ) and ( v i ) were 

connected to allow readings of either polarity to be taken, so that measxirements 

could be made for both directions of sample current and magnetic f i e l d . The 

r e s u l t s were averaged to eliminate possible errors from thermoelectric or 

thennomagnetic e f f e c t s . The readings of sample temperature were made with a 

copper-constantem thenuocouple, the second junction of which was immersed i n 

an ice-bath. An e l e c t r i c s t i r r e r kept the reference junction at a ten5)erature 

of 0°C +• 0,2°C. 
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H a l l voltage measurements were normally made for only one value of 
magnetic f i e l d , but a measurement of H a l l voltage versus magnetic f i e l d 
over the range 0 to 14 fcLlogausss was made to confinn the l i n e a r i t y of the 
r e l a t i o n , The r e s u l t s are shwon i n Pigxire 7«4. 
7,5, Five probe measurements 

2 

When making measurements on samples of higher r e s i s t i v i t y , ' ^ 1 0 ohm-cm, 

any mis-alignment of the H a l l probes l e d to a standing voltage between the 

contacts which could be much greater than the Hall voltage to be measured. 

To eliminate t h i s , five-probe measurements were used. One Hall probe was 

located on one' side of the sample as before, but the two voltage probes were 

spaced on ei t h e r side of centre on the q>posite face. The voltage between 

these two probes was f i r s t measured potentiometrioally to determine the sample 

r e s i s t i v i t y i n the normal manner. Then the probes were connected to either 

end of a wire-wound potentiometer, the moving contact of which acted as the 

second H a l l probe. The position of t h i s contact was varied u n t i l zero Hall 

voltage reading was obtained i n zero magnetic f i e l d . The Hall voltage was 

then measui^d for eaoh direction of magnetic f i e l d euid sample current as 

before, 
7,6 Limitations of the measurements 

The resistance connected between the voltage probes i n the five-probe 

measurement must be at l e a s t two orders of magnitude higher than the sample 

resistance between these two contacts before the current flovdng through 

t h i s shunt can be ignored. I t must therefore be ~10 ohms or higher, and 

since approximately h a l f of t h i s resistance appears i n series with the 

galvanometer used to f i n d the n u l l point, and hence the Hal l voltage, the 

s e n s i t i v i t y of the equipment i s reduced. Using a shunt of 10^ ohms, the 
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H a l l voltage could only be neasured to 0,05 mv,. The potentiometer and 

galvanometer were replaced with a P h i l i p s ' ndcrovoltmeter with an input 

impedance of 10'^ ohms, and t h i s improved the accuracy of H a l l voltage 

measurements, but the effects of leakage currents and the long time constants 

involved l i m i t e d H a l l measurements to samples with r e s i s t i v i t i e s of 10 

ohm-cm, or l e s s , although r e s i s t i v i t y measurements were possible up to 10^ 

ohm-cm. Since homogeneous samples of cadmium sulphide prepared during 
4 

t h i s research had i n general r e s i s t i v i t i e s well below 10 ohm-cm, or well 

above 10 ohm-cm», the equipment described was eidequate f o r measurements 

on the low resistance samples only. Even f o r these samples with large donor 

concentrations, when preliminary measurements a t l i q u i d helium temperatures 
g 

were made freezing out of the donors increased the r e s i s t i v i t y to 10 ohm-cm. 

However refinement of -Uie apparatus to deal with high r e s i s t i v i t y samples 

i s a d i f f i c u l t problem, and was not attempted. An ea s i e r solution i s to 

examine specimens under illumination when the resistance i s lowered. 

I n i t i a l PhotoHall measurements indicate a mobility of ~225 cm, / v . s e c , and 
lit-/ 3 

a c a r r i e r density of'^10 /cm, , fo r the normally insulating sanqiles when 

illuminated with SOOfoot-candles from a tungsten lamp. 
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MICROSCOPIC EXAMINATION OF DEFECTS IN SAMPLES 

FIGURE 8.1 
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CliAPTER 8 

PROPERTIES OP CRySmS AS &ROV>N 
8.1 Crystals pjrovm. i n evacuated, s t a t i o n a r y tubes 

Using a powder charge i n a sealed evacuated tube, as described i n 

se c t i o n 6.2, small dark c r y s t a l s grew on the charge. These samples were n-

type, w i t h r e s i s t i v i t i e s of ~ 10 ohm-cm. H a l l e f f e c t measurements showed 

the c a r r i e r d ensity t o be about 10"''̂ cm. "'̂  w i t h a H a l l m o b i l i t y o f 270 cmV 

v.sec. a t room temperature, r i s i n g t o 750 cmV^.sec. a t 100°K w i t h l i t t l e 

change i n the c a r r i e r concentration. 

Microscopic examination of these dark samples was possible by t r a n s ­

m i t t e d l i g h t , using a n a t u r a l c r y s t a l l o g r a p h i c face as the top surface of 

the S p e c i m e n . The dominant f e a t u r e was the presence i n the bulk of many 

rod-shaped defects, thoughtto be voids, a l l mutually p a r a l l e l . (Figure 8.1(a)), 

I n a c r y s t a l o f known c-axis these rods were a l l p a r a l l e l to t h a t a x i s . 

V a r i a t i o n s i n the l e n g t h of these defects v/ere l a r g e ; they ranged from greater 

than 1 mm. t o 0,01 mm. or le s s . Diameters were u s u a l l y less than 0.01 mm., 

the s h o r t e r voids being p r o p o r t i o n a t e l y smaller i n cross-section. 

Other defects i n the buli-c run perpendicular t o these rods, but are 

d i f f i c u l t t o d i s t i n g u i s h . ( F i g . 8.1(b)). They appear t o be small, d i s c r e t e 

i r r e g u l a r deposits, l y i n g i n a l i n e or plane perpendicular t o the c-axis. 

The size o f the i n d i v i d u a l p a r t i c l e s i s less than 1 micron. The l i n e s may 

w e l l be d i s l o c a t i o n s decorated w i t h some second phase p r e c i p i t a t e . 

Due t o the alignment o f these defects, l i g h t t r a v e l l i n g through the 

c r y s t a l i n some d i r e c t i o n s v f i l l see a much smaller s c a t t e r i n g cross-section 

than w i l l l i g h t t r a v e l l i n g perpendicular t o t h i s a x i s . This a n i s o t r o p i c 
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s c a t t e r i n g w i l l be e i j p e c i a l l y marked i f defects present are of comparable 

size t o the wavelength of the l i g h t . 

8,2 C r y s t a l s grown i n long, a r g o n - f i l l e d tubes 

These c r y s t a l s were growi a t 1100°C by sublimation from a powder charge 

a t 1200°C, i n a tube connected v i a a c o n s t r i c t i o n t o an argon r e s e r v o i r 

a t room temperature. (Section 6.3). The c r y s t a l s were small, ~ 2 x 3 x 8 mil., 

and c l e a r yellov/ i n colour. H a l l e f f e c t measurements a t room temperature 
~1 2 17 showed t h a t p= 1.13 x 10 jicm., w i t h (i = 260 cm /v. sec. and n = 2.1 x 10 

cm. 

¥/e can note several important p o i n t s here. &rowth had taken place 

using the same s t a r t i n g m a t e r i a l and temperature gradients t h a t had f a i l e d 

t o give t r a n s p o r t i n sealed evacuated tube runs. I t must the r e f o r e have 

been possible f o r any components (probably Cd) present w i t h a high vapour 

pressure t o escape and a l l o w sublimation. The low r e s i s t i v i t y of the 

m a t e r i a l i n d i c a t e s the presence of many defects which are a c t i n g as donors, 

since pure s t o i c h i o m e t r i c CdS w i t h a band gap of 2.4 ev. would be an i n s u l a t o r 

a t room temperature i n the dark. 

The e f f e c t s of heat-treatment under two d i f f e r e n t p a r t i a l pressure 

c o n d i t i o n s were i n v e s t i g a t e d . I n the f i r s t , the c r y s t a l was at the closed 

end of a long tube connected t o an argon r e s e r v o i r a t room temperature. I t 

was thus under the same conditions as i t liad been during the grovfth run, 

(bu t w i t h of course no powder charge present). This type of heat treatment 

served as a reference f o r comparison w i t h the e f f e c t s of a l t e r n a t i v e heat 

treatment. A c r y s t a l maintained under these conditions a t 900°C f o r 24 hours 
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showed no change i n appearance beyond a p i t t i n g o f the surface due t o 

va p o u r i s a t i o n , and the r e s i s t i v i t y o f the sample was unaffected. 

I f , however the c r y s t a l s were heated i n a s h o r t , sealed, a r g o n - f i l l e d 

tube, so t l i a t the c r y s t a l s were a t the coolest p a r t of the tube, marked 

changes occurred. Heating a t 900°C f o r 12 hours r e s u l t e d i n the c r y s t a l s 

having a very dark, almost black appearance (deep red i n tr a n s m i t t e d l i g h t ) . 

Microscopic examination shov/ed p r e c i p i t a t e s along l i n e s i n the c r y s t a l s . 
lines 

The d e p o s i t i o n appears t o l i e along d i s l o c a t i o n ^ , although the small size 

of the deposits coupled w i t h the darkening o f the c r y s t a l makes examination 

d i f f i c u l t . The r e s i s t i v i t y o f the c r y s t a l s had also r i s e n sharply, so t h a t 

the dark resistance was ~ 10^ ohm-cm., f a l l i n g i n d a y l i g h t t o 10^ ohm-cm. 

Both the observed e l e c t r i c a l p r o p e r t i e s and the e f f e c t s of heat 

treatment i n d i c a t e the presence o f an excess o f cadmium i n the c r y s t a l s as 

grcrvm. Crystals grovm i n an excess cadmium p a r t i a l pressure of 3.69 

atmospheres contain donor l e v e l s and give c a r r i e r concentrations of 10'''̂ cm. ̂  

w i t h ^ ~ 10 ̂  ohm-cm. ̂ ^^^ The excess of cadmium i s probably present i n the 

samples as sulphur vacancies^"'''^'^''. The d i f f e r e n c e i n e l e c t r i c a l and 

o p t i c a l p r o p e r t i e s ' produced by the d i f f e r e n t heat treatments can be under­

stood by reference t o the vapour pressure curves f o r CdS, Cd and S (Fi g . 4.1). 

The o v e r a l l vapour pressure of any component i n the system,will, when 

e q u i l i b r i u m has been reached, be the lowest possible i n the system. I n the 

heat treatment where the tube i s extended to room temperature, m a t e r i a l 

i n the vapour above the c r y s t a l w i l l be transported by d i f f u s i o n and deposited 

i n the cool e r regions of the tube, since the vapour pressure of each component 

(Cd and S) i s lower over the s o l i d a t room temperature than above the heated 
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CdS. M a t e r i a l w i l l evaporate from the c r y s t a l t o r e p l e n i s h the vapour, 

and a steady s t a t e s i t u a t i o n w i l l be reached, but the c r y s t a l s and vapour 

are not i n e q u i l i b r i u m . 

Using the short sealed tube, the lowest temperature i s a t the c r y s t a l , 

and sublimation w i l l e s t a b l i s h e q u i l i b r i u m between the c r y s t a l and the 

vapour i n the tube. Since no ( n e t ) d i f f u s i o n of m a t e r i a l from the c r y s t a l 

i s t a k i n g place, the p a r t i a l pressures above the c r y s t a l w i l l be d i f f e r e n t 

from those i n the previous case. The l a r g e excess of cadmium incorporated 

i n t o the CdS during the c r y s t a l growth w i l l not now be i n e q u i l i b r i u m w i t h 

the vapour, and w i l l deposit out i n the c r y s t a l s as a separate phase. 

Since the concentration of excess cadmium ( o r sulphur vacancies) i n the 

c r y s t a l has been reduced the number of donors has been reduced and'the 

r e s i s t i v i t y increased. The p r e c i p i t a t e s of Cd f o m e d i n the c r y s t a l s w i l l 

a l s o g i v e r i s e to the dark appearance by s c a t t e r i n g l i g h t passing through 

the sample. 

8.3 C r y s t a l s pirovm by p u l l i n g i n long a r g o n - f i l l e d tubes 

The adoption of the p u l l i n g method (6.4) w i t h these long a r g o n - f i l l e d 

tubes l e d t o the growth o f l a r g e (> 1 c.c.) s i n g l e c r y s t a l s under s i m i l a r 

c o n d i t i o n s t o those j u s t described. With a furnace centre temperature of 

1200°C most of the boule would grow a t a temperature of ~ 1150°C. The 

growth tonperature was v a r i e d i n order to study the c r y s t a l p r o p e r t i e s as 

a f u n c t i o n of growth temperature. The samples produced i n these runs viere 

a c l e a r y e l l o w i n colour, and showed very l i t t l e s t r u c t u r e i n the bulk on 

microscopic examination, although a fevj small, rod-shaped voids could be 

seen. No p r e c i p i t a t e s could be detected. 
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These l a r g e r c r y s t a l s enabled H a l l samples of 3 x 2 x 10 mm. t o be 

ground from the boules. Three samples, cut from boules grown at 1150°C, 

ll63°C and 1175°C, were measured. The small temperature range studied 

was l i m i t e d a t the upper end by the working l i m i t of the s i l i c a , and a t 

the lower by th& d i f f i c u l t y i n growing; l a r g e samples a t low temperatures. 

Curves i l l u s t r a t i n g the v a r i a t i o n of the c o n d u c t i v i t y , c. H a l l m o b i l i t y 

and c a r r i e r density n w i t h temperature between 100°K and 300°K are shown 

i n f i g u r e s 8,2, 8.3 and 8.4, 

The p l o t o f I n versus I n T f o r the c r y s t a l grown a t the lowest 

temperature (curve 'a') i s a good s t r a i g h t l i n e o f slope -1.6, which i s 

very close t o the expected value o f -1.5 f o r e l e c t r o n s c a t t e r i n g by acoustic 

mode phonons only. As the growth temperature i s increased, departures from 

curve 'a' become more marked, the m o b i l i t y becoming smaller than the 

expected value. This i s due t o the onset o f i o n i s e d i m p u r i t y s c a t t e r i n g 

w i t h the temperature v a r i a t i o n [L^CCT'^''^^. The magnitude of t h i s s c a t t e r i n g 

and hence the temperature a t which i t causes departures from the l a t t i c e 

s c a t t e r i n g value of m o b i l i t y , i s determined by the density of the i m p u r i t y 

centres present. 

The lov^er m o b i l i t y due t o an increase i n the number of s c a t t e r i n g 

centres i s t o be expected i n c r y s t a l s grown a t a higher temperature. The 

number o f l a t t i c e defects i n e q u i l i b r i u m i n the c r y s t a l increases as the 

temperature r i s e s . The number of such defects a t room temperature w i l l be 

less than t h a t a t the growth temperature since some w i l l anneal out on 

c o o l i n g , e s p e c i a l l y as t h i s i s done slowly t o minimise s t r a i n i n the c r y s t a l s . 
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Hov/ever a p r o p o r t i o n o f the defects w i l l be 'quenched i n ' as the c r y s t a l 

cools, due t o a r e d u c t i o n i n the m o b i l i t y of the defects through the 

l a t t i c e . 

The measured c a r r i e r d e n s i t i e s are shown i n Figure 8.4, and these can 

be tsiken t o i n d i c a t e t h e donor d e n s i t y i n the c r y s t a l since the curves 

s a t u r a t e near room temperature. The c r y s t a l grown a t the lowest temp­

erature (1150°C) has a donor density o f lO'^^cmr^ w h i l s t i n those grown 

a t a higher temperature the density i s lO'^^cmr^. Between 300° and 100°K 

the c a r r i e r density f o r the c r y s t a l grown a t the highest temperature shows 

l i t t l e change, i n d i c a t i n g e i t h e r t h a t the c a r r i e r s are due t o a donor 

l e v e l l y i n g very close t o the conduction band, or more probably t h a t the 

de f e c t d e n s i t y i s so h4gh as t o give r i s e to i m p u r i t y band conduction. ̂ "̂''̂  

The o t h e r curves each show a l i n e a r r egion of s i m i l a r slope a t low 

tonperatures which allows a value o f the energy depth of the donor 
0 

l e v e l t o be c a l c u l a t e d . The slope i s measured a t ~ 100 K since the c a r r i e r 

d e n s i t i e s a t higher temperatures are too high f o r an assumption of non-

degeneracy t o be v a l i d . 

The v a r i a t i o n o f c a r r i e r density vnth temperature i n an e x t r i n s i c 

semiconductor over the range where the donors are p a r t i a l l y i o n i s e d gives 

ln(ry'T^'^^)ocE^kT f o r a p a r t i a l l y compensated semiconductor, or 

Ed l n ( - ^ ^ 2 ) * * 2 f t ^ f o r Nj^ » \ > where N̂ ^ and are the 

concentrations o f donors and acceptors. (See section 1.3.4.). 

Zook and Dexter^^^'' have shown t h a t f o r s i n g l e c r y s t a l CdS prepared 

under s i m i l a r conditions t o ours and w i t h s i m i l a r e l e c t r i c a l propeirties 

there i s considerable compensation present; the f i r s t expression should 
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t h e r e f o r e be the more c o r r e c t . This gives a value f o r the donor l e v e l 

as 0,014 J-0,004 eV f o r both samples. The v a r i a t i o n of c a r r i e r density 

n w i t h temperature i s s i m i l a r t o t h a t reported f o r ultra-hdgh p u r i t y 

Eagle-picher CdS s i n g l e c r y s t a l by I t a k u r a and Toyoda^"'"'^^^ They too 

c a l c u l a t e d a donor l e v e l a t 0,014 ev. below the conduction band. These 

authors also reported a constant H a l l m o b i l i t y (240cm./v.sec.) from room 

temperature t o 200°K, f o l l o w e d by an i n c r e a s e d T"̂ '̂ ^ t o 50°K. \Te foiand 

no evidence o f t h i s constant m o b i l i t y region i n our measurements. 

8,4 Piper and P o l i c h c r y s t a l s 

8.4.1 G-rowth conditions (See 6,5) 

These c r y s t a l s v;ere groivn i n an argon a tmosphere, i n a short s i l i c a 

tube open v i a a c o n s t r i c t i o n t o an outer argon j a c k e t . P u l l i n g the tube 

through the furnace so t h a t the p o i n t becomes c o l d e r than the charge 

all2iT/s n u c l e a t i o n o f the boule a t a temperature a l i t t l e below t h a t o f 

the centre o f the furnace. Most of the boule grows some 50° lov?er than 

t h i s c e n tre temperature, as the p u l l i n g proceeds. Figure 8.5 shows 

curves o f the temperature d i s t r i b u t i o n during a run both a t the charge and 

a t the p o i n t of the tube, p l o t t e d against distance p u l l e d . I t vxll be 

seen t h a t the f i r s t p a r t o f the boule to grow forms a t a higher temperature 

than the m a j o r i t y o f i t ; any excess of defects incorporated a t t h i s stage 

should anneal out as the t i p cools. 

8.4.2 Mode of growth 

V i s u a l and X-ray examination of boiales grown by t h i s method shows t h a t 

the c-axis of the c r y s t a l i s not p a r a l l e l t o the p u l l i n g d i r e c t i o n , although 

i n general i t l i e s w i t h i n 25° of i t . I n a d d i t i o n , the growth face i s not 
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perpendicular t o the tube, but a t an angle t o i t , as can be seen from 

Fig. 6 , 5 ( d ) . This non-uniform growth i s due t o the h o r i z o n t a l furnace 

. system used, v/here one side o f the s i l i c a growth tube i s i n d i r e c t contact 

w i t h the m u l l i t e outer. Tiiis gives r i s e t o a v e r t i c a l temperature gradient 

across the tube and as a r e s u l t deposition i s more r a p i d on the cooler 

s i d e , causing the angled growth face. A consequence of t h i s i s t h a t axiy 

i r r e g u l a r i t i e s i n the w a l l of the s i l i c a tube nucleate new c r y s t a l l i t e s 

which can grow r i g h t across the boule, r a t h e r than remain l o c a l i s e d a t the 

surface. Fig. 6 . 5(d) shows an area half-way along the boule where a 

def e c t on the 'hot' side o f the c r y s t a l has been l o c a l i s e d and has grown 

out, whereas a s i m i l a r f a u l t on the c o o l e r side towards the end o f the 

boule has been t r a n s m i t t e d through the c r y s t a l w i t h the consequent departure 

from s i n g l e c r y s t a l growth. 

These e f f e c t s are minimised i f two p a r a l l e l growth tubes are p u l l e d 

t o g ether; the p o i n t o f contact v/ith the m u l l i t e outer i s no longer also 

c o i n c i d e n t w i t h the p o i n t of contact o f the gas j a c k e t w i t h the alumina 

furnace tube, and the transverse tanperature gradients across the sample 

are reduced. The r e s u l t s are seen i n Fig. 6 .5 ( f ) and ( g ) , where the 

growth faces of the two boules, wliich were p u l l e d together, are more ne a r l y 

perpendicular to the l e n g t h o f the boule, Moiinting a s i n g l e growth tube 

on s i l i c a runners also reduced the transverse temperature gradients across 

the sample, but complicated the apparatus. 

8.l+,3 E f f e c t s due t o V a r i a t i o n s i n the Growth Temperature and P u l l i n g Bate 

Using the highest furnace temperature (l250°C) and the slowest p u l l i n g 

r a t e ( 0 . 8 mm./hour) la r g e boules of CdS 3 . 5 cm. long and 1 cm. diameter 
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could be grown c o n s i s t e n t l y . These boules were not one single c r y s t a l , 

breaks occurred along the l e n g t l i . Hov/ever si n g l e c r y s t a l regions 1 cm. 

diameter and not less than 1 cm. long could generally be obtained. 

Figs. 6 . 5 ( e ) , ( f ) and (g) show samples grown under these conditions. X-ray 

back r e f l e c t i o n photographs shov/ed l i t t l e mosaic o r c-axis wander i n most 

samples ( F i g . 8,6a), although such e f f e c t s v/ere more noticeable near the 

edges of the boule (Fig. 8.6b). O p t i c a l l y the c r y s t a l s were a c l e a r yellow 

but w i t h a darkened appearance, much of which was associated w i t h a 

surface l a y e r e a s i l y removeable i n chromic acid. H a l l samples could be 

obtained from the boules by c u t t i n g and g r i n d i n g , and f o u r probe r e s i s t i v i t y 

measurements showed a uniform high dark r e s i s t i v i t y of > 10 ohm-cm. (the 

l i m i t o f measurement of the equipment) while i l l u m i n a t i o n a t room tempera­

t u r e o f 800 footHsandles from a 50w.tungsten lamp lowered the r e s i s t i v i t y 

t o 2 . 4 X 10^ ohm-cm., w i t h [L^ = 22h cm?/v. sec. and n ~ 10"^ cm^ 

Using the same temperature d i s t r i b u t i o n , increased p u l l i n g r a t e s of 

1 . 5 and 3 mm/hr. reduced the amount o f m a t e r i a l transported t o 2 cm. and 

1 cm. r e s p e c t i v e l y , due t o the reduction i n the time a v a i l a b l e f o r growth. 

However i t also caused an obvious darkening of the boules, through orange-

y e l l o w t o a dark brown. The r e s i s t i v i t y of the as-grown m a t e r i a l , although 

s t i l l very high near the surface of the boule, was very non-uniform. 

The same orange c o l o u r a t i o n and non-uniform resistance was found i n 

c r y s t a l s grown from an intermediate temperature, ~ 1150°C, unless the 

slowest p u l l i n g r a t e was used. The reduction i n temperature again de­

creased t h e rat e o f t r a n s p o r t and the size of the boule, a t o t a l l ength 

o f 2 cm. being obtained. H a l l e f f e c t samples cut perpendicularly t o the 
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axis of the boule showed an o v e r a l l h i g h resistance across the current 

8 L. 

contacts, > 10 Ji. i n the dark, v^hich f e l l t o 10 ohm under strong i l l u m i n ­

a t i o n as above. Hov/ever the centre p o r t i o n o f the c r y s t a l v/as of low 

•resistance and not photo-sensitive. The u n i f o r m i t y of resistance o f the 

centre o f the sample could be judged from measurements of the p o t e n t i a l 

d i f f e r e n c e , o r the res i s t a n c e , betvTeen each of the voltage probes and 

the H a l l probes. Where t h i s region showed reasonable homogeneity a H a l l 

e f f e c t measurement could be performed t o f i n d the r e s i s t i v i t y , m o b i l i t y 

and c a r r i e r d e n s i t y i n the lovi resistance region. To reduce the impedance 

o f the high resistance ends so t h a t a curr e n t of ~ 1 ma. could be passed 

(VgOCi), measurements were done under i l l u m i n a t i o n from the 50 watt tungsten 

lamp. This could o n l y be done a t room temperature, w i t h the c r y o s t a t 

a v a i l a b l e . The c a r r i e r d ensity n was 5 x w i t h m o b i l i t y [i^ = 
2 

303 cm./v.sec., which corresponds t o a r e s i s t i v i t y ^ = 4 . 1 ohm-cm. Readings 

were co n s i s t e n t w i t h e i t h e r d i r e c t i o n o f curr e n t or magnetic f i e l d . To 

check t h a t the high r e s i s t a n c e vras a bulk property of the sample and not 

due t o poor contacts, the contacts were removed, the c r y s t a l etched, and 

the contacts remade, w i t h the same r e s u l t as before. Grinding down the 

end of the sample, however, removed the high r e s i s t i v i t y region. 

I t w i l l be seen from the above t h a t two probe r e s i s t i v i t y measurements 

alone must o f t e n be regarded w i t h suspicion. A low resistance reading 

i n d i c a t e s a low resistance sample provided any coating of m e t a l l i c cadmium 

has been etched from the surface, but a high resistance reading could be 

an i n d i c a t i o n of the surface p r o p e r t i e s of the boule only. I t would appear 
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t h a t the boiiLes grown a t high temperatures (> 1100°C) are deposited 

i n i t i a l l y w i t h a l a r g e excess o f d o n o r s ; p a r t i a l annealing takes place 

w h i l e the growth i s proceeding or during the cooling. The darkening of 

the c r y s t a l s i s probably associated w i t h the non-stoichiometric excess 

of cadmium. During c o o l i n g some of the excess cadmium i s p r e c i p i t a t e d 

out throughout the bulk, i n a range of d i f f e r e n t sized aggregates vfhich 

s c a t t e r l i g h t t o give o p t i c a l darkening. At the same time the donor 

concentration i s reduced. T/ith the c r y s t a l s grown very slowly a t high 

temperature t h i s annealing could proceed t o completion, which explains 

t h e i r dark colour and high resistance. The use of a f a s t e r p u l l i n g 

r a t e would leave i n s u f f i c i e n t time f o r the annealing, and also introduce 

more defects i f the t r a n s p o r t was too r a p i d f o r e q u i l i b r i u m t o be main­

t a i n e d between the growing face and the vapour. A t lovrer temperatures, 

the reduced m o b i l i t y o f defects i n the l a t t i c e would prevent t h e i r f r e e 

d i f f u s i o n from the c r y s t a l . I n e i t h e r case a non-uniform sample r e s u l t s . 

Since the r a t e of sublimation of m a t e r i a l decreases markedly w i t h 

temperature, a l l low temperature runs were made using the slowest p u l l i n g 

r a t e i n order to increase the duration of the run and to ensiire e q u i l i b r i u m 

between the c r y s t a l and the vapour. This was e s s e n t i a l becuase a r a p i d 

r a t e of t r a n s p o r t of m a t e r i a l t o a c r y s t a l growing a t a low temperature 

r e s u l t s ' i n very p o l y c r y s t a l l i n e growth. I t was d i f f i c u l t t o obtain large 

c r y s t a l s f o r H a l l samples i n boules grown a t these low temperatures (~1050°C). 
g 

The m a t e r i a l was foiond t o be of l i i g h r e s i s t i v i t y , f> > 10 ohm-cm., and 

photoconducting, j^-^j^i ~ ohm-cm. I n contr a s t to the high temperatiire 

samples i t was a very c l e a r y e l l o w colour, s i m i l a r i n appearance t o c r y s t a l s 



TABLE 8.1 

PROPERTIES OF CRYSTALS GROTO BY MODIFIED PIPER & POLICH METHOD 

&rx>wth 
Temperature 

Pu l l i n g 
Rate 

R e s i s t i v i t y 
(ohm-cm) Colour Comments 

1250°C O.Smm/hr 

> Imn/hr Non-Uniform 
10 i n parts 

Yellow but 
darkened 

Dark Brovm 

~lcc. single 
Xtal .regions 

1150°C O.Smn/hr 

> Irssm/hr 

>10® 

Non-Uniform 
(107 10) 

Yellow 

Brown 

1050°C 0.8mn/hr 

>lmn/hr 

>io9 

too f a s t f o r 
growth 

Clear Pale 
Yellow 

Xtals 2x5x3mm 

1050°C 
(Quenched) OtQma/hr < 1 Clear Pale 

Yellow 
Xtals 2x3z3mm 
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grown by a f l o w method. 

The p r o p e r t i e s o f c r y s t a l s produced i n our Piper and Po l i c h type growth 

runs are summarised i n t a b l e 8 . 1 . The p r o p e r t i e s depend both on the growth 

temperature and on the p u l l i n g r a t e . I n general, lowering the temperature 

or the growth r a t e leads t o a higher resistance and l i g h t e r colour. Large 

hi g h resistance c r y s t a l s are most r e a d i l y obtained when grown slowly a t 

hi g h temperature, but t h e i r o p t i c a l p e r f e c t i o n i s poor due t o s c a t t e r i n g 

by cadmium p r e c i p i t a t e s . Clear yellow high resistance m a t e r i a l i s formed 

a t low temperature, but l a r g e c r y s t a l s are more d i f f i c u l t t o obtain. 

8 . 4 . 4 E f f e c t o f quenching 

I n s t e a d of being cooled slowly, some samples were quenched a f t e r the 

grov/th run by c u t t i n g o f f the furnace power. The open co n s t r u c t i o n of 

the s i l i c o n carbide furnace meant t h a t the c r y s t a l s were subject t o a f a s t 

r a t e of c o o l i n g , > 30*^C/min., The complexity of the apparatus prevented 

quenching i n the normal manner i . e. by removing the c r y s t a l from the 

furnace. 

C r y s t a l s prepared a t the higher temperatures (1250°C) and then quenched 

appeared y e l l o w e r or c l e a r e r than the equivalent slow cooled samples, but 

no H a l l samples were obtained due t o the cracked and b r i t t l e nature o f 

the m a t e r i a l . Tv/o-probe resistance measurements i n d i c a t e d non-uniformity 

of r e s i s t a n c e i n the boules. A H a l l sample was however obtained from a 

quenched sample grown a t a low temperature, 1050°C, a t the slovvest p u l l i n g -

r a t e . This sample was a c l e a r pale yellow, s i m i l a r to the equivalent 

annealed sample, but i t s resistance was low. H a l l measurements showed t h a t 
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the c a r r i e r d e n s i t y n was 2 x w i t h [L^ = 250 cm^v. sec. a t room 

temperature. The v a r i a t i o n of these parameters w i t h T i n the range 3 5 0 ° -

100°K i s shown i n Fig. 8.7'(a) and F i g , 8.8(a.'). The c a r r i e r density saturates 

near room temperature, but below 150°K the p l o t o f In.n vs.V^ shows a 

slope corresponding t o a donor l e v e l a t 0 .016 ev. j . 0 .0035 ev. below 

the conduction band, s i m i l a r t o the l e v e l found i n the low resistance 

c r y s t a l s p r e v i o u s l y described (Sec. 8 . 3 ) . A p l o t o f I n [i^ against I n T 

was l i n e a r from 100-350°K> but showed a dependence o f t ^ * * ̂  1«82^ r a t h e r 

- 1 5 

than T . The d i f f e r e n c e between quenched and annealed samples supports 

the conclusion t h a t an excess of donors i s incorporated i n the c r y s t a l s 

d uring growth from the charge; quenching freezes i n those donors and gives 

a h i g h l y conducting n-type sample, v / h i l s t slow c o o l i n g allows the donor 

concentration to be reduced and give high r e s i s t i v i t y . 

8 , 4 . 5 Other experiments 

Two f u r t h e r experiments were performed t o confirm these ideas. 

I n c o r p o r a t i o n of excess sulphur i n t o the charge produced yellow, uniform 

r e s i s t i v i t y (10^ ohm-cm.) m a t e r i a l under the f a s t p u l l i n g r a t e conditions 

which had given black, low resistance c r y s t a l s previously. This proves 

t h a t the dark c o l o u r a t i o n and h i g h c o n d u c t i v i t y were due t o excess cadmium. 

During the i n v e s t i g a t i o n o f the e f f e c t o f the growth temperature on 

the c r y s t a l p r o p e r t i e s , the method of c r y s t a l growlii-: used had a u t o m a t i c a l l y 

e n t a i l e d a change i n the charge tonperature when the growth temperature was 

a l t e r e d . To exclude the p o s s i b i l i t y t h a t the r a t e of dissocation o f the 

charge, and not the c r y s t a l temperature, was responsible f o r the varying 

p r o p e r t i e s , the apparatus was modified t o . a l l o w the furnace t o move 
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r e l a t i v e t o the growth tube and c o n t r o l thermocouple. This allo?/ed the 

charge t o be he l d a t a constant temperature while the c r y s t a l grevf i n 

h o t t e r o r c o l d e r con d i t i o n s c o n t r o l l e d by the furnace p o s i t i o n . For boules 

growing a t a s t e a d i l y i n c r e a s i n g temperature between 1060°C and 1100°C 

the change from a c l e a r t o a dark m a t e r i a l was evident along the l e n g t h 

of the boule. 

The r a p i d v a r i a t i o n o f the e l e c t r i c a l p r o p e r t i e s o f a sample due to 

a small change i n growth temperature could w e l l account f o r the wide 

v a r i a t i o n s i n e l e c t r i c a l parameters quoted f o r CdS by workers using c r y s t a l s 

grown under supposedly s i m i l a r c o n d i t i o n s . I t emphasises the need f o r 

the grovrth c o n d i t i o n s o f any c r y s t a l s s t u d i e d t o be reported i n d e t a i l . 

8.5 Vacuum P u l l i n g Buns 

A r e t u r n t o the use of evacuated tubes was made, as described i n 6.6, 

t o see i f the improvements made i n the Piper and Polich runs could be 

ap p l i e d t o growth i n vacuum. The experimental arrangement was as before; 

the tubes v;ere sealed a t l e s s than 10 ^ ram.Hg a f t e r 12 hours on the pumping 

system. No heat was ap p l i e d t o the tubes during evacuation a f t e r f i l l i n g 

w i t h the charge although the s i l i c a had been prev i o u s l y outgassed a t red 

heat. 

Appreciable t r a n s p o r t of m a t e r i a l leading t o the growth of a boule 

cou l d only be obtained w i t h the use of the maximum temperatures o f 1250-

1300°C. At lower temperatures the f l o w c r y s t a l charge merely s i n t e r e d i n 

s i t u . The c r y s t a l s grown a t the higher temperatures were alv/ays very 

dark, and v/ere deep red i n t r a n s m i t t e d l i g h t . ( Fig. 6.5e). 
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They were i n v a r i a b l y n-type and o f low r e s i s t i v i t y . H a l l e f f e c t measure­

ments on a sample from such a c r y s t a l are i l l u s t i - a t e d i n Figs. 8 . 7b , and 

8 . 8 b , together i v i t h the curves f o r a low resistance c r y s t a l grovm by 

the Piper and P o l i c h method f o r ease o f comparison. The r a p i d departure 

from l a t t i c e s c a t t e r i n g t o i m p u r i t y s c a t t e r i n g as the temperature i s lowered 

i s i n accordance w i t h the very high donor concentrations of 5 x 10^^/om^ 

The v a r i a t i o n o f ( i n ) c a r r i e r concentration against r e c i p r o c a l temperature 

i s l i n e a r throughout the range 350-80°K and the slope corresponds t o a 

donor l e v e l a t 0 .009 ^ 0 . 0 0 3 ev. Note t h a t t h i s i s a d i f f e r e n t donor 

depth from t h a t found i n c r y s t a l s grown i n argon. 

As w i t h the e a r l i e r attempts t o grow c r y s t a l s i n vacuum, the r e s u l t i n g 

dark c i y s t a l s w i t h p r e c i p i t a t e s i n the bulk, and the high donor concentra­

t i o n , are i n d i c a t i v e o f a non-stoichiometric excess o f cadmium i n the charge, 

caused by p r e f e r e n t i a l l o s s o f sulphur during the preparation o f the charge. 

The excess of cadmium also explains the marked reduction i n sublimation 

r a t e i n the sealed tubes compared w i t h open tube methods. 

8 .6 Evaporation r a t e o f Non-stoichiometric CdS 

I n a recent paper Somorjai and Jepsen^"^^^^ described t h e i r work on the 

temperature dependence o f the evaporation r a t e o f cadmium sulphide i n 

vacuum, using l a r g e s i n g l e c r y s t a l s o f Eagle-Picher u l t r a - h i g h p u r i t y grade 

m a t e r i a l . The m a t e r i a l was n-type, v/ith a, low r e s i s t i v i t y of 0 . 5 - 10 olim-cm. 
2 

and m o b i l i t y between 200 and 280 cm./v. sec. (Note the wide spread i n 

p r o p e r t i e s of the commercial m a t e r i a l ) . 
To o b t a i n reproducible evaporation r a t e s , a l l single c r y s t a l s were 
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annealed a t 700°C f o r three days, a f t e r which time the r e s i s t i v i t y had 

r i s e n t o 10^-10^ ohm-cm. The authors a t t r i b u t e d t h i s change to d i f f u s i o n 

fEom the c r ^ r s t a l of an excess o f cadmium. They f u r t h e r i n v e s t i g a t e d the 

e f f e c t on the evaporation r a t e of h e a t - t r e a t i n g the samples i n an atmosphere 

of excess cadmium or sulphur, since c r y s t a l s exposed to such an atmosphere 

during some o f t h e i r experiments showed a change i n evaporation rate. ̂ '̂̂ ^̂  

Heat treatment was c a r r i e d out i n a sealed evacuated quartz tube; the 

c r y s t a l s were quenched a f t e r treatment. Samples heated i n a p a r t i a l 

pressure o f cadmium o f 10 atmospheres f o r several days a t 1100°C were darkened, 

and black s p h e r i c a l p r e c i p i t a t e s appeared i n the bullc. A uniform y e l l o w i s h -

grey c o l o u r w i t h no second phase was produced a f t e r f i r i n g i n one atmosphere 

of cadmium a t 800 - 1000°C. However a black surface coating and black 

p r e c i p i t a t e s i n the b u l k were found i f these samples were then annealed a t 

700°C. The surface c o a t i n g was found to be cadmium by x-ray d i f f r a c t i o n . 

C r ystals f i r e d i n an excess sulphur pressure of 20 atmospheres turned 

orange. This c o l o u r a t i o n could only be removed by a subsequent f i r i n g i n 

excess oadmiura. 

Evaporation r a t e s were measured by heating the c r y s t a l i n vacuum w i t h 

a s e l e c t e d face exposed. (The o r i e n t a t i o n dependence of the evaporation 

r a t e was discussed i n a f u r t h e r paper^'^*^^^ The weight loss was determined 

using a quartz s p i r a l microbalance. The untreated Eagle-richer c r y s t a l s 

showed a s i g n i f i c a n t l y lower than normal evaporation rat e i n i t i a l l y , which 

rose t o the normal value i n 0,5 t o 3 hours. The time required v a r i e d 

from sample to sample. Crystals annealed a t 700°C f o r 72 hours gave 

repro d u c i b l e evaporation rates. 
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; For c r y s t a l s t r e a t e d i n an excess of. cadmium, the evaporation rat e 

i n vacuum was reduced by almost two orders o f magnitude. I t could take 

up to s i x hours before beginning t o r e t u r n t o the normal value depending 

on the temperature o f the sample during the heat treatment. ( F i g . 8 . 9 ) . 

The r e t u r n t o the normal evaporation r a t e was accompanied by a disappearance 

o f the black p r e c i p i t a t e s from the c r y s t a l , and a r a p i d r i s e i n the 

r e s i s t i v i t y o f the sample over several orders o f magnitude. Heat treatment 

i n sulphur produced a s i m i l a r t r a n s i e n t behaviour, but the e f f e c t s were 

not so marked. Table 8 .2 shovfs the room temperature r e s i s t i v i t i e s o f the 

samples before and a f t e r heat-treatment and evaporation. Heating i n 

excess cadmium lowered the r e s i s t i v i t y , and heating i n sulphur r a i s e d i t . 

A f t e r steady evaporation had been reached a l l samples showed an intermediate 

r e s i s t i v i t y i n the range lO'^-lo'' ohm-cm. 

By studying the e f f e c t o f increasing the concentration of cadmium or 

sulphur by l o c a l d e p o s i t i o n a t the surface o f a c r y s t a l by evaporation, 

Somorjai and Jepsen found t h a t an increase i n surface concentration o f 

cadmium o r sulphur was not responsible f o r the lowered evaporation r a t e . 

This f a c t , coupled w i t h the r e s u l t s o f experiments where the surface l a y e r 

of the c r y s t a l was removed by g r i n d i n g , before and a f t e r a steady state had 

been reached, showed t h a t the lowered evaporation r a t e was c o n t r o l l e d by 

the d i f f u s i o n of some species from the bulk, associated w i t h a de p l e t i o n 

l a y e r o f t h i s species near the surface during evaporation. The c o r r e l a t i o n 

between the evaporation r a t e , r e s i s t i v i t y , and o p t i c a l appearance o f the 

sample suggests t h a t the evaporation r a t e i s suppressed by an excess o f 

cadmiiam over the surface o f the c r y s t a l , t h i s cadmium being d r i v e n o f f but 
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being replenished by d i f f u s i o n from the bulk. The evaporation r a t e remains 

low u n t i l a l l i n t e r n a l p r e c i p i t a t e s have dissolved, then r i s e s t o noimal 

as the excess cadmium concentration i n the l a t t i c e decreases. 

The observations o f Somorjai and Jepsen on the e f f e c t s of the presence 

o f excess cadmium or sulphur on the e l e c t r i c a l and o p t i c a l p r o p e r t i e s are 

i n agreement v.'ith our observations, as are the changes i n p r o p e r t i e s 

reported on annealing. Furthermore, the reduction of the evaporation r a t e 

caused by the presence of a non-stoichiometric excess o f cadmium accounts 

f o r the d i f f i c u l t i e s experienced i n our work i n o b t a i n i n g appreciable 

subl i m a t i o n of m a t e r i a l i n sealed tubes. The evaporation experiments 

discussed above were c a r r i e d out i n a continuously evacuated chamber, and 

the evaporation r a t e returned t o normal a f t e r any excess of Cd had d i f f u s e d 

from the b u l k o f the c r y s t a l and evaporated from the surface. This out 

d i f f u s i o n of cadmiiim w i l l take place more r a p i d l y a t higher temperatures, 

and i n the Piper and P o l i c h growth method an excess of cadmium i n the charge 

w i l l escape during the back sublimation p e r i o d before the growth begins. 

Hov/ever i n growth runs using a sealed evacuated tube, cadmium w i l l only 

evaporate from the charge u n t i l e q u i l i b r i u m i s reached between the cadmium 

conc e n t r a t i o n i n the s o l i d and i n the vapour. The excess of cadmium cannot 

escape from the system, and the evaporation r a t e w i l l be permanently 

reduced, being up to two orders of magnitude lower than i n open tube mns. 

The a b i l i t y t o grow c r y s t a l s i n sealed tubes only a t elevated temperatures 

i s t h e r e f o r e explained - the lowered evaporation r a t e has to be countered 

by an increase i n the charge temperature which increases the r a t e again, 

so t h a t appreciable t r a n s p o r t occurs i n a reasonable time. Using pur f l o w 
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c r y s t a l charge m a t e r i a l , c r y s t a l growth by the Piper and P o l i c h method 

can be performed a t temperatures as low as 1050-1000°C; f o r vacuum runs 

the minimum i s 1250-12O0°C. Further data by Somorjai and Jepsen on 

evaporation r a t e vs. temperature (Pig. S.IO) i n d i c a t e t h a t such a tempera­

t u r e r i s e o f 200°C a t these temperatures ought t o increase the r a t e of 

vap o u r i s a t i o n by almost two orders o f magnitude. 7/e ther e f o r e conclude t h a t 

our f l o w c r y s t a l charge contains a non-stoichiometric excess o f cadmium, 

and the e f f e c t of t h i s i n sealed tube growth i s to suppress evaporation 

o f the CdS as reported by Somorjai and Jepsen. Moreover the open tube 

c r y s t a l growing r e s u l t s are i n accordance v/ith the observations o f Somorjai 

and Jepsen. 

8.iZ' Use o f jExcess Sulphur 

Since the reduction i n evaporation r a t e i n the sealed tube experiments 

i s due t o the i n a b i l i t y o f any non-stoichiometric excess o f cadmium i n 

the charge t o escape, d e l i b e r a t e i n c o i ^ o r a t i o n of the c o r r e c t amount of 

f r e e sulphur i n the tube should lead t o near-stoichiometric conditions and 

enable c r y s t a l s t o be grown i n sealed tubes a t temperatures o f 1100°C and 

belov/. (The reduction i n grovrth temperature i s necessary t o improve the 

q u a l i t y o f the c r y s t a l s ) . Sulphur was incorporated i n two ways, as des­

c r i b e d i n section 6 .7 ; e i t h e r during the'preparation o f the f l o w run 

c r y s t a l s , o r during the f i n a l growth ran. 

When sulphur i s added d i r e c t l y t o the sealed growth tube the e f f e c t 

o f i n c r e a s i n g the amount of sulphur present can be seen from Pig. 8 . 1 1 , 

which shows the r e s u l t s ?dthout sxilphur ( a ) ; w i t h 50 p.p.m. sulphur (b); 

w i t h 500 p.p.m. sulphur ( c ) j and v/ith 1,500 p.p.m. sulphur ( d ) . The 
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l a t t e r c oncentration gives a sulphur pressure of one atmosphere a t the 

growth temperature. !rhese runs v/ere performed using a furnace temperature 

of 1200°C, so t h a t the p o i n t o f the tube i s at 1150°C. Increasing the 

sulphur concentration increases the evaporation r a t e , leading f i r s t t o 

growth on the charge, then t r a n s p o r t o f m a t e r i a l t o form a boule. Too 

hig h a sulphur- pressure i n h i b i t s growth. The departure from s t o i c h i o m e t i y 

i n our s t a r t i n g m a t e r i a l must be of the orderof 100-500 p.p.m. 

The use o f a 's u l p h u r - r i c h ' flov/ c r y s t a l charge (see section 5-4) leads 

a l s o t o improved t r a n s p o r t . The r e s u l t s can be seen i n f i g u r e 8.12. . The 

products using the normal charge (a and c) and the sul p h u r - r i c h charge 

(b and d) are compared f o r runs performed at two temperatures, 1200° and 

1100°C. At the higher temperature, c r y s t a l s of a u s e f u l size were obtained; 

t h e i r r e s i s t i v i t y was 10^ ohm-cn. This r e s i s t i v i t y , although much higher 

than p r e v i o u s l y obtained i n sealed tube grov/th, i s lower than the value 

expected f o r pure s t o i c h i o m e t r i c CdS, and suggests t h a t growth conditions 

are very close t o but not q u i t e s t o i c h i o m e t r i c . This i s a matter f o r 

f u r t h e r experimental i n v e s t i g a t i o n . 
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CHAPTER 9 . 

SOME PROPERTIfiS OF CRYSTALS &RQM BY MODIFIED PIPER MP POLICH I&CTHOD 

9 . 1 Introdtiction 

A preliminary survey of some of the optical properties of the large 

single c r y s t a l s grown as described i n section 6.5 was made in order to obtain 

an i n i t i a l comparison with the properties of c r y s t a l s grown by the more 

conventional flow methods. Samples up to 1 cc, could usually be taken from 

single c i y s t a l regions as canfirmed by back-reflection X-ray examination, 

a l t h o u ^ some of the boules grown were found to be po l y c r y s t a l l i n e . Etching 

the as-grown c r y s t a l surfaces with chromic acid produced etch p i t s on basal 

planes corresponding to a dislocation density of 10^ cm. ̂  near the centre 

of the sanqple, with a h i ^ e r density at the edges. D i f f i c u l t y was experienced 

i n producing p i t s on ground and polished surfaces, and other acid etches 

were t r i e d . Satisfactory etching has s t i l l not been achieved, but etch p i t s 

produced, e.g. by hydrochloric a c i d seem to confirm a dislocation density of 

10^ cm."^. 

The e l e c t r i c a l properties and the appearance of the single c r y s t a l 

material have already been discussed i n section 8.4. In summary: Crystals 

grown slowly at h i ^ temperature are of high r e s i s t i v i t y , and photoconducting. 

They are also dark i n appearance. Crystals grown slowly at a lower temperature 

are also h i ^ r e s i s t i v i t y , and have a good pale yellow colour; however the 

c r y s t a l s i z e i s small. Increasing the rate of growth increases the tendency 

to produce samples of non-uniform or low r e s i s t i v i t y , and increases the dark 

colouration. 

9.2 Transmission and photoconductive spectral response. 

The op t i c a l transmission of one of the darker specimens was measured i n 
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the range 0.5 - 2 .0 A s l i c e cut from.a boule was mounted i n a sample 
holder between a tungsten lamp eind the i n l e t s l i t s of a Hilger and Watts 
monochromator, type D 285. The output from the monochromator was detected 
with a photomultiplier for wavelengths up to 0.65 /U, and with a thermopile 
and Igalvanometer amplifier from 0.6 to 2,0 jS, Measurements were taken with 
the sample i n and out of the beeun to correct for the spectral distribution of 
the isunp output, the dispersion of the system, and the response of the 
deteictor. The sample holder ensured that the sample was repositioned 
accurately i n the beam, and msiintained a constant beam area with the sample 
i n cjr out. 

i For comparison, the transmission spectrum of a clear plate of GdS grown 

i n a conventional flow run was also measured. The spectra are shown i n 

F i g , 9.1. The transmission of the large dark single c r y s t a l (curve 'a') 

has a long t a i l extending to longer wavelengths from the absorption edge. 

This c r y s t a l has a much lower transmission i n the region 5200 S - 5500 £ 

than the flow c r y s t a l . Both c r y s t a l s show a marked, very broad absorption 

in the region 0 .6 - 2.0 / i , centred on 0.9 M* This band appears similar to 

that reported by Halperin and &arlick^^^^^ i n measurements on dark c r y s t a l s 

grown i n sealed tubes i n vaxjuum. Since both detectors have a poor response 

i n the region 0 ,6 to 0,65/J the p o s s i b i l i t y that any structure ex i s t s i n that 

range could not be resolved. 

The equal energy photoconductive response was measured in the region 

4000 - 7000 2 , A tungsten lamp source and the Hilger and Watts monochromator 

provided the incident l i g h t of known wavelength, and the spectral energy 

di s t r i b u t i o n of the output from the monochromator was measured using the 

thermopile. The r e s u l t i n g photoconductive response curve i s shown i n Fig,9.2 , 
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The maximum occurs at 5250 with shoulders on the short wavelength side at 

5100 ^ d 4700 S . The l a t t e r two features are not usually observed i n c r y s t a l s 

grown by a flow method. 

Illumination of the sample with white l i g h t with an intensity 50 foot-
4 

candles gave a photoconductive gain of >10 • 

9.3 Luminescence 

Cr y s t a l s were examined for v i s i b l e luminesence at 77°K under u.v. 

(A.= .5650 S ) stimulation from a high pressure mercury lamp. The luminescence 

observed was predominantly orange, but some samples showed green 'edge' 

emission while others showed l i t t l e at a l l . Any correlation which may exist 

between the observed luminescence and other properties, e.g. e l e c t r i c a l 

r e s i s t i v i t y , has not yet been pursued. However i n H a l l samples cut from 

boules found to be of non-uniform r e s i s t i v i t y , the h i ^ resistance regions 

usually emitted an orange luminescence, whereas the lower r e s i s t i v i t y regions 

exhibited a predominantly green emission. The spectral distribution of the 

luminescence at 77°K under u.v. stimulation was measured for two high resistemce 

samples which had been grown slowly at 1150°C. The measurements were performed 

on an Optica recording spectrometer type CP4 DRNl. Small signals only could be 

obtained which showed that the luminescence comprises a single broad band of 

low i n t e n s i t y , centred on 5200 No phonon structure similar to that usually 

observed i n edge emission could be resolved. 

Measurements were also made of the infra-red emission bands from c r y s t a l s 

excited i n the v i s i b l e . The emitted radiation was chopped at 800 c/s, and 

measured using a double prism ( r o c k - s a l t ) monochromator, with a PbS detector 

and 800 c/s tuned amplifier. Flow c r y s t a l s generally show the characteristic 
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•blue;', and 'green' bands at 0.8 and 1.05 / i , together with two further bands 

at: 1,6 and: 1 . 8 T h e emission can be enhanced by incorporating Cu i n the 
h. 

Dies 

I . iiheiimeiasurements on the large c r y s t a l s showed that the 'blue' and 'green' 

bands were present, but th e i r maxima were displaced to 0.73 and 0.95 nS^^^* ^'^^ 

Lpnger :wayelength bands centred on 1.6/i and 2*13fi were present at 77°K, but 

th e i r i n t e n s i t y was very low compared with the blue and green bands; they 

could-hot be detected at room temperature. The band at 1.8/iwas only just 

djetecilable: at 77°K as a shoulder on the l»6/ibaQd, 

. 9.4ii- -l^hermally- Stimulated Current Measurements 

-Since measurements of the photoconductive gain and spectral response 

had shown a long response time f o r the photocurrent, a preliminary investigation 

of the trapping spectrum of the large c r y s t a l s was made using the method of 

thermally stimulated current measurement. Peaks were found vAiich when 

analysed indicated traps at depths of 0.4L, 0.83, and 0.63 ev.below the 

conduction band. Traps occurring at these three energy depths have been found 

i n c r y s t a l s grown by many methods. The defects associated with these levels 

have been ten t a t i v e l y i d e n t i f i e d by Nicholas (see section 2.2). In addition 

two peaks occurred at low temperature, j u s t above 77^, but these could not be 

separated and resolved. The traps at 0.83 and 0.63 ev. were interdependent 

i n that the density of one of the two l e v e l s could be made to increase by 

suitable heat-treatment at the expense of the other. Further discussion of 

the measurement of trap depths by T.S.C. methods and the iden t i f i c a t i o n of the 

l e v e l s can be found in the r e f e r e n c e s . ^ ^ S ) 
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CHAPTER 10. 

CONCLUSIONS 

10.1. The experiments performed during t h i s research programme have shown 

that the production of large single c r y s t a l s of cadmium sulphide i n small-scale 

apparatus i s f e a s i b l e , using controlled nucleation of the boule. The method 

i s to be preferred f o r laboratory use since i t offers the prospect of a much 

closer control over the properties of the material compared with methods 

using m u l t i - c r y s t a l growth on to a seed plate i n large bore apparatus. In. 

these l a t t e r methods the scaling up of s i z e s and quantities of starting 

material needed could be prohibitive when series of runs under different 

growth conditions are to be investigated. 

10.2 Starting Material. 

Starting material for single c r y s t a l growth can be prepared from 

commercially available high purity powders using a modified flow c r y s t a l 

growth technique. This allows drying, outgassing, and £in increase i n density 

of the charge. P u r i f i c a t i o n from impurities both more v o l a t i l e and l e s s 

v o l a t i l e than CdS i s achieved; the p r i n c i p a l impurities remaining are zinc, 

(which i s prevalent i n some commercial powders and which i s d i f f i c u l t to 

remove) and s i l i c o n , which i s due to contamination from the silica-ware and 

increases i n concentration at each stage. Other impurities are not present 

i n greater concentrations than about 20 p.p.m., but the presence of oxygen or 

departures from stoichiometry cannot be determined. Further p u r i f i c a t i o n could 

be achieved by performing further flow runs, but as yet the properties of the 

single c r y s t a l s produced are dominated by variations i n the growth conditions 

suid departures from stoichiometry. The deficiency of sulphur i s the most 
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serious disadvantage i n our starting material. I t has p a r t l y been overcome 

by preparing the charge i n conditions where sulphur i s present i n excess, but 

methods of forming high-purity CdS at room teraperatiare by precipitation from 

solution are obviously of i n t e r e s t . However i t i s often necessary to give a 

heat-treatment to material prepared i n t h i s way to remove solvent contaminants, 

and departures from stoichiometry can again be introduced. 

10.3 Modified Piper and Polich method. 

The Piper and Polich method can be used to obtain large samples of high 

r e s i s t i v i t y , by growing at 1200°C or higher at a very slow rate, followed by 

slow cooling. These c r y s t a l s have poor optical properties, due to the scattering 

of transmitted l i g h t by small cadmium precipitates, and this can be a serious 

disadvantage i n some applications. Clear yellow material can be prepared at 

~1050°C; i t i s h i ^ l y photoconductive, with a low dark conductivity, but the 

c r y s t a l s produced are small (3 x 3 x 10 mm). 

1 0 F u t u r e Work. 

For future progress attention should be concentrated on tiie use of sealed 

evacuated tubes rather than the open ones of the Piper and Polich method.-

Sealed tube work means that the exclusion of oxygen and water vapour should be 

easier,'. The furnace arrangement can be simplified since no gas jacket and 

associated equipment i s needed, and the pulling can be done v e r t i c a l l y rather 

than horizontally. This would eliminate the effects of the transverse 

temperature gradients present i n the horizontal system. The charge material 

would be a ( p o l y c r y s t a l l i n e ) boule grown either.by the Piper and Polich method 

or i n a stationary open tube run, so that the density of the material was that 

of c r y s t a l l i n e CdS. Use of such a charge would also ensure that the material 
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would sublime at the normal evaporation r a t e . Alternatively flow c r y s t a l s or 

outgassed powder could be used provided care was taken to maintain stoichiometry. 

I n t h i s case back sublimation at the beginning of the run would be used to 

concentrate the charge. The procedure i n suoh a run would be as follows. 

Furnace control and pul l i n g arrangements would be si m i l a r to that used in 

horizontal rvms, but adapted for v e r t i c a l operation. The growth tube would 

be pulled through the maximum temperatiore region of the furnace at a fa s t 

pulling rate, ~5mm./hour, or f a s t e r . This would permit nucleation at the 

t i p of the tube as before, but i n addition the desired temperatures for the 

charge and the boule would be attained quickly, before much growth had 

occurred. Thereafter the tube would be moved slovily through the furnace 

at the same speed as the rate of growth of the boule ( i n the order of 1 mn/ 

hoxir, but determined experimentally) so that the temperature of the growth 

face remained constant as the run proceeds. The use of a c r y s t a l l i n e charge 

would ensure equal rates of removal of material from the charge and deposition 

of material on the growth surface, so that the temperature gradient between 

boule and charge would remain constant. After growth, the furnace should be 

cooled slowly to minimise thermal s t r a i n , d^pical temperatures for the charge 

and the growth surface would be 1100°C and 1050°C, Work i s being continued 

along these l i n e s . 
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Abstract. A method is described by which a rectangular bar of cadmium sulphide can be 
provided with a minimum of six ohmic contacts, which are required, for example, for Hall 
voltage measurements. The sample is simultaneously equipped with flying leads and can 
be inserted in any crystal holder. The method is also suitable for the application of 
thermojunctions. 

It is well known that indium forms ohmic contacts on 
cadmium sulphide crystals (Kroger, Diemer and Klasens 
1956). However, the indium must be applied in a carefully 
controlled manner to obtain good ohmic contacts with a 
high mechanical strength. In particular it is essential to 
eliminate oxygen from the ambient atmosphere while pre­
paring the electrodes, otherwise the electrical properties are 
impaired (Marlor and Woods 1963). The purpose of this 
note is to describe a method of applying a minimum of six 
indium contacts simultaneously to a rectangular sample of 
CdS with dimensions of the order 10 mm x 3 mm x 2 mm. 
Such an arrangement may be required, for example, to 
measure the Hall coefficient. 
. Single crystals of cadmium sulphide with lengths up to 
3 cm and diameters of 1cm are grown by a sublimation 
method in this department. Hall samples are prepared from 
the starting crystals by sawing and grinding. The grinding 
is carried out with carborundum powder to 800-mesh size, 
and thereafter with alumina (particle size 0-5ju,m). Sub­
sequently the sample is etched in a chromic acid to remove 
grinding damage and to clean the surface. The chromic acid 
is prepared by dissolving 700 g of chromic oxide in two litres 
of distilled water, and adding 100 cm^ of concentrated 
sulphuric acid to the solution. After cooling, a small 
quantity of this liquid is diluted three times to obtain the 
required etchant. Etching is carried out at 70° c for 3 to 
5 minutes, after which time the solution is progressively 
diluted before the crystal is removed. Finally the crystal is 
washed thoroughly in distilled water and allowed to dry. 

The contact areas of the sample are coated with layers of 
indium approximately 1 fim thick using conventional high 
vacuum (~10 jutorr) evaporation techniques. Indium is out-
gassed and evaporated from a molybdenum strip. The 
crystal is mounted above the heater strip and in contact with 
a suitable aluminium mask, the holes in which allow areas 
of 1 mm diameter to be coated with indium. Depending on 
the geometrical arrangement of electrodes required, it may be 
necessary to perform several evaporations to achieve the 
desired configuration. In such an event the crystal is sur­
rounded by an inert atmosphere of argon before the beU-jar 
is removed and the necessary adjustments made. The 
function of this operation is to enhance the cooling rate of 
the crystal and prevent the oxidation of the indium. 

After all the layers of indium have been deposited the 
crystal is placed in the apparatus shown in the diagram where 
it can be heated by radiation from a molybdenum strip 
heater. The manipulator box is gas tight, and is flushed with 
nitrogen while the sample is heated radiatively to about 
165°c, just above the melting point of indium. This step 

ensures that the evaporated indium layers wet the sample. 
Next, the specimen is cooled, and freshly cut 1 mm slices of 
1 mm diameter indium wire are pressed on to the evaporated 
layers. 

The pressure is applied using a jig which contains two 
small spring-loaded pistons terminated by polished nickel 
end-pieces 2-5 mm in diameter. The pistons face each other 

Gnommet P 
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Elevation (a) and plan view (6) of the Perspex manipulator 
box. The side of the sample which carries no contacts faces 
the molybdenum strip heater, and is supported by a sheet of 
mica M. The heater strip S is held in tension by the spring-
loaded arm T. (c) illustrates the design of the brass chucks. 
A is the collet, which is screwed to the collet rod B after B is 
inserted in the tube C. The threaded nut D screws on to the 
left-hand end of the rod B and permits the loosening of a wire 

held in the jaws of the collet A. 

and press the pieces of indium wire on to the required 
evaporated layers, either singly or in pairs. The pressure 
used is sufficient to compress the indium wire to approximately 
80% of its original length. Provided the evaporation pro­
cedure has been carried out satisfactorily the indium dots 
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adhere to the evaporated layers after this treatment. Should 
a dot not adhere after pressing, the subsequent heating which 
is required to fabricate the contact will cause the indium wire 
to fuse into a sphere, when it will either fall off the sample 
or, at best, provide a noisy, high resistance contact. The 
failure of a dot , to stick after pressing can therefore be taken 
as an indication that the whole process will be unsuccessful. 
The failure is due to oxidation or some other contamination 
of the evaporated layers. In the event of any one dot failing 
to adhere the process is discontinued, the sample re-etched, 
and new layers of indium are deposited. 

When the pieces of indium have been pressed successfully 
on to the contact areas, the sample is replaced in the box 
above the heater. The box is flushed with nitrogen while 
short lengths of 30 s.w.g. tinned copper wire, held in chucks, 
as illustrated in the diagram, are adjusted from outside the 
box so that a wire is adjacent to every indium dot. The 
sample is once again heated radiatively to about 165°c when 
the dots melt and fuse to the evaporated layers. The external 
arms holding the wires are then adjusted so that one wire 
enters each molten indium dot. After cooling the wires are 
released from the chucks from outside the box. 

In this way a large number of contacts and thermocouple 
wires can be applied to CdS crystals. The contact areas used 
were generally 1 mm in diameter, although electrodes \ mm 
in diameter have been applied successfully. In our experience 
it is vital when applying more than two electrodes to melt all 
contacts simultaneously rather than consecutively, otherwise 
the operation becomes extremely hazardous, in that the 
contacts prepared first are likely to deteriorate during the 
fabrication of the later ones. The deterioration is associated 
with prolonged heat treatment and the consequent danger of 
the molten indium covering additional areas of the crystal 
or even falling from the sample. 

The principal features of the method described here are as 
follows. 

1. Whenever the crystal is exposed to heat it is either in 
vacuum or in an inert atmosphere. 

2. The crystal temperature can readily be monitored and 
controlled at all times. 

3. The contacts when finished are equipped with fine 
gauge flying leads so that the sample can be placed into 
almost any sample holder without further heating. 

4. The success of this method depends on the fact that the 
heat to melt the indium dots is conducted from within the 
crystal and not down the contact wire from an external 
heater, e.g. a soldering iron. We have found that this largely 
eliminates the tendency for the dots to melt into spheres 
which drop off the sample. This problem was frequently 
encountered when external heating techniques were used, 
even when the pressing operation described earlier appeared 
to have been performed successfully. 

5. Contacts prepared in the manner outlined here can be 
applied to CdS crystals with resistivities ranging from 10~ ' 
to 10'° ohm cm. Contact resistances are less than 1 % of 
the bulk resistance over the temperature range 77-420° K. 

6. The mechanical strength of the contacts is such that 
applied stress either breaks a flying lead or removes the wire 
from the indium. 

We would like to acknowledge the assistance given by 
Messrs. F . Spence and B. Blackburn in the design and 
construction of the manipulator box. One of us (L.C.) 
would also like to thank the Department of Scientific and 
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