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ABSTRACT

The photbconductiﬁe and luminescent properties of cadmium sulphide have
long been of interest, and have only been studied extensively since 1947 when
Frerichs reported a convenient method of preparing small single crystals.

The properties of the material are summarised in Chapter Two of this thesis,
following an outline of the essential theory of electrical conduction in
semiconductors,

Conventional methods of single cryétal preparation such as growth from the
melt or from solution are not practiceble with cadmium sulphide and most
measurements have been made on small plates or rods grown by sublimation in a
flow of carrier gas, However the preparation of large single crystal samples
is desirable for certain measurements, e.g. Hall effect measurements, and .
essential if recent applications such as gamma-ray detectors or ultrasonic
amplifiers are to be pursued. Various methods of growing large single
crystals by sublimation have been reported, and these are reviewed in Chapter
4. However crystals produced by similar methods can show marked differences in
their properties. The resistivities of crystals as grown can be as high as
1010 ohm-cm., or as low as 1 ohm-cm., with wide variations in the carrier
mobility. Close control of the properties of the material produced is
essential for any practical application or for any detailed study of the
material itself.,

The work which forms the basis of this thesis therefore consists of an
investigation into the feasibility of growing large single crystals by
several methods, The effect on the resultant properties is observed when

parameters such as the growth temperature or the partial pressures of the

components are altered. The suitability of various starting materials is




also discussed,

The conclusions from the present work are that departures from
stoichiometry in the growth system are responsible for much of the difficulty
in preparing large single crystals of good quality at low temperatures
(ﬂleSOOC). Purther, 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 final section of the thesis indicates which of the reported methods
is most suitable for small-scale production of large single crystals of high
resistivity cadmium sulphide. It also describea a growth method embodying

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




1.

CHAPTER 1

THE THEQRY OF CONDUCTION IN CRYSTALS

1.1 Bonding
1,1.1 Introduction

Crystals are regular three dimensional arrays of individual afoms
bound together by inter-atomic forces. The binding force is usually
electrostatic in nature, but the exact nature of forces acting can be
of several forms., Only the principal types of bonding will be discussed.

1.1.2 Coulomb or Ionic Bonding

In ionic bonding the forces between atoms of the molecgle arise
from coulombic attraction. The atoms are ionised so that the electronic
structure of each atoﬁ consists of closed shells. An example is sodium
chloride, Wa*Cl™. The 3s electron from the sodium atom is transferred
to the lower energy 3p shell of the chlorine atom, leaving each ion with
an overall charge. Coulombic attraction then draws the ions together;
the equilibrium separation between the jons is that at which the attrac-
tion force is balanced by the strong repuisive 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
crystal is large. Each ion tends to surround itself 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 attractive forces are between
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the fixed metal ions, which are positively charged, and a 'sea' of free
electrons distributed throughout the crystal, The attractive force is

again lgrge and the strong binding usually results in the fommation of

a close packed structure, either hexagonal or cubic.

lolek Covalent Bonding

Mutual sharing of electrons between two adjacent atoms leads to a
reduction in energy and hence a bonding force. V/here two atoms share
an electron pair the bonds are particularly stable and are knowm as
covalent bonds., .’ Examples of such bonds are to be found in the group
IV elements, which have four outer electrons. In germanium, silicon
and diamond crystals each atom is linked by a covalent bond to each of
its four nearest neighbours arranged tetraliedrally around it to formm the

face~-centred cubic diamond lattice.

1.1.5 Mixed Bonding

It should be emphasised that in general the binding between the
atoms in a solid can be a combination of several types of bond. Compounds
such as lithium fluoride, LiF, can be regarded as dominantly ionic, and
silicon, germanium, and possibly indium antimonide as covalent, but the
nature of the bonding in intermediate compounds is nof always oovious.
This is particularly true in the case of the II-VI compounds (CdS,ZnS,etc.)
where the bonding can only be regarded as a mixture of covalent and ionic.
Determination of the degree of ionicity is difficult. 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 ionicity is also indicated by the manner in which some
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materials cleave. Perhaps the best infomation can be obtained from a

oplical
study of the lattice[gbsorption, by applying the Szigeti relations(l).

1.2 Band Theory
- 1.2.1 Introduction

[}

To discover the effect on the allowed electronic energy levels

whén individual atoms are combined to form a solid, there are two important
approaches within the framework of the one-electron approximation. In

the first, the effect on the electronic levels of one atom when other
atoms are brought near is discussed. This is called the Valence Bond
Modei or Tight Binding Approximation. In the second, the Band Theory or
Zone Theory approach, the possible levels available to an electron moving
in the periodic potential of the ions in the lattice of a solid are
evaluated.

1.2.2 Tight Binding Approximation

The potential energy of an electron bound to an ion by coulombic
7.2
forces is Ze where Z is the effective charge on the ion; e the

lgre r
electronic charge, ¢, the permittivity of free space and r the separation

between the electron and the nucleus. Solution of the Schrodinger wave
equation for an electron in such a potential field shows that the only

a2llowed energies for the electron are a series of discrete energy levels.

(For the hydrogen atom the levels are given by E = - Zizgm ).
n

In a second atom isolated from the first the energy levels would be

jdentical with those of the first, or degenerate (indistinguishable).
If the distance between the atoms were reduced, the electrans would be

under the influence of attractive forces from both nuclei, and repulsive
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forces between the electron clouds. The outer electron energy levels
would be split into two adjacent levels, analogous to the splitting of
the resonant‘frequency when two identical resonant circuits are coufled.
The degree of splitting depends on the degree of interaction of the
electron clouds, or the atomic separation.

For a regular lattice of N atoms, each energy level will be split
into N closely spaced levels, the separation between the levels increas-
ing as the atoms are brought together, TFor the highest energy levels,
occupied by the outer or valence electroms, the splitting is greatest,
and the levels can be regafded as a permitted band of electron energies,
The lower levels, corresponding to the more tightly bound electrons
shielded by the outer electron shells, show little splitting. The effect
is illustrated in Fig. 1.1.

The tight binding approximation illustrates the presence of permitted
bands of energies for electrons in a solid, and can explain the differences
between metals, semi-conductors and insulators. It provides a useful
introduction to the electrical and optical properties of soli@s, but an
approach incorporating more of the ideas and conditions of wave mechanics

is necessary for a more detailed understanding of such properties.

1.2.3 Bend Theory Approach

The band or zone theory of solids considers an electron moving in
the potential field due to the crystal as a whole., It is assumed that

the ions are effectively at rest.
The potential field for an eléctron moving in an array of positive

ions in the lattice of a metal for example is a series of potential wells.
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Electrons whose energies lie above the peaks between the wells are free
to move through the solid, whereas electrons with lower energies are
bound to their fespective ions, The energies of electrons travelling
through the crystal will be limited to certain permitted bands due to
interaction with and scattering by the positive ions.

_According to de Broglie an electron can be regarded as possessing
an associatedwavelength A, where A= h/mv = h/p; h is Planck's constant
and p the momentum of the electron assumed to be in free space. The
electron has associated with it a wave number vector K, with direction
that of the electron's velocity, and magnitude K = 2n/A . TFor a free
electron the electron energy is

2

. gz (1.2)
8 m

E =

A plot of energy versus K for the free electron is the parabola
descrited by equationGél) (Fig. 1.2(a)). Negative values of X represent
motion in the opposite sense. The preéence of a periodic potential field
will introduce discontinuities in the E versus K curve as shown in
Fig. 1.2(b).

F. Bloch(z) has shown how to take account of the periodic potential
of the lattice, For a one-dimension§1 periodic potential with period d,
the potential, V(x), is such that V(x) = V(x + rd), where r is any integer.
The solution of the Schrodinger equation can then be shown to be of the

form

V{K(x) = UK(x) exp (iKx) (1.2)

where UK(x) is a periodic function of x of period d, and K is the wave




- versus K’ ‘
@ . free electron: (b) in periodic potential.

" FIGURE 1.2
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number vector. A quantity P is defined as P = Kh/2w, and is known as the
'crystal momentum'. This has many properties of the electron momentum,
but only reverts to the value of momentum of a free electron for V(x)
constant.

Vave packets made up of functions like those given in equation (1.2) are
required to describe the motion of localised electrons., The velocity of
an electron is equal to the group velocity dw/dK, where w is given in
terms of energy by w(K) = 2nv = 2ﬂfk/h. .

. . dw 2r 4dE
The veloclty v is therefore v = - o " K

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

(3)

the form of the periodic potential V(x). Kronig and Penney discussed

‘a model in which atoms formed square potential wells in a oneslimensional
lattice. They showed that the distribution of possible electron energies
(i) consists of a series of allowea energy bands separated by forbidden
regions | |

(ii) the width of the bands increases with increasing crystal binding energy.
(iii) the width of the bands decreases with increasing electron binding

energy.

1.2.4 Brillouin Zones

The energies that are forbidden correspond to the wavelengths at
which Bragg diffraction will occur for electrons, considered as waves,
passing through the solid. The forbidden energies will be different for
. electrons travelling along different crystallographic directions, since

the apparent atomic separation will alter. For example, in a cubic crystal




"E vs. K for a cubic :structure.

FIGURE 1.3
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an electron travelling in the 100 directiéﬁ‘with a velocity corresponding
to a wavelength A= 2a will be diffracted. In terms of K, this happens

at Kk = n/a. Similarly, diffraction occurs for K&, Ki = n/a. Por an

w

o . . 2
electron travelling in the 110 directions, K&y, K&z or Kix ==3 for

diffraction to occur. Similar limiting values apply for any direction
of travel.

The limiting values can be plotted on a system of coordinates with
axes Ki, X, KZ known as 'K-space', and the figure constructed from the
limitg of the first order diffraction is known as the first Brillouin
zone, Vlavelengths < 2a are of course possible for electrons with velocities
in the IOO.direction, and 2nd, 3rd and higher Brillouin zones can be
constructed correSponding to the higher permitted energy ranges. These
zone boundaries repreéent the maximum energies that electrons can have
without.a discontinuity in emergy developing.

The zones are funct;ons-only of structure, and do not dépend on
chemical composition or number of atoms in the structure. The discon-
tinuifies for any particular crystal directién can be shown on an E versus
K plot for that direction, and the energy gap between these permitted
values is called a forbidden zone. However the possibility that an energy
forbidden in one direction may be allowed in another must not oe over-
looked, This is illustrated in Fig. 1.3, which shows B versus K curves
for the 100 and 110 directions, derived from an energy contour diagram
for a cubic structure.

l.2.5 ZEffective 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 is appreciably different
from that for a free electron. Since K is proportional to momentum p

there is therefore a change in the relation of electron energy to momentum,
It can be shown that, in a solid, the normal laws of motion of particles

can be appiied to the electron provided that the free electron mass m is
réplaced by an effective mass m'. This effective mass is not necessarily
constant, and can vary for different crystallographic directions or electron

energies, The effective mass is given by

6°E, 1 h (2
—5) = (Zr-) (1.3)

for a solid with spherical energy surfaces in K-space. For a free- electron
this gives m" equal to m as expected, but in a solid m" can be quite different
from m, especially for an electron with an energy close to the band edge.
However most of the results derived in the free electron model can be
2.2
. . . . - 4
carried over to the solid provided that the equation (1'1)’QK =g is

replaced by EK = thz . m" then replaces m in the expressions for the
2
8n*nr

Fermi energy, conductivity, and similar cases.

The value of m" is dependenf on the position of the electron in the
band and on the way in which E varies with K. However equation (1.3)
together with a typical E versus K curve as in Fig. 1.2(b); enebles a
qualitative deécription of the expected variation of n" through a band
to be made. Electrons with an energy near the band minimum show behaviour
associated with a positive, almost éonstant effective mass, As the electron
passes to higher energies within the band, its effective mass increeses

and tends to infinity at the point of inflexion of the E versus K curve.
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Electrons with still higher energies have an associated negative effective
mass, increasing from - to a small negative value for 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 to electrons in solids have been outlined; we now need
to consider the density of the 1eve1§ in these band and their degree of
occupancy by electrons.

For an electron in a uniform potential well, we can apply the Pauli
exclusion principle and the uncertainty principle to derive the density

of levels N(E)AE for electrons with energies between EandE + dE. ile

have
N(E)dE =5 (2m)/ © .E2. dE. (1.4)
h :

An analogous treatment for the density of levels in a Brillouin zone
can be performed, although generally elements of K-space rather than
momentum space are considered. The distribution of levels follows that
for the free electron initially; the number of possible elements of K-
space for a given value of K increases as K?, since for low E the surfaces
of constant energy are spherical. A distortion of the spherical energy
surfaces will become apparent near a Brillouin zone boundary, and as
higher values of energy become forbidden in some directions in K-space,
the density of levels will fall, becoming zero at the maximum energy of

the band, Figure 1.4(2) compares the density of energy levels for the

free electron and in the Brillouin Zzone.




NEe| o
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 FIGURE 1.4
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The Briliouin zones, i.e., the volumes in K-space between successive
polyhedra denoting discontinuities of energy, are such that each
Brillouin zone occupies the same volume. This volume contains levels
sufficient to accommodate ZN electrons, where N is the total number of

atoms in the crystal.

1.2.7 Metals, Semiconductors and Insulators

The presence of bands of permitt;d energies for the ﬁigher energy
electrons in a solid, and the determination of the density of energy
levels, allows the obvious differences in the conduction properties of
metals, semiconductors and insulators to be explained. Ve saw in
section 1.é.2 that in a solid of N atoms there will be N closely-spaced
energy ievels in an energy band, and each level can accommodate two
electrons, For an atom with an odd number of valence electrons (e.g.
Li; an, lsz) only half of the aveilable energy levels in the highest
occupied band will be filled. As a result, electrons in such a solid
can be accglerated by an applied electric field and take parf in con-
duction, since empty, higher energy levels are available. Such a
material will be a good metallic conductor.

In a metal suchvas magnesium with an even number of valence
electrons per atoms, empty energy levels are still available to the
valence electrons since the top of the highest occupied band (3s) over-
laps thévbottom of the (3p) band above. The 2N electrons are therefore

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

conduction to take place.




The density of permitted levels for overlapping bands is showm- in
Fig. 1.4(b). Note that the overlap in permitted energies does not
occur for the same direction in K-space.

Where a material has an even number of valence electrons per
atom, and the highest filled energy band is well below the next avail-
able band (Eg >> Eﬁ), no empty energy levels are available for conduction,
and'the material is therefore an insulator,

When, however, the energy gap sepafating a full band from an empty
band is small (< lev), at temperatures above 0°K a few electrons will be
excited thermally across the gap, so that conduction can teke place in
both bands. Conduction in the previously full band via the empty
energy levels is best thought of as being due to positively charged
'holes'; similar statistics can be applied to the holeéj;re used for
electrons.

The temperature at which the electrical conduction becomes signifi-
cant depends of course on the magnitude of the energy gap. A solid where
the conduction takes place through thermally generated carriers is known
as an intrinsic semiconductor. The lower, previously full band is

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

1.3 Semiconductors

Since this thesis is concerned with cadmium sulphide, a semiconductor
or semi-insulator, only the properties of semiconductors will be dis-
cussed in any detail. The definition of semiconductors is not exact,,
but semiconducting materials are generally considered to have conductiv-

ities in the range 102-1071° (ohm cm)-l. The term semi-insulator is
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sometimes used for semiconductors with conductivities lower than about

1072 (ohm-cm) L.

1.3.,1 Intrinsic Semiconductors

The tem intrinsic semiconductor implies that the semiconducting
property is a characteristic of the pure material. Extrinsic semi-
conductors, which are those where the semiconducting properties arise
from chemical impurities or from departures from stoichiometry, will
be discussed later.

; e s i less than lev.
In an intrinsic semiconductor the energy gap must be emtyxa—fow

B in order to permit appreciably thermal excitation across the for-

bidden gap., The group IV elements illustrate the definition:-

Element Gap Type

C (Diamond) 7 ev Insulator
Si 1.1 ev Semiconductor
Ge 0.7 ev "

Sn (Grey tin) Very small, 4ve n

Pb | - Hetal

Grey tin is a semiconductor at room temperature; Ge and Si in a pure
state are insulators at room temperature and become 'intrinsic' above
100°C. On this scale, pure stoichiometric cadmium sulphide with 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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1.3.2 Fermi Level and Free Carrier Density in Intrinsic Semiconductors

The density of energy levels available to electrons in a band was
evaluated in section 1.2.6. Since the electrons in the levels are
subject to the Pauli exclusion principle, the probability of a level

being occupied is given by the Femmi-Dirac distribution function

P(E) = 3 (1.5)

E-E

f
eXp(kT)+1

' Ef is a parameter which is determined so as to normalise the
distribution for the total number of electrons present. It is equal to
the energy at which the probability of a level being occupied is O?S,
and is called the 'Fermi Energy Level.'

Equation (1,5) can be written as P(E) = £((B-Ep)/kT), (1.6)

vhere £(x) = _L is the Fermi-Dirace function. (1.7)
e +1

Note that £(x) varies from zero through 0.5 to one as E goes from
E-E, >> kT through E = E, to E-E, << kI,

For an intrinsic semiconductor with an energy gap OE, we take as
E - 0 the bottom of the conduction band., If Ndb(E)dE is the density
of allowed levels in the conduction band between E and E ; dE, then
the carrier density in this energy range is n(E)dE = 2Ncb(E).P(E)dE,

and the total density in the band from E = O to E = Et is

E

ng = 2 [* Ny, (E). P(E). aE (1.8)

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

spherically symmetric energy bands, Ncb(E)dE is given by (l.4). Hence




for the non-degenerate case, i.e. (E-Ef) > 2XT, using (1.L4), (1.5)
and (1.8), and letting E, oo,

w

_ dmeny* E*dE
h’ | exp[E-gYkT]+ (1.9)

Now using E-E, >> XT, and substituting for x = F/KT,

¥, ® %
N o= 4m(2mG)" expE (kT) x"dx
Y kT | exp x

o

(1.10)

Y, .
2 (27mekT) " exp (E,/KT)
hb

or n = N_exp (E;[kT) (1.12)

¥
wheze N, = 2§2n::kT)2 is called the effective density of states in

‘the conduction band.

Similar statistics apply for the number of vacant levels, or
hdles, in the valence band due to the excitation of electrons to the
- conduction band, As mentioned in 1.2.7, conduction by electrons in the
valence band involving thesé vacant levels can best be interpreted as
movement of positive holes.

The equivalent of (1.4), or the density of levels, for holes is

L) U
va )dE = 21r(2m;)&'(-AE—E)lsz (1‘12)
hS
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Again for the mon-degenerate case

) }
Ar(2m®? (AE—E)* dE

P;
h° exp [(E.~E)/KTH! (1.13)
=00
and .
p; = N, exp(~(E, + 4E)/KT) ~ (2.12)
sy
where N, = 2(2mmpkY) » the effective density of states in the valence
. —=
h

o

vand. In intrinsic conduction, the density of electrons in the conduc-

tion band must equal the density of holes in the valence band,

Equating p; and n, gives from (1.11) and (1.14)
w%exp (EKT) =  m¥Pexp[— (E,—AEYKT]

or Ef =-AE 4 3kT In(my [m¥).
2 4 (1.15)

Substituting for (1.15) in (1.11) we have

% #\’
n = 2(27mekT % exp [-AE gln(m,,)
‘ T T 4 H

h Me /:

%
=P =2 (2hquT3£(m2m5" 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 into a solid so that the atomic energy levels
of the impurity atom lie in the energy gap between the valence and

conduction bands of the solid. If this energy gap is very large few
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intrinsic carriers will be generated. If however the highest nomally
filled electron level of the impurity atom has an energy only a few KT
below the bottom of the conduction band, electrons from this 'donor'
level can readily be thermally excited into the band. A semiconductor
in which the carriers are predominantly electrons is ealled 'n'-type.

An analogous situation oceurs when a normally emptly energy level
due to an impurity atom lies a few kT abbve the top of the filled valence
band in a normally insulating material. Electrons can be excited to
these 'acceptor' levels to form holes in the valence band. ‘/here
conduction by holes is dominant, the material is termed 'p'-type. Donor
and acceptor levels can &lso be caused by departure from stoicniometry
as well as chemical impurities.

The impurity states can be regarded as localised levels and not
energy bands since the concentration of the impurity is low and inter-
action between the impurity atoms is therefore small. Vhen the impurity
concentration is very high, the interaction may not be neglegible, and
a delocalised baﬁd of permitted energies may be formed, allowing move-
ment of electrons and conduction within the so-called impurity band.

The most familiar impurity semiconductors are Ge and Si doped with
group III or group V impurities to provide p and n-type conduction
respectively, A group V atom such as phosphorus incorporated substitu-
tionally into a germmanium lattice has five valence electrons, only four
of which are required for bonding to the four nearest neighbours. The

fifth valence electron is only loosely bound to the phosphorus atom,
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and can easily be excifed thermally and removed into the conduction
band of the crystal, The energy needed to release an electron from a
donor can be calculated by treating the atom and its outer electron ag
a hydrogen atom in a region of the appropriate dielectric constant.(h)
Such a calculation for a group V donor in Ge indicates a value of 0.01 ev.
as the depth of a donor level below the conduction band. This value is
found in practice to be a good estimate, although variations from it do
occur,

'MIn the case of a group III atom, such as indium, only three valence
elecfrons are available for bonding. The resulting hole is only loosely
bound to the indium atom, and can easily be freed thermally to give a
hole in the valence band, The group IIT impuritiés thérefore act as
acceptors in group IV materials.

One of the main difference between the elemental semiconductors of
group IV and the compound semiconductors is that the latter contain more
than one type of atom and departures from stoichiometry can occur.

.Suoh departures can often have much more effect on the properties of the
semiconductors than chemical imﬁurities, since departures from stoichio-
metry of 1 in IOLF are common, and can lead to carrier densities greater
than lols/cmB. Overall electrical neutrality in the lattice must still
be observed,'and departures from stoichiometry are accommodated in the
lattice by a change in the ratios of Frenkel defects (interstitials)

and Schottky defects (vacancies) of either element.

An anion vacancy will act as a donor, since the valence electron

normally shared by the anion will only be loosely bound to the neigh-
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bouring cations, and can easily be exéited from the defect to move

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

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

give rise to free positive holes at ordinary temperatures. This occurs
with an excess of S in PbS, In C4&S however, excess S does not give

rise to free holes at room temperatures - the acceptor levels corresponding
to the cation vacancy are too far removed from the valence band to be
ionised, and are compensaled by doners.

Ions of a different valencytzi'those of the host lattice can also
give rise to donor and acceptor levels in compound semiconductors as
‘Well as in the eleméntal case. A common example is chlorine, which can
enter a II-VI compound as Cl_, aubstituting for an anion, and release
an eleotron to the conduction band.

1.3.4 PFree carrier density in impurity semiconductors

For a non-degenerate situation, (E - Ef > kT), the number of electrons
in the conduction band is still given by (1.11),
i.e. n = Ncexp(Ef,/kT)
but Ef will now be modified by the extra levels present, Again p is
" given by (1d4), and
o 2
np = Nchexp(—AE/kl) = n;
Consider first an n-type semiconductor with ND donors per unit
volume at an energy depth ED below the conduction band; ED << AE., At
a temperature high enough for the donor levels to be considered as ionised,

but not too high so that the concentration of intrinsic electrons n,
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is still much less than ND, we have n 2 Nb. The fermi level is

given in this situation by n = Ny = N, exp(Ef/kT), or

E, = kT In (ND/NC) (1.17)
Note that for the assumption of non-degeneracy to hold, we must have
Nb ]
or My >> N, (m;/mi)z.exp(-AE/ZkT). In these circumstances the semi-

<K Nc’ and lower limit to Nb is given by the condition Nb >> Ny,

conductor is said to be saturated.

'VWhere both shallow donors and acceptors'are present, under the same
temperature conditions as above, so that intrinsic carriers are negligible,
with ND >> NA the fermi level will be well above the middle of the for-
bidden gap. The acceptor levels ﬁill have a high.probability of being
occupied by an electron, since they are well below the fermi level, and

the electrons will come from the donor levels. The effective number

of donors is therefore Ny - NA’ and the fermi level is given by Nb - NA

N, exp(E/kT). (1.18)
As NA - ND’ the donors are neutralised by the acceptors and the fermi

level approaches its intrinsic value. For NA >> Nb the fermi level

approaches the valence band.

Consider now the low temperature case wﬁere full ionisation has not
taken place. (I),E, not small cf. kT). Ve 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 occuﬁying the level is

P —_ I
(E) /2 C'XPEE“Ef)/kﬂ"'l (1.19)
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Therefore with Nb donors, the number of unionised donors is Ld’ where

N, = Ny =
¢ I+ exp [(E~E,)/KT] $E=G

Similarly the number of 'unionised' acceptors is Na;

N = M ' E=—-AE+E,
a | +1/2 exp[(E-~ E)/kT]

To calculate the electron and hole concentrations we utilise the con-

dition that for electrical neutrality in the crystal, we have

n"'I\Id"'NA:p"’Na*ND
Under the conditions .assumed, we can neglect p, the number of free

holes, and Né will be small,
N
Hence n = Ny - N, - 2
D A I+|/22xp[(E—Ef)/k'|]
iriting n = Ncexp(Ef/kT) we obtain a quadratic for exp(Ef/kT) or for n,

(1.20)

2
n 4 n(NA + Né) - '(ND - NA) =0
where N! = %Ncexp(—ED/kT)
The appropriate solution is
2 1
no=d (N + N+ 7 (M « N7 s 2m (N, - 1,))% (2.21)
When Ey/kT >> 1, ! will be small and we may approximate. For partially

compensated semiconductors, we can assume Né << NA’ and can expand

(m, + Nc')'z.

N (N, - N,) N, - N :
Then nz ¢ D "A° =D __A N exP(-ED/kT) (1.22)
NA ZNA
Where NA is so smell that NA << Né << ND’
1 1 '
n = (NéND?z = H(MN,)? exp (~Ey/2kT) (1.23)

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

temperature can lead to a value of ED provided the temperature range



is such that the appropriate limitations mentioned are satisfied., In

this case a plot of ln.(l%é) against % would be a straight line of

g

slope - ED/k, or - Ey/2k in the non-compensated case.

1,5.5 Electrical conduction

First consider the effect of an electric field ¢ on a classical
gas of free electrons. The electrons in the absence of an electric
field move in a random way, with a velacity distribution appropriate
to their temperature T. The net drif't velocity va of the electrons in
any direction is zero. Under the influence of an applied force the
electrons acquire an average drift velocity in the direction of the force
given by vs = I]\?i V; where N is the electron concentration.. .

We introduce a constant relaxation time T, related tovthe mean free
time between electron collisions, and therefore also related to their
mean free path and velocity. The relaxation time is the characteristic
time which determinef the establishment of equilibrium by collisions
from en initial situation where A £ 0.

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

equation of motion

dv
4 _1
Fanlf - v

Where no external force acts, the variation of \f with time is
given by v4(t) = vy (0)exp(~t/r), so an initial disturbance dies away

with a characteristic time 7.
In an electric field e the force on each electron is €.8,
av v
. e = m(=2 - =2)
* 0 6. — dt T
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The assumption of a finite relaxation time gives a steady state

dv,
-

dt

solution in keeping with Ohm's law, and the solution when =0 is

v. —e. T,
g = S o€
m

The drift mobility p is defined as the drift velocity per unit

electric field, and is given from the above equation by

T & (1.24)

m

The electric current density j is defined as the electric charge
transp&rted through unit area in unit time; hence
J=ne Va
where n is the carrier concentration and e the electronic charge. Sub-
stituting f‘orAvd we have the result

j=n ez‘f.e (Ohm's law)
m

Current density j = &, where & is the electrical conductivity, so that

n ezr
==/, 0rc=n e (1.25)

1.3.6 Conduction electrons in solids

Wifhin certain limits the band theory approach gives similar results
for electrons in solids. The free electron mass m must be replaced by
the appropriate effective mass m". Since only those electrons with energies
near the Fermi level éffectively take part in conduction in a degenerate

semiconductor, the relaxation time is that appropriate to electrons near

the Fermi level, and i = 5%??{§ﬁ45
) ;“
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For non-degenerate semiconductors, where the energy distribution
of the electrons in the conduction band is Maxwellian, the assumption
that T can be considered as a constant for all electrons is no longer valid.
Consider avsimple n-type semiconductor with isotropic effective mass,
i.e. spherical energy surfaces. In an applied field €% the current density

J is given by the Boltzmann transport equatlon,
Jy = —*¢, _I-;v'r(E)Bvrp dp

3 % h? | (1.26)
Nowdifferentiating the Fenmw-Dlrac function F , OB - E(l—F)
OE kT
and since we assume non-degeneracy F << 1, and JF - K
dE kT
Hence e : )
= = Ev 7€) 87.p*d
= e e (1.27)

However §% .Fo.pz.dp is the concentration of electrons with momentum

h .
lying between p and p + dp, so on integration we obtain
J = Len< v*7(E)>
3kT

where n is the electron concentration in the conduction band, and <v2T>
is the mean value of vzr averaged over the Maxwellian velocity distribu-

tion. According to kinetic theory 3/2kT - n*«?/2 so we can write

J, = nelesyr>
x m‘ <v2'> (1028)
and the mobility ¢ becomes
2
¥ = <_—£_v T>e
<V"> mj‘ . (1‘29)

(This reduces to E% where T is no longer a function of E and there-

fore independent of v2.)

The mobility so defined is called the conductivity mobility.



The way in which 7 depends on the electron energy E is determined
by the dominant scattering mechanism in the sample. The dependence for
the major forms of scattering will be summarised later in table 1.1.

1.3.7 Conduction due to both electrons and holes

Vie have seen (Eqn. 1.25) that the conductivity for an n-type semi-
conductor is given by o = ney, Similar results apply forp-type semi-
conductors, and in general the conductivity o due to both sets of carriers
‘is given by
| O = ney + pely (1.30)
where Ho and pp are the mobilities for electrons and holes respectively.

1.4 Hall Effect

1l.4.1 Simple treatment

Measurements of the Hall voltage and electrical conductivity provide
a means of determining the values both of the carrier density end of the
mobility, and indicate whether electrons or holes are the dominant carriers
in the conduction process.

Ve shall consider first a simple treatment in which the rela:ation
time T is regarded as independent of energy, so that we can regard the
carriers in a solid as having an average drift velocity and need take ﬁo
account of the velocity distribution. The treatment is in general applicable
to metals and degenerate semi~-@onductors.

Consider an electric field € applied to a long narrov rectangular
conductor as shom iﬁ Fié. 1.5., with the resulting current density Jx.‘

A magnetic field BZ in the z-direction will give rise to an electric

field in the y-direction, mutually perpendicular to the applied electric
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and magpetic fields, which owes its origin to the deflection of the
charged carriers by the maegnetic field. Carriers will be deflected and
will build up a space charge at one side of the sample until the electric
field set up, ey, is sufficient to balance the Lorentz forces. ey is
called the Hall field and ey = R“Jx'Bz where Ruyis called the Hall constant.
With an n-type semi-conductor, in equilibrium,
eey = -e.B .V, (1.31)
where ;x is the mean drift velocity.

Now the current i = ﬁ.e.;x, so the Hall constant

€
R =gl = ;i- : (1.32)
z X

The resultant electric field due to €y and Gy deviates from the AZ-direction

by the Hall angle ©, where tan 6 = ¢ 3//ex = Ro.B,.

If the sample is of thickness 't' in the z-direction, the measured

Hall voltage will be I

-8, 14
Vo, =

H ™ n.e.t. (1.33)

and the carrier density can be

obtained from the experimentally obtained parameters since

- t -
ne RH - IB
X 2

A simultaneous measurement of the conductivity o of the sampe
enables the Hall mobility My to be found, since 0 = ney, and the Hall
mobility by = G;RH.

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

samé side of the sample. As a result Vy and R, would be reversed in sign,

indicating that hole conduction was dominant.
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1.4.2 Two-carrier Conduction

The Hall coefficient is more complex if the solid contains appreciable
numbers of both types of carriers. It can be shown that in this case
1 -b2n ?
Ry=7%- Enb+p) (1.35)
' where b = u e/ e

‘It is obvious from this that R;> Oeasp-» b2n, so that the change
in sign of the Hall coefficient is dependent both on the carrier density
and the mobility of each carrier.

1.4.3 Hall Effect - T a function of energy

The Hall effect will now be considered for an n-type semiconductor
under conditions where T, although still isotropic, is a function of the
carrier energy E.

Ve use again the situation depicted in Fig. 1.5., and suppose that
the Hall contacts are short-circuited, allowing a Hall current Iy to flow.
An electron moving in the x-direction with velocity v, will experience

an acceleration in the y-direction of Bzevx.

mii
(Q_vy) = e_vl_B‘ = WYy
Dt )y m* - (1.36)

where @ = %EP-’ is the Lamrmor. frequency.
m
This acceleration will be opposed by forces due to collisions with the

lattice, so that : (b_y,) ==V ,
Ot L. 1E)
and in equilibrium we have v, = W TV, (1.37)

Now from egn. ﬂé§é7), o

J. = e | FvT(E)8x p*dp - nde<Vv*T(E)>
X7 oakT %’P b= ST )

(-4
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Since Iy can be related to Ix through the relation of the velocities,
(Egns. 1.27, 1.31), multiplication under the integral by wT , folloved

by evaluation as in 1.3.6., gives

2
I = PP &Y (1.38)
y 3KT

2
where <v2T‘> is the mean value of VZTZ over the Maxwellian distribution

of electron velocities.
When the Hall contacts are not short-circuited, an electric field

Gy = I&/o‘is set up which reduces the current in the y-direction to zero.

The Hall coefficient RH then becomes

€ I
By=T% = mT5 (1.39)
X 2 X 2

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

Hall mobility Hyy as
2_2
e<v T >

by = RO = (1.40)

m§<v2T>

Comparing this with the conductivity mobility we find that in general

Iy £ u, unless T is independent of energy as in the case of a metal or

degenerate semi-¢onductor. The Hall coefficient

2,2 .2
1 T ><v > (1.41)
RH‘ne <vZ7T>2 ‘
<v2T2><v2>
and in general is written as R = r/ne, whére r = -—E;fzf——-. The
vT>

value of the factor r depends on the form of the variation of T with
energy E. The nature of this variation is determined by the nature of
the electron scattering in the solid., The major types of electron

scattering will now be discussed.
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1.5 ZElectron Scaettering in Crystaels

1.5.1 Types of scattering

We have seen already that the conductivity of a material is determined
by (a) the number of carriers, and (b) their mobility or mean free path,
which is determined by the various carrier scattering mechanisms present.
In a perfect crystal (at OOKD there would be no electron scattering; only
perturbations caused by departures from perfection can deflect the electron.

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

1. Lattice scattering, by thermal wibrations of the lattice.
2. Impurity scattering, by charged or neutral impurities.
3. Scattering by imperfections, e.g. dislocations, bubbles.
L., Scattering of carriers by each other.

1.5.2 Lattice scattering

The scattering produced by thermal vibrations in the lattice can
be considered in several ways. In the 'deformation potential' method,
the lattice vibration, which is an acoustic wave of definite velocity and
wavelength, is considered as superimposing a new periodicity on the lattice
potential. In a semiconductor this is seen as a 'ripple' in the bottom
of the conduction band. A detailed discussion of the method was given
by Bardeen and Shockley,(s) with a simplified account by Shockley(6).
In his discussion, he'}treats the semiconductor as a group of independent
vblocks, each representing a potential barrier which can scatter electrons.

The average energy of thermal vibration, 3/2 kT, is showm to be

equivalent to an energy change in the conduction band Ec’ where
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E, = kﬂﬁin%/voB
and B is the bulk modulus of the material, Eln the change in the bottom
of the conduction band per unit deformation and v, the specific volume.

The energy barrier Ec is then considered as a barrier which can
reflect electrons according to guantum mechanical principles, even if
the electron energy is much greater than the height of the barrier, A
mean free path 'l' is calculated from the reflection coefficient, since
/1

the probability of a scattering collision in a distance L is e , Where

L is the width of the scattering 'block'.

The expression for 1 ish
h'e

1= (‘z?iﬂ;%’ltzﬁnﬁ

where c¢,, is the longitudinal elastic constant., The resulting mobility

11

L w2027 C..(kT'T—%

3 Eblm

(1.42)
32 , and also that

We note here that the mobility varies as T
mobility depends on the effective mass to the power -5/2. A consequence
of this treatment is that the collision time associated with barrier
scattering is spherically symmetric, with no preferential direction for
scattering, although in many materials this iz knowm not to be the.case.
Shockley points out that the discussion is highly oversimplified, since
the blocks were considered as independent, not tightly coupled as in a
real material,

Scattering by optical vibrations was invoked to explain deviations

from the T-B‘/2 dependence of mobility in the covalent semiconductors Ge
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and Si; the resultant mobility is given by

1 1 1
e (1.43)
b b “op
where -3/2
Hae @ T
1
tp® T (7T ), (1. 1)

(7)

and 6 is the equivalent temperature of the optical phonons involved' ‘.
Optical scattering can be the dominant lattice scattering mechanism in
ionic materials,

In a piezo-electric material, scattering of conduction electrons by
the longitudinal electric fields accompanying acoustic lattice vibrations
results in departures from the mobility predicted by the deformation-
potential scattering method of Bardeen and tShgckley. The modifiéations
necessary to take account of piezo-electric scattering in CdB have been

considered by Hutson(8), who found that

u = 400(n/n™)7 2 (300/1)2 (1.45)

1.5.3 Chareged impurity scattering

Conwell and Weisskopf(9) have considered the scattering of carriers
by charged impurities, using the Rutherford scattering formula to show

that the scattering cross-section is

o(e) = et cosec % (1.46)
(2Kmﬁv2 2

where 8 is the angle of scattering.
Averaging the cross-section over the velocities found in a semiconductor

gives the time between collisions as
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T — 2d _ _ (REE}
v Inﬂ+(2E/E)]

where E is mv2/2, E = 2e2/Kd, and d is the distance between impurity
centrés, assumed to be uniform,
Averéging over the Boltzmann distribution gives the mobility due to

impurity scattering

7
'“[(H%“—.—"TH (1.47)

Thus pIecT+§/2, and imperfection scattering can be particularly
important at léw temperatures, when lattice scattering decreases.

Later calculations by Blatt(lo) indicate that this temperature depend-
ence is only an approximation, being most accurate at higher temperatures;
at lower témperatures u is strictly not proportional to Tn. Sclagphas

+§/2

shown that considerable deviations from T can occur, especially at

low temperaqﬁres or for large impurity densities. -
Vhen both lattice and impurity scattering are important, it is

generally assumed that resistivities due to different scattering mechanisms

are additive, and

(1.48)

=y

e "

t'H

+

K
this is not accurate, since the lattice

ct

Conwell(lz) has shown tha
scattering collision time and impurity collision time depend in different
ways upon the energy. Fig. 1.6 shows the ratio of total to lattice

mobility, plotted against the lattice to impurity mobility ratia . These

results assume the validity of a sphericael Fermi surface model.
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1.5,4 Neutral impurity scattering

Neutral impurities can give rise to large scattering effects in
crystals, but the theory is very uncertain,

Pearson and Bardeen(IB) estimated that

%I - 7.6 x 10-22NnT% (1.49)

Erginsoy(lﬁ) treated the neutral impurity as a hydrogen atom in a
material of the appropriate dielectric constant, and found

on= 20K 1/8rn n® ¢ ” (1.50)

so that mobility should be inversely proportional to impurity density
with no temperature dependence.

Sclar(15) has performed further calculations which indicate a sligit
temperature dependence.

1.5.5 Dislocation scattering

Dislocations are one fom of crystal imperfection which can have an
effect on carrier mobility. Because of their irregularity, their influence
(16)

is difficult to calculate with an accurapy, but Dexter and Seitz have

applied & method similar to the deformation potentials for latiice
scatteriné. Theyconclude that, if the dislocation density were as high

as 1O§/cm2, the effect on mobility should become apparent, and with a
density of 1011/cm2 the dislocation scattering has about the same magnitude
as vibration scattering, at room temperature., At a temperature T,

dislocation scattering is comparable to vibrational scattering for a

dislocation density Nj. = 6 x 101".ff5/2 en”2.



(18),

Table 1.1 Summarv of Scatiering Mechanisms (From

Mechanism pee (m™ )Ty T<E R; = -r/ne,
x y z r

Acoustic -5/2 -3/2 -1/2 31/ 8
Polar -3/2 E:ponential | Independent | 1.00-1.1k
Ionised Impurity | -1/2 3/2 3/2 315m/512
Neutral Impurity 1 Indep. Independent 1
Electron-Hole -1/2 3/2 3/2 3157/512
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1
Read( 7) has considered the effect of charged dislocations, and

finds that 1/u varies as T .

1.5.6 Carrier-carrier scattering

VWhen the’effective mass of holeg is larger than that of electrons,
electron-hole collisions can reduce the electron mobility. Tne analysis
of the effect and resultant temperature dependence is similar to that
for ionised impurities. Electron-electron collisions are more complex;
but can generally be neglected.

1.6 PhotoHall effect in semiconductors

1.6.1 Introduction

Conventional Hall effect measurements may not be possible on high
resistivity samples due tovthe measurement problems posed by the high
impedance. In these circumstances a PhotoHall measurement can be made;
i.e. the Hall effect is measured on a sample in which extra carriers are
being generated by illumination. However the measured Hall mobility My
may vary with intensity of illumination. This variation could be due
t§ (i) change in the mobility for single carrier conduction, or (ii)
initiation of two-carrier conductivity. Initial experiments showing this
mobility variation were confined to germanium and silicon(lg-zz). Bube
and MacDonald give a detailed account of the evaluation of properties of
CdS and CdSe using photoHall data(zs). ‘Mobility changes by a factor of
6 at room temperatures have been observed in CdS. As will be scen later,
where these can be aﬁtributed to changes in the number or charge of scattering

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

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




effective charge of the centre. The variations in mobility can also
lead to an estimate of the energy depth of the centre relative to the
conduction band.

1.6.2 Scattering cross-sections

Imperfection centres play a large part in determining the mobility
of free carriers in semiconducting materials, especially when these
centres are charged and thus have an appreciable associated coulomb field.
(See section 1.5.3) Any variation in the stéte of charge of such centres,
e.g. by capture or loss of an electron or hole, will have a resulting

effect on the mobility.
2

. . Z
If we equate the coulomb attraction of a centre, 2%: , to the themmal
energy of an electron, kT, we can obtain an approximate value for its

capture cross-section.

e _gr
€r

where Z is the electronic charge on the centre, r its radius and € the

dielectric constant of the material. Hence the scattering cross-section

S is

(o}
2_ 4
' Z
5, = i~ e (1.51)
¢ kT
More detailed calculations for the scattering cross-section can be
(18)

performed, The Conwell-lieisskopf equation for the mobility due to

coulomb scattering gives a cross-section Scw = KCWSO’ for singly charged
centres, and KCW varies between 1.4 and 0.4 as the density of singly charged
18

carriers varies from lO12 to 10 cm-B. (This assumes a value of ¢ = 10

at 300°K). The mobility equation due to Brooks and Herring(zh) gives a
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similar result. Hence we can safely use the approximate expression for -

S, given in (1.51) and have values of the correct order. At room temp-

12

erature we have S ~10 cm2 for a singly charged centre, or more generally

S ~ 10712, z%cn2,

1.6.3 Hall mobility

In the situation where carriers of one type déminate, we can write
the conductivity o = ney, (n is the free carrier density, u the conductivity
mobility). The Hall consiant Ry = r/ne, and the Hall mobility Wy = OR. =
T4, where r is a constant between 1 and 2 which depends on the scattering
mechanism and the band structure. (See section 1.5). Hence the variation

of Hall mobility with light intensity L is given by

e dr g (1.52)

T chm T @

The term p.%f represents the change in Hall mobility due to any
change in the scattering mechanism with increased photoexcitation, and
can in general be-neglected. Since r can only take values between 1 and
2, any variation from this cause will be less than a factor of 2, even

vhen going from completely impurity-dominated to phonon-dominated scatteringgzé)

Horeover it can be shown that r decreases with L in this case.(2))
In the case of two-carrier conduction, the Hall constant RH is given
by RH Gﬁ.Rh + Gi.Rp
= Z
TO‘n + 0’;)

where Rn’ R, o, s O are the Hall constants and conductivities due to

(1.53)

electrons and holes respectively, and the Hall mobility, Wy = . is

therefore given by
2 2

P-Hp - nopy

“H‘p.up PR WIS (1.54)

neglecting r as before.
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We can see from (1.54) that the measured Hall mobility k. is almost
independent of p and “p if n >> p, especially as in CdS By > up. Howiever
should the excitation by incident light be capable of producing comparable
numbers of electrons and holes, the onset of two-carrier conductivity
will give a variation in Hall mobility if the photoéxcitation intensity
is varied. This is one of the two possible causes of the Photollall
effect. With a typical fatio of pn:pp_of 10:1, the Hall mobility is
reduced by 10 for p ~ n, and by 50% for p ~ 10n. Bube'2>) has found
mobility variations indicating a hole concentration some 30 to 60 times
the concentration of free electrons under conditions of infra-red quenching.
onuki and Hase(2®) were able to measure a hole mobility in C&S of 38
cm?/v.sec., rising to 48 cﬁ?/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 Hall mobility under conditions of single carrier conduction, arises
from variations in effective charge, and hence the scattering cross-section
6f impurity of the centres. As we have seen from (1.52), we caa neglect
variation in g from other causes in comparison with changes due to
variations in the drift mobility, i.e.-air = %% . To find the variation
of u with L we condider a simple case. Normally ionised donor levels
lying aﬁove the Fermi level in the dark are filled with electrons as the
Fénni lével rises under increasing illumination. Thus their charge is

removed, and their scattering decreases markedly., This case is illustrated

in Fig. 1.7 (a). The mobility u is given by

Vi =By + VS PN -1 ) (1.55)
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where B= mx/ e is the proportionality factor between mobility and time
between scatterings. p/hb allows for all scattering processes e.g.

lattice scattering, not dependent on the number of charged centres; v

is the electron thermal velocity, and S+ is the scattering cross-section
of the positive centre,.where the density of centres is N+ and the density

of electrons in these centres n . The number of impurity centres ionised,
+

(N+ -n ), is given by

N,

| + 2exp[(E—E)/KT] (2.56)

Here E+ and Ef are the energy levels of the impurity centres and

N,—n, —

the electron Fermi level, measured below the conduction band, E heing

positive upwards, If we consider Ef varying from Ef << E+ to Ef >> E+,

i.e. as more and more centres are filled by electrons, we have (N+ - n+)

going from N, through N¥/5 for B, = E , to (N+ - n+) < 0. Thus for

this change in E,, 1/u passes through a single step, 1/u decreasing es Ef

increases, due to the reduced scattering from the now neutral centres.
Let the change in 1/u be 4(1/u)

Then A(l/p):’ﬁv S, N, | (1.57)

Sinceﬁ%=m:/§, and v = (QEE)’% the change A(1/u) gives a value of
S+N+, and for S+ if N+ is knzzn from an alternative measurement e.g.
thermally stimulated currents. (see Section 2.2). The diagram (Fig.1.7(b))
shows the expected variation of 1/u with Eg.

Bube and MacDonald have also considered the variation in 1/p for

other types of centres; the detailed analysis can be found in the

original reference,
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CHAPTER 2.

PROPERTIES OF CADMIUM SULPHIDE

2.1 Introduction

Cadmium sulphide is a II=VI compound which normally crystallises in
the hexagonal (wurtzite) structure. The inter-atomic distance between the
cadmium atom and its four sulphur neare§t neighbours is 2.523, with the
lattice parameters a = 4,138 and ¢ = 6.693.(27) A cubic phase can also
exist, but is not common (eegs 28)..

In common with zinc sulphide and the selenides and tellurides of zinc
‘and cadmium, cadmium sulphide is a wide band gap semiconductor, or semi-
insulator. The energy gap of cadmium sulphide is usually quoted as 2.5 eve
at room temperature(zg).and 2.52 ev, at liquid nitrogen temperature, although
the value found may depend on the method of measurement, For instance
Somﬁers(so) obtained a value of 2.48 ev. f:om the photoelectromagnetic effect
(PEM) measured at room temperature.

The pure stoichiometric high resistivity (>1o10 cm) n~-type ¢dS can
readily be converted to a low resistivity n-type semiconductor by the
introduction of group I (halide) impurities which substitute for the sulphur
atoms and act as shallow donor levels 0.03 ev, below the conduction band.
Aluminium, gellium or indium will substitute for cadmium and produce similar
levelsSBI) Incorporation of a non-stoichiometric excess of cadmium will also
produce shallow donor levels, 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 lie ~1.0 ev. above the valence

( 2 ) and of the Problelns of c,ompe'lsd'iom ] .
band, 52,35 zﬂCopper and silver impurities, or cadmium vacancies, will
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produce such levels, A very high ievel of copper doping produces samples
which show p~type cdnducfion, but this is most probably due to conductionAin
an impurity bandgjh)
The defect or impurity levels which lie between the bands can dominate
the electrical and optical properties of the material. This has resulted in
widespread studies of defeot levels in cadmium sulphide, in attempts to
obtain information about the exact nature of the centres themselves, with a

view to improving and extending the use of the material in practical devices,

2.2 Photoconductivity

The absorption of light by a photoconductor frees charge carriers ﬁhich
contribute to the electrical conductivity of the material until they are
trapped or recombine, The important parameters of photoconductors, i.e. speed
of response, sensitivity, dark conductivity, etc., are strongly affected by
the nature and density of crystal imperfections present. In an intrinsic
photoconductor, incident radiation of energy hv greater than the band gap
gonerates equal numbers of electrons and holes in the conduction and valence
bands respectively. The probability of direct recombination between a free
electron and a free hole is extremely low, and free carriers are usually
captured by imperfection centres., These centres can be of two types;
'trapping centres', where there is a high probability that the electron (hole)
will be thermally freed to the nearest band; and ‘recombination centres'
where the probability for thermal release is lower than the probability of
recombination with a free carrier of opposite charge.

In CdS, impurities such as copper, or cadmium vacancies, produce levels

~1 ev above the valence band which have a large capture cross-section for
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holes. Such centres are known as sensitizing centres, because their
subsequent cross-section for the capture of a free electron is very low,
perhaps less than 10-4 times the capture cross-section for holes.(ss)
Consequently the photo-excited electrons have a long effective lifetime,
since the probability of recombination with a hole is low, The transit
time for an electron to pass through the crystal under the influence of

an applied field can therefore be small compared with the electron

lifetime; this leads to a high value of the photoconductive gain G,

defined as
' Number of electrons flo i between electrodes
Number of photons absorbed

Lifetime of a free electron
Transit time between electrodes

= Lpv ¢ free electron lifetime
2 Q’ free electron mobility
d applied voltage
d electrode spacing

Other centres which acf as recombination centres are also present:
These would dominate in the absence of sensitizing centres and reduce the
free electron lifetime and the.photoconductive gain, The two types of
centres are illustrated in Fige. 2.1, for an n-type photoconductor such as
CdS. Centres A have a large probability of capturing a free electron after
capturing a hole, and are always present in the CdS so far produced. Centres
B ocan be incorporated deliberately to produce a sensitive photoconductor
since they reduce the probability of & type A centre being occupied by a holse.
The electron lifetime in a material with deliberately incorporated
recombinaticn centres can be as low as 10"10 seconds; this rises to 10'6

seconds for pure material, and to 10"2 seconds if impurities such as copper
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are added to give sensitizing centres.

The study of the energy depths of levels in the forbidden gap due to
defect centres, and their capture cross-section, is therefore of the greatest
jmportance in the study of photosensitive material. Investigations of the
nature and properties of the deep-lying recombination centres are difficult,
especially as the presence of defects in concentrations aé low as 1 in 1012
can have a marked effect on crystal properties. Bube has used measurements of
photoconductivity against temperature and against light intensity to evaluate
some of the parameters of these 1evels.(56)

Measurements on shallow trapping levels are easier in comparison. One
widely-used method is to méasure the 'thermally stimulated current's, For
thermally stimulated current measurements the crystal is cooled to liquid
nitrogen temperature, and then exposed to illumination which will
homogeneously excite the crystal. The radiation is removed, and the crystal
heated at & linear heating rate in the dark, The current through the
sample under constant applied field is monitored, and current peaks higher
than the normal dark cgrrent result from carriers which are thermally
excited from trapping levels as the temperature rises. Correlation exists
between the maxime 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(37)
found that at least six major trapping levels are common in cadmium sulphide
single crystals, although each level does not occur in each sample. The levels,

together with tentative identification, are as follows:

(i) 0,05 ev. Double negatively charged sulphur vacancys
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(ii) 0.1k ev. Also associated with sulphur vacancies.
(1ii) 0.25 ei. Singly charged sulphur vacancy.

(iv) 0.4l ev. An unidentified neutral level.

‘(v) 0463 ev. A single positively charged cadmium vacancy.

(vi) 0483 ev. is the activation energy for the destruction of a trap
complex, : ' '

2.3 Band Structure

Calculations by Balkanski and des Cloiseaux(ss) on the band structure
of cadmium sulphide indicate that the valence band is split into three
sub-bands., The lowest band arises from the s-orbitals of the sulphur ions.
Crystal field splitting of the p~orbitals gives rise to the other two bands,
the higher of which is further split into two closely épaced bands, 0,016 ev.
apart, by spin-orbit coupling. The band structure is depicted in Fig. 2424
The work of Thomas and Hopfield(39’ho) on the reflectance and luminescence
of cadmium sulphide, provides strong support for these ideas.

The selection rules for electrénic transitions forbid excitation from
the highest valence band to the conduction band §Q—>G) by light polarised
parallel to the crystal c-axisgul) This gives rise to an&sotropies in
‘the optical and luminescent properties. In measurements of the optical
absorption Dutton(hz) found a shift in the absorption edge comparing light
pdlarised'parallel with light polarised perpendicular to the c-axise. The
shiPt of OLL6 ev. was equivalent to the splitting of the upper two valence

bands. A similar effect is found in the photoconductive spectral response

to polerised light.(h5} .

Estimates of the electron effective mass have been made by many workers,
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Kr8ger, Vink and Volger(3l) evaluated the effective mass from measurements
of the Hall effect, resistivity, and thermo-electric power, and concluded
that O.mees n*< 0.27me o Piper and Halstead,(u") using the temperature
dependence of the Hall constant, found m* = 0.19111e e Cyclotron resonance
experiments have been performed by Dexter,(h5) who found an average value of
n* = 0.25mb;~and by Sawamotogh6) The latter found both an effective mass
of 0,17 m_y and a heavier mass of 0,81 mbwhich he attributed to holes.
The temperature dependence of the mobility and magneto-resistance as measured
by 4ook and Dexter(47) could be explained by an essentially isotropic
effective mass of 0.19me, with the conduction band minimum occurring at k = O,

The effective mass of holes varies for the different valence bands.
Values of 0.7 ﬁe and 3.0 n, have been measured for the upper and lower levels
of the highest band by Thomas end Hopfiel&'o)

The Hall mobility of electrons in CdS in the temperature range 20 -
700°K was measured by Krgger et alo,(sl) and found to be ~210 cm.?/v.sec.
at room temperature., The temperature variation of the mobility above 759K
could be accounted for by a combination of acoustical mode scattering
«T3/2 ana scattering by longitudinal optical vibrations with a
characteristic temperature of between 250 and 500°K. (See seotion 1e5624)0
The appropriate elastic constants for a calculation of the effect of piezo-
electric scattering were not then available.

In a recent study of the temperature dependence of electron mobility
in large single crystal CdS, Zook and Dexter(47) found that the temperature
dépendence above 200°K could best be explained on the basis of combined

‘optical mode and piezo-electric scattering, assuming an effective mass of




0.19m . Charged impurity scattering became dominant below 200°K.

Pew measurements of the mobility of free holes in CdS have been
reported. Spear and Mort(hs) measured the drift mobility of holes in
bombardment-induqed conduotivity experiments. The mobilities were between
.10 and 18 cm.?/v.sec. Recently Onuki and Hase(zs) reported a hole
mobility of 38 - 48 cm.%/v.sec. under illuminetion in PhotoHall measurements.

2.4 Luminescence.

The principal luminescence bands in CdS can conveniently be divided
into two; the 'edge emission' and the infra-red luminescence bands,

The edge emission fluorescence lies just to the long wavelength side
of the fundamental absorption edge, and is characterised at low temperature
by a series of equally-spaced peaks, the separation of which is about 296
cm.-l. If has been suggested that the emission is due to recombination via

an impurity centre with the emission of an integral number of longitudinal
opticel phonons. By measuring the reflectivity in the infra-red Collins(ug)
Eﬁéwéd that the wave number of thé optical vibratioms 1is 305 cm.-l. The
separation of the zero phonon peak from the absorption edge is 0,15 ev., but
there is speculation as to whether the recombination centre is near the
conducﬁion band or the valence band. The centre is probably due to a native

(50)

defect, and not a chemical impurity.

Due to the ionic and non-cubic nature of the materisl, the upper valence
bands have different symmetries, as mentioned in 2,3, and Dutton(5l) found

a preferential polarization of the edge emission with respectto the c-axis

~of the orystal.

Other luminescence bands can occur in the region of the absorption edge
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which'are‘connected with the presence of impurities in the material, and
are the subject of current study.(52) A further band at 58003.15 present
in crystals prepared under reducing conditions, and may be associated with
a loss of suléhur.

The infra~-red luminescence bands occur in the range 0.8 - 2.3 pm, and
consist of two broad bands centred at 1.6 and 1.8 pmy together with two bands
centred at 0.82 and 1.02 ym. Thegs' latter are sometimes referred to as the
'blue' and 'green' bands by analogy to their counterparts in zinc sulphide.

Previous models proposed (e+g8453) to account for the corresponding
excitation spectra involve (in absorption) transitions from the top of the
valence band to different ionisation states of a luminescent centre. ‘It is
known that copper enhances the emission, but the nature of the luminescent
centre has not yet been resolved, -It could be a sustitut;onal copper
impurity, a cation vacancy, or a more complex imperfection,

In a recent study of the excitation spectra of the infra-red luminescence
in pure and copper-doped cadmium sulphide, Bryant and Cox(54) found two
excitatioﬁ bands centred on 0.89 and 1.49 pm, corresponding to 1,39 and
0.83 ev., Either band was found to excite the full infra=-red emission
spectrun, Now Browne(sa) had predicted that the two-level centre model would
be supported by a change in emission spectrum on long~wavelength excitation
only; this change did not in fact occur, Bryant and Cox therefore proposed
a new luminescent model based on the band structure of CdS as suggested by
Balkanski and des Cloiseaux(58). The low energy excitation bands were

attributed to excitation from the p-orbitals to a level in the forbidden gap,
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while the high energy band was due to excitation to the same level from the
s~-bands., Recombination of electrons from the conduction band to the level

iﬁ the forbidden gap is responsible for the 'blue' emission., To explain the
'green'emission it is necessary to postulate that conduction electrons are
first trdpped in an excited state before recombining to the same ground state,

2,5 Acousto-electric effect in CdS

Attention has recently been drawn to acousto-electric effects in piezo-
electric photoconductors by the observation of light-sensitive ultrasonic
attenuation.(55-57) The attenuation was attributed to the interaction of
mobile charge carriers with the strong longitudinal electric fields accompanying

(60) .

the acoustic waves in piezo-electric crystals.(59) Vhite indicated the

possibility of achieving acoustic gain by applying a d.c. electric field in the

direction of fhe ultrasonic wave. With a carrier drift velocity slightly higher

than the wave velocity, interaction between the drifting electrons and the

acbustic wave would amplify the latter by drawing energy from the electric field.
Successful amplification of ultrasonic waves in CdS was reported by

Hutson, McFee and White.(Gl) A quartz transducer was mounted on one side of

a block of high resistivity cedmium sulphide, and a second transducer mounted

on the opposite face detected the output. Indium contacts between the

transducers and the sample allowed a drift field to be applied. The sample

was illuminated to increase the carrier density. Attenuation of the

ultrasonic waves was severe for a drift field 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 drif't

velocity equal to the appropriate shear wave velocity (v=2x 105 cm./sec.)
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for negative carriers with mobility,J: 285 cm.%/v.sec. This drift mobility
is in good agreement with Hall mobility values of 300 cm.2/v.sec. reported
for high resistivity CdS (see chapter 8). Amplification has also been

. (62)

observed in CdSe,.'

The intersction of the electrons with acoustic lattice waves also leads
to departures from Ohmic behaviour at fields above ~1000 v/cms The current
is reduced below the expected value, and current oscillations at frequencies
of ~100 kc¢/s build up.(63 ) In addition to the onset of current oscillations
there is a build-up of ultrasonic flux in the sample with no ultrasonic input
applied.(64) The effect is being pursued with a view to the construction of

ultrasonic amplifiers and generators, and possibly a high frequency current
source. (see also 65-67).

2,6 Practical Applications

The most widespread practical application of cedmium sulphide has long
been its use as a photoconductor. The material is sensitive to visible
radiation, and can be prepared with photoconductive gains as high as
th - 105 by the incofporation of appropriate sensitizing centres (see 2.2).
However the preparation of suitable material is often performed in a very
'empiriggl manner. Small single crystal detectors are used, but thin
evaporated film and sintered powder devices are also commone

Cadmium sulphide cen also be used as a § -rey detector, and offers the
possibility of meking very small detectofs for personal radiation dose

monitoring., Large single crystals are desirable for this application, to

increase the stopping power of the detector. However the properties of the

'largevcrystals must be very closely controlled, since for a suitable
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detector a combination of high sensitivity and fast speed of response is
required. In addition, iong term stability of the detector under irradiation
is required, At the present time, sensitivity can usually be obtained only
at the expense of a very long response time due to the presence of & high
density of electron trapping levels. Further study of the native defects in
large high resistivity samples is needed to obtain better control of the
material.

Acousto-electric ultrasonic amplifiers are another possible application
for high'resistivity single crystals of cadmium sudphide, as discussed in
2.5. However the field is a very new one and many practical problems must
be solved before devicés are readily available, Here again the quality of
the material used in the experiments is criticel, and the effects of trapping
»1evels in the crystals are only beginning to be investigated.(68) A
similar interest isAbeing shown in the development of electro-optical
devices, where the piezo-electric distortion of the lattice due to an applied

electrical signal will affect optical waves travelling through the sample.

Apart from the interest in single crystal CdS, the application of thin
films to device work is-of great importance. Heterojunctions between cas

and CdSe are being studied as photovoltaioc elements.(69) The development

of the thin film transistor may lead to an active device for use in
evaporated film circuits.(7o) Another recent development is the combination
of a piezo-electric transducer and MOS transistor to produce a transducer
with built-in gain.(71) The device is basically a mqtal—oxide-semiconductor
structure, the semiconductor layer is cadmium sulphide deposited as a thih

film on a glass substrate., Current through the semiconducting layer flows
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between source and sink electrodes, and mechanical strain applied via the
glass substrate modulates the surface charge on the layer, and hence its
conductivitye.

The most important feature in any discussion of possible applications
of cadmium sulphide is the requirement to coptrol the electrical and optical
properties of the material. These properties are strongly dependent on the
type and numbers of defect levels present, and hence depend on the mode of
sample preparation and its purity. The work described in this thesis is an
investigation into the effect of different growth methods on the electrical

parameters of single crystals, with a view to achieving the necessary control

over material preparation.
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CHAPTER 3.

FLOW METHOD PREPARATION OF CADMIUM SULPHIDE

3¢l Introduction

The luminescent and photoconductive properties of cadmium sulphide and
zinc sulphide have been of interest for many years, and early investigators,
8.8+ Gudden and Pohl(72) used natural greenoskite (CdS) or zinc blende (2nS)
for their studies. Such natural materials contained so many impurities that
the intrinsic properties of the material were often masked. Many studies
of the photoconducting or luminescent properties of CdS powders have been
undertaken, but these are hindered by the effects of grain boundaries. This
resulted in the investigation of methods to produce, in the laboratory,
crystals of useful size and purity. Large single crystals with centimetre
dimensions are desirable for measurement of bulk properties as in the Hall
effect, and have become essential for recent applications utilising the
interaction of ultrasonic waves and electrons in the cnystal.(és)

-'Since cadmium sulphide sublimes readily at temperatures~41000°0, vapour
phase crystal growfh technigues 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
practical difficulty. Such methods will be discussed further in relation
to the growth of large crystals, in Chapter 4.

Sublimation methods can be divided into two main categories; (i)
dynamic and (ii) static. In (i) the cadmium sulphide vapourises in a hot
region and the vapour is carried to a cooler growth region by a flow of a

suitable carrier gas; in (ii) the transport of vapour is by diffusion down a

temperature gradient, with no external gas flow,.
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342 Dynamic (or flow) Sublimation Growth.,

The basis of flow growth is the 'Frerich's'Technique',(73) which is a
modification of an earlier method reported by Lorenz.(7h) Hydrogen sulphide
is led to the hot zone of a tubular furnace., Here it is mixed with a stream
of carrier gas (HZ) containing cadmium vapour from a boat held at 800 - 1000°C.
The CdS produced by reaction between the HéS and cadmium is deposited in a
cooler region of the system, generally in the form of rods or thin plates,

Many variations of this method have since been reported. Stanley(75)
used an inert carrier 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 region vhere crystals grew as before, atia
temperature of about 900°C, Fochs' 76) refined this technique by steadily
cooling the growth zone of the furnace while the run was in progress, so that
the point at which supersaturation resulted in growth moved slowly along the
tube towards the centre, This allowed crystals to grow without congestion,

and enabled the purity and properties of crystals grown at different times
during the run to be examined and compared.

Bishop and Liebson(77) modified the Frerich's technique by replacing the
HZS flow with argon pasging over molten sulphur., Thisargon flow met a
second stream of argon, which had passed over the boat of molten cadmium,
the reaction taking place at 1000°%C, Fahrig(78) has reported a similar method
of preparing high-purity cadmium sulphide crystals using the purified
elements as starting material. Separate external furnaces or 'boilers:' are

used to hold the sulphur at 500°C and the cadmium at 825°C. An inert carrier

gas stream flowing through each boiler brings the vapours together in the
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TABLE 3.1

Composition of Vapour above CdS at lOlhoK

(After(78)).

Ion Intensity
s” 1,270
sg 15,840
s; 8475
s; 0.36
ca- 14,000
cas” 0.1
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main growth tube at a temperature of 975°C. Sufficient sulphur is present
to provide an excess over the stoichiometric amount required. When the
cadmium supply is exhausted, the main tube is heated to 105000 to ensure
complete reaction and to remove any unreacted elements that may still be
present. The apparatus is outlined in Fig. 3.1(a), with idealised time-
temperature curves in (b).

3.3 Conditions in the Vapour.

There has been considerable discussion as to whether the vapour above
cadmium sulphide at temperatures in the region of 1000°%C is composed
principally of CdS molecules, or is almost completely dissociated. For
instance Ibuki(79) has assumed that the degree of dissociation is small,
Recently Marquart and Berkowitz(8o) have reported a detailed study of the
compoéition of sulphur vapour, and the vapours above some metal sulphides,
including CdS, in this 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 dissociated; the concentration bf
undissociated molecules being less than 10 p.p.me. Most of the sulphur
occurs as 82, with approximately 10% monatomic sulphur; traces of S5 and Sh
are found, but no larger molecules,

The results of this investigation are given in Table 3.l.

3.4. Differencesbetween the methods,

It is evident from section 3.3 that at the growth temperature involved

in flow methods, any cadmium sulphide vapour can be regarded as completely

dissociated. Differences in growth conditions have their origin in variations
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in the partial pressures, or concentrations, of the elements in the reaction
zZone.,

In Stanley's method the ratio of cadmium to sulphur in the vapour is
confrolled by‘dissociation of the CdS powder according to the reaction
20dS=2Cd + S,, (assuming we can regard the sulphur as 32)’ Equal atomic
concentrations are prodﬁced therefore, (Small departures from stoichiometry
are possible, depending on the previous history of the powder). The inert
carrier gas does not affect the reaction.

When elemental cadmium and sulphur are used (Bishop and Liebsen, Fahrig)
adjustment of the temperature of one of the elements, or alteration of the flow
rates, can lead to an excess of cadmium or sulphur in the vapour; stoichiometric
growth conditions are difficult to achieve and maintain., This is also true of
the Frerich's method, with the additional cohplication that, since hydrogen is
present, growth is occurring in a reducing atmosphere.,

3.5 Purity.

Commercial cadmium sulphide powder used as starting material for crystal
growth usually contains common metallic impurities (e.g. Pb, Cu, Mn, Fe,) in
concentrations of a few parts per million, and can contain much highér
concentrations of non-metals or traces of so;vents, depending on the method of
its preparétion. Volatile impurities can be removed and an improvement in
purity obtained by fractional distillation,(al) but care must be taken to
prevent preferential loss of ome of the elements (generally sulphur) from
the powder., Distillation is usually performed at temperatures of the order of
900°C for a few days, treatments both in vacuum and in HZS being used. The
distillation'can be repeated as often as desired, depending on the initial
purity of the powder., In this way final concentrations below 1 ppm. can be

obtained.
Vecht, Ely and Apling(sz)have shown that further purification takes place
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during crystal growth, Volatile impurities are driven past the growth region,
whilst less volatile materials concentrate in the charge., For maximum purity
not all of the charge is sublimed, and the substrate of cadmium sulphide in
contact with the quartz tube is not removed as this is contaminated by
diffusion of silicon or other impurities from the tube walls.,

Jackson(83) has recently described a method of producing cadmium sulphide
powder with & total metallic impurity of less than 1 ppme A cadmium chloride
solution is purified by ion-exchange, then converted to cadmium sulphide using
ultra-high purity organo-sulphur compounds, These hydrolyse in the cadmium
chloride solution to give hydrogen sulphide and thence cadmium sulphide.

The final precipitation is performed at room temperature, and because of this
departures from stoichiometry are minimised.,

For growth of CdS from the elements a very high degree of purity of the
starting material can be attained. Fahrig(78) used multiple distillations
to remove zinc and lead from the cadmium metal together with subsequent zone
refining to reduce the concentrations of metallic impurities to below 0.5pp.m.
The principal impurities in the sulphur were organic materials, with traces
of silicon, magnesium, and copper. Washing in acids, then water, followed by
drying in nitrogen and distillation in a partial vacuum removed the organic
matter. The remaining impurities were typically Si 5 ppm., Cu 1 ppm.,

Mg 0.5 ppme.

With Frerich's method the cadmium metal can be purified as described
above; but special care must be taken to remove impurities from the HZS'
The common Kipp's apparatus is usually unsuitable since it is a source of

iron impurity, but methods of producing high purity hydrogen sulphide have
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been describedsah) The generator is chosen so that any likely impurities
in the HZS can be easily removed in wash bottles or cold traps.

Severél problems of purity are common to all methods. The growth (and
‘often the initial purification) is performed in silice vessels at elevated
temperatures, and contamination of the final crystals by silicon must be
prevented as far as possible. In general this is done by minimising the
time taken for the growth runs, and by selecting material which has grown
on anCdS substrate, and not in direct contact with the silica.

The carrier gas must also be free from impurities., Particularly
troublesome in this respeot are oxygen and water vapour,'which are both
difficult to exclude, and can have a marked effect on the properties of the
érystals,produced. (See, for example, (85-87)).°

3.6 Properties of Flow crystals.

The properties of crystals grown by flow methods have been reported
in detail by many authors, and will not be discussed here. Ibuki(79) has
investigated the growth conditions necessary for formation of the various

possible crystal habits, and considers the associated vapour pfessure

conditions. Sturner and Blei1(88) have given a comprehensive study of defect

e

structures by optical and electron microscopy. Other details can be found

in the original papers.
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CHAPTER 4.

GROWTH OF LARGE SINGLE CRYSTALS OF CADMIUM SULPHIDE

4.1 In recent years many methods of growing large single crystals of cadmium
sulphide have been reported in the literature, in varying detail., The
conventiopal techniques of growing large single crystals such as pulling from
the melt, or directional ffeezing, are not convenient for CdS because it
sublimes. Growth from solution has only been successful in the production of
very thin layers(89). The ease with which sublimation occurs provides the
basis of the majority of crystal growing methods. However successful growth

from the melt has been achieved under conditions of high temperature and

pressure.
L4e2 Melt Growth.

Thelmelting point of cadmium sulphide was reported by Addamiano(9o) to
be 147500 * 15°C, and Metcalf and Fahrig(9l) obtained large single crystals
by cooling frbm a temperature of 1500°C under an argon pressure of 1500 p.s.i.
A charge of 150 gms, was held in a high purity graphite crucible heated by a
current flowing through a multiply split graphite cylinder from a 20 kw,
supply. The furnace was contained in a forged steel pressure shell, which was
lined with fused stabalised zirconie brick enclosing a porous carbon éylinder.
After flushing and filling 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 direction lay witnin 15o of the c-axis. The crystals had a dark
colouration, and low resistivity 99-ljlcm,;1~'100-200 cm.%/v.sec.).
Crystallographic imperfections such as bubbles or inclusions were also
present., Problems of purity are obviously inherent with‘this method, and
although there was evidence that segregation of Si, Ca, Cu and Pb occurred
on freezing, Zn, In, and Mn were distributed homogeneously .

The Czochralski technique of pulling 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
from the hot zone to promote freezing.(78) Seeding was introduced by using a
two cavity crucible., The small lower cavity was connected to the main cavity by
a narrow neﬁk; so that freezing occurred first in the lower cavity and generally
only one crystal grew through the constriction to the upper chamber,

A similar growth method has been reported by Takahashi et.al.,(92),
using temperatures of lhOOOC and pressures in the range 350-1300 p.s.i. In
this arrangement the crucible could be fixed, or lowered through the hot zone;

larger crystals (several on.” )} were found in the latter case.

43 Sublimation Growth.

4o 3.1 If a closed system containing a’charge of CdS is maintained at a
high temperature, then vapourisation of the charge will occur to create in the
system the vapour pressures of cadmium, sulphur, and CdS appropriate to the
charge temperature, and & dynamic equilibrium will be reached between the

solid and the vapour. The relevant vapour pressures above cadmium sulphide

are shown in figure 4.l.

If however the system is such that there is a region of lower temperature
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than that of the charge, the partial vapour pressures above the cadmium
sulphide will be higher than those needed to maintain a solid-vapour
equilibrium at the lower temperature. Material will sublime from the charge
and diffuse to the cooler region where it deposits. To utilise this non-
equilibrium situation for growth of crystals, the temperatures and pressure

of the system must be chosen to give a suitable rate of material transport,

In general also the region into which material can be deposited is constrained

in some way, so that large crystals are formed by continued deposition in the

same volume,

Le 3.2+ Growth on the charge.

The simplest case of sublimation growth relies on the interchange of
material between the charge and the vapour to produce growth of crystals on

the charge itself. No transport of material to other parts of the system is

(93)

involved. The method has been used by Reynolds and Czyzack, for zinc

sulphide, but conditions for the growth of cadmium sulphide are similar. The
applicability of various techniques to both compounds will be found in many
references, The growth temperature for CdS is usually some 100°C lower than
for Zn8. Reynolds and Czyzack Spread a powder charge inside a quartz tube,
which was then evacuated and filled to a pressure‘of 6 pes.i. with HZS’ The
tube was heated in a furnace for 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. excitation, this was attributed to a non-
stoichiometric excess of zinc.

When evacuated tubes were used, no crystal growth occurred. The

introduction of st to the system is a feature of many crystal growing methods
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and must be discussed later.

ke 343, Sublimation down a temperature gradient,

The main disadvantage with the method described in 4o 3.2. is that there
is a strong possibility of the crystals being contaminated with impurities
from the charge. Adsorbed gas and volatile impurities can be driven off during
a suitable heat-treatment of the starting material, but less volatile
impurities will remain, Contamination of the final crystals can be reduced if
they are grown by sublimation from the charge to a cooler region; the less
volatile impurities concentrate in the charge, not all of which is allowed
to sublime.

A charge of outgassed cadmium sulphide is contained in a quartz tube in
one end of a two-zone electric furnace. Tnhe charge temperature is maintained
at1150°C, with the other end of the quartz tube some 50° cooler. The tube
can be evacuated, or contain HZS or an inert gas. Material is 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 occurse (See 4o 342.)

This method can conveniently be combined with that of chemical transport,
(94) where a volatile intermediary carries a compound by diffusion and
convection to a region of different temperature, where decomposition occurs
with the production of the original compound. In the case of cadmium sulphide,
incorporation of a small concentration of iodine into the tube (~1 mg/cc.)
results in equilibrium between the €dS charge and the iodine vapour according
to the reaction CdI, + S = cas + I, (neglecting any association of the S)e
This réaction is exothermic, so that if the charge of Cds is held at a higher

temperature than some other portion of the tube, material will be deposited
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in the cooler region, the iodine.fhus freed diffusing back and combining with
more CdS. Since Cd12 and S are both more volatile than CdS, the temperatures
involved in this method are lower than for direct sublimation, the charge
being held at about 650°C. The temperature gradient is adjusted to give a
suitable rate of transport for appreciable growth to occurs. Crystals can be
grown at temperatures as low as 500°C. However the transport agent is

necessarily an impurity in the resulting material,

Lot Growth on a Substrate.

h.h.i. Introduction,
M“More recently work on growth of large crystals of cadmium sulphide has
been concentrated on sublimation from a heated charge to a silica substrate at
a lower temperature., A large outer jacket which contains either an inert gas
or HZS’ 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 will be those
appropriate to a tube with one end at room temperature. As much of the

recént déta on CdS has been obtained from crystals grown by variations of this
method, the individual techniques will be considered in some detail.

Lolte2+ The Method of Greene, Reynolds, Czyzack and Baker(sl).

Commercial powder was first dried énd purified by baking in one atmosphere

oS at 930 - 950°C for 2 - 3 days, followed by & similar heat treatment in

vacuum, The powder charge was then placed in a quartz liner at the centre of a

of H

tglobar! furnace (Fig. 44,2). Quartz cups were placed at either side of the
charge and at a little distance from it to act as substrates for the crystal

growth., The exact position depended on the furnace profile and desired growth
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temperature, which was usually ~100°C below the éharge temperature, The
mullite outer tube which contained the liner was then flushed and filled with
the desired atmosphere gas (4, H,8, H, or N). The pressure was adjusted to be
760 - 900 mm, Hge ét the growth temperature, which for CdS was with the centre
zone at 1250°C - 130000, and the substrates at 1135 = 1175°C. A polycrystalline
mass of some 400 gm. was formed in each cup,Afrom which single crystals of 5

to 115 gm. weight could be cleaved.

The electrical properties of these crystals were found to be dependent on
the method of outgassing and purifying the charge. Crystals grown after
purification in st only had a resistivity considerably less than the normal
high resistance flow crystals; their resistance was:sloj ohm.cm, compared with
109 - lolo'ohm. cm, However if the purification in HZS was followed by a
vacuum bake, then the resistivities of crystals ag. grown rose to 105 - 107
ohm.cm. The resistivity of the more conducting crystals could be increased to
10° - 10° ohm.cm. by baking in H,S at 800 - 900%C, for up to twelve hours,
and to 108 - 10lo ohm.cm. on baking in an inert gas, or in vacuum. The effects
of various heat treatments are summarised in Table 4,1,

Lo 4.3, Method of Boyd and Sihvonen.

Boyd and Sihvonen(95) used a similar apparatus to grow single crystals
of CdS, and investigeted the properties of crystals grown under varioug
conditions. As before, a large mullite (or silica) outer tube was used to
contain the ambient gas. The mullite tube was mounted in a three zone
electric furnace, each zone equipped with independent temperature control.

'The'charge consisted of CdS powder which had been heated in vacuum at

150°C for 1 hour, before being fired for 2L hours at 900°C in HyS at 380 mmlHge
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The powder was placed inside a silica growth tube in the centre of the
furnace, and the growth chamber evacuated and heated at 150°C for 24 hours.
Then, as the furnace temperature was raised, the tube was purged with HZS'
At the growth temperature the pressure was adjusted to its optimum initial
value of 350 mm, Hg. During a run lasting seven days diffusion of hydrogen
through the walls of the tube reduced the pressure to a value of'~é00 mm,

Three types of crystals were produced by the method. Type 1 crystals
grew radially inward from the walls of the liner in a region where the
tenperature was'~825°C. The chafge was at 950°C. The crystals were similar
to those produced by flow methods, being clear yellow thin plates or rods ,
with sizes up to 5 x 4 x 0,1 mm. and 25 x 1 x 1 mm. respectively.

Crystals also grew out of the powder charge (see section 443,2); they
appeared most readily at constant gas pressure, and were transparent prisms
ranging in colour from light to dark amber. These crystals, designated
'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 type 2 crystals occurred with higher
charge temperatures; the optimum pressure of HZS increased also as the charge
tenperature was increased (e.g. rising to 400 mm. at 95500). Helium and
argon atmospheres promoted little growth compared with HZS at temperatures
below 1000°C.

Argon at a pressure near 760 mm, was used in preference to HZS at the
higher temperatures, since it provided a more stable atmosphere. High
temperature type 2 crystals were transparent, and varied in colour from a
very light amber when grown at 1050¢C or less, to a very dark amber when

grown at temperatures above 1100°C.
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Since appreciable sublimation of material frdm the charge occurred at
these temperatures, closing the silica liner with end cups gave rise to
polycrystalline growth on the silica substrate as described in the previous
section. Growth was observed at temperatures from 975°C to 1125°C, the
iargest and most perfect crystals grew at the higher temperatures. The colour
of these (type 3) crystals ranged from light to very dark amber with a
'temperature dependence as for type 2 crystals.

" No electridal properties were quoted by the authors, but a subsequent
papef by Dreeben and Bube(gs) describes the electricel properties of
crystals grown by this method. Starting material was prepared by
precipitation from aqueous solution followed by firing in HZS at 900°C,
or by‘a vapour-phase reaction of the elements,

Crystals grown at about 1200°C in 1 atmosphere of argon, away from the
cherge, had centimetre dimensions and very high dark resistivities of ?lOlgchme
The density of deep trapping levels in these crystals was of the order of
lolé/cmB. Other crystals were grown in argon at a lower temperature, 950°%,
but grew directly out of the powder charge. Analysis showed that these were
less pure, particularly with respect to Cu and Zn, and had higher trap
" densities of 1016 - lolZ/cmj., but they were highly photosensitive. Needle,
rod, and plate-shaped crystals were obtained at temperatures as low as 800°C,
but in an HQS atmosphere. These grew at some distance from the charge. The
pressure of HZS used lay in the range 200 - 700 torr, Variation of pressure
of the atmosphere gas did not appear to affect the size of the crystals, in
cqntrast with the previous report.(950 However the photosensitivity of the

crystals did vary wifh pressure; those grown in pressures greater than 300




torr were the more sensitive., Some crystals also showed a good speed of
response as well as good sensitivity; these were grown in the pressure range

300 - 500 torr. Thermally stimulated current measurements revealed that these

latter crystals had & total trap density of 5.1015 cm.-B, but the deep trap

density was only 3.1013 cm.-s. In contrast, crystals grown at 700 torr have

deep trap densities of the order of 1015 cm.-j, with a total trap density of
16 =3

107 cme “o

Copper-doped crystals have also been grown by this method; the sensitivity
of the crystals decreased strongly with increasing copper concentration. There
is evidence that the copper impurity segregates strongly as a function of
temperatufe.

4o 4.4 Fahrig's Metho&{78)

This method is very similar to that of Reynolds et. al. (Section Lo Le2)e
The charge material was CdS powder produced from vapour phase reaction of the
elements (see section 3+.2)s The powder was baked for over four hours in
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 in the
furnace tube without fouling the silica substrates.

The charge was maintained at 1250 = 130000 for 100 hours to allow
crystallites to grow on the silica substrates at either side of the charge, at
a temperature of 1175°C. Individual orystals generally weighed 10 - 50 gms.,
and occasionally crystals of up to 400 gms. were obteained. No quantitative
assessment of the properties of the crystals was given, but the crystals showed
high resistivity, and were photosensitive, Incorporation of 0,003% indium
chloride in tﬁe charge before sintering gave optimum results with regard to

improved photovoltaic properties of the materialse.
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(97)

L. 4¢5. Konezenko and Yctyanov

The method is similar to those reported above except that the inert gas
(N2) flows through the furnace during the run. The flow is directed on to the
substrate to cool the latter relative to the charge., A mosaic of crystals
grew frqm the substrate as before., Apart from their structural properties,
the authors investigated dark conductivity versus témperaturé; sensitivity
to 1light, x-rays, and Y-rays; and the thermelly stimulated conductivity. The
resistivity of the crystals was high, of the order 109 - 1015 ohm.cm,, at
room temperature,

Lo 5.1e Growth using a moving temperature gradient.

The next refinement introduced was the movement of the growth tube relative
to the furnace, and was first described by Piper and Polich(98).

The charge is a block of CdS powder which hﬁs been sintered until its
density is some 60 - 80% of the value for crystalline CdS, and is a sliding
Pit inside a short silica tube closed at one end in the form of a wide-angled
cone. A 'back-up tube' is slid in the other end to contain the charge without
forming a gas-tight seal (see Fig. 4.3), and the whole is positioned in an
outer mullite tube which contains the inert gas atmosphere. At the commencement
of a run the conical end of the silica tube is at the centre of the furnace,
where the temperature is brought up to 1200 °. Sublimation of material from
the charge then seals the tube; the pressure inside the growth tube 1is
therefore that of the atmosphere gas plus the vapour pressures of cadmium
and sulphur above cadmium sulphide, which are ~0.1 atmospheres (Fige 4o1).
The mullite tube is 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 front

face of the charge; and supersaturation results in nucleation and growth.
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Usually one seed crowds out any others which may have been formed, and a
singie crystal grows from the tip at approximately the rate of movement of
the tube; the temperature of the groﬁth face being some 30°C below the charge
temperature. A silica rod attached to the apex of the tube assists in removing
heat from the boule,

The resulting crystels were 13 mm., diameter, and about 3 cm. long,
although the authors comment that in princip le one should not be limited in
the length that can be grown. Crystals of other 11-V1 compounds have also
been grown by this method (see also Aven and Piper(99)). Since the crucible
is in thermai equilibrium, any impurities incorporated in the charge will be
transferred to the crystal without segregation, Incorporation of Ga in the
charge in the concentration range 10 - lOlIL ppm. produced a crystal containing

the same Ga concentration to within 30%. Virtually no segregation occurs in

the growth of mixed crystals of anCdl_xS, and ZnSengl_x.

Several important features of this method should be emphasised. The
sintered charge is necessary to ensure that the distance from the front face
of the charge to the growth face of the crystal does not alter appreciably
during growth, otherwise the temperature gradients and rate of transport would
vary., Sintering is accomplished by baking in vacuum at 500 - 700°C for 1 hour,
followed by firing in a stream of H,8 at 900 - 1000% for 10 howrs.

Although during sublimation the method is essentially a short sealed
tube technique, any volatile impurities are driven off before sealing, and
the partial pressures inside the tube should be completely reproducible,

The method relies on controlled nucleation at one point and growth of

a single crystal from a small charge rather than growth of many crystals
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together in a large system.
No electrical or optical measurements on the crystals produced were
described in the reference,

ke 5.2, Borisov and Vasilev's Method

A further 'moving gradient' method was very recently described by Borisov
and Vasilev(loo). In this case however the furnace was moved at between
1 and 5 mm/hour, while the growth tube remained stationary. This tube was
2cm, in diameter, and 50 cm. long, closed at one end by means of a flat base,
which acted as the substrate. The charge was commercial CdS, (or alternatively
material formed by-precipitation from cadmium sulphate by st or sodium
thiosulphate), which was pressed and sintered into tablets by baking in HZS
at 1000°C, The tablets were positioned in 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' into an HZS flow, so that the system was effectively
open to the atmosphere while shielded from it, and any high vapbur pressure
meterials were free to escape. This open tube aysteﬁ was found to reduce the
ingorporation of a non-stoichiometric excess of cadmium into the crystals,
During growth the charge temperature was held at 1200 - 1250°C, whilst
the substrate was at the desired growth temperature, typically 1100°C. The
rate of movement of the furnace was adjusted to keep the growing face of the
crystal at an approximately constant temperature., Initially, a large number of
| crystéls grew on the substrate, but generally a few dominated and produced large
single crystals. Material was also transported down the furnace in the
opposite direction, but this was minimised by choosing a suitable temperature

profile. The type of crystals produced were influenced by the temperature
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at which they were grown, and by their rate of growth. As the growth
temperature was decreased, the crystal éolour became lighter; at the same
time the resistivity of the material increased sharply. Crystals prepared
at a temperature of 1100°C had a resistivity of IOIQJLcm., and were very
photosensitive, but the prodnctioq of large crystals at lower temperatures

became increasingly difficult,
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CHAPTER 5.

PREPARATION OF CHARGE MATERTAL FOR LARGE CRYSTAL GROWTH

5¢1 Starting Material.

Throughout this research, commercial cadmium sulphide in powder form
was used as starting material., This was supplied by L. Light & Co., (high
purity grade) or Derby Luminescents Ltd., (electronic grade). These powders
do not contain any deliberately incorporated impurities. However various
metals; particularly B, S5i, Mg, Pb, Cu, Fe; were pfesent in concentrations
of less than lOQ ppm together with much larger concentrations of compounds
such as ammonium chloride, (5 = 10%), formed during the precipitation of the
powder, Moisture and a little free sulphur may also have been present, but
little or no K, Na, or SOA. Thorough drying, outgassing, and purifying was
therefore necessary before using the material for crystal growth.

5¢2 Powder Purification.

The powder could be outgassed and volatile impurities removed by heating
in an evacuated vessel, Cadmium sulphide powder was spread loosely inside
a 1 inch bore silica tube, which was connected to a vacuum system comprising
a oonventianal oil rotary pump and mercury diffusion pump with e liquid
nitrogen cold trap. The system was capable of attaining a pressure of 10'5
mm, Hge A tubular electric furnace was used to heat the powder fo a temperature
of 900°C for 48 hours. Material prepared by this treatment will be referred
to as ‘outgassed powder'.

It appeared from later studies of crystals grown from this material
that the outgassed powder contained a non-stoichiometric excess of cadmium,
due to preferenfial loés of sulphur during the heat treatment. Reynolds

et. al.(81) recommend outgassing in an HZS atmosphere as well as in vacuum
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to oﬁtain reproducible high resistance crystals, but hydrogen sulphide was
not readily available in this laboratory in a suitable form. Outgassing
in sealed evacuated tubes, and in argon filled tubes, was tried but did not
produce any significant improvement.

53 Purification by a Flow Run.

5 3e1. Introduction.

Purification of the powder by simple outgassing was replaced by
purification in an argon flow, using a modified form of Stanley's method(75)
for growth of CdS crystals. The aims were thoroughly to dry and outgas the
powder, to purify it by sublimation down a temperature gradient, and to
obtain a material of increased density. (This latter point will be seen
to be of importance in large crystal growth), The process should be easily
reproducible to give a consistent product. Cadmiqm sulphide powder was
retained as the starting material instead of using the purified elements
because the apparatus required is simpler and consequently conditions should
be more reproducible; the’[ﬁﬁif'also be more stoichiometric (see Sec. 3.4)e
Moreofer the cost is lower. Growth from the elements should permit an
improvement in purity to be made, but the properties of the final crystals
seem at this stage to Be controlled more.by departures from stoichiometry
than by foreign impurities,
5+ 342, Apparatus.

'The experimental arrangement is shown in Fige. 5.1, The tubular electric
furnace is resistance heated through a Kanthal wire element wound on &

'5.,5 ¢me bore mullite tube., The resistance of the winding is chosen so that

it can be run directly from mains voltege, passing 5 amps. With 250 volts
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applied, a temperature of 1250°C can be attained. An Ether anticipatory
controller switches the input to the furnace so as to maintain a desired
temperature at the position of the charge; the temperature is measured

using a platinum/platinum - 13% rhodium thermocouple. The furnace winding
is centre-tapped, and a 'regavolt' transformer is connected in parallel

ﬁith it as shown in Pig. 5.2(b)e Adjustment of the regavolt alters the
proportion of the applied voltage dropped across each half of the furnace,
and hence their relative temperatures. Note that since the current flowing
in the regavolt is equal to onmky the difference in currents flowing in either
half of the furnace, a low power (2 amp) type can be used.

A 32 mm, bore transparent silica tube forms the main part of the
apparatus, and is terminated at the outlet in a B 45 cone to permit easy
insertion of the charge and removal of the product, This end is closed
during érowth with a Pyrex end cap and gas outlet tube, Argon enters the
system through a 10 mm. bore silica tube alongside the main tube, ensuring
thorough heating of the gas. The charge is contained in a silica boat
attached to a silica rod which enables it to be accurately positioned in the
furnace., Near the outlet is a silica liner which is a loose fit in the
growth tube,

. The carrier gas, B,O.C.99-995% pure argon, is passed through a needle
valve to reduce the pressure, then through a molecular seive of aluminium
calcium silicate pellets and over heated copper turnings to remove water
vapour and oxygen respectively (Fige5¢2)s The gas flow to the furnace of
350 cc/min is controlled by a further needle valve and measured on a

Rotameter flow meter, The flow rate is constant over 24 hours to within
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5 ce/min; (pressure variations were much more marked if the first needle valve
was omitted and pressure reduced by the cylinder regulator alone),

5¢ 343 Flow Run Sequence,

The silica boat is loosely filled with cadmium sulphide powder (35 gms)
and positioned in the fube. After argon.has been flowing for 2 hours, the
charge is heated to 600°C, and held at this temperature for 5 hours., This
ensures that any volatile impuritieé, inéluding water vapour and solvents, are
driven off., After this period the furnace is further heated so that the charge
is at 1130°C; at this temperature approximately two thirds of the charge will
sublime in three hours. Further along the tube, in a region at about 950 -
900°C, rods and plates grow radially from a cadmium sulphide substrate on the
silica wall. Near the end of the furnace, on the silica liner, a grey-black
deposit forms at a‘temperature of 200°% 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 with®Cd for
comparison. Sulphur is deposited in the gas exit tube as a pale yellow dust.,
After three hours at the growth temperature, the furnace is switched off and the
tube slowly cools. The argon flow is maintained until the furnace is cold
(=<50%).

The silice liner and cadmium-rich deposits are removed, to prevent them
contaminating the crystals, after which the crystals growing out of the
| sﬁbstrate are dislodged and collected, avoiding any unnecessary disturbanoce
of the substrate. The remains of the charge are then withdrawn. The cadmium
sulphide residue is now & pale yellow sintered solid, as opposed to the original

bright orange powder; the colour change is due to the change in physical form(IOl)
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rather than to an alteration in purity. The substrate is not disturbed since

the use of acids necessary for its complete removal would lead to possible

| contamination of the apparatus, and would also reduce the life of the silicaware.
Further, Vecht, Ely and Apling(sz) have shown that the cadmium sulphide substrate
can become heavily doped with silicon and/Qor other impurities by diffusion from
the walls of the tube, whereas crystals grown on the substrate are much less

affected.

After many runs the substrate is removed and the tube cleaned. At the
same time the molecular seive is dried by gently heating in vacuum, and the
copper turnings regenerated with hydrogen., The first run after cleaning is
performed as for a normal run, but is used solely to deposit a new substrate
and any crystals formed during this run are discarded.

5¢ 3+4e Properties of the flow crystals,

The orystals produced are pale yellow rods or thick striated plates;

a few thin, clear plates are usually found in each run and are removed for use
by other members of the group. The resistivity of the crystals is high, and
under ultra-violet excitation (7\::365d&) at 77°K green luminescence is
observed, turning orange before extinction on warming,

The purity of the crystals should be much improved compared with the
original starting powder since volatile impurities are swept away, and
impurities less volatile than CdS will tend to remain in the boat. No
analytical techniques capable of detecting impurities in quantitiés of less than
20 ppm. are available in these laboratories, but X-ray fluorescence analysis
showed that zinc is present at about this concentration,

The paper 5y Vecht, Ely and Apling was concerned with crystal
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purification in a very similar apparatus, and appeared during the course of
this research., It confirmed that considerable improvements in purity could
be obtained by this method. The authors note, however, that small quantities
of oxygen in the product cannot be assessed, and that no satisfactory chemical
means is available for detecting small departures from stoichiometry.

5o+ Sulphur-rich flow crystals

Since there appears to be a tendency to lose sulphur.in preference to
cadmium in open tube growth of the type described in section 5.3, some runs
were performed using a chérge of cadmium sulphide pow&er mixed with 1% sulphur
(purity 6N), other conditions remaining unchanged. This method of incorporating
the sulphur was chosen for simplicity, although more uniform conditions
throughout the run would have been obtained using an external sulphur boiler
and separate gas flow, There was an increase in the amount of sulphur deposited
in the gas exit tube during the run, and the amount of free cadmium on the
liner was reduced, but the appearance of the crystals grown was unchanéed.
CryStals produced by this method as charge material for the growth of large
crystals will be referred to as 'sulphur-rich! flow crystals.

5¢5¢ Control eguipment

To ensure that flow runs were performed under similar conditions each
time, and to cut down the time needed in 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 first modified by the insertion of a
second control arm and relay to break the power supply to the furnace when it
had reached 60000. Removal of the voltage from this second control arm

restored the furnace power until 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 25 hours. On this shaft four cams were mounted.
The lobes of the cams operated S.P.C.0. mioroswitches, connected to the
appropriate equipment. To permit easy alteration of the duration of various
stages of the growth, double cams were used; e.ge. for the outgassing period
of dpproximately five hours, two adjacent cams with lobes corresponding to
times of three and a half hours each are used in 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 is illustrated in Fig. 5.4. The apparatus

controlled and sequence of operations are listed in Table 5.1,




TABLE 5.1 =~ DETAILS OF SEQUENCE TIMING

Cam No., 1
Cam No., 2
Cam No, 3

Cam No. 4

Time elapsed (hours)

0

n]-=

&

23
24

APPARATUS CONTROLLED

Cam drive motor

Copper turnings furnace

Ether controller mains supply

Ether controller second control arm (600°C)

CONTROL SEQUENCE

Switching operation

Microswitch 1 makes

Microswitch 2 makes

Microswitch 3 & 4 make -

Microswitch 4 breaks

Microswitch 3 breaks

Microswitch 2 breaks

Microswitch 1 breaks

Effect
Cam drive motor on
Copper furnace on ‘
Furnace on, heats to 600°C

600° control off, furnace
heats to 11300

Ether controller off,
furnace cools

Copper furnace cools

Cam drive motor stopped
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CHAPTER 6

LARGE CRYSTAL GROWTH IN THIS RESEARCH

6.1 Introduction

Sﬁblimation of cadmium sulphide from one end of a sealed evacuated
quartz tube to the other was chosen as a starting point for large brystal
growth,.since the experimental arrangements are relatively simple. The
even simpler method of growbth directly on to a cadmium sulphide charge(93)
was avoided since the many nucleation sites present would lead to the
growth of many small crystals rather than one large one, and the crystals
“would be contaminated with non-volatile impurities from ££e charge. It

was hoped to avoid both of these disadvantages with the sublimation method.

6.2 Sublimation in sealed evacuated tubes

In the first experiments cadmium sulphide powder, dried and outgassed
as described in section 5.2, was used. For each run, 10 grams of the
fowder was inserted into a 10mm. bore, 6" long silica tube., The tube
was then connected to a vacuum system via a silica to Pyrex graded seal.
After pumping for six hours at a pressure of 10'-5 mm, Hg. the tube was
séaled under vacuum and positioned in a tubular electric furnace. Each
end of the furnace was provided with a separate power supply and temper-
ature controller, so that the temperature at either end of the sealed
tube could be set as reguired. The cadmium sulphide charge was held at
llOOOC, with the other end of the tube at 1050°C, for a period of 72 hours,
~ to sublime material from the charge to the cooler end of the tube. The

furnace was then slowly cooled.
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Little of the pdwder was transported. Instead the charge sintered
and small crystals with well pronounced crystallographic faces grew
from its surface. Bofh the charge residues and the crystals were very
dark brown, almost black in colour. Two-probe resistance measu;ements
using indium contacts on small crystals showed that the material had a
resistivity of less than lO-1 omm-cm. The use of a thermo-electric
érobe technique showed thaf the conduction was n-type.

Further runs were tried using slightly higher temperatures, and
a larger temperature gradient (1150°-1050°C) for longer periods, but
there was little increase in the amount of material transported along
the tube. -The higher temperatures did however promote the growth of
larger crystals on the charge, and some as large as 8 x 3 x 2 mm. were
obtaihed. (Figure 6.1). The increased size permitted Hall effect
samples to be obtained; the room temperature resistivity was 10_1 ohm~-cm, ,

7cm-3, and p = 270 cm%/v.sec. The mobility rose to ~ 750 cm%/

with n = 101
v.sec. at 100°K, The Hall results and the dark apoearance of the crystals
show a marked similarity to the properties of CdS crystals prepared in
(32)

a large excess of cadnium.
In a final attempt to promote sublimation the short tubes were

replaced with longer evacuated tubes so that the cool end was now at 400°C.

This resulted in sublimation of material from the charge at 1100°C to the

region of the tube at about 900°C. The crystals grew in the form of rods;

those which grew nearest the charge were brown, whereas those grown in

a slightly cooler region were yellow. Since the growth was distributed

over several inches, the individual crystals were very small. Two prove
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resistivity measurements on several rods showed a dark resistivity of

5

10" ohm~-cm., which decreased on illumination.

6.3 Use of argon filled tubes

The experiments with evacuated tubes suggested that the factor
reducing the rate of sublimation in sealed tubes could be a high partial
pressure of one of the elements, (probably cadmium) as a result of large
departures from stoichiometry in the powder charge. To overcome this, long
argon filled tubes were used instead 6fxizééri.eva0uated ones, 1l cm,
bore tubing was used again, sealed at one end in a conical point, but
the other end projected from the furmace., The charge was contained near
the closed end by a piece of capilliary tubing which was a sliding fit
in the main tube., At the outer end, the tube could be evacuated, then
connected to an argon-filléd balloon to maintain a slight positive

: _ Simbrfo thatl
pressure of inert ges throughout the run. The apparatusis/shovn in

Fig, 6.2.

The two-zone electric furnace was used as before, so that the temp-
erature could be controlled voth at the charge and at the closed end of
the tube. The furnace was slowly brought to temperature, with the charge
at 1100°C and the point at 1200°C, to clear the latter of any contaminating
material. Any constituent in the charge with a high vapour pressure
would be driven off at this stage, Eefore sublimation of the cadmium
sulphide sealed off the capilliary tubing. This method of self-sealing
of the tubé at the final temperature is similar to that of Piper and
po11ch(%8).  After 24 hours the temperature &f the charge was raised to

1200°C, and that of the closed end reduced to 1100°C, and maintained for
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72 hours to allow sublimation from the charge to the point.

A boule of blear, orange-yellow CdS was formed, composed of several
crystals with a cross-section of 2 or 3 mm. square, growing parallel to
each other. The boundaries on the growth face between the crystals
were of the hexagonal chicken-wire pattern noted by 6ri1106192) ana
individual crystals could readily be cleaved from the block.

Increasing the bore of the tube to increase the amount of material
in the system resulted in the growth of more crystels of a similar size
rather than larger crystals. Part of such a boule is shown in Fig. 6.3.

The crystals had a low resistivity of ~ 107% ohm-cm. , with p ~ 260
cm?/v.sec., and n ~ 1017 cm—i. The resistance could be increased by

heat-treatment; this will be discussed later in chapter 8.

. 6.4 Pulling method Fig. 6-2.

To promote the formation of one or a few large crystals as opposed
to the many small ones, it was desirable to exercise better control over
the nucleation of the boules; The apparatus was modified to allow the
growth tube to be pulled slowly though the maximum temperature region
of the furnace, as suggested by Piper and Polich(98). The tubes used
were prepared as before, with the addition that a silica rod was attached
to the apex of the tube and extended from the furnace. This was drawn
along by a synchronous motor and screwed thread drive, with a gearbox
to provide pulling speeds in the range 0.5 - 3 mm./hour. The tube
was positioned so that the apex was initially at the hottest point
(1200°C) of a silicon carbide element furnace, and when the tube had

moved so that the point became colder than the charge, supersaturation
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resulted in growth from the tip., As the run continued the boule grew
on the seed so formed, either as one single 6nysta1 or as a few sizeable
crystallites, over a period of several days.

The material produced was a clear yellow in colour, (Fig. 6.5(5)
'abpendix) in the form of boules 1 cm. diameter and up to 2 cm. long.
Occasionally the boule grew as one single crystal but multi-crystalline
growth often oc;urred, especially if the apex of the tube had a very
large‘or a very small semi-angle. Experiments showed that using a tube
with large semi-angle encouraged nucleation at several points, since
there was little temperature variation between points on the cone. The
use of a very sharp, tapering point resulted in nucleation only at the
extreme end of the tube, but the growth direction was across rather than
along the tﬁbe, and broken growth again resulted. 4n angle of between
45° and 60° seemed the most suitable. A possible increase in the size
of the crystals by using larger diameter tubes was investigated, but
a diameter of 15 mm. proved the practical limit as multicrystalline
boules formed more readily in the larger bore tubes. Crystals from
these runs still showed the low resistivities (~ 107t ohm-cm. ) found in
earlier methods.

A change to the use of flow crystals, prepared as described in section’
5.3, instead of outgassed powder as starting material was made for some
of these pulling runs. The product had a clear yellow colour and sub-
limation occurred readily. Some c:ystalé were obtained which had a high

resistivity of 105 ohm-cm., but the resistivity was non-uniform along
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the length of the boule. Single crystals with a dark resistivity of

> lO6 ohm-cm, could be obtained however by using the product of one run

as the charge for the next., The amount of material transported in a given
time during the second run was higher, and several large crystals were
grown in this way. (Fig. 6.5D).

6.5 Piper and Polich's Method

A series of runs using the Piper and Polich method,(98) as described
in 4. 5.1, were made for comparison with other techniques. This also allowed
the properties of crystals grown in this way to be studied, since the
properties were not reported in the original reference.

‘Most of the features of the method were already in use; the principal
difference required compared with our previous runs was in the use of
short tubes surrounded by a mullite argon jacket, instead of long tubes
terminating in a balloon. The mullite outer is provided with an argon
inlet and outlet, and a coantinuous stream of gas is passed through the
apparatus.

Some departures were made from the Piper and Polich arrangement to
simplify the apperatus. (See Fig. 6.4) Instead of the whole mullite gas
jacket.being pulled through the furnace, it was fixed in position. The rod
attached to the apex of the charge tube (which assists in cooling the
condensing material) was extended with a silica tube to the pulling motor.
This tube also served as the inlet for the argon flow, which therefore
enhanced the removal of heat down the silica rod. Effieient purging of

the system was also ensured since the argon was introduced well into the

system instead of near to the outlet. To permit longitudinal movement of
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the pulling tube while mgintaining a positive gas pressure inside the
system, a flexible seal 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 fit in the neck éf the balloon. The argon gas
ipiet and Qutlet were both provided with heavy white oil bubblers to
maintain the positive pressure. The temperature at the point of tge tube
could be monitored by & platinum/platinum-13% rhodium thermocouple attached
to the pulling rod; a similar thermocouple outside the mullite at the
centre of the furnace was connected to the temperature controller.

Flow crystals produced as described in 5,3 were used as starting
material. Approximately 15 gms. was required to fill the 10 mm. bore,
5% jong silica tube when 1oosely.packed. After the quartz rod 'seal' had
been inserted, the tube was evacuated, and then filled with high purity
' argon, several times. The tube was positioned in the argon-filled mullite
outer, and the system purged for several hours. During this time the
furnace was slowly warmed to ~ 15000 to drive out any moisturevwhich 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 at 125000, with the charge at about 1175OC. This was maintained for
2L houré, so that the flow crystals sublimed back from the point to fomm
a dense charge, and sealed the constriction. The centre temperature was
reduced to the desired value for the run, (runs were performed with temp-

erature in the range 1050 - 1300°C) and the pulling motor started.
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The run was terminated when the constriction reached the centre of the
furnace, before the last of the charge had sublimed. The furnace could
be cooled gradually, by feeding the silicon carbide furnace element via
its associated Voltmobile transformer from a motor-driven regavolt, so
that the current through the element was sloﬁly reduced over two days,
Alternatively fast cooling or quenching was obtained by switching off
the current, giving an initial cooling rate of > 20°C/min.

The properties of crystals grown at different temperatures, and the
effect of slow or fast cooling, will be discussed later. (Section 8.4).

6.6 Vacuum pulling runs

A return to the use of sealed evacuated tubes was made to see if
the ‘improvements in technique and starting material could lead to success-
ful results in this mode of crystal growth., It is very desirable that
controlled material should be grown by this method since it offers the
best opportunity for exact control over the composition of the charge,
" and for exclusion of oxygen, water vapour, etc., A given rate of sub-
limation and growth should be attainable at lower temperatures in an
evacuated tube, and the gas-handling system and associated complications
can be dispensed with., Also of great importance is the fact that a vertical
furnace arrangement would then be possible; with the additional facility
of rotation of the tube during the run. Such an arrangement would over-
come the problem of temperature gradients across the sample and associatea
non-uniform crystal growth found in horizontal furnace methods.

The experimental arrangement was exactly as shown in Figure 6.4 for

the Piper and Polich runs; - with the tube being sealed under vacuum
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(lO-5 mm.Hg. ) instead of open via the constriction. The argon jacket was
retained for some sealed tube runs so that argon-filled and evacuated tubes
could be used under identical conditions in the same run for comparison.

The flow crystal charge was again loosely packed so as to fill the
whole tube; about 15 gﬁs. was required. Back sublimation at 130000 for
2, hours to consolidate the charge and clean the tip 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 necessany-for the particular run in the range
1050O - 130000. After each run the furnace was slowly cooled, with a
maximum cooling rate of O.SOQ/min., over two days.

Even with a flow crystal charge, the rate of sublimation was again
found to be very low, as in the previous vacuum methods. The highest
temperature, 1300°C, combined with the lowest pulling speed to give a long
run, was necessary to get sublimation of an appreciable amount of material;
one especially good boule, 3 cm. long, of which 2 cm. was single crystal,
grew under these conditions. [ Fig. 6.5(d). ] These poules were transparent,
but with a brown appearance. Much of the darkening was due to a surface
layer which could easily be removed with a chromic acid etich.

At such high temperatures the silica tubing was almost at sof'tening
boint, and in several runs the tube had swollen to a diameter of 1.5 cm,
or more, but was still under vacuum when cold. This would seem to indicate
a component present in the tube with a partial pressure greater than 1
atmosphere at 125000; the vapour pressures of Cd and S above stoichiometric
CdS at this temperature should be no more than 0.2 atmospheres.

Boules of 1 - 1.5 em. in length could be grown with a centre tempera-
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ture of4125000, (corresponding to the boule growing at about 1200°C)

and a fastér pulling speed of 1.5 mm/hour or 3 mm./hour. These had a
much darker colour than the boules grown more slowly at a higher tempera-
ture, being almost red in transmitted light, The difference in shade can
clearly be seen in the photographs. (Fig. 6.5(e)).

Another consequence of the low rate of sublimation is that the back
transport of material away from the point at the beginning of a run is
also impeded; to allow this to happen completely the druation of this
stage of the run was increased when sealed tubes were employed. If in-
sufficient time has been allowed, growth proceeds both from the point and
by deposition on the pédlycrystalline 'mat' left by the chérge, resulting
in departures from single crystal growth. The polycrystalline portion
can be seen along the boule in Fig, 6.5(e).

When lower furnace temperatures were used, no appreciable growth
occurred. At temperatures of 1200°C growth on the charge vas found as
in the first vacuum tube experiments (see 6.2) but at temperatures of
115000 or below, little change in the charge was evident beyond some
sintering, unless a run was continued for at least 10 days.

6.7 Addition of sulphur

To regain stoichiometric conditions and allow sublimation and growth

to procede normally, additional sulphur had to be incorporated in the charge.

This was done in two ways. In the first, a small quantity of sulphur was
added directly 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 mgm. This amount gave a
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sulphur partial pressure of 1 atmosphere under the growing conditions
-used. OSmaller quantities of 1.5 and 0.15 mgm., representing concentrations
of 0.01 aﬁd 0.001% by weight of the charge, were also used; 0.15 mgm.

was the smallest amount it was convenient to measure. To avoid errors in
transferring this quantity of sulphur from the balance pan to the tube,

a crystal of approximately the right size was weighed and used, rather
than powder which might be lost 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 promoﬁéigfowth of small yellow crystals (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 clear yellow crystalline
material, '

Incorporating the sulphur during the preparation of the flow crystal
charge by using an excess of sulphur in the original powder, as described
in 5.4, also promoted growth. In tubes filled with these sulphur-rich
flow crystals the charge sintered to a clear yellow polycrystalline mat,
and a 0.5 cm. long boule could be growm at a temperature of only 1050°C.
Increasing the &éentre temperature of the furnace to 1200°C, so that the
boule gfew at llSOOC, produced one some 1.5 cm. long, although again it
was very polycrystalline. Also the remains of the charge grew as large
individual gnystals with well developed faces. The crystals were of

the order of 3 x 3 X 3 mm., and clear yellow.

The incorporation of excess sulphur into the charge thus enables
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drystals to be gfown successfully in sealed evacuated tubes, by restoring
the necessary near stoichiometric conditions; The reasons for our
inability to grow samples in sealed evacuated tubes using normal out-
gassed powder or flow crystals as a charge, and the necessity for
stoichiometric conditions in the tubes for growth to occur, will be
discussed in chapter 8.

Turther to the above experiments on growiﬁgg crystals in a sulphur-
rich atmosphere, low resistivity crystals grown by earlier sealed tube
techniques were heated at 900°C in a partial pressure of 10 atmospheres
of sulphur for several days. The colour of the crystals lightened, and

1!10m to lOAficm or higher,

their resistivities increased from ~ 10~
but in the case of the very black, higﬁly 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
for Hall voltage shorting by the current contacts.(ria‘)

Large boules, provided they were annealed and not quenched after growth,
could be cut with a piercing or jeweller's hand saw, using a very fine
(0.004") blade, The crystal was cemented to a mitre block made from durel
angle, to prevent movement and cracking of the sample, and to guide the saw=-
cut, After roughly sawing to shape, (or cleaving, if obvious crystal
boundaries are present), the final 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, final grinding was done with the samples cemented
into a recess of the correct thickness in the flat base of a steel disc. Fot
the quenchéd samples, the initial shaping by sawing had to be omitted, since
the crystal cracked continually as the sawing progressed. In this case, all
of the shaping was done by grinding, but this of course reduced the numbe; of
samples obtained from a boule.

.Grinding was followed by a short etch (1 - 2 mins,) in chromic acid at

80% to prepare the sample for evaporated contacts, After the etch, the
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sample was thoroughly washed in distilled 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 is convenient to apply; The detailed procedure for
applying the contacts fdrmed the subject of a recent paper, which is appended.
Any evaporated indium left on the crystal surféce when the coﬁtacts had been
applied cogld be removed with a further brief etch., The sample was then ready
for mounting in the appropriate cryostat,

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 6f the sample. Probe contacts 1 mm. in diameter
will give rise to errors in the determination of sample resistivity and Hall

constant, since they act as conducting layers on the side of the sample and

disturdb the current flow. Zook and Dexter obtained indium contacts as small
as Q.2 - 0.3 mm, diameter using an ultrasonic soldering technique.(47) They
found that areas as small as this still do not approximate to point contacts
as effects dus to shorting by the contacts were evident in 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
resistivities in the range 3 - 50 ohm-cm, The authors concluded that a lower

limit to the size and resistance of the contacts was determined by the

requirement of low noise.
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7.3 Cryostats. : -
70 3.1 General |

' The essential features required of a cryostat for the Hall and other
measurements described in this thesis are that the sample can be provided
with the necessary electrical leads, and can be held at a known temperature
in the range 80 - 5003 K, in a reversible m;gnetic field and perhaps with
illumination of a desired wavelength. Two cryostats were constructed; one
designed to attain steady temperatures anywhere in the desired range, the
other being more portablerand with large windows for optical work.

7+ 3.2 tOptical'® cryostat

A The design of this cryostat is shown in Fig. 7.l. The body was turned
from a solid copper block, and was provided with a pumping stem, a multiple
metal-ceramic seal for electrical leads, and front and side windows. 'O'-ring
seals formed vacuum joints at the windoﬁé, which could be silica 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 ligquid 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 leads were brought in through the metal-ceramic seal and

were terminated in pyrophilite blocks mounted on the sides of the sample blocke
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Black wax was used to form a vacuum tight joint 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 in 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 ef the sample
without damage. The £lying leads from the crystal contacts (see section 7.2)
were soldered to the appropriate leads on the pyrophilite blocks, and the
thermocouble was embedded in one of the indium contacts, to measure the sample
temperature,

3

~ When the oryostat was evacuated to 10-'2 to 10 “mm, Hg. using a conventignal
backing pump, the sample cooled to 90°K when the reservoir was filled with
liquid nitrogen. Measurements between this lower limit and room temperature
could be made while the crystal warmed 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 if many fixed temperatures were reguired.
Phe use of the cryostat as described had many important features.
(i) The crystal, complete with flying leads, was easily mounted and
removed without heating the sample,
(ii) The crystal was in good thermal contact with the copper block and
coolant, whilst the vacuum jacket and nickel-silver tubes provided
insﬁlation from the surroundings.

(iii) Temperatures in the range 90 - 300%K could be attained and measured.
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(The use of a small heater in the reservoir enabled this range to be
extended upwards to 400°%K).

(iv)Heat transfer down the leads to the sample was minimised by terminating
these leads on the side of the copper blocke

(v) The vacuum jacket prevented condensation of water or cerbon dioxide
on the sample when cold; the crystal was also left under vacuum once
measurements had begun so that effects of oxidation or surface
absorption of gases were minimised.

(vi) The windows allowed illumination of the sample with infra-red, visible
or ultra-violet light, so that resistivity, photoconductivity and
other measurements could be performed without the need for removing
and remounting the sample.

The difficulty in controlling the lower intermediate temperatures was
one disadvantage found with this cryostat. In addition, the thickness of
the cryostat body mean;‘using a large magnet pole gap for Hall effect
measurements, resulting in a reduction in the magnetic field available, This

in turn gave a smaller Hall voltage, decreasing the accuracy of the measurements.,

7. 3.3 Hall effect cryostat

This oryostat was designed to allow the samples to be held at any
temperature in the range 80 - 375°K, for a period long enough for complete
‘electrical ﬁeasurements to be made, with less than 2% tempe§ature drift. The
construction of such cryosféts héé been described many times in the literature,
(Figy 742 )

and only brief reference to the details is necessary. The sample

was again mounted on mica on the face of a copper black. 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 weré led through the top plate via a metal=-
ceramic multi-way seal, and passed down the inside of the support tube to
the_samble block. The leads terminated at the neck of.the copper block, where
they wére connected permenently to miniature 'bus-bars' of 22 s.ﬁ.g. tinned
' copper wire. These were held between pyrophilite blocks and arranged to be
adjacent to the appropriate contact dh the sample so that the flying 1ead$
from the contacts could be soldered in place with a minimum of disturbance.
A copper-constantan thermocouple was led to the sample alongside the current
leads}‘ As before, soldered contacts at the multi-way seals were avoided,
vaouum wax being préferred. Figure 7.3 is a photograph of the sample holder
with a éample’connected.

When the sample had been mounted, a copper can was fitted around the
copper block, sample, and leads. The high thermal conductivity of the copper -
block and the can, together with'the aﬁ#ence of convection currents, ensured
steady and uniform temperature conditions along the sample., The outer face
of fhe copper can had a spiral groove cut in it 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. It could also be used to boost the heating rate
of the cryostat from low temperatures. The heater leﬁds were led from the
oryostet through a separate metal-ceramic seal.

The samplé holder and heater were located inside a further tube of nickel
silver which completed the nitrogen gaé Jjacket in which the sample was kept,
,Oufsidé this again was the brass tube forming the oufer wall of the cryostat;

this was contained in a dewar of liquid nitrogen mounted between the poles of
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the electro-magnet. Filling the interspace between the outer wall and the
inner gas jacket with nitrogen gas allowed heat transfer between the sample
and the liquid nitrogen bath, and the sample temperature slowly fell. 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 temperature parts,or more rapidly with the
heater in use, The rate of temperature change both in cooling and heating
was such that readings of the temperature, current and voltage probe readings,
(for resistivity) and four readings of the Hall voltage, for either direction
of current and field, could all be taken with no more than 1% change in
sample temperature.

As with the optical cryostat, the dimensions of the cryostat necessitated
the use of a wide pole gab in the electromagnet. In this case a gap of 2.7
inches was used, giving a maximum field of only 2.05 kilogausse A further
disadvantage was the inability to perform measurements under illumination.
Phis would have been especially useful in the case of high resistance,
photoconducting samples, since conventional Hall measurements on such samples
are very difficult 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 value using a
milli-ammeter, and measured accurately potentiometrically using a 1 ohm.
standard resistance, Currents of between 1 and 5 milliamps were generally

used, since higher currents gave appreciable joule heating in the samples.

The sample current was reversed with a knife-blade type of reversing switch,
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since this was found to give the most reproducible forward and reverse
currents. |

A Pye portable potentiometer type 7569P, capable of measuring to 0.0l
millivolts, 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
terminels 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 barrier strip to avoid
soldered connections. The six inputs were arranged in the d esired sequence
of measurements and were connected as follows:=-

(i) Thermocouple

(1i) Sample Current (Measured across standard resistance)
(iii) Voltage Probe Reading (positive)
(iv) Voltage Probe Reading (negative)
(v) Hall Probe Reading (positive)
(vi) Hall Probe Reading (negative)

The pairs of terminals (iii) and (iv) and also (v) and (vi) were
connected to allow readings of either polarity to be taken, so that measurements
could be made for both directions of sample currenf and magnetic field., The
results were averaged to eliminate possible errors from thermoelectric or
thermomagnetic effects., The readings of sample temperature were made with a
copper-cons#antan thermocouple, the second junction of which was immersed in
an ice~bath, An electric stirrer kept the reference junction at a temperature

“of 0% + 0.2°%,
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Hall voltage measurements were normally ma@a for only one value of
magnetic field, but a measuremené éf Hall voitaéé versus magnetic field
over the range 0 to 14 kilogausss was made to confirm the linearity of the
relation. The results are shwon in Figure 7.4.

7.5. Five probe measurements

When making measurements on samples. of higher resistivity,wlo2 ohm-cm,
any mis-alignment of the Hall probes led to a standing voltage between the
contacts which could be much greater then the Hall voltage to be measured,
To eliminate this, five-probe measurements were used. One Hall probe was
located on one side of the sample as before, but the two voltage probes were
spacedrbn either side of centre on the gposite face., The voltage between
these two probes was first measured potentiometrically to determine the sample
resistivity in 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 Hall probe. The position of this contact was varied until zero Hall
voltage reading was obtained in zero magnetic field. 'The Hall voltage was
then measured for each direction of magnetic field and sample current as

before.

7.6 Limitations of the measurements

The resistance connected between the voltage probes in the five-probe
measurement must be at least two orders of magnitude higher than the sample
resistance between these two contacts before the current flowing through
this shunt can be ignored. It must therefore be ~10h ohms or higher, and
since approximately half of this resistance appears in series with the

galvanometer used to find the null point, and hence the Hall voltage, the

4

sensitivity of the equipment is reduced., Using a shunt of 10" ohms, the
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Hell voltdge could only be masured to 0.05 mv., The potentiometer and
galvanometer were replaced with a Philips' mierovoltmeter with an input
impedance of 10’6 ohms, and this improved the accuracy of Hall voltage
measurements, but the effects of leakage currents and the long time constants
involved limited Hall measurements to samples with resistivities of 10“
ohm-cm, or less, although resistivity measurements were possible up to 107
ohm-cm., Since homogeneous samples of cadmium sulphide prepared during

this research had in general resistivities well below 104 ohm=cm, or well
above 108 ohm=cm., the equipment described was adequate for measurements

on the low resistance samples only. Even for these samples with large donor
concentrations, when preliminary measurements at liquid helium temperatures
were made freezing out of the donors increased the resistivity to 108 ohm=cm,
However refinement of the apparatus to deal with high resistivity samples

is a difficult problem, and was not attempted. An easier solution is to
examine specimens under illumination when the resistance is lowered.

Initisl PhotoHall measurements indicate a mobility of ~225 cm.%/v.sec., and

& carrier density ofnzlolh/cm.B, for the normally insulating samples when

illuminated with 800foot-cendles from a tungsten lamp.
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CHAPTER 8

PROPERTTES OF CRYSTALS AS GROWN

8.1 Crystals grown in evacuated, stationary tubes

Using a powder charge in a sealed evacuated tube, as described in
section 6,2, small dark crystals grew on the charge. These samples were n-
type, with resistivities of ~ 10'-l ohm-cm. Hall effect measurements showed
the carrier density to be about 104 em. ™ with & Hall mobility of 270 cn’/
v.sec. at room temperature, rising to 750 cm%/v.sec. at 100°K with little
change in the carrier concentration.

Microscopic examination of these dark samples was possible by trans-
mitted light, using a natural crystallographic face as the top surface of
the specimen. The dominant feature was the presence in the bulk of many
rod-shaped defects, thoughtto be voids, all mutually parallel. (Figure 8.1(2)).
Tn a crystal of known c-axis these rods were all parallel to that axis.
Variations in the length of these defects were large; they ranged from greater
than 1 mm. to 0,01 mm. or less. Diameters were usually less than 0.0l mm.,
the shorter voids being proportionately smaller in cross-section.

Other defects in the bulk run perpendicular to these rods, but are
difficult to distinguish. (Fig. 8.1(b)). They appear to be small, discrete
irregular deposits, lying in a line or plane perpendicular to the c-axis.

The size of the individual particles is less than 1 micron. The lines may
well be dislocetions decorated with some second phase precipitate.

Due to the alignment of these defects, light trﬁvelling through the

crystal in some directions will see a much smaller scattering cross-section

‘than will dight travelling perpendicular to this axis. This anisotropic
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scattering will be especially marked if defects present are of comparable
size to the wavelength of the lignt.

8.2 Crystals grown in long, argon-filled tubes

These crystals were grown at 1100°C by sublimation from a powder charge
at lZOOoC, in a tube connected via a constriction to an argon reservoir
at room temperature. (Section 6.3). The crystals were small, ~ 2 x 3 x 8 ma.,
and clear yellow in colour. Hall effect measurements at room temperature

showed thai:p: 1.13 x lO-%ucm., with g = 260 cm?/v.sec. and n = 2.1 x 1017

We can note several important points here. Growth had taken place
using the seme starting material and temperature gradienfs that had failed
to give transport in sealed evacuated tube runs. It must therefore have
been possible for any components (probably Cd) present with a high vapour
pressure to escape and allow sublimetion. The low resistivity of the
material indicates the presence of many defects which are acting as donors,
since purestoichiometric CdS with a band gap of 2.4 ev. would be an insulator
at room temperature in the dark.

The effects of heat-treatment under two different partial pressure
conditions were investigated. In the first, the crystal was at the closed
end of a long tube connected to an argon reservoir at room temperature. It

was thus under the same conditions as it had been during the growth runm,

(but with of course no powder charge present). This type of heat treatment

served as a reference for comparison with the effects of alternative heat

treatment. A crystal maintained under these conditions at 9OOOC for 24 hours
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showed no change in appearance beyond a pitting of the surface due to
vapourisation, and the resistivity of the sample was unaffected.

If, however the crystals were heated in a short, sealed, argon-filled
tube, so that the crystals were at the coolest part of the tube, marked
changes occurred, Heating at 9OOOC for 12 hours resulted in the crystals
having a very dark, almost black appearance (deep red in transmitted light).
Micfoscopic examination showed precipitates along lines in the crystals.

The deposition appears to lie along dislocationz?mglthough the small size
of' the deposits coupled with the darkening of the crystal makes examination

difficult. The resistivity of the crystals had also risen sharply, so that
3

the dark resistance was ~ 106 ohm-cm. , falling in daylight to 10” ohm-cm,

Both the observed electrical properﬁ}es and the effects of heat
treatment indicate the presence of an excess of cadmium in the crystals as
grown, Crystals grown in an excess cadmium partial pressure of 3.69
atmospheres contain donor levels and give carrier concentrations of 1017cm.-3
withp~ 10—l ohm-cm.(32) The excess of cadmium is probably present in the
samples as_Sulphur vacancies(lOB). The difference in electrical and
optical properties produced by the different heat treatments can be under-
stood by reference to the vapour pressure curves for CaS, Cd and S (Fig. L.1).

The overall vapour pressure of any component in the system,will, when
equilibrium has been reached, be the lowest possible in the system. In the
heat treatment where the tube is extended to room temperature, material
in the vapour above the crystal will be transported by diffusion anddeposited

in the cooler regions of the tube, since the vapour pressure of each component

(Cd and S) is lower over the solid at room temperature than above the heated
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CdS. Material will evaporate from the crystal to replenish the vapour,
and a steady state situation will be reached, but the crystals and vapour
are not in equilibrium.

Using‘the short sealed tube, the lowest temperature is at the crystal,
and sublimation will establish equilibrium between the crystal and the
vapour in the tube. Since no (net) diffusion of material from the crystal
is taking place, the partial pressures above the crystal will be different
from those in the previous case. The large excess of cadmium incorporated
into the C4S during the crystal growth will not now be in equilibrium with
the vapour, and will deposit out in the crystals as a separate phase.
Since the concentration of excess cadmium (or sulphur vacancies) in the
crystal has been reduced thé number of donors has been reduced and ‘the
resistivity increased. The precipitates of Cd formed in the crystals will
also give rise to the dark appearance by scattering light passing through

the sample.

8.3 Crystals grown by pulling in long argon-filled tubes

The adoption of the pulling method (6.4) with these long argon-filled
tubes led to the growth of large (> 1 c.c.) single crystals under similar
conditions to those just described. With a furnace centre temperature of
1200°C most of the boule would grow at a temperature of ~ llSOOC. The
growth temperature was varied in order to study the crystal properties as
a function of growth temperature. The samples produced in these runs were
- a clear yellow in colour, and-showed very little structure in the bulk on
microscopic exemination, although a few small, rod-shaped voids could be

seen. No precipitates could be detected.
‘ i .
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These larger crystals enabled Hall samples of 3 x 2 x 10 mm. to be
ground from the boules. Three samples, cut from boules grown at llSOOC,
116500 and 117500, were measured. The small temperature range studied
was limited at the upper end by the working limit of the silica, and at
the lower by the difficulty in growihg: large samples at low temperatures.
Curves illustrating the variation of the conductivity, o, Hell mobility Hyps
and carrier density n with temperature between lOOOK and 300°K are shown
in figures 8,2, 8.3 and 8.4.

The plot of 1n by versus 1n T for the crystal grown at the lowest
temperature (curve 'a') is a good straight line of slope -1.6, which is
very élose to the expected value of -1.5 for electron scattering by acoustic
mode phonons only. As the growth temperature is increased, departures from
curve ;a' become more marked, the mobility becoming smaller than the
expected value, This is due to the onset of iopised impurity scattering
with the temperature variation uHOGT+5/2. The magnitude of this scattering
and hence the temperature at which it causes departures from the lattice
scattering value of mobility, is determined by the density of the impurity
centres present.

The lower mobility due to an increase in the number of scattering
centres is to be expected in crystals grown at a higher temperature. The
number of lattice defects in equilibrium in the crystal increases as the
temperature rises. The number of such defects at room temperature will be
less than that at the growth temperature since some will anneal out on

cooling, especially as this is done slowly to minimise strain in the crystals.
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However a proportion of the defects will be 'quenched in' as the crystal
cools, due to a reduction in the mobility of the defects through the
lattice.

The measured carrier densities are shown in Figure 8.4, and these can
be taken to indicate the donor density in the crystal since the curves
saturate near room temperature. The crystal grown at the lowest temp-
ereture (1150°C) has a donor density of 1017cm:§ whilst in those growm
at a higher temperature the density is 10%8c073.  Between 300° and 100°K
the carrier density for the crystal grown at the highest temperature shows
liftle change, indicating either that the cerriers are due to a donor
" level lying very close to the conduction band, or more probably that the
defect density is so hdgh as to give rise to impurity band conduction.(il)
The other curves each show a linear region of similar slope at low
temperatures which allows a value of the energy depth ED of the donor
level to be calculated. The slope is measured at ~ 100°K since the carrier

densities at higher temperatures are too high for an assumption of non-

_ degeneracy to be valid.
The variation of carrier density with temperature in an extrinsic

semiconductor over the range where the donors are partially ionised gives

ln(n/Ti/Z)osE&/kT for a partially compensated semiconductor, or

o ye Bd . .
1n(T3/2) Skt for JD >> NA’ where ND and NA are the

concentrations of donors and acceptors. (See section 1.3.4. ).
Zook and Dexter(47) have shown that for single crystal CdS prepared
under similer conditions to ours and with similar electrical propekties

there is considerable compensation present; the first expression should
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therefore be the more correct. This gives a value for the donor level

" as 0,014 +0.004 eV for both samples., The variation of carrier density
n with temperature is similar to that reported for ultra-high purity
Eagle-picher CdS single crystal by Itakura and Toyodal%%),  They too
calculated a donor level at 0.0l4 ev. below the conduction band. These
authors also reported a constant Hall mobility (ZAOcm%/v.sec.) from room
temperature to 200°K, followed by an increase < 173/2 4o 50°%%. Te found
no evidence of this constant mobility region in our measurements.

8.4 Piper and Polich crystals

8.4L.1 Growth conditions (See 6.5)

These crystals were grown in an argon a tmosphere, in a short silica
tube open via a constriction to an outer argon jacket. Pulling the tube
through the furnace so that the point becomes colder than the charge
allaws nucleation of the boule at a temperature a little below that of
the centre of the furnace. Most oif' the boule grows some 500 lower than
this centre temperature, as the pulling proceeds. Figure 8.5 shows
curves of the temperature distribution during a run both at the charge and
at the point of the tube, plotted against distance pulled. It will be
seen that the first part of the boule to grow forms at a higher temperature

than the majority of it; any excess of defects incorporated at this stage

should anneal out as the tip cools.

8.4.2 Mode of growth

Visual and X-ray exemination of boules grown by this method shows thet
the c-axis of the crystal is not parallel to the pulling direction, although

in general it lies within 25o of it. In addition, the growth face is not
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perpendicular to the tube, but at an angle to it, as can be seen from
Fig. 6.5(d). This non-uniform growth is due to the horizontal furnace
. system used, where one side of the silica growth tube is in direct contact
with the mullite outer. This gives rise to a vertical temperature gradient
across the tube and as a result deposition is more rapid on the cooler
side, causing the angled growth facé. A consequence of this is that any
irregularities in the wall of the silica tube nucleate new cnysfallites
which can grow right across the boule, rather than remain localised at the
surface. Fig. 6.5(d) shows an area half-way along the boule where a
defect on the 'hot' side of the crystal has been localised and has grown
out, whereas a similar fault on the cooler side towards the end of the
boule has been transmitted through the crystal with the consequent departure
from single crystal growths

These effects are minimised if two parallel growth tubeé are pulled
together; the point of contact with the mullite outer is no ionger also
coincident with the point of contact of the gas jacket with the alumina
furnace tube, and the fransverse temperature gradients across the sample
are reduced. The results are seen in Fig., 6.5 (f) and (g), where the
growth faces of the two boules, which were pulled together, are more nearly
perpendicular to ‘the length of the boule. Mounting a single growth tube
on silica runners also reduced the transverse temperature gradients across

the sample, but complicated the apparetus.

8.4.3 Effects due to Variations in the Growth Temverature and Pulling Rate

Using the highest furnace temperature(1250°C) and the slowest pulling

rate (0.8 mm./hour) large boules of CdS 3.5 cm. long and 1 cm, diameter
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could be grown consistently. These boules were not one single crystal,
bfeaks occurred along the length, However single énystal regions 1 cm.
diameter and not less than 1 cm. loﬁg could generally be obtained.

Figs. 6.5.(e), (f) and (g) show samples grown under these conditions. X-ray
back reflection photographs showed 1little mosaic or c-axis wander in most
samples (Fig. 8.6a), although suck effects were more noticeable near the
edges of the boule (Fig. 8.6b). Optically the crystals were a clear yellow
but with a darkened appearance, much of which was associated with a

surface layer easily removeable in chromic acid. Hall samples could be
obtained from the boules by cutting and grinding, and four probe resistivity
measurements showed a uniform high dark resistivity of > lO8 ohm-cm! (the
limit of measurement of the equipment) while illumination at room tempera-
ture of 800 foot-candles from a 50wtungsten lamp lowered the resistivity

to 2.4 x 10° ohm-cm. , with Wy = 22k Cma/v.sec. and n ~ 10 om

Using the same temperature distribution, increased pulling rates of
1.5 and 3 mm/hr, reduced the amount of material transported to 2 cm. and
1 cm. respectively, due to the reduction in the time available for growth,
However it also caused an obvious darkening of the boules, through orange-
yellow to a dark brown. The resistivity of the as-grown material, although
still very high near the surface of the boule, was very non-uniform.

The same orange colouration and non-uniform resistance was found in
crystais grown from an intermediate temperature, ~ 115000, unless the
slowest pulling rate was used. The reduction in temperature again de-
creased the rate of transport and the size of the boule, a total length

of 2 cm. being obtained. Hall effect samples cut perpendicularly to the
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axis of the boule showed an overall highresistance across the current
contacts, > IOBJL in the dark, which fell to 104 ohm under strong illumin-
atioﬁ as above., However the centre portion of the crystal was of low
.resistance and not photo-sensitive., The uniformity of resistance of the
centré of the sample could be judged from measurements of the potential
difference, or the resistance, between each of the voltage probes and

the Hall probes, Where this region showed reasonable homogeneity a Hall
effect measurement could be performed to find the resistivity, mobility
and carrier density in the low resistance region. To reduce the impedance
~ of the high resistance ends so that a current of ~ 1 ma. could be passed

(VHOCI), measurements were done under illumination from the 50 watt tungsien

lamp. This could only be done at room temperature, with the cryostat

availabde. The carrier density n was 5 x lOl%/cm.s, with mobility Wy =
303 cm%/v.sec., which corresponds to a resistivityf = 4.1 ohm-cm. Readings
were consistent with either direction of current or magnetic field. To
check that the high resistance was a bulk property of the sample and not
due to poor contacts, the contacts were removed, the crystal etched, and
the contacts remade, with the same result as before. Grinding down the
end of the sample, however, removed the high resistivity region.

It will be seen from the above that two probe resistivity measurements
alone must often be regarded with suspicion. A low resistance reading
indicates a low resistance sample provided any coating of metallic cadmium

has been etched from the surface, but a high resistance reading could be

an indication of the surface properties of the boule only. It would appear
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that the boules grown at high temperatures (> 110000) are deposited

initially with a large excess of donors;partial annealing takes place
while the growth is proceeding or during the cooling. The darkening of
the crystals is probably associated with the non-stoichiometric excess
of cadmium. During cooling some of the excess cadmium is precipitated
out throughout the bulk, in a range of different sized aggregates which
scatter light to give optical darkening, At the same time the donor
concentration is reduced. With the crystals grown very slowly at high
temperature this annealing could proceed to completion, which explains
their dark colour and high resistance. The use of a faster pulling
rate would leave insufficient time for the annealing, and also introduce
more defects if the transport was too rapid for equilibrium to be main-
tained between the growing face and the vapour. At lower temperatures,
the reduced mobility of defects in the lattice would prevent their free
diffusion from the crystal. In either case a non-uniform sample results.
Since the rate of sublimation of material decreases markedly with
temperature, all low temperature runs were made using the slowest pulling
rate in order to increase the duration of the run and to ensure equilibrium
between the crystal and the vapour. This was essential becuase a rapid
rate of transport of material to a crystal growing at a low temperature
results: in very polycrystalline growth, It was difficult to obtain large
'cnystals for Hall samples in boules grown at these low temperatures (~1050°C).
The material was found to be of high resis?ivity,f > 108 ohm-cm, , and
photoconducting,f’ill_~ 10# ohm-cm., In contrast to the high temperature

samples it was a very clear yellow colour, similar in appearance to crystals




TABLE 8.1

PROPERTIES OF CRYSTALS GROWN BY MODIFIED PIPER & POLICH METHOD

Growth

Pulling

Resistivity

Temperature Rate (ohm=cm) COIOU? Comments
1250°C 0+8mm/hr >108 Yellow but |~lcc. single
darkened Xtal.,regions
> 1mm/hr Non=-Uniform
10 in parts Dark Brown
1150°% 0,8nm/hr >10° Yellow
> 1mm/hr Non-Uniform
(107 10) Bromn
1050°C 0.8mm/hr >108 Clear Pale {Xtals 2x3x3mm
Yellow
> 1mm/hr too fast for _
growth
o
1050°C
(Quenched) 0..8mm/hr <1 Clear Pale [Xtals 2x3x3mm

Yellow
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grown by a flow method.

- The properties of crystals produced in our Piper and Polich type growth
runs are summarised in table 8,1. The properties depend both on the growth
temperature and on the pulling rate. In general, lowering the temperature
or the growth rate leads to a higher resistance and lighter célour. Large
high resistance crystals are most readily obtained when grown slowly at
high temperature, but their optical perfection is poor due to scattering
by cadmium precipitates. Clear yellow high resistance material is formed

at low temperature, but large crystals are more difficult to obtain.

8.4.4 Effect of quenching

Instead of being cooled slowly, some samples were quenched after the
gfowth run by cutting off the furnace power. The open construction of
the siliéon carbide furnace meant that the crystals were subject to a fast
rate of cooling, > BOOQ/min., The complexity of the apparatus pré&ented
quenching in the normal manner i.e. by removing the crystal from the
furnace.

Crystals prepared at the higher temperatures (125000) and then quenched
appeared yellower or clearer than the equivalent slow cooled samples, but
no Hall samples were obtained due to the cracked and brittle nature of
the material, Two-probe resistaﬁce measurements indicated non-uniformity
of resistance in the boules, A Hall sample was however obtained from a
quenched sample grown at a low temperature, lOSOOC, at the slowest pulling
rate. This sample was a clear pale yellow, similar to the equivalent

annealed sample, but its reiistance was low. Hall measurements showed that
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the carrier density n was 2 x 10l§/cm?, with by = 250 cm%/v.sec. at room
temperature. The variation of these parameters with T in the range 3500-
IOOéK is shown in Fig. 8.7(a) and Fig. 8.8(a). The carrier density saturates
near room temperature, but below l5OOK the plot of 1n.n vs.%/T shows a

slope corresponding to a donor level at 0.016 ev. 1 0.0035 ev: below

the conduction band, similar to the level found in the low resistance

crystals previously described (Sec. 8.3). A plot of 1n My against In T

was linear from lOO-35OOK,“but showed a dependence ofgﬁch-l'sz, rather

than T-l'5. The difference between quenched and annealed samples supports
the conclusion that an excess of donors is incorporated in the crystals
during growth from the charge; quenching freezes in those donors and gives
a highly conducting n-type sample, whilst slow cooling allows the donor
concentration to be reduced and give high resistivity.

8.4.5 Other experiments

Two further experiments were performed to confirm these ideas.
Incorporation of excess sulphur into the charge produced yellow, uniform
resistivity (101*L ohm-cm, ) material under the fast pulling rate conditions
which had given black, low resistance crystals previously. This proves
that the dark colouration and high conductivity were due to excess cadmium.

During the investigation of the effect of the growth temperature on
the crystal properties, the method of crystal growth- used had automatically
entailed a change in the charge temperature when the growth temperature was
altered. To exclude the possibility that the rate of dissocation of the

charge, and not the crystal temperature, was responsible for the varying

properties, the apparatus was modified to allow the furnace to move
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relative to the growth tube and control thermocouple. This allowed the
charge to be held at a constant temperature while the crystal grew in
hotter or colder conditions controlled by the furnace position, For boules
growing at a steadily increasing temperature between 1060°C and 1100°C
the change from a clear to a dark mgterial was evident along the length

'

of the boule.

The rapid variation of the electrical properties of a sample due to
a small change in growth temperature could well account for the wide
variations in electrical parameters quoted for CdS by workers using crystals
grown under supposedly similar conditions. It emphasises the need for

the growth conditions of any crystals studied to be reported in detail.

. 8.5 Vacuum Pulling Runs

A return to the use of evacuated tubes was made, as described in 6.6,
to see if the improvements made in the Piper and Polich runs could be
applied to growth in vacuum. The experimental arrangement was as before;
the tubes were sealed at less than 10-5 mm. Hg after 12 hours on the pumping
system. No heat was applied to the tubes during evacuation after filling
with the charge although the silica had been previously outgassed at red
heat.

Appreciable transport of material leading to the growth of a boule
could only be obtained with the use of the maximum temperatures of 1250-
lBOOOC. At lower temperatures the fliow crystal charge merely sintered in
situ, The crystals grown at the higher temperatures were always very

dark, and were deep red in transmitted light. (Fig. 6.5e).
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They were invariably n-type and oi low resistivity. Hall effect measure-
ments on a‘sample from such a crystael are illustrated in Figs. 8.7b, and
8.8b, together with the curves for a low resistance crystal grovn by

the Piper and Polich method for ease of comparison., The rapid departure
from lattice scattering to impurity scattering as the temperature is lowered
is in accordance with the very high donor concentrations of 5 x lOl?/cm?

The variation of (1n) carrier concentration against reciprocal temperature
is linear throughout the range 350-800K and the slope corresponds to a

donor level at 0.009 40.003 ev. Note that this is a different donor

depth from that found in crystals groﬁn in argon.

As with the earlier attempts to grow crystals in vacuum, the resulfing
dark crystals with precipitates in the bulk, and the high donor concentra-
tion, are indicative §f a non-stoichiometric excess of cadmium in the charge,
causéd by preferential loss of sulphur during the preparation of the charge.
The excess of cadmium also explainsthe marked reduction in sublimation
rate in the sealed tubes'compared with open tube methods.

8.6 Evaporation rate of Non-stoichiometric CdS

In a recent paper Somorjai and Jepsen(105) described their work on the
temperature dependence of the evaporation rate of cadmium sulphide in
vacuum, using large single crystals of Eagle-Picher ultra-high purity grade

material. The material was n~type, with a low resistivity of 0.5 - 10 ohm-cm.

and mobility between 200 and 280 cm%/v.sec. (Note the wide spread in

properties of the coumercial material).

''o obtain reproducible evaporation rates, all single crystals were




113,

annealed at 700°C for three days, after which time the resistivity had
risen to 103—104 ohm-cm. The authors attributed this change to diffusion
from the crystal of an excess of cadmium. They further investigated the
effect on the evaporation rete of heat-treating the samples in an atmosphere
of excess cedmium or sulphur, since crystals exposed to such an atmosphere
during some of their experiments showed a change in evaporation rate.(106)

Heat treatment was carried out in a sealed evacuated quartz tube; the
crystals were quenched after treatment. Samples heated in a partial
pressure of cadﬁium of 10 atmospheres for several days at 1100°C were darkeneaq,
and black spherical precipitates appeared in the bulk. A uniform yellowish-
grey colour with no second phase was produced after firing in one atmosphere
of cadmium at 800 - 1000°c. However a black surface coating and black
precipitates in the bulk were found if these samples were then annealed at
700°C. The surface coating was found to be cadmium by x-ray diffraction.

| Crystals fired in an excess sulphur pressure of 20 atmospheres turned

orange. This colouration could only be removed by a subsequent firing in
excess Gadmium.

Evaporation rates were measured by heating the crystal in vacuum with
a selected face exposed. (The orientation dependence of the evaporation
rate was discussed in a further paper(107». The weight loss was determined
using a quértz spiral microbalance. The untreated Eaglié-richer crystals
showed a significantly lower than normal evaporation rate initially, which

rose to the normal value in 0.5 to 3 hours. The time reguired varied

from sample to sample. Crystals annealed at 700°C for 72 hours gave

reproducible evaporation rates.
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" For crystals treated in an excess of cadmium, the evaporation rate

in vacuum was ?educed by almost two orders of magnitude. It could take

up to six hours before beginning to return to the normal value depending

on the temperature of the sample during the heat treatment. (Fig. 8.9).

The return to the normal evaporation rate was accompanied by a disappearance
of the black precipitates from the crystal, and e rapid rise in the
resistivity of thelsample over several orders of magnitude. Heat treatment
in sulphur produced a similar transient behaviour, but the éffects were

not so marked. Table 8.2 shows the room temperaturevresistivitiesvof the
samples before and after heat-treatment and evaporation. Heating in

excess cadmium lowered the resistivity, and heating in sulphur raised it.
After steady evaporation had been reached all samples showed an intermediate
resistivity in the range 103-107 ohm-cm,

By studying the effect of increasing the concentration of cadmium or
sulphur by local deposition at the surface of a crystal by evaporation,
Somorjai and Jepsen found that an increase in surface concentration of
cadmium or sulphur was not responsiblé for the lowered evaporation rate.
This fact, coupled with the results of experiments where the surface layer
of the crystal was removed by grinding, before and after a steady state had
been reached, showed that the lowered evaporation rate was controlled by
the diffusion of some species from the bulk, associated with a depletion
layer of this species near the surface during evaporation. The correlation
between the evaporation rate, resistivity, and optical appearance of the
sample suggests that the evaporation rate is suppressed by an excess of

cadmium over the surface of the crystal, this cadmium being driven off but
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being replenished by diffusion from the bulk., The evaporation rate remains
low until all intermal precipitates have dissolved, then rises to normal
as the excess cadmium concentration in the lattice decreases.

The observations of Somorjai and Jepsen on the effects of the presence
of excess cadmium or sulphur on the electrical and optical properties are
in agreement with our observations, as are the changes in properties
reported on annealing., TFurthermore, the reduction of the evaporation rate
caused by the presence of a non-stoichiometric excess of cadmium accounts
for the difficulties experiencedin our work in obtaining appreciable
sublimation of material in sealed tubes. The evaporation experiments
discussed above were carried out in a continu;ﬁsly evacuated chamber, and
the evaporation rate returned to normal after any excess of Cd had diffused
from the bulk of the cr&stal and evaporated from the surface. This out
diffusion of caémium will take place more rapidly at higher temperatures,
and in the Piper and Polich growth method an excess of cadmium in the charge
will escape during the back sublimation period before the growth begins,
However in growth runs using a sealed evacuated tube, cadmium will only
evaporate from the charge until equilibrium is reached between the cadmium
concentration in the solid and in the vapour., The excess of cadmium cannot
escape from the system, and the evaporation rate wiil be permanently
reduced, being up to two orders of magnitude lower than in open tube runs.
The ability to grow crystals in sealed tubes only at elevated temperatures
is therefore explained - the lowered evaporation rate has to be countered
by an increase in the charge temperature which increases the rate again,

so that appreciable transport occurs in a reasonable time. Using our flow
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crystal charge material, crystal growth by the Piper and Polich method

can be performed at temperatures as low as 1050-10000C; for vacuum runs

the minimum is 1250-1200°C. Further data by Somorjai and Jepsen on
evaporation rate vs. temperature (Fig. 8.10) indicate that sucﬁ a tempera-
ture rise of ZOOOC at these temperatures ought to increase the rate of
vapourisa%ion by almost two orders of magnitude; We therefore conclude that
our flow crystal charge contains a non-stoichiometric excess of cadmium,
‘and the effect of this in sealed tube growth is to suppress evaporation.

of the CdS as reported by Somorjai and Jepsen. Moreover the open tube

crystal growing results are in accordance with the observations of Scmorjai

and Jepsen.

8.7 Use of Excess Sulphur

Since thé reduction in evaporation rate in the sealed tube experiments
is dge to the inability of any non-stoichiometric- excess of cadmium in
the charge to escape, deliberate incorporation of the correct amount of
free sulphur in the tube should lead to near-stoichiometric conditions and
enable crystals to Be grown in sealed tubes at temperatures of 1100°C and
below, (The reduction in growth temperature is necessary to improve the
quality of the crystals). Sulphur was incorporated in two ways, as des- -
cribed in section 6.7; either during thes preparation of the flow run

crystals, or during the final growth run.

When sulphur is added directly to the sealed growth tube the effect

of increasing the amount of sulphur present can be seen from Fig. 8.11,

-

which shows the results without sulphur (a); with 50 p.p.m. sulpour (b);

with 500 p.p.m. sulphur (c);end with 1,500 p.p.m. sulpmur (d). The
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latter concentration gives a sulphur pressure of one atmosphere at the
growth femperature; These runs viere performed using a furnace temperature
of 1200°C, so that the poin]t of the tube is at 1150°C. Increasing the
sqlphur concentration increaées the evapofation rate, leading first to
'érowth on the charge, then tfan5port of material to form a boule. Too
high a sulphur pressure inhibits growth. The departure from stoichiometry
in our starting material must be of the orderof i00-500 Ds Do Mo

The use of av'sulphuf—rich' flow crystal charge.(éee section 5..4) leads
also to improved transport. The results can be seen in figure 8.12. . The
products using the normal charge (a and c¢) and the sulphur-rich chargé'
(b and d) are compared for runs performed at two temperatures, 1200° and
1100°C. At the higher temperature, crystals of a useful size were obtained;
 their resistivity was lOLF ohm-cm, This resistivity, although much higher
than previously obtained in sealed tube growth, is lower than the valﬁé
expected for pure stoichiometric CdS, and suggests that growth conditions
are very close to but not quite stoichiometric. This is a matter for

further experimental investigation.
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CHAPTER 9.

SOME PROPERTIES OF CRYSTALS GROWN BY MODIFIED PIPER AND POLICH 1ETHOD

9.1 Introduction

A preliminary survey of some of the optical properties of the large
single crystals grown as described in section 6,5 was made in order to obtain
an initial comparison with the properties of crystals grown by the more
conventional flow methods. Samples up to 1 cc. could usually be taken from
single crystal regions as confirmed by back-reflection X-ray examination,
although Some of the boules grown were found to be polycrystalline. Etching
the as-grown crystal surfaces with chromic acid produced etch pits on basal
planes corresponding to a dislocation density of lO5 cm.-2 near the centre
of the sample, with a higher density at the edges, Difficulty was experienced
in producing pits on ground and polished surfaces, and other acid etches
were tried. Satisfactory etching has still not been achieved, but etch pits
produced, e.g. by hydrochloric acid seem to confirm a dislocation density of

105 cm.‘z.

The electrical properties and the appearance of the single crystal
material have already been discussed in section 8.4, In summary: Crystals
grown slowly at high temperature are of high resistivity, and photoconducting.
They are also dark in appearance. Crystals grown slowly at a lowef temperature
are also high resistivity, and have a good pale yellow colour; however the
cnystal size is small, Increasing the rate of groﬁth increases the tendency

to produce samples of non-uniform or low resistivity, and increases the dark

colouration.

9,2 Transmission and photoconductive spectral response.

The optical transmission of one of the darker specimens was measured ji
in
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the range 0.5 - 2.0 u. A slice cut from,; boule waé mounted in a sample
hold;r between a tungsten lamp and'the inlet slits of a Hilger and Watts
' monokhromator, type D 285. The output from the monochromator was detected
with a photomultiplier for wavelengths up to 0.65 p, and with a thermopile
and ?alyanometer amplifier from 0.6 to 2.0 . Measurements were taken with
the ;émple in and out of the beam to correct for the spectral distribution of
the §amp'output, the dispersion of the system, and the response of the
dét%ctor. The sample holder ensured that the sample was repositioned
acc%rately in the beam, and maintained a constant beam area with the sample
in %r out,

‘é For comparison, the transmission spectrum of a clear plate of CdS grown
ip a conventional flow run was also measured., The spectra are shown in
Fig, 9.1, The transmission of the large dark single crystal (curve 'al)
has:é-iong tail extending to longer wavelengths from the absorption edge.
This crystal has a much lower transmission in the region 5200 X - 5500 3
than the flow crystal. Both crystals show a marked, very-broad absorption
in the region 0.6 - 2,0 p, centred on 0.9 . This band appears similar to
tha# reported by Halperin and Garlick(los) in measurements on dark crystals
grown in sealed tubes in vacuum. Since both detectors have a poor response
in the region 0.6 to 0.65u the possibility that any structure exists in 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 light of known wavelength, and the spectral energy

distribution of the output from the monochromator was measured using the

thermopile. The resulting photoconductive response curve is shown in Fig.9.2.
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The quimum occurs at 5250 R, with shoulders on the short wavelength side at

5100 énd 4700 £. The 1atter two features are not usually observed in crystals

growniby a flow method. |
éllumination of the sample with white light with an intensity 50 foot-

L

candlés gave a photoconductive gain of >10",

9.3 Luminescence

; nyg#als were exémined for visible luminesence at 77°K under u.v.
' (%‘=A§g56 £) stimulation from a high pressure mercury lamp. The luminescence
obser;ed was predominantly orange, but some samples showed green 'edge'
emissibn while others showed little at all. Any correlation which may exist
betweén the observed luminescence and other properties, e.g. electrical
resisfivity, has not yet been pursued. However in Hall samples cut from
boules found to be of non-uniform resistivity, the high resistance regions
usually emitted an orange luminescence, whereas the lower resistivity regions
exhibited a predominantly green emission. The spectral distribution of the
luminéscence at 77°K under u,v, stimulation was measured for two high resistance
samplées which had been grown slowly at 1150°C. The measurements were performed
on an Optica recording spectrometer type CF4 DRN1l., Small signals only could be
obtained which showed that the luminescence comprises a single broad band of
low iﬁtensity, centred on 5200 2. wo phonon structure similar'to that usually
observed in edge emission could be resolved.
: Measurements were also made of the infra<red emission bands from crystals
excited in the visible., The emitted radiation was chopped at 800 c/s, and
measured using a double prism (rock-salt) monochromator, with a PbS detector

and 800 c¢/s tuned amplifier, Flow crystals generally show the characteristic
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"bluef’and '‘green' bands at 0.8 and 1.03 4, together with two further bands

at 1.6 and 1.8 #. The emission can be enhanced by incorporating Cu in the

3

e i -

sampleS-_ - e;i:«:;

bands Were present but thelr maxime were dlsplaced to 0.73 and 0.95 M. (Figs 9.3)

Longer wavelength bands centred on 1,6u and 2.,15u were present at 77 K but

;thelr 1nten51ty was very low compared with the blue and green bands; they

could hot ‘be’ detected at room temperature, The band at 1.8u was only just

detectable at 77 K as a shoulder on the 1,64 band.

;gghermally»Stlmulated Current Measurements

-'7*Since'méasurements of the photoconductive gain and spectral response

had shown a long response time for the photocurrent, a preliminary investigation

of the trapping spectrum of the large crystals was made using the method of
thgrmally stimulated current measurement. Peaks were found which when

analysed indicated traps at depths of 0.41, 0.83, and 0,63 ev.below the

I conductlon band., Traps occurring at these three energy depths have been found

in cnystals grown by many methods. The defects associated with these levels

| hébe,been tentatively identified by Nicholas (see section 2.2), In addition

two peaks occurred at low temperature, just above 77°K, but these could not be
separated and resolved. The traps at 0.83 and 0.63 ev. were interdependent
in that the density of one of the two levels 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 identification of the

(37, 109)

levels can be found in the references.
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CHAPTER 10.

CONCLUSIONS
10.1. The experiments performed during this research programme have shown
that the production of large single crystals of cadmium sulphide in small-scale
apparatus is feasible, using controlled nucleation of the boule. The method
is to be preferred for laboratory use since it offers the prospect of a much
closer control over the properties of the material compared with methods
using multi-crystal growth on to a seed plate in large bore apparatus. In.
these latter methods the scaling up of sizes 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 crystal growth can be prepared from
commercially available high purity powders using a modified flow crystal
growth technique. This allows dnying; outgassing, and an increase in density
of the charge. Purification from impurities both more volatile and less
volatile than CdS is achieved; the principal impurities remaining are zinc,
(which is prevalent in some commercial powders and which is difficult to
remove) and silicon, which is due to contamination from the silica-ware and
increases in concentration at each stage. Other impurities are not present
in greater céncentrations than about 20 p.p.m., but the presence of oxygen or
departures from stoichiometry cannot be determined. Further purification could
be achieved by performing further flow runs, but as yet the properties of the
single crystals produced are dominated by variations in the growth conditions

and departures from stoichiometry. The deficiency of sulphur is the most
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serious disadvantage in our starting material. It has partly been overcome

by preparing the charge in conditions where sulphur is present in excess, but
methods of forming high-purity CdS at room temperature by precipitation from
solution are obviously of interest. However it is of'ten necessary to give &
heat-treatment to material prepared in this 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
resistivity, by growing at 1200°C or higher at a very slow rate, followed by
slow cooling. These crystals have poor optical properties, due to the scattering
of transmitted light by small cadmium precipitates, and this can be a serious
disadvantage in some applications. Clear yellow material can be prepared at
~—1050°C; it is highly photoconductive, with a low dark conductivity, but the
crystals produced are small (3 x 3 x 10 mm).

10,4 Future Work.

For future progress attention should be concentrated on the 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 vepour should be
easiéri:. The furnace arrangement can be simplified since no gas jacket and
associated equipment is needed, and the pulling can be done vertically rather
than horizontally. This would eliminate the effects of the transverse
temperature gradients present in the horizontal system. The charge material
would be a (polycrystalline) boule grown either by the Piper and Polich method
or in a stationary open tube run, so that the density of the material was that

of crystalline CdS. Use of such a charge would also ensure that the material
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would sublime at the normal evaporation rate, Alternatively flow crystals or
outgassed powder could be used provided care was taken to maintain stoichiometry.
In this casé back sublimation at the beginning of the run would be used to
concentrate the charge. The procedure in sush a run would be as follows.
Furnace control and pulling arrangements would be similar to that used in
horizontal runs, but adapted for vertical operation., The growth tube would
be pulled throﬁgh the maximum temperature region of the furnace at a fast
pulling rate, ~ 5mm./hour, or faster., This would permit nucleation at the

tip of the tube as before, but in 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 slowly through the furnace

at the same speed as the rate of growth of the boule (in the order of 1 mm/
hour, but determined experimenta.lly) so that the temperature of the growth
face remained constent as the run proceeds., The use of a crystalline 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 strain. Ty‘picali temperatures for the charge
and the growth surface would be 1100°C and 1050°C, Work is being continued

along these lines.
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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.
be inserted in any crystal holder.
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
3cm 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 0-5 um).. 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° ¢ 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 um thick using conventional high
vacuum (~10 utorr) 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 bell-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

_The sample is similtaneously equipped with flying leads and can
The method is also suitable for the application of

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

C —

 S—— A - -
0 ——— —— =

Elevation (@) and plan view (b) 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
809% 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 4+ 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 109 ohmcm. 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
Industrial Research for financial support.
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