A Thesis Submitted for the Degree of PhD at the University of Warwick

Permanent WRAP URL:
http://wrap.warwick.ac.uk/138376

Copyright and reuse:

This thesis is made available online and is protected by original copyright.

Please scroll down to view the document itself.

Please refer to the repository record for this item for information to help you to cite it.
Our policy information is available from the repository home page.

For more information, please contact the WRAP Team at: wrap@warwick.ac.uk

warwick.ac.uk/lib-publications



MEASUR» ENT OF THE DIFFUSION OF GROUP 111

ELEMENTS INTO CADMIUM SULPHIDE

by

E. D. JONES

Thesis submitted for the degree or Doctor or Philosophy

at the University of Warwick

Department of Applied Sciences,
Lanchester Polytechnic,
Kugby .



The contents of this thesis have been written solely
for submission to the University of Warwick for the
Degree of Doctor of Philosophy and have not been
submitted for similar purposes to any other University.
In addition, the work described is original, has been
carried out by the aathor and in the cases, where the
work of other scientists has been included, references

are given



Measurement of the diffusion of group Ill elements into CdS
by E. D. Jones

ABSTRACT

This thesis is concerned with the measurement of the rate of diffusion
of the group 111 elements In, Ga and Al into Cdo using a radiotracer
sectioning technique, an optical method and an electron microprobe
analyser. The diffusion anneals were carried out over the temperature
range 920 K to 1550 K in silica ampoules in the presence of excess
group 11l metal. The diffusion coefficient was linearly proportional
to the concentration of the groun 11l metal and the interface between
the doped and the undoped part of the CdS was sharply defined. The
surface concentration of the dopant in the CdS was dependent on the
ratio of the number of Cd to trivalent metal atoms in the metal globule.
When Cd metal was added to the ampoule the diffusion changed to being
concentration independent.

In the case of the concentration dependent diffusions the optical
method was sufficiently sensitive to measure the diffusion anisotropy
of the hexagonal Cdo. Diffusion was fastest in directions perpendicular
to the c-axis and the ratio of the diffusion coefficients varied from
unity at the highest temperatures up to Tive at the lowest temperatures.
The results were consistent with the diffusion taking place via the
compound defect (®“¢d Vg”™)" where 1 is the trivalent metal ion. As the
results were normalised to a trivalent ion concentration of lii of the
cation sites, the temnerature variation of the normalised diffusion
coefficient gave the activation energy of motion of the mobile defect,
which were (1.82 + 0.12) eV and (1.55 ¢ 0.12) eV for (In’éd Vdg)' in the

two principal directions. In the normalisation for the concentration,

the surface concentratior”of the In and Ga were determined as a function
of the annealing temperature. This enabled the activation energy of
solution for dissolving the group Ill metal in CdS to he determined,

giving (0.48 + 0.09) eV for In ard (0.75 ¢ 0.06) eV for GOn.
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ABSTRACT

This thesis is concerned with the measurement of the rate of diffusion
of the group 11l elements In, Ga and Al into CdS using a radiotracer
sectioning technique, an optical method and an electron microprobe
analyser. The diffusion anneals were carried out over the temperature
range 920 K to 1550 K in silica ampoules in the presence of excess
group 111 metal. The diffusion coefficient was linearly proportional
to the concentration of the groun Il1l1 metal and the interface between
the doped and the undoped part of the CdS was sharply defined. The
surface concentration of the dopant in the CdS was dependant on the
ratio of the number of Cd to trivalent metal atoms in the metal globule.
When Cd metal was added to the ampoule the diffusion changed to being
concentration independent.

In the case of the concentration dependent diffusions the optical
method was sufficiently sensitive to measure the diffusion anisotropy
of the hexagonal CdS. Diffusion was fastest in directions perpendicular
to the c-axis and the ratio of the diffusion coefficients varied from
unity at the highest temperatures up to five at the lowest temperatures.
The results were consistent with the diffusion taking place via the
compound defect (Mg, Vg™)" where 1 is the t.rivalent metal ion. As the
results were normalised to a trivalent ion concentration of ve of the
cation sites, the tennerature variation of the normalised diffusion
coefficient gave the activation energy of motion of the mobile defect,
which wore (1.82 + 0.12) eV and (1.95 + 0.12) eV for (n,*,. V*™™)" in the

two principal directions. In the normalisation for the concentration,

the surface concentration of the In and Ga were determined as a function
of the annealing temperature. This enabled the activation energy of
solution for dissolving the group IlIl metal in CdS to he determined,

giving (0.48 + 0.09) eV for In ar.d (0.79 + 0.06) eV for Ga.
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1. Introduction

The growth of semiconductor technology in the early 1950s high-
lighted the limitations of Ge and Si of which perhaps the character
and magnitude of the forbidden energy gap were the most dis-
advantageous. The extension in the range of energy gaps was sought
in the I11-V and 11-Vl compounds and the latter possessed certain
limited advantages over the other type of compounds in that CdS and
CdSe are highly photoconducting and ZnS is strongly luminescent.

The properties of the 11-Vl compounds have been reviewed by Aven
and Prener (1), Ray (2), Thomas (j), Stevenson (U) and Moss et al (5).

In the broadest sense,l1-Vl compounds comprise compounds formed
from the elements of group Il and group VI of the periodic table,
but in the semiconductor industry they include the chalcogenides
of Cd, Hg and Zn. Hie majority of these semiconducting compounds
take on one of two crystalline structures which are zinc blende
and wurtzite, both of which are characterised by tetrahedral lattice
sites. The most commonly used of these compounds have band gaps
in the range 1.5 to 3.7 eV.

Some other important generalisations can be made on I11-VI
compounds. The larger band gap materials are expected to exhibit
atomic disorder and there is a tendency for one carrier type to
predominate. All of the I11-Vl compounds, except CdTe, are one
carrier type in their pure state irrespective of stoichiometry and
this carrier type is not readily changed by diffusion doping; only
high resistivity crystals of the opposite carrier may be obtained.
Hiis behaviour has been explained by the tendency of crystals with
larger band gaps to self-compensate electrically active impurities
(6) and has limited the use of such materials for many device

applications.



The application of 11-Vl compounds to photoconductirity,
luminescence and acoustoelectric devices is reviewed extensively in
the literature (2, 1). The manufacture of such devices from 11-VI
compounds usually involves the doping of these compounds with
impurities which are diffused into the pure semiconductor material
at high temperatures using precisely controlled conditions. The
general pattern of impurity behaviour is that elements from groups
Il and VIl and anion vacancies act as donors whereas elements of
groups 1 and V and cation vacancies act as acceptors. The majority
of diffusion coefficients for the diffusion of impurities in I11-VI
compounds have been calculated approximately from impurity doping
experiments rather than from carrying out the diffusion experiments
under controlled conditions.

The interpretation of diffusion studies for the diffusion of
impurities in the 11-VI compounds is somewhat limited because there
is not sufficient information on the thermodynamics in the relevant
ternary systems. One such example, which has been studied
extensively, is the QaAs - Zn system (?); it shows how much work
is necessary to interpret fully diffusion studies in the ternary
compounds. In fact,there is very little published information on
the diffusion of group 11l elements in 11-Vl compounds and this
thesis will make a significant addition to the measurement of
diffusion rates in these compounds. The basic theory on the
stoichiometry, phase equilibria and the defect chemistry of semi-
conductor binary compounds is adequately described in the literature
(8-11) and will not be reproduced in this thesis.

The project described in this thesis is a continuation of the
measurement of the self-diffusion of Cd into CdS which commenced

in 1968 and was carried out in collaboration with the former



Associated Electrical Industries Research Laboratories, Rugby. This
collaboration was later continued in conjunction with The General
Electric Company Limited, The Hirst Research Centre, Wembley, when
the development work on CdS was transferred from Rugby to Wembley.
The collaboration was later extended to include the study of the
diffusion of In into CdS. These metals were used to make electrical
contacts to CdS devices.

Unfortunately .development work on CdS was terminated in 1972
but as sufficiently interesting results were obtained it was felt
worthwhile continuing with the project and in fact the project was
extended to include the study of the diffusion of other group 111
elements in CdS. This thesis reports on the measurements of the

diffusion of Al, Ga and In into CdS using a radiotracer sectioning

(abbreviated to RTS in this thesis) technique and an optical/raicroprobe
(abbreviated to OK) technique which is a combination of the uses of
an optical microscope and an electron microprobe analyser.

In fact, the experimental conditions described in this thesis
for the diffusion of In into CdS were requested by the Industrial
collaborator as these conditions were similar to the ones that were
being used in the fabrication of the semiconductor devices. These
conditions may not have necessarily been the ones that one would
have chosen if the project was devoted solely to determining the
defect structure involved in the diffusion of In into CdS. The
diffusion of In was the major part of the project and for the
purposes of consistency it was decided to use similar conditions with
the Ga and Al diffusions which were studied to a lesser extent.

The results obtained for the self-diffusion of Cd in CdS are
described in the author®s M.Sc. thesis (12) and for completeness
the results are reviewed briefly in appendix Al. Further work has

been carried out on the properties of the radioactive Cd metal
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since the author®s M.Sc. thesis was published. This later work is
also given in detail in appendix Al.

A review of the literature on diffusion studies into 11-VI
compounds and in particular into CdS is given in chapter 2. The
concentration profiles of certain diffusion processes do not obey
the mathematical solutions to Fick"s second law where the diffusion
coefficient D is assumed to be constant. In these cases more complex
solutions, which are reviewed by such authors as Crank (13) and
Carslaw and Jaeger (1*0, have to be used. One such set of solutions
described by Crank and by Weisberg and Blanc (15),where the diffusion
coefficient is proportional to the spatial concentration of the
diffusing impurity (that isDo>Cn where n = 1, 2 or 3)» is discussed
in chapter 2.

A review of all the available methods, which can be used for
measuring diffusion rates, is given by Boltaks (16) and Yeh (17).

The experimental procedures used by the author in this project are
described in chapter 3« The experimental results obtained in the
diffusion of In into CdS, which was studied in great detail, are
presented in chapters = to 8 inclusive. The results obtained using
the RTS technique and the CM technique are described in chapters 5
and 6 respectively and the changes that took place in the physical
properties of the CdS during the diffusion anneals are discussed in
chapter 4. The diffusion mechanism and a tentative identification
of the mobile defect are considered in chapter 7*

In the diffusion anneals described in this thesis the CdS and
the In metal were sealed in evacuated silica ampoules. The relative
amounts of In and CdS placed in the ampoules remained reasonably constant

(£30%) for  the diffusion measurements, which were obtained using



the HTS technique and the CM technique, but the proportions were
different for the two techniques. As each diffusion proceeded the
metal globule, which started off as pure In, soon became a dilute
Cd/1In alloy due to the loss of Cd from the surface of the CdS slice.
The different proportions of materials placed in the ampoules in the
two sets of measurements, were expressed in terms of the ratio of
the concentration of Cd and In atoms in the metal globule at the

end of the diffusion anneal and was designated the final Cd/In ratio.
Different near-surface In concentrations were obtained in the CdS
slices in the two sets of measurements. A third set of measurements
was also carried out in which Cd metal was sealed in the ampoule
along with the In metal and the RTS technique was used to measure
the diffusions. The effect of the variation in the final Cd/In
ratio on the diffusion coefficient in the three sets of measurements
is discussed in chapter 8.

The results on the diffusion of Ga and Al into CdS are presented
and discussed in chapters 9 and 10 respectively. The results are
presented in this order because the work on In has been investigated
fully and conclusive results have been obtained. The Ga diffusions
were complicated by the formation of an outer chemical reaction layer
and also by a departure from the D a C relationship at high Ga concen-
trations in the diffusions which were carried out at low temperatures;
consequently the Ga diffusions were not studied as comprehensively
as the In diffusions. The Al proved to be so chemically reactive that
only a limited amount of information was obtained. The results
obtained on the diffusion of the three elements are compared and
discussed in the conclusions in chapter 11.

In the tabulations presented in this thesis a procedure, which

is in common practios in computer usage, has been adopted for



presenting the large and small numbers that are obtained in diffusion
studies. That is, when a power of ten is used (for example

3.70 x 10 ).the ten has been omitted and all the figures have been
presented at the same level (for example 3-70, -16). This makes
typing of the tables much easier. This practice has not been adopted

in the main text of the thesis.
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2. Diffusion in I11-Vl compounds

Diffusion in 11-VI compounds is often anomalous, that is
concentration dependent and native defect dependent, and interactions
between impurity atoms and the native defects take place readily in
these compounds. As the elements of I1-Vl compounds often have high
vapour pressures, the majority of diffusion anneals are carried out
in a closed system. As a result, the concentration of defects is
strongly dependent on the partial vapour pressure of the component
elements and this in turn is dependent on the temperature of the
diffusion and on the physical conditions used. This is because
the partial vapour pressure of the major constituents will determine
the concentration of native defects at that temperature. In addition,
the presence of several per cent of dissolved impurities of a
different valency in the diffusion crystal can also affect the defect
concentration. The diffusion rates in these compounds are con-
sequently not only governed by the temperature of the diffusion but
also by the partial vapour pressure of the components and the foreign
atom concentration.

The dependence of the diffusion coefficient on various inter-
dependent parameters is responsible for the poor reproducability
of the data and, giving significance to the systematic classification,
involves not only careful control of experimental conditions but
also a scrupulous characterisation of the sample material. Ascoli (1)
reports that comparing previous data on 11-Vl compounds with his,
which refers to the three years prior to the publication of his
paper, an intensification of research had become evident probably
because improved techniques for the precise characterisation of
materials have begun to reduce the scatter of results. Sets of

independent results are piling up on the self-diffusion and



diffusion of noble metal6 in 11-VI compounds and more complex defects
are being used to explain the diffusion process in these materials.

Diffusion in 11-VI compounds has been reviewed by Ascoli (1),
Stevenson (2) and Sharma (3). This thesis is concerned with the
diffusion of group Ill elements into CdS and the review of diffusion
measurements given in this chapter will be confined mainly to the
self-diffusion in high purity and In-doped CdS and to the diffusion
of group 111 elements into CdS. In addition, the results of similar
measurements, which have been carried out in other 11-Vl compounds,
are included if the results obtained are relevant to this thesis.
For the self-diffusion measurements a systematic pattern of diffusion
has been established but this is certainly not the case for impurity
diffusion.

The majority of the 11-V1 compounds crystallize either with
the cubic zinc blende structure (sphalerite) or with the hexagonal
wurtzite structure. It is possible for CdS to exist in both forms
but crystals possessing the hexagonal structure were used in this
investigation. Cubic CdS samples heated above 673 K change
from the cubic form to the hexagonal form (A) so that the hexagonal
type is the only form that is stable above this temperature. The
diffusion coefficient can be regarded as a second rank tensor (5«6)
and for a hexagonal lattice two independent diagonal elements are
required: one for diffusion perpendicular to the basal plane and

one for diffusion (isotropic) in the basal plane.
2.1 Phase diagrams and stoichiometry of I1-Vl compounds

In contrast to their constituent elements the 11-VI compounds

have high melting points and relatively low vapour pressures.



Shiozawa and Jost (7) have compiled phase diagrams of the Zn and Cd
chalcogenides from data that was already available in the literature.
For some of the systems only the congruent melting points of the
compounds have been reported and estimates of the complete diagrams
have been made based on relationships with the Known diagrams of
the other 11-Vl systems. The phase diagram for the Cd - S system
is shown in figure 2.1a.

Shiozawa and Jost have also compiled relationships expressing
the temperature dependence of the equilibrium constant -which
relates the partial pressures of the metal and the diatomic species
of the nonmental in the gas in equilibrium with the solid. The

equilbrium constant for CdS is given by

log = -1~p 9 + 10.302 2.1

where:

2

KCdg is expressed in (atm ) ;

T is the absolute temperature.

At each temperature 11-VI crystals have a definite maximum
range of deviation from the stoichiometric composition. This
composition range, the solid stability field, arises from the presence
of native defects which are electrically active. Therefore, in order
to explain and control the electronic properties of these crystals
adequately, an understanding of the relationships that control these
deviations is required. For a two component system the temperature
and the equilibrium pressure of one of the elemental components is
sufficient to define the equilibrium state of the system and, there-
fore, the composition of the crystal. Precipitation techniques (8)

have proved to be the most reliable and direct method of investigating
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the problem of deviations from the stoichiometric compositions. This
method was first applied successfully to ZnTe and it wa6 then extended
to CdS. These studies have established that vacancies are the only
significant native defects in pure 11-Vl crystals under the conditions
used in their growth and consequently, in CdS,the dominant defects are
the Cd and S vacancies, although the S vacancies usually predominate .
The fact that CdS has always been found to be n-type or insulating
suggests that the solid stability field lies on the Cd-rich side of
the stoichiometric composition. Shiozawa and Jost stated that the
n-type conductivity was originally thought to be due to a shallow
foreign donor, but they later proposed that it was due to the residual
unprecipitated S vacancies which remained in solution during the
controlled cooling of the CdS crystals. They also observed that

precipitation occurs in crystals which were treated under high S



on the cation lattice for all values of x and y. It is also possible
that intermediate compounds will form at fixed values of x and y.
Compounds Cd1l ~“n~Se (9) and GaAs™ xPx (10) are examples of the
former type and CdGa2S4 which was formed in the Ga diffusions
described in chapter 9, and CdIn” are examples of the latter
(11-13). CdIn”S”™ possesses a spinel structure. A typical example
of a spinel is MgAI” which is an intermediate compound on the

MgO - AINO”N phase diagram (1%), and it has marked non-stoichiometric
deviations on the trivalent metal side of the true stoichiometric
composition.

It is only possible to construct hypothetical ternary phase
diagrams from the known binary phase diagrams and known thermodynamic
data. An attempt has been made at constructing an isothermal section
of the CdS-In ternary system at a temperature of approximately 1200 K
and the solid single phase regions only are shown in figure 2.2a.

The binary compounds CdS and In™S” and the ternary compound CdInnSA
are shown on the diagram. The pseudo-binary diagram of the CdS-1n2Sj
system shown in figure 2.2b is a vertical section along the stoichio-
metric plane through the Cd-In-S system shown in Ffigure 2.2a.

The deviation from stoichiometry of pure CdS ,due to changes in
or S2 partial pressures Jis less than 10-~ but it is important
to point out at this stage that the corresponding In or Ga solubility
can take any value up to 161 The exact value depends on the
temperature and conditions of the diffusion anneal. An expanded
isothermal section through the solid CdS stability field is shown
in figure 2.2c. This means that the deviation from the S to metal
one to one atomic ratio, in the experimental conditions described
in this thesis, is completely dominated by the trivalent atom con-

centrations. As this thesis is concerned only with diffusions into
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CdS in vapours containing excess metal,it is feasible to omit that
part of the phase diagram involving excess S and to draw rectangular
isothermal sections similar to the one shown in figure 2.2d.

It is customary in the literature of binary compounds to represent
departures from true stoichiometry by quoting the partial pressures
of the vapours in contact with the crystal. If comparisons are to
be made with previously published work then it is essential that
these pressures are known. In this project the diffusion anneals were
carried out in closed ampoules and it proved convenient to use atomic
ratios as shown in figure 2.2d (see chapter 8).

It will be seen later in sections 2.U and 2.5 that extensive
Cd and S self-diffusion studies have been carried out into pure and
In-doped CdS under varying Cd and S pressure conditions. Such
conditions are represented respectively by line AE and a line parallel
to AE, of which BD is one example, as is shown in figure 2.2c. The
diffusions described in this thesis are under excess metal vapours
and the composition of the CdS crystal surface will be along the side
ABC in figure 2.2c, the point depending on the Cd/In ratio in the
metal globule. It is possible for the conditions used in the self
diffusion studies carried out by Kroger et al (15. 16) to coincide
with the work described in this thesis when represented on a phase
diagram. Point B in figure 2.2c is a typical example.

It can be seen from the tabulation of ionic radii, given in
table 2.1, that the S”~ ionic radius is much larger than the
corresponding values of Cd™+ and all the group Ill metal ions.
Consequently the S~ ions will be fairly immobile relative to the
ions on the cation sub-lattice, but this does not rule out the
possibility of ions switching to a more mobile charge state for
diffusion. In fact S diffusion in CdS can occur by a neutral

interstitial (table 2.2).



not drawn

to scale.

FIG 2-2c SCHEMATIC ISOTHERMAL SECTION THROUGH THE SOLID
CdS STABILITY FIELD ON AN EXPANDED SCALE.

not drawn to scale

for scale see text

In/Cd ratio Cd/Inratio

S/metal ratio

cds Cdln2s* In ™

FIG 22d SCHEMATIC ISOTHERMAL SECTION THROUGH THE Cd-In-In~-CdS

PHASE DIAGRAM USING RECTANGULAR CO-ORDINATES.

FIGS 2-2¢c 2-2d



CdS in vapours containing excess metal ,it is feasible to omit that
part of the phase diagram involving excess S and to draw rectangular
isothermal sections similar to the one shown in Ffigure 2.2d.

It is customary in the literature of binary compounds to represent
departures from true stoichiometry by quoting the partial pressures
of the vapours in contact with the crystal. |1f comparisons are to
be made with previously published work then it is essential that
these pressures are known. 1In this project the diffusion anneals were
carried out in closed ampoules and it proved convenient to use atomic
ratios as shown in figure 2.2d (see chapter 8).

It will be seen later in sections 2.~ and 2.5 that extensive
Cd and S self-diffusion studies have been carried out into pure and
In-doped CdS under varying Cd and S pressure conditions. Such
conditions are represented respectively by line AE and a line parallel
to AE, of which BD is one example, as is shown in figure 2.2c. The
diffusions described in this thesis are under excess metal vapours
and the composition of the CdS crystal surface will be along the side
ABC in figure 2.2c, the point depending on the Cd/In ratio in the
metal globule. It is possible for the conditions used in the self
diffusion studies carried out by Kroger et al (15. 16) to coincide
with the work described in this thesis when represented on a phase
diagram. Point B in figure 2.2c is a typical example.

It can be seen from the tabulation of ionic radii, given in
table 2.1, that the 82> ionic radius is much larger than the
corresponding values of Cd2* and all the group IIl metal ions.
Consequently the Sz' ions will be fairly immobile relative to the
ions on the cation sub-lattice, but this does not rule out the
possibility of S2 1ions switching to a more mobile charge state for
diffusion. In fact S diffusion in CdS can occur by a neutral

interstitial (table 2.2).






2.2 Defects iIn crystals

In a crystalline solid diffusion takes place with the aid of
defects which are inherent in the thermodynamics of the crystal (17-19)
and also with the aid of non-equilibrium defects. In additioncharge
neutrality must be maintained at all times. 1In an elemental crystal
such defects are interstitials and vacancies
whereas in an ionic crystal the defects, which aid
diffusion on either sub-lattice(are Schottky and Frenkel pairs. A
semiconductor crystal will also contain electrons and holes.

In reality, a perfect crystal does not exist as it will contain
additional defects such as crystal surfaces, isotopes of various
masses, impurities, dislocations and stacking faults.

When an impurity diffuses into a crystal the impurity atoms are
incorporated in the host crystal either interstitially or sub-
stitutionally. Hie impurity atoms can also be incorporated in a
neutral state or they can become charged ,either by donating or
acquiring one or more electrons. In an ionic compound charge
neutrality can be maintained by an exchange of the impurity atomswith
the host atoms in the appropriate ratio - for example two Na+ ions
leaving the NaCl crystal for every Cd”™+ ion which is incorporated
onto the cation lattice. In a semiconductor the impurity atoms can
be incorporated onto the crystal lattice and charge neutrality is
maintained by the production of atomic defects of opposite polarity
or possibly by the production of electrons or holes.

There is an analogy between the solution of a defect in a
crystal and a conventional dilute solution of one material in another.
When the defect in question is a foreign atom, the distinction

disappears altogether; the combination of defect and crystal is a
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solid solution in the conventional sense. The formation of any defect
in a crystal must involve a change in enthalpy and entropy of the
crystal and a free energy of formation can therefore be assigned

to the defect. Hie defects are then subject to the laws of chemical
thermodynamics. A chemical potential function can be assigned, for
example, to vacancies and@ithin certain limits, the law of mass
action can be used when quasichemical reactions take place between
defects. This provides a useful technique for analysing defect inter-
actions in solids.

Because of the presence of electrons and holes and the fact that
many atomic defects carry a charge, interactions between charged
defects are especially important. They can be divided into two
main types. |In the first, complexing takes place between defects of
opposite sign by the simple mechanism of coulombic attraction. The
second type, which is more important in semiconductors, is the way in
which the density of electrons and holes is influenced by the con-
centration of donors and acceptors.

In the diffusion of divalent impurites in alkali halides, Cd2+
in NaCl for example, Lidiard (20) assumed that the Cd diffused as a
neutral complex (Cd” V~) on the cation sub-lattice. This type of
diffusion has also been described in detail for an ionic crystal by
several other workers including Wagner (21), who found that the
diffusion coefficient was linearly proportional to the concentration
of the diffusing impurity, and also by Beniere et al (22). Lidiard"s
theory had not been applied or tested for compounds with more covalent
bonding and predominant electronic conduction until Perkins and Rapp
(23) investigated the diffusion Cr in NiO. They obtained a reasonable
fit of Lidiard"s theory to the experimental concentration dependent

Cr diffusion which indicated that, at 1273 K and above, Cr diffuses



in NiO by a mechanism involving Cr-cation vacancy two member complexes
of the form (Cr” vj”n). Charge neutrality was maintained on the cation
lattice by three Ni”~+ ions leaving the crystal for every two Cr”+ ions
that entered the crystal. This resulted in the formation of the cation
vacancy vj*™» for every two Cr~+ ions that entered the crystal.

Sharma (3) reports that rapid changes have been observed in the
electrical and optical properties in 11-Vl compounds with alternate
firings in chalcogen and metal vapours. It is evident that crystalline
point defects both intrinsic and extrinsic, play a dominant role and
attempts have been made by several people to establish what defects
are involved. Stevenson (2) has reviewed the defect structure
involved in the self-diffusion studies in these compounds generally
and additional contributions have been made to the self-diffusion
studies in CdS by Sysoev et al (2*0, Hershman and Kroger (25),
Hershman, Zlomanov and Kroger (16) but the most detailed contribution
is by Kumar and Kroger (15). These will be reviewed in later sections.
There is little information available on the diffusion of impurities,

particularly those from group 111, in these compounds.
2.3 Diffusion

Diffusion into crystalline materials can be studied from two
separate aspects. The first is to treat the solid as a continuous
medium and then the diffusion equations due to Fick can be set up.
If the boundary conditions of the problem are known then the
diffusion equation can be solved, the second is based on the atomic
structure of a solid and diffusion occurs by atoms jumping from one
site to another.

The basic diffusion equation which is given by Pick’s second



law is

= - V3 =+V (DVC 2.2
ot (ClY)

where:
J is the diffusion current which has dimensions (atoms)
(area)”l (time)-1 ;
D is the diffusion coefficient which has dimensions
(area) (time) 5
C is the concentration of the diffusion species which

has dimensions (atoms) (volume) B

For diffusion in one dimension this becomes

The majority of the mathematical solutions of the equation assume
that D is constant at any given temperature. Solutions to the above
equation both for a constant D and a variable D are given by Crank (26)
and by Carslaw and Jaeger (27). Two of the most common solutions
with a constant D are reviewed in the author®s M.Sc. thesis (28)j these
are the thin film solution (limited source) and the semi-infinite
source solution.

If D is not constant then the type of dependency that the
coefficient does possess must be established, but solutions of the
diffusion equation with a variable D are usually complex. One such
example is where D varies as the first, second or third power of the
concentration of a diffusing impurity (that is D a Cn where n = 1,

2 or J). Weisberg and Blanc (29) have published results for these
three cases for a constant surface impurity concentration and a semi-

infinite medium. The solutions are plotted in figure 2.3 along with
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the solution for an invariant D. Such solutions have been used by
Cunnell and Gooch (30) and by Tuck and Kadhim (31) in their analysis
of the diffusion of Zn into GaAs where diffusion is assumed to take
place by a substitutional - interstitial mechanism.

In the case where D is linearly proportional to the concentration
and an infinite source of diffusant is maintained surrounding the

crystal, the D value at the surface of the crystal Dgq is given by

(26)

D 2.4

where:
X is the depth of the diffusion front;

t is the duration of the diffusion anneal.

The value of D at the same temperature for any other concentration

C is then given by
D 2.5

where:

Co is the near-surface concentration in the crystal at x = O.

The effect of temperature on Dq can be expressed by the
Arrhenius equation

D 2.6
o)

where:

k is Boltzmanns constant which has dimensions (energy)
(temperature) 1 ;

Et is the activation energy for the diffusion mechanism which
will be expressed in electron volts in this thesis;

T is the absolute temperature;

is the pre-exponential diffusion factor which has



dimensions (Iength)2 (time)_l .

As the diffusion anneals described in this thesis were carried
out at a constant temperature and with a virtually constant vapour
pressure in the ampoule, it would be more appropriate to use the term
activation enthalpy in preference to activation energy. As it is
more conventional in the literature to use the latter term this
procedure will be adopted in this thesis.

Three main types of diffusion can be recognised experimentally:
self, isoconcentration and chemical. The first two refer to the
diffusion of host and impurity atoms respectively in chemically
homogeneous crystals. Experimentally such diffusions can only be
followed using an isotope, stable or radioactive, differing from
that in the crystal matrix. In isoconcentration diffusion the
crystal is uniformly doped with the impurity under study and the
diffusion of a different isotope of the impurity is then followed.
There is no gradient of chemical potential in self and isoconcentration
diffusion, only an isotopic gradient. Chemical diffusion (or inter-
diffusion as it is sometimes called) occurs in a chemical potential

gradient and it is given by the relationship ®)

where:
D is the chemical diffusion coefficient;
D* is the isoconcentration diffusion coefficient;
Y is the activity coefficient of the diffusing impurity <
N is the mole fraction of atoms in solution.
For the experiments described in this thesis the quantity#

i— is significant but its magnitude is not known.



2.4 Self-diffusion into high purity CdS

The self-diffusion of Cd into CdS was first investigated
extensively by Woodbury (32) where the diffusion profiles were
obtained using a RTS technique. The work carried out by the author
of this thesis on the self-diffusion of Cd into CdS, which was
submitted to the University of Warwick for an M.Sc. degree, is
reviewed in appendix Al.

Shaw and Whelan (33) studied both the dependence of Ifd in CdS
on component partial pressure at 1123 K and the electrical conductivity
as a function of Cd-partial pressure PCd ,in the temperature range
933 - 1223 K ~sing the same samples. Diffusion was studied parallel
to the c-axis and the diffusion profiles invariably indicated two
distinct regions corresponding to a fast and slow diffusion process
which the authors interpreted as dislocation and bulk diffusions
respectively. Only the slow component was considered by Shaw and
Whelan in the treatment of their data and a significant increase
in the with PCd was observed - roughly a factor of 250 over the
entire phase field. Three distinct regions were apparent:
S-saturation and Cd-saturation with ng(r and an intermediate
region with D:d independent of PCd (table 2.2).

The measurement of the electrical conductivity as a function of
PCd gave a series of carrier density isotherms in which the pressure
dependence of £ could be expressed as £e"Jor P~. The parameter 6
took on values ranging from 0.38 at the highest temperature to 0.05
at the lowest temperature. The data at the highest temperature are
consistent with a Cdj* or V" defect but the decrease in 6 with falling
temperature indicated the influence of an impurity defect. At a
diffusion temperature of 1123 K (flhaw and Whelan assumed a model

involving singly and doubly ionised Cd interstitials and vacancies



2.U Self-diffusion into high purity CdS

The self-diffusion of Cd into CdS was first investigated
extensively by Woodbury (32) where the diffusion profiles were
obtained using a RTS technique. The work carried out by the author
of this thesis on the self-diffusion of Cd into CdS, which was
submitted to the University of Warwick for an M.Sc. degree, is
reviewed in appendix Al.

Shaw and Whelan (383) studied both the dependence of N in CdS
on component partial pressure at 1123 K and the electrical conductivity
as a function of Cd-partial pressure Pgd ,in the temperature range
933 - 1223 K @sing the same samples. Diffusion was studied parallel
to the c-axis and the diffusion profiles invariably indicated two
distinct regions corresponding to a fast and slow diffusion process
which the authors interpreted as dislocation and bulk diffusions
respectively. Only the slow component was considered by Shaw and
Whelan in the treatment of their data and a significant increase
in the ) with was observed - roughly a factor of 250 over the
entire phase field. Three distinct regions were apparent:
S-saturation and Cd-saturation with Déd a and an intermediate
region with independent of P~ (table 2.2).

The measurement of the electrical conductivity as a function of
?Cd ®ave a a«ries of carrier density isotherms in which the pressure
dependence of [e*] could be expressed as fe 1 a PC(J. The parameter 6
took on values ranging from 0.38 at the highest temperature to 0.05
at the lowest temperature. Hie data at the highest temperature are
consistent with a Cdj* or V” defect but the decrease in 6 with falling
temperature indicated the influence of an impurity defect. At a
diffusion temperature of 1123 K~haw and Whelan assumed a model

involving singly and doubly ionised Cd interstitials and vacancies
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and a shallow and fully ionised donor, D", and proposed a corresponding
defect equilibrium diagram. To explain the observed diffusion behaviour
they proposed that the diffusion in the S-rich and in the centre portion
of the phase field proceeds via the Vga defect whereas the diffusion in
the Cd-rich region proceeds via Cd? . The authors discuss at length
the relatively high value of the mobility of Cd® compared with
Cd!* and propose an intersticialcy mechanism to explain this difference.
Boyn et al (34) also measured the conductivity of GdS crystals
as a function of and expressed their results as ct a PCd where
the value of 6 was found to decrease from 0.48 at 668 K to 0.31
at 873 K. This behaviour was in sharp contrast to the reported
value of Shaw and Whelan. A more recent study of the carrier concen-
tration in CdS as a function of component pressure has been reported
by Hershman and Kroger (25) and the trend in 6 was generally similar
to that reported by Shaw and Whelan. The behaviour of 6 observed by
Boyn et al could be explained by a high residual acceptor concentration.
Kumar and Kroger (15) have made a more recent investigation of
the Cd and S-tracer diffusion in undoped and In-doped CdS crystals as
a function of temperature, partial pressure of Cd or S™ and In
concentration.
The Tfirst experiments that were carried out were performed
to identify the native double donor defect observed in pure CdS under
Cd pressures from approximately 0.01 atm to saturation pressure in
the temperature range 973 to 1273 K; that is to distinguish between CdV
and Vg* as the major doubly ionised native donor. Up to this time
Cd** was considered to be the double donor without paying much
attention to Vj" as the possible major defect. This was in the range

where it had been verified experimentally that [el}«» Pq” (25).
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Results of the Cd-tracer diffusion in pure crystals foi; the 1073 K
and 1173 K isotherms showed that - G‘P%d . The absolute values of

reported by Shaw and Whelan, which show that D*d a P”~, are in
agreement with the results of Kumar and Kroger. Kumar and Kroger
state that over the range of pressures for which their measurements
extended the results of Shaw and Whelan will in fact fit a line with
a slope 2/3 almost as well as the one with a slope of unity which
they prefer.

With D~d or PAd , the defect responsible for Cd-tracer diffusion
cannot be the majority defect controlling charge neutrality since
[e"j aP~d , It must be Vg’ which is the doubly ionised donor
species. S-tracer diffusion was studied and the 1173 K isotherms
of and (e*j as a function of PCd possessed slopes of 1/3. This
is consistent with the neutrality condition |e* = 2 [y“*j, Vj* being
the major doubly ionised native donor. The dependence DCd * PCd
automatically follows from this if Cd-tracer diffusion takes place by
singly ionised Cd interstitials Cd! .

By comparing the magnitudes of Déé and Dé], which differ by a
factor of 1o\ and realising that (cdt] < fvg"j it is clear that
Cd* 1is by far the fastest moving point defect under these conditions
and should be the one involved in bringing about changes in stoichio-
metry in response to a change in pressure or temperature.

When passing from high Pgd to low PCd it was found that a change
in the diffusion mechanism in pure CdS occurs for both Cd- and S-

> i
tracer diffusion. Results taken at 1173 K show that o P~Ad and

a
strongly suggest the neutral S interstitial as the dominant defect

*
responsible for the S-exchange. There was no observable change in Ds
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when the CdS crystals were doped with 1025 In m_3 and thus S”i\k must
be the species with the largest concentration - mobility product
responsible for S-tracer exchange. Observed values of Déh showed
considerable scatter obviating a determination of the exact pressure
dependence. The observed values were significantly higher than the
values extrapolated from the corresponding values obtained at high
values of P(Sj indicating a different mechanism or a different
electrical neutrality condition. The influence of In-doping on Dg;
isotherms was independent of PCd and Kumar and Kroger proposed

v"" as the dominant mobile defect.

Kumar and Kroger (35) also measured the coefficient of chemical
diffusion in CdS at high Cd activities as a function of temperature.
Their results showed a good agreement with the single result obtained
by Shaw and Whelan but not with the results of Boyn et al. The results
were analysed assuming that the defect Vg* is the dominant defect for
controlling non-stoichiometry in CdS under these conditions of
temperature and P~ . As G is the most rapidly diffusing species
the assumption was made that the diffusing Cd" adjusted the Vg*
concentration by the reaction Cdt~iCd™ + Vg" + e.

Shaw (36) showed that the conclusion reached by Kumar and
Kroger, where they proposed that the dominant native donor in CdS
at high Cd-pressures was Vg*, contains an assumption which is
inconsistent with this conclusion. The results of their experiments
do not rule out the possibility that Cd** rather than Vg* is the
major native donor.

2.5 Self-diffusion studies in In-doped CdS

Kumar and Kroger (15) carried out Cd-tracer diffusion experiments

on In-doped crystals. Figure 2. shows isotherms for as a
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function of P,, . for three different In concentrations at 1173 K.

The results indicate the presence of three ranges in which

behaves differently. At low P™, is independent of Pgd; at

medium Pcd, DCd decreases ar PCd ; and at high Pcd, DCd increases a PCd«
They proposed that different species are dominant in Cd* diffusion at
high Pcd» on the one hand, and at medium and low P~d on the other.

It has already been established that the high Pgd species in pure
and low concentration In-doped CdS is Cd". This is further supported
by the observed dependence a P~"d to be expected for Cd™ when the
neutrality condition is governed by = |V j and the decrease
in the absolute value a [in]. They proposed that the low PCd defect
must be a charged species VCd, VAd or (InCd Vcd> * considering
the variation with [in totald of transition pressure from PCd "
independent DEd to where D;d a PR% , they were able to rule out
V~d as the major species and this left a mixed regime with V~d and
(In™d V2") jointly governing the neutrality condition.

Hershman et al (16) carried out high temperature Hall measurements
using In-doped CdS to check the defect structure proposed by Kumar
and Kroger. Comparison with results reported by Kumar and Kroger is
particularly meaningful since the experiments were carried out on
samples cut from the same single crystal boule. Values of the electron
concentrations as a function of Pgd ,at constant sample temperatures
of 1073 and 1173 K,were obtained for several samples containing
different In concentrations. The isotherm obtained for a given sample
could be approximated by two straight line segments with different
slopes. At high Cd activity, the electron concentration was
independent of both temperature and PCd and was determined only by

the In concentration in the sample. This region corresponded to a



condition of impurity controlled conductivity with [VJ =L*nCdl .
Under sulfurizing conditions it was found that [e"3" PCd where 6
varied from approximately 0.5 for the heaviest doped samples of
6.5 x 1025 In @ ™ to approximately 0.2 for a dopant concentration of
1.55 x 1025 m"3.

It was possible to explain the value of 6 = 0.5 for the strongly
doped samples by a compensation mechanism of the form of either
[InCd] - 2 [VCdj or fnCd] =K NCd5- The reason for the smaller
slopes found in the weakly doped samples is to be found in the closeness
of the range boundary.

Differentiation between the possible compensation models at high
Ps was made by studying the variation between the In concentration and

the Cd pressure (Rﬁ marking the intersection of the two asymptotic

tr
solutions for jVj for low and high Cd activity. It was discovered
that the 1173 K data was in reasonable agreement with j~n~J= 2
but the 1073 K data showed a concentration dependence somewhat between
that expected on the basis of the two compensation mechanisms. This
indicated that pairing is important at least at the higher concentration”™.
Hershman et al were able to analyse the data on the basis of the
assumption that pairing was negligible for the samples doped with

1.6 x 10 In « ~ and, taking pairing into account to explain the

results of the more highly doped samples, they were able to produce a

set of defect isotherms for [in tnﬁﬂ;L: 6.5 x 102~ m ~ at 1073 K.

The results are shown in figure 2.5» They came to the conclusion that
the theory which they developed agreed with their experimental
observations.

2.6 Diffusion of group Il1l metals into CdS

It is well known that CdS can be a good n-type conductor but it

caunot be made p-type. The doping of CdS by trivalent elements (37, 38)



and by the halogens (39, *0) has been reported in the literature.

In fact the amount of published information on the diffusion of group
111 elements in I1-VI compounds is sparse compared with the diffusion
of elements from groups Il, VI and 1 and, in the main, diffusion
coefficients have been estimated from doping experiments. As this
thesis is concerned mainly with the diffusion of group 111 elements
in CdS, the published information that does exist on this topic will
be reviewed extensively.

The earliest reports of quantitative diffusion measurements being
carried out in the preparation of In-doped CdS were made by Woodbury.
The first (#0) is where CdS crystals were fired for three to seven
days at 1173 K in liquid S with a small amount of added In. This gave
a diffusion coefficient of about 5 * 10 m*"s . The second (41)
is where very degenerate In-doped CdS specimens have been prepared by
firing in excess In and S for several days at 1073 K. The samples
were very dark red but did not show any precipitates. Spectroscopic
analysis on one of the samples indicated an In content of 1 x 1026 m_3
(+ 50%) which is believed to represent the In solubility in CdS under
the conditions noted. Hall measurements indicated a carrier concen-
tration of 6 Xx 1023 m_3. One of the samples was then fired in
saturated Cd vapour at 1073 K for a few hours and a carrier concen-
tration of 6 x 1025m_3 was then measured which is in excellent
agreement with the In content. Howevertthe Cd-fired sample showed
black precipitates indicating that the In concentration now exceeded
the solubility limit and was precipitated during the Cd vapour anneal.
By introducing a smaller amount of In in the Ffirst firing the In
content can be controlled to any desired level. For lower In

concentrations there appears to be no problem of In precipitation

under the uncompensating Cd firing and a 1:1 correspondence can be
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obtained between the In content, as determined spectroscopically, and
the room temperature carrier concentration down to the residual donor
impurity level of about 1023 m_3. The In content?in crystals prepared
as described above,can be simply estimated since essentially all the
In added to the firing tube goes into the CdS crystals up to the
solubility limit. There is no segregation due to the excess S.
0"Tuama and Richter (h2) used an electron microprobe analyser
to measure the In concentration profile of CdS platelets which had
been obtained from various sources and had been exposed to a
diffusion anneal in In vapour. One typical result, which was obtained
using CdS obtained from Clevite Corporation, Cleveland, Ohio, was that
after a diffusion time of 60 min at 793 K the surface concentrations,

by mass per cent, were 66.1" Cd, 2 2 . S and 11.9# In and the In

concentration profile close to the surface was equivalent to a

diffusion coefficient of 1.8 x 10"18 mzs:i. This value of the In
surface concentration does, in view of the measurements reported in
this thesis, appear to be exceptionally high. O0"Tuama and Richter
came to the conclusion in their studies that the displacement of Cd
by In was the dominant diffusion mechanism.

Chern and Kroger (**3) showed that the diffusion coefficient
of In-Cd vacancy pairs in CdS and CdTe, is smaller than that of
free vacancies. In addition, their analysis showed that the chemical
diffusion coefficient initially increases with increasing In
concentration; it then passes through a maximum before starting to
decrease at high In concentrations where almost half the In is present
as (InCd vCd)*® p«1” =*

Chern and Kroger carried out measurements on the diffusion of

In into CdS at 1083 K and 1173 K in an atmosphere of saturated S/

vapour. The profiles obtained are shown in figure 2.6a. It was not



FIG2-6g PENETRATION PROFILES OF In DIFFUSING
INTO CdS (from chern and krogeri<3)

FIG 2-6b VARIATION OF Di*WITH IN CdS
(FROM CHERN AND KROCER(A3])



possible to represent the concentration profiles by a complementary
error function and consequently a Boltzmann-Matano analysis was

carried out (figure 2.6 b). For the 1083 K profile the maximum

value of DTn did not occur at a value which was predicted from theory
and a decrease in D™n at higher concentrations was not observed.

Chern and Kroger were unable to give a reason for the abnormal profile.
The 1173 K data did agree with their model if the measurements were
assumed to fall in the range where had not yet reached a maximum
value. The results indicated that approached Dp( at medium In
concentrations (1.38 x 10-~ atomic fraction) where 50% of the In

was present as pairs. Chern and Krttger concluded their investigations
by stating that the values of Dpifound at high and lew In concentrations
offered support for the model used and the value of K, the equilibrium
constant for the pairing of and In™ to form (V~ In™N)*" ~
calculated by Hershman et al (16).

2.7 Diffusion of group Ill metals into other 11-VI compounds

Studies of the diffusion of. the group 111 metals In, Al and Ga
into other 11-Vl compounds have been reported by several people. A
brief summary of some of the relevant observations will be given in
this section.

Kato and Takayanagi (MO, in their studies on the diffusion of
In into CdTe, report that the diffusion results in the formation of
a p-n junction which can be observed by chemical etching. The In
was diffused from a vapour source. They conclude that In atoms
replace Cd atoms and that the In atoms diffuse substitutionally
through the Cd sublattice. Maslova et al (M>) were also able to
observe the p-n junction, which formed in their experiments on the

diffusion of In into CdTe, using an optical microscope.



Several workers have reported on the diffusion of group 111 elements
into the Zn chalcogenides. Aven and Kreiger (*6) have investigated
the diffusion of Al into ZnSe, ZnTe and ZnSe”™ <-TBg ™ using a Zn-Al
alloy as a source. The depth of the Al penetration was measured
using electrical and luminescence techniques. They concluded that
the p-n junction, which was formed in the diffusion, coincided with
the Al luminescence boundary.

Yokozawa et al (47) have reported on the diffusion and the solid
solubility of In into p-type cubic ZnTe single crystals. The diffusions
were carried out in evacuated quartz ampoules which contained radio-
active In and inactive Zn and the concentration profiles due to the
volume diffusion gave standard %rfc. distributions. An Arrhen?hs
plot of D™n is shown in figure 2.7a. The constant surface concen-
tration was considered to be the solid solubility of In in ZnTe and
it is shown as a function of temperature in figure 2.7b. The
corresponding results on the diffusion of In into CdTe (48) are
included along with those for the metal self-diffusion into ZnTe (49)
and CdTe (560). The diffusion of In into ZnTe was considered to be
substitutional in which In atoms diffuse by a vacancy mechanism on
the Zn sublattice.

It can be seen from figure 2.7a that Djn for the diffusion of
In into CdTe and ZnTe is between 5 and 50 times greater than D* for
the corresponding metal self-diffusion. The activation energy for
the In diffusion in ZnTe is greater than it is in the CdTe and this
difference can be explained by the fact that ZnTe possesses a smaller
lattice constant.

The vapour pressure of Zn during the diffusion was changed to

examine the effect of the vacancy concentration on the Zn sublattice
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on D}n' The following results were obtained:

T t Zn vapour Diffusion
emperature pressure coefficient
K Torr "in/-2-"1
1233 60 6 x 1013
150 5.7 x 10-13
700 5.3 x 10“13

It can be seen that Dj~ was scarcely changed by the vapour pressure
of Zn.

BJerkeland and Holwech (51) used luminescence techniques to
measure the diffusion of the group Ill metals In, Ga and Al into
ZnSe. The diffusion was carried out by heating the specimens in
evacuated quartz vessels while submerged in an alloy of the doping
element and Zn or Se saturated with ZnSe. They observed that Al can
diffuse into ZnSe under high Zn pressure while Ga and In will only
diffuse under high Se pressure. The impurity profiles were concen-
tration dependent but they did not follow a relationship of the form
D » Cn, where n is an integer.

The authors stated that the rate of diffusion is a function of
stoichiometric composition and the impurity concentration. They
believed that the main incorporation mechanism was substitution on a
position of Mdﬁ (where M can be In, Ga or Al) along with an association
of MAwith a Znvacancy(MZn VEn~“ In this description the defect

is immobile as it cannot Jump unless it has a vacancy on one of
the nearest Zn positions while (MZn vZn”~is the mobile form. Under
high Zn pressure the concentration of (MZn vZn>is low and a low

effective diffusion coefficient is expected Just as was observed for



Ga and In. The comparatively large diffusion coefficient which was
observed for Al must then be due to either a very large binding energy
for the complex (AlZn vZr)),even under high Zn pressure, or to the
presence of a small number of highly mobile defects such as inter-
stitials. For high doping levels similar to the ones covered in these
experiments one would expect the number of acceptors and donors to

be nearly equal and clusters with basic structure (MZn VZ dwill

n Min
probably be formed. They stated that these clusters would be paths
of easy diffusion and could give rise to very fast diffusion at the
highest concentrations. It is difficult to see how this happens as
the cluster itself is immobile compared to MZn Vzn~® ans®
difficult to see how the clusters can act as a short circuit path
at low concentrations of the trivalent metal.

Koshiga and Sugano (52) measured the diffusion of Al into ZnS
by measuring the Al concentration profile using a Schottky barrier
capacitance method. Zn and Al were vacuum sealed in a silica
ampoule along with the ZnS. Zn was added to suppress the formation
of acceptor Zn vacancies and to prevent the direct reaction of ZnS
with Al to form a ternary alloy. The authors indicated that the
Al and the ZnS did form a ternary alloy during some of the diffusions.
The standard grfclrelationship was Ffitted to the concentration profiles.|I
Concentration values smaller than those given by the erfc*relationship
were obtained near the surface and the reasons given for this were the

introduction of defects during the diffusion and the formation of new

phases. The activation energy for the diffusion is 3.6 eV.



2.8 Anisotropy in I1-Vl compounds

It is possible that diffusion anisotropy can be observed in I11-VI
compounds that possess the hexagonal structure, where diffusion
coefficients are measured both parallel and perpendicular to the c-
axis. It is also possible that the anisotropy will be greater for
impurities that diffuse via an associated secondary defect than
if the individual primary defects acted independently. The magnitude
of the anisotropy will depend on such factors as the c/a ratio of
the crystal, the diameter of the individual ions of the crystal and
of the impurity, on the type of defect formed and on the physical
conditions of the diffusion. |If diffusion does take place via the
am.d ) defect it cm depend greatly on the orientation of the
defect in the lattice particularly if it has preferred orientation.

There is no published information available on the anisotropy
for self-diffusion studies in the I1-VI compounds. Sullivan (53),
who studied the diffusion of Cu in CdS, noticed a marked anisotropy
was found which favoured diffusion in a direction perpendicular to
the c-axis by one or two orders of magnitude. Sullivan (5*0 also
measured the diffusion of Cu, Ag and Au in CdS and found that there

was no significant anisotropy for the diffusion of Ag.
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3. Experimental techniques

There are very many methods available for measuring diffusion
rates into solids. It is possible to measure diffusion profiles directly
using chemical, spectrographic, optical, X-ray and radiochemical methods,
or it is possible to use am indirect method such as microhardness or
electrical conductivity. Available methods have been reviewed by
several people (1-*).

It is possible that a particular method for measuring diffusion
profiles may have one or more advantages over all other possible ones
in a particular application. For example: electrical conductivity
measurements cam be used for measuring the diffusion of electrically
active impurities in a semiconductor and luminescence methods can be
used for measuring the diffusion of the optically active impurities.

It is possible that not all the impurity atoms are electrically or
optically active in such a semiconductor and so if the total impurity
concentration is required, other suitable methods will have to be used.
If the impurity exists in a convenient radioactive form, then it is
possible to use a RTS method to measure the concentration profile of
the total number of impurity diffusing atoms. |If no convenient
radioisotope exists, then it may be possible to use an electron
microprobe analyser.

Optical techniques can be used to measure diffusion profiles
and the actual technique used will depend on the optical properties
of the material under investigation. For example: with transparent
materials, it is possible to obtain the concentration profiles in an
interdiffusion problem using quantitative measurements of refractive
index or of absorption coefficients. For opaque materials, variations
in the reflective properties can be used.

In the investigations described in this thesis, three experimental

techniques were used for the measurements. They were a RTS technique,an



optical method and an electron microprobe analyser and all three
methods are described briefly in this chapter. The actual uses to
which the techniques were put are given and compared in section 3.5.
The diffusion profiles that were obtained for some of the In
diffusions (those described in section 5*1 for example) indicated the
presence of slow and fast diffusion processes similar to the ones
observed by Shaw and Whelan (5, section 2.k). The former was the
bulk diffusion and was the one on which all the measurements were
made. The latter, which contributed less than 10 ~ of the total
impurity concentration at the surface of the slice at x = 0 Was
probably due to diffusion along dislocations. A convention is
adopted in this thesis, although not strictly correct, in which the
part of the CdS crystal that contains the bulk diffusion is referred

to as the doped part, and the remainder as the pure or undoped part.

3.1 The diffusion anneal

The method used in preparing the samples for the diffusion anneal
and the diffusion anneal procedure are described in detail in the
author®s M.Sc. thesis (6), and only a brief outline of the procedures
will be given in this section. These procedures were similar,

irrespective of which technique was used for measuring the diffusion

rates, and they will be described in the three following subsections.

3.1.1 Ampoule preparation

For the RTS technique, slices of CdS were cut from a boule of
single crystal material of known orientation (figure 3*1) which had
been checked using both polarised light and a Laue back reflection
X-ray technique. The slices, which were approximately 1 mm thick and

8 mm diameter, were cut in such a way that the surface of the slice
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was perpendicular to the [jJXX)1J direction.

In the RTS technique, the surface of the CdS slice, which was
to be sectioned after the completion of the diffusion anneal, was
ground smooth and flat on successively finer grades of emery paper.
The final grade of emery paper, which was used, was SIA 7X0. For
the optical technique, it was possible to use CdS slices of a smaller
surface area and both surfaces of the slice were ground smooth. In
this case it was not necessary to obtain such a flat surface as was
required for the RTS technique.

The CdS slice was then sealed under vacuum in a silica ampoule
along with the metal, either radioactive or inactive, depending on
which technique was to be used. The final pressure in the ampoule
was lower than 10_6 torr and the internal dimensions of the ampoule

were approximately 8 mm diameter and 60 mm long.
3.1.2 Furnace techniques

In a diffusion anneal, the ampoule was placed at the centre of
the furnace, where the temperature was most uniform, with the CdS
slice located at one end of the ampoule and the metal globule at the
other. The furnace was set to the required temperature approximately
12 h earlier in order to allow the furnace to reach the equilibrium
temperature before inserting the ampoule. The physical arrangement
used, 1is shown in figure 3.2.

At the start of a diffusion anneal ,the end of the ampoule
that contained the CdS entered the furnace last and, when the anneal
had been completed, the ampoule was taken out in the same direction
so that the majority of the metal vapour condensed at the end which

contained the metal globule. The duration of the anneal and the
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temperature were accurately measured.

In the RTS technique, the diffusion anneals were carried out singly
and this practice was also used in the optical method for anneals that
were less than 24 h in duration. For diffusions that lasted for more
than 24 h in either the RTS or the OM technique, it was sometimes more
convenient to place two or more ampoules into the furnace at the
same time and to remove each ampoule after the required anneal time.
This procedure proved successful for the optical technique, where
between six and eight anneals were carried out ateach temperature.

The durations of the anneals were arranged so that the experimental
points were as equally spaced as possible on versus t pJ°ts. For
example, for the measurement of the diffusion of In into CdS using
the optical method, in run 127 (table 6.1), seven ampoules were
placed in the furnace at the same time in a specially constructed
carrier and the ampoules were removed from the furnace sequentially
at monthly intervals. This series of diffusion anneals was carried
out at a temperature of 920 K, the lowest temperature of the series.
It’s maximum penetration obtained by the diffusion front was 0.2 mm.

After the CdS slice was removed from the ampoule, any change in
the physical appearance, or in the weight of the CdS slice or the
metal globule, which had occurred during the diffusion anneal, was
noted. The preparations, which were carried out for the measurement
of the diffusion depth in the case of the optical method, and for the
measurement of the concentration profile in the case of the RTS
technique and the electron microprobe, are described in the respective
sections where the techniques themselves are discussed.

3.1.5 Measurement of the temperature of the anneal

The temperature of each anneal was measured, using a Pt - 87#

Pt 139° Hh thermocouple, by placing it in the hot zone of the furnace



3.5

before the start of the diffusion anneal and again after the ampoule
had been removed from the furnace. In a run where two or more ampoules
were placed in the furnace simultaneously in a special holder and the
ampoules were removed sequentially after the required diffusion time
had elapsed, the temperature was measured before the carrier was
placed in the furnace and again when it was removed from the furnace.
The mean of the starting and finishing temperatures was taken to be
the temperature of the anneal. As the thermocouple did not possess

a cold Junction, which would have been made up of an ice and water
mixture, the ambient temperature of the laboratory was noted each
time the temperature of the furnace was measured.

As it was not possible to place the thermocouple junction at the
required position when a diffusion anneal was in progress, any
variation in the furnace temperature during the anneal was noted using
the scale on the furnace temperature controller.

There were four major sources of error in the measurement of the
temperature of the diffusion anneal. The first was in the actual
measurement of the temperature of the thermocouple using a Cambridge
potentiometer, type Mf228, which was + 0.5 K. Hie second was due to
the variation in temperature which occurred during the diffusion
anneal, and the error due to this was less than ¢ 2 K, which was the
limit of accuracy to which the controller meter could be read. The
manufacturer®s specification quoted that the controller would keep
the temperature of the furnace to within closer limits than this
and no such variations in temperature were detected on the temperature
controller meter in a long diffusion anneal. The third source of
error was due to the variation in the position to which the CdS slice

was placed in the furnace, and this contributed an uncertainty in the



temperature of + 1 K. The fourth was the variation in the ambient
temperature of the laboratory, which was * 2 K.

The overall error in the temperature of the anneal was approximately

+ 3 K.
3,2 The RTS technique

After the completion of the diffusion anneal, the CdS slice was
mounted in a lapping Jig by attaching the slice to a removable stainless
steel platelet using Araldite, as shown in figure 3«3. The edges of
the slice were then removed using a diamond saw, leaving the centre
portion of the slice, which had been doped only by the diffusion of
atoms in from the flat surfaces of the slice.

Parallel sections were removed from the exposed surface of the
slice by lapping the surface on discs of SIA 7x0 emery paper using
the lapping jig. A dry lapping method was used and during the lapping
all the material that was removed from the slice got embedded in
the emery paper. The thickness of each section removed was obtained
by weighing the slice and plate assembly before@nd again after each
lapping process using an Oertling microbalance, type 1¥?. The area
of the surface of the slice was measured by photographing the surface
of the slice using a known magnification and measuring the area of
the image by placing a grid, which was calibrated in millimetres, over
the photographic plate and counting squares.

The activity of the CdS section, which was embedded in the emery
disc, was measured either on a gamma scintillation counter or on an
anticoincidence low background Geiger counter, depending on the count
rate. When the count rate on the scintillation counter, which was used
at the start of a profile measurement, dropped below 100 counts per
second, counting was transferred to the low background Geiger counter.

Hie relative properties of these counters are discussed extensively
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in the literature (7). One of the emery discs was used as a standard
in the measurement of a diffusion profile and consequently it was not
necessary to correct for the radioactive decay of the Cd or the In.
Each count was corrected for natural background and was normalised by
dividing by the mass of the section removed. It was possible

to remove between eight and ten sections in a normal working day.

Hie procedure of removing a section, weighing the slice assembly
and measuring the activity of that section was continued until the
specific count rate either decreased to an undetectable level or,
as was more usually the case, decreased by two or three decades and
levelled out to a constant count rate. For each diffusion profile,
sets of pairs of values of the corrected count rate and the depth from
the original surface to the centre of the section were obtained.

The diffusion coefficients were measured over as great a range of
temperatures as possible and the limiting temperatures at both ends of
the range were decided on after considering several conflicting factors.
At the low temperature end, a compromise had to be reached between
obtaining sufficient diffusion penetration in order to get sufficient
experimental points on the profile, and the amount of time which could
be allowed for the diffusion anneal. At the high temperature end of
the range a compromise had to be obtained between not using too short
an anneal time, which would lead to errors in timing, and in the
number of sections which had to be removed.

The mass of CdS embedded in a typical emery disc varied between
0.080 mg, Tfor diffusion anneals carried out at low temperatures
(that is below 973 K), up to 0.230 mg for diffusions carried out at
high temperatures (that is above 1273 K). |If a section of mass greater
than 0.230 mg was removed from the CdS slice, then two or more emery
discs were used because, if a single disc was used, not all the swarf

would be firmly embedded in the emery disc.
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Several teste were developed to measure the depth of the scratches
in the surface of the CdS slice, which were caused by the lapping
process, and also to check how parallel the lapped surface remained
to the original surface of the slice throughout the profile measure-
ment. The scratch depths were measured mechanically using a Taylor
Hobson Talysurf (8) and optically using an interference microscope.
These tests showed that the depth of the scratches produced an error
of less than + 3 in the specific activity of a typical section. The
parallelism of the sections removed was checked by taking radiographs
of the surface of the slice at various stages during the measurement
of the diffusion profile. The results obtained gave a maximum scatter
in the angle between the normal to the lapped surface of the slice and

the axis of the lapping Jig of + 0.02 degrees.

3.3 The optical technique

This method, which involved the use of non-radioactive materials,
was used for measuring the rate of diffusion of group 111 metals into
CdS in anneals where excess group 111 metal was placed in the ampoule.
Such diffusions possessed a sharply defined observable diffusion frontt
as shown in figure 3»¥ > whose depth X could be measured by looking
at a cleaved section with a microscope. It was not possible to obtain
any information on the impurity concentration using this technique.
The sharpness of the front was demonstrated by passing a narrow
parallel beam of white light through the front as is shown in figure
3.5. At a critical angle of incidence the green part of the spectrum
is totally internally reflected by the front and the red part or the
spectrum is refracted. This is discussed further in the introduction
to chapter 6.

As CdS possesses a hexagonal crystal structure and D)( and are

probably different, it was possible to measure both Xk and X~ using
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this method. If a CdS slice is cleaved in the correct manner, it is
possible to expose a corner of a cleaved surface of the slice where
both X ~ and could be measured.

The standard procedure, which was adopted, was to remove several
small sections from the main CdS slice, by cleavage, using a clean
sharp knife. The cleavage direction was chosen so that the newly
exposed surfaces of the pieces removed should be perpendicular to all
adjacent outside surfaces of the main slice. This would ensure that
such a cleaved surface would be parallel to the two principal diffusion
directions and then the diffusion depths could be obtained directly.
This is illustrated in figure 3*6.

Every effort was made to ensure that the average values of X,]|
and Xj_were representative of the whole slice. As many measurements
as possible were obtained up to a maximum of fifteen in each of the
two directions. Not more than four measurements, for diffusions in
each direction, were taken from any single cleaved surface. In addition,
the pieces of crystal, which were used for the measurement, were taken
from as widely differing parts of the slice as possible and up to a
maximum of six such pieces were used.

In practice these aims were not always achieved because, in certain
instances, the slice would not cleave in the required orientation.

CdS possesses three natural cleavage planes, which are parallel to

the c-axis and are mutually inclined at 60° to each other, and a
natural cleavage plane in a direction perpendicular to the c-axis. If
the orientation of the CdS slice was such that one of the natural
cleavage planes coincided with the direction in which the slice itself
was to be cleaved, then the operation worked out as required. |In

other cases the natural cleavage planes were not always orientated
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in the required direction and under these conditions the cleaving
operation became more of a "hit or miss™ type of operation.

In general, it proved more difficult to obtain the desired fifteen
measurements of Xj_than it did of Xu . This is because taking measure-
ments of X~ involved taking measurements at the edge of the CdS slice
(figure 3.6), where splintering was more likely to occur in the
cleaving operation. This left an unidentified outside edge to the
cleaved surface which was being used for such measurements.

Hie measurements were obtained using a Reichart projection
microscope, type MeF2, and it was possible to use it in one of two
possible ways:-

(@) Using polarised light to look at the light reflected from

a cleaved surface. Polarised light improves the contrast
between the doped and undoped region of the cleaved
surface of a CdS slice.

(b) Cleaving a thin section approximately 0.1 mm thick from
the slice and looking at the light which is transmitted
through the cleaved section. The doped region absorbs
more of the light than the undoped region.

Method (a) was used as it proved more convenient. The thin
cleaved sections required for method (b) proved difficult to obtain as
the outer doped region usually got damaged in the cleaving operation.

Similar optical conditions were used throughout the whole series
of measurements. An objective giving x 16 magnification and an
eyepiece giving x 8 magnification were used. The diffusion depths
were measured using a graduated scale in the eyepiece, which had
100 divisions, where 1 division was equivalent to a distance of 0.917
X 10_p mm. The depth of the doped region could be measured to an

accuracy of ¢ 0.2 divisions.
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Greater accuracy could have been obtained by using a higher
magnification for the smaller depths, but it was decided to sacrifice
the greater accuracy and use the same combination of eye-piece and
objective throughout. It reduced the possibility of errors occurring —j
due to any uncertainty which would have aris%? in the magnification
if several combinations had been used. The range of depths measured
extended from a minimum of five divisions for the measurement of X~

and up to a maximum of bO divisions for the measurement of X .
3.IF The electron microprobe analyser

Hie electron microprobe analyser (9, 10) can be used to obtain the
same information as can be obtained using the RTS technique, which is
the shape of the concentration profile of the diffusing atoms and the
depth of the doped region. In this project, the measurements were
carried out using the apparatus at the Centre for Materials Science
at the University of Birmingham.

In this instrument the CdS slice, whose cleaved surface is to be
analysed, 1is mounted in an evacuated chamber and the electron beam from
an electron microscope is focussed onto a small circular area, smaller
than 1 ura diameter, on the surface. The beam of electrons generates
characteristic X-ray spectra of the chemical elements contained in the
volume being analysed. The depth of the material under the surface,
which can be analysed, can be controlled by the energy of the electron
beam and the depth of penetration is of the order of 1 to 2 |in for
an electron beam of 50 kV. Hie characteristic X-rays, which are
generated, can be analysed using either a crystal diffractometer or
a semi-conductor spectrometer. In this case a crystal diffractometer
was used.

This type of analysis can be carried out with the electron beam



stationary or with the electron beam scanning over a small area. In
this application one slow scan was made across the width of the cleaved
surface of the CdS, as shown in figure 3.1. in order to measure the
concentration profile of the impurity atoms diffusing into the slice
from both flat surfaces.

A CdS slice, which had undergone diffusion, was cut in two by
cleaving in a direction perpendicular to the flat surfaces. One part
of the slice was mounted in cold setting metallurgical mounting plastic
with the cleaved surface of the CdS slice exposed. As it was necessary
for the plastic mount to be conducting when it was used on the electron
microprobe, Zn dust was mixed in with the plastic before the liquid
hardener was added. An equal volume of Zn dust and powder was used.
After the plastic mounting material had set, the CdS specimen was then
polished using successively finer grades of emery paper and diamond
paste. The final polish used was 6 micron diamond paste.

A small piece of the dopant metal was embedded in the polished
surface of the plastic mount and this was used as a reference standard.
It was used to take a standard count before the start of a profile
measurement and again after the completion of the profile. Appropriate
correction factors (11) had to be applied to the measured signal from
both the doped CdS slice and the metal standard to correct for
variations in the penetration of the electron beam, the scattering
coefficient of the targets and the self-absorption of the characteristic
X-rays.

In this particular application the crystal diffractometer possessed
a sufficiently high resolution to measure the intensity of the
characteristic X-rays of the three metals which were used as dopants

in the CdS



3.5 Comparison of the experimental techniques used for measuring
diffusion coefficients

The three experimental techniques, which are described in this
chapter for measuring diffusion coefficients, are compared in this
section and the uses, to which each of the techniques was put in
this project, are also described.

The RTS technique can be used to study the self-diffusion and
the inter-diffusion of any element as long as a convenient radio-
isotope of that element is available. The radioisotope must possess
a long half-life and it must be possible to isolate, detect and measure
the radiation that it emits. The technique can be used to measure the
shape of the concentration profile of the total number of diffusing
species, from which it is possible to obtain a mathematical model for
the diffusion. This will also give information on the type of mechanism
by which diffusion is taking place. It is possible to determine if
diffusion is taking place by more than one mechanism and in fact such
an observation has been made by several workers. For example: Zmija
and Demianiuk (12) in their studies on the diffusion of noble metals
into CdS and Shaw and Whelan (5) in their studies on the self-diffusion
of Cd into CdS observed that there were two diffusing components. For
the concentration dependent diffusion it is possible to determine both
C0 and X using this technique,

Hie electron microprobe, like the RTS technique”~can also be used
to measure the total number of diffusing impurity atoms, but it does
not possess such a range of sensitivities as the RTS technique .

At low concentrations the signal obtained using the electron micro-

probe is swamped by the general background that is obtained from the
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host material. For the diffusion measurements described in this thesis
impurity concentrations as low as approximately 0.1% can be measured
using the microprobe , whereas concentrations which are a factor of 100
lower than this can be measured using the RTS technique.

The optical method used in this project was very limited in its
application. It can be used for measuring the depth of the doped
region provided the diffusion front is sharp and can be viewed optically
using a microscope. In fact such a situation is produced for the
diffusion of a group 111 metal, such as In, into CdS where the diffusion
anneal takes place in an ampoule containing excess group IIl1 metal
and DoC. It was not possible to measure Cq or the shape of the
concentration profile of the diffusing atoms using the optical method
described in section 3«3*

Another comparison which is worthwhile making between the three
experimental methods i6 the time it takes to carry out the measurements
after the diffusion anneal has been completed. In the RTS technique,
it takes between three and five days to prepare the CdS slice and to
measure the diffusion profile. In the case of the electron microprobe
the whole operation can be carried out in one day, whereas in the
optical method the whole operation is very quick, it can be carried out
in approximately one hour.

In general the three techniques described in this chapter can be
used independently to measure the diffusion coefficient for the
concentration dependent diffusion. It is seen in the introduction to
chapter 5 of this thesis that,in order to evaluate the results fully,
it was necessary to measure and, as it is not possible to do this
with each of the techniques described earlier in this chapter, combina-

tions of techniques were used to get a full analysis.



For the diffusion of In into CdS in an excess In metal, where the
diffusion is concentration dependent, two methods were used and one
method acted as a check on the other. In the first method, the RTS
technique was used for measuring both the diffusion profile and Cq
in the CdS slices. In the second (OM technique) X and hence D“were
obtained using the optical technique and the electron microprobe was
used to measure CO. In addition different proportions of CdS and In
were sealed in the ampoules in the two techniques and the actual masses
used are given in table 3.1.

For the measurements on the diffusion of In into CdS where excess
In and Cd metals were placed in the ampoule, the RTS technique was
used to measure the diffusion rate. Only one or two spot measurements

were taken of C0 and these were obtained using the electron microprobe,

In the case of the Ga diffusions a full analysis was obtained
using the OM technique as there was no convenient radioisotope of
Ga. In the case of the Al diffusions there was only sufficient time

to measure the diffusion rate using the optical method.

3.6. Sources of the material

In this section a brief description of the consumable materials
(table 3.2) used in the project is given. In any project similar to
the one described in this thesis, it is essential that high purity
materials are used and that clean working conditions are used for
preparing the ampoules for the diffusion anneal. The silica tubing
was washed in dilute HNO” and ethyl methyl ketone and then it was
baked out under vacuum to expel 0~ and HMO from the inside walls of
the tube. Hie metal and the CdS slice were washed in dilute HNOM,

ethyl methyl ketone and distilled water and were dried in a stream
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TABLE 3.2: DETAILS OF INACTIVE MATERIALS USED IN THE DIFFUSION ANNEALS

MATERIAL MANUFACTURER DETAILS

cds (a) The General Electric Co. Ltd., Single crystal and poly-
The Hirst Research Centre, crystalline material of un-
Wembley, known orientation. No
Middlesex. impurities of concentration

greater than 1 ppm.

(b) Eagle-Picher Industries Ultra high purity single
Incorporated, crystal material.
Miami Research Laboratories, Resistivity 0.01 to 0.1 fl m.
Oklahoma, M obility greater than
U.S.A.
0.0250 n2 .-1a"1
United Kingdom D istributors: Major impurity was Si,
New M etals & Chemicals Ltd ., concentration < 5 ppm.

Chancery House,
Chancery Lane,
London WC 2.

(c) The Post O ffice Research Polycrystalline m aterial,
Laboratories unknown orientation.
D ollis H ill,
London
In Johnson Matthey Chemicals Ltd., Grade 1.
7**« Hatton Garden, Maximum im purity 5 parts
London EC I, per million.
Ga Koch-Light Laboratories Ltd ., Purity 99.9999»

Colnbrook,  _
Buckinghamshire=

Al Koch-Light Laboratories L td., Purity 99.9999»
Colnbrook,
Buckingham shire.

Thermal Syndicate Ltd., Transparent vitreous silica
P.O. Box 6, (Vitreosil)
W allsend, Contained over 99«9& SiOA.
Tyne and W ear Major im purities
Al 30 parts per million
Ca » " " "

Li, Na @




3.16

of warm air.

RTS techniques involve the handling of unsealed radioactive sources
of relatively high specific activity and consequently the Code of
Practice, set out by the International Commission for Radiological
Protection (13)» was followed. All the necessary precautions, that
were used in the handling of the radioactive Cd for the measurement
of the self-diffusion of Cd into CdS, are described in the author"s
M.Sc. thesis (6). As the specific activity of the radioactive In
was similar to that of the Cd, similar precautions were taken for the

handling of the radioactive In.

3.6.1. Cadmium Sulphide

In the investigations on the self-diffusion of Cd into CdS, CdS
from three different sources was used. These are given in table 3*2.
The material from The General Electric Company Limited was used for
determining the activation energy and only spot measurements at a
single temperature were carried out using CdS from the other two
sources. For the measurements on the diffusion of group 111 metals
into CdS, CdS from Eagle-Picher Industries Incorporated only was used.
For this latter project cylindrical boules, approximately 10 mm in
diameter and 10 g in weight, of ultra high purity single crystal
material were purchased from the United Kingdom distributor. The
boules were supplied with the c-crystallographic axis parallel to the
axis of the cylinder. The orientation of the boules was checked using
X-rays and polarised light (section 4.3). The CdS was produced by the
vapour phase technique and a typical spectrographic analysis showed
that the major impurity in the material was Si whose concentration was
less than 5 parts per million. CdS slices, whose flat surfaces were

perpendicular to the c-axis, were cut from the cylindrical boules with



a circular diamond saw for use in the majority of the diffusion
measurements, but CdS slices of other standard orientations were

used occasionally.
3.6.2 Radioactive Cd and In metal

The radioactive Cd and In metaliwere purchased in foil form
from the Isotope Production Unit at the Atomic Energy Research
Establishment, Harwell. High purity metal foil was sealed in a silica
ampoule, then packed in a standard Al isotope can and placed in either
the Dido or Pluto reactors. Suitable values of the neutron flux and
the exposure times were arranged to give the required specific activity.
Five consignments of radioactive In were purchased at different
times, each one containing 0.5 g of high purity In foil, which had been
irradiated to give an activity of approximately 3 mCi due to the
radioisotope E’E\ji_ln (T = 50 d). At the end of the neutron exposure ,
each consignment of In was stored for two to three days at Harwell
to allow the short lived activity, due to ~ In (Tj = 5.0 m), to
decay away before it was despatched to Rugby by rail. The half-life
of the radioactive In was measured over a long period of time and, in
addition, gamma spectra of some of the samples were obtained. The

results of these measurements are discussed in appendix A2.
3.6.3. Inactive In. Qa and Al
These metals were used for measuring the diffusion of group I11

elements into CdS using the CM technique. High purity materials were

used and the full details are given in table 3.2.
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3.6.%. Silica tubing

The ampoules were made from pure transparent vitreous silica
tubing (Vitreosil) which contained over 99.9% SiO®. Tubing possessing
a range of diameters was used, the smallest possessed an internal
diameter of * mm and the largest an internal diameter of 10 mm. The
full details are given in table 3*2. SiO” does react with certain
materials at high temperatures. Two of these materials are Al and
AINON where the reactions become significant at temperatures of 1073 K

and 1273 K respectively. This point is discussed further in section 3.7«
3.7. Energy of formation of the oxides

When diffusion anneals are carried out in an evacuated silica
ampoule, it is necessary that the elemental components used do not
react with the CdS, the 02 gas left in the ampoule or the SiO., of
the ampoule itself. The energy of formation of the oxides of all the
metals of group 11l have been calculated (14) and are tabulated in
table 3.3. Crystalline forms of the oxides at 1000 K have been assumed
in the calculations for two reasons: firstly, for ease of calculation
and secondly, as this is a typical temperature at which the diffusion
anneals were carried out.

The results presented in table 3.3 confirm the statement made in
sub-section 3*6.7~ about the reactivity between Al and SiO” at high
temperatures. The oxide of Al is the most stable, which is then
followed by SiO.,. The other metals listed, Tl, Cd, In and Ga are less
reactive and are not likely to react with the SiO”™ of the ampoule during
a diffusion anneal. Tlie reaction, that was involved between the Al and
the silica ampoule, is discussed in section 10.3, but there was no
evidence at all of any of the other metals reacting with the SiO.,

during a diffusion anneal.
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4. Changes in the physical parameters for the diffusion of In into CdS

The changes, which occurred in the physical appearance and in
the mass of the components placed in the ampoule for the In diffusion
anneals, are described in this chapter. The relatively small number
of diffusions described inchapter 8 were not included in this analysis.
The majority of the diffusions carried out using In were used in the
investigations described in chapters 5 and 6 and all of these have
been included in the analysis described in this chapter. |In addition,
optical and X-ray investigations were carried out on the diffused

specimens and the results of these are also described in this chapter.

4.1. Physical appearance

After the completion of the diffusion anneal, the outer surfaces
of the CdS slices took on a darker appearance with the slices, which
had been annealed with excess In metal in the ampoule, being much
darker than the slices which had been annealed with excess In and Cd
metals placed in the ampoule. In addition, for diffusion anneals
carried out at temperatures above 1273 K, the inner surface of the
ampoule possessed a slight yellow colmration. The metal globule
itself, which was located at the end of the ampoule, which emerged
from the furnace first at the end of a diffusion anneal, possessed a
shiny bright surface. This indicated that the metal globule had not
oxidised to any noticeable extent.

The doped regions of the CdS slices were much harder and more
brittle than the undoped part. In the RTS technique the sectioning
became easier as the number of sections that were removed increased.
The ease with which sectioning could be carried out improved
gradually for the slices, which had been annealed in excess In and Cd

metals, whereas for the slices which had been annealed in excess In
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metal only, there was little noticeable change for the first few
sections and then there was an abrupt change. To avoid any
possibility of breaking the CdS slice in the sectioning operation, care
had to be taken not to apply too much pressure when grinding the first
few sections from the slice. As the number of sections removed from
any slice was increased, it was possible to increase the pressure
applied to the slice gradually. For the sections, which were removed
from the inner part of the slice, it was possible to let the whole
mass of the pillar of the grinding jig (figure 3-3) rest on the CdS
slice.

For the diffusions which were carried out in excess In metal only,
occasionally the doped region broke away from the main
part of the slice at the diffusion front during the sectioning. The
brittleness problemstthat were encountered in the sectioning of the
CdS slices in the measurement of the diffusion coefficient using the

optical method™are described in section 3.3»
.2. Change in mass

The individual masses of all the components, that were placed in
each ampoule for a diffusion anneal, were measured before they were
sealed in the ampoule and again when they were removed from the ampoule
after the diffusion anneal had been completed. For the anneals
carried out in excess In metal only, the change in mass of the CdS
slice, the mass of the In metal globule and the combined mass of the CdS
and the In taken together.were obtained. For the anneals carried
out in excess Cd and In metals, the change in mass of the CdS slice,
the combined mass of the In and Cd taken together and the combined
mass of all three components,were obtained.

All the mass changes, which occurred during the diffusion anneals,



are given as percentages of the original values®. As the nominal masses

of the components, which were placed in the ampoules, are given in

table 3>1 the absolute mass changes can be calculated if they are required.
This information is sometimes useful, as a total mass balance gives

some idea of the weighing errors and of the deposits that remain on

the inside of the ampoule.

It was not possible to determine all the mass changes listed above
in all the diffusion anneals. In some of the anneals the In metal
adhered to the inside surface of the ampoule with the result that
it was not possible to remove it, in its entirety, from the ampoule.
In other cases the CdS slice got broken as the ampoule was either
pushed into the centre of the furnace at the start of a diffusion
anneal, or as it was removed from the furnace at the end of the
anneal. On other occasions the CdS slice and the molten metal globule
ended up attached to each other after they had been removed from the
furnace. In the early days of the project, when diffusion anneals
involving the RTS technique were carried out, only the change in mass
of the CdS slice was measured.

It was possible to measure the comnlete set of mass changes listed
above in 75# of all the diffusion anneals carried out. In the
remaining 29# a complete set of weighings was not obtained because
of the reasons listed above. It was possible to calculate the change
in mass of the CdS slice in 95# of all the diffusion anneals carried
out.

The CdS slices were not treated in any way at the end of the
diffusion anneal to remove any metallic vaoour which may have
condensed on to the surface of the slice when it was taken out of
the diffusion furnace. As the metal globule and the CdS slice were

located at opposite ends of the ampoule during the diffusion anneal,

By
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it was assumed that the major portion of the metal vapour condensed
onto the metal globule, as it was located at the end of the ampoule
that emerged first from the hot zone of the furnace.

The results obtained will be discussed under three separate sub-
headings. The most comprehensive set of results was obtained for the
diffusion anneals carried out in excess inactive In metal only and
these results, which are discussed first, will be discussed in detail.
The results obtained for the diffusions carried out in excess radio-
active In metal only will be discussed second and the diffusions
carried out in excess inactive Cd and radioactive In metals will be

discussed third.
U.2.1. Diffusions carried out in excess inactive In metal

In this series of measurements ?6 diffusion anneals were carried
out and a complete set of all the mass changes, listed at the
beginning of this section, was obtained in 59 of the diffusions.
The details of the diffusion runs are given in table 6.1.

The mass changes, obtained in each of the runs listed in table 6.1,
were averaged and it is these average values that are plotted in
figure *t.1 as a function of the anneal temperature. The CdS showed
a steady decrease in mass with increase in temperature, whereas the
In metal showed a steady increase. The results for run 122b did not
fall into this general pattern and the reason will be given later.
The change in the combined mass of both components remained constant
with temperature.

It was not possible to detect any other correlation between the
change in the mass of the components of the ampoule and any other
diffusion parameter. The overall average decrease in the mass of

the CdS slice was U.2& whereas the In showed an increase of
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The change in the combined masses of the constituents of the ampoule

showed a significant decrease (0.7%). This implies that 0.7% by

mass of the constituents of the ampoule condensed onto the walls

of the ampoule when it was removed from the furnace and this fraction

remained reasonably constant with temperature. The majority of the

material that did evaporate from the surface of the CdS slice during

the anneal condensed onto the metal globule when the ampoule was

removed from the furnace. Thib point is discussed further in chapter 8.
A feature that did not fit in with the general pattern given

in figure (+l occurred in run 122b when diffusion anneals were carried

out at 1120 K. Slices of non-standard orientation were used where

the c-axis was parallel to the surface of the slices and the average

decrease in mass of the slices was 6 .6%. This compared with a value of 2.8%

for the slices used in run 122a when slices possessing a normal

orientation were used, with the c-axis perpendicular to the surface.

Diffusion anneals in run 122a were also carried out at 1120 K.

4.2.2. Diffusions carried out in excess radioactive In metal

In this series of measurements, 18 diffusion anneals were carried
out successfully in the temperature range 729 K to 1287 K and the
details of the anneals, where diffusion profiles were measured
successfully, are given in table 5*1. The complete set of mass
changes was only obtained in eight of the anneals because, in the
earlier ones, only the change in mass of the CdS slice itself
was determined and this was obtained in all of the anneals.

The change in mass of the CdS slice, when averaged over all the
diffusions, showed a decrease of 1 8% whereas the change in the

mass of the In metal showed a scatter which extended from a decrease
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of 1.5 to an increase of 10.79%. The average value was an increase
of 3.79%. A possible reason for this variation was due to

the fact that the mass of In placed in the ampoule was much lower
than for the optical measurements which are described in sub-section
4.2.1. The overall change in the combined mass of the constituents

of the ampoule showed a decrease of 1.15%.

4.2.3. Diffusions carried out in excess radioactive In and inactive

Cd metals.

In this series of measurements, 14 diffusion anneals were carried
out in the temperature range 727 K to 1286 K and the details of the
diffusion anneals, in which profiles were successfully measured, are
given in table 5.4. The complete set of mass changes was measured
in only five of the anneals and the change in the mass of the CdS

slice was successfully measured in 12 of the anneals.

In this case there was a much smaller decrease in the mass of the
CdS slice; an average value of 0.3# was obtained. This relatively
small decrease in mass was probably due to the presence of excess Cd
metal in the ampoule, during the diffusion anneal, suppressing any
evaporation of Cd and S atoms from the surface of the CdS slice.

Hie average change in the combined mass of the In and Cd metal
showed a decrease of 2.9# and the change in the combined mass of all

the constituents in the ampoule was a decrease of 1.1#.
4.3. X-ray measurements

The CdS used in this project was purchased in single crystal 10 g
boules, which were cylindrical in shape, with the axis of the
cylinder in the [000I™) direction. The details are given in sub-

section 3.6.1. The orientation of the cylindrical boules was checked



using Laue back reflection techniques. A total of five such boules
were purchased at periodic intervals and the orientation of all of
the boules was found to be correct to within ¢ 3 degrees except for
the second one. In this case the cylindrical axis of the boule was

found to be perpendicular to the jO00l] direction.

X-ray Laue photographs were obtained from several different parts
of each boule in order to ensure that it was a single crystal through-
out its entire volume. In addition, this was also checked using
polarised light. |In fact all the boules were found to be single

crystal material.

Unfortunately, the orientation of the first two boules of CdS
used in this project was not checked until the majority of the diffusion
profiles had been measured using the RTS technique. When it was
discovered that the second boule did not possess the expected
orientation, the orientation of all the CdS slices, which had
previously been used in this part of the project, were checked
individually using Laue back reflection techniques. This point

affected the measurements described in chapter 5*

A rotating crystal technique using Cu X-rays was used to test
if there was any difference between the lattice parameters of the
In-doped part of the crystal and the pure undoped part for the slices
which were diffused in an ampoule containing excess In metal. The
experimental details on this investigation are discussed further in
appendix A3. The conclusions reached were that the doped
part of the crystal possessed the same crystal structure as the
undoped part and it was not possible, to within an accuracy of 500

parts in 10", which can be obtained at high Bragg angles, to detect
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any change in the lattice spacing.
In the diffusions that were carried out in excess In metal, it
has been established (section 7.2) that the In is iIncorporated into
the Cd sub-lattice with three Cd atoms diffusing out of the crystal
for every two In atoms that diffuse into the crystal. This results
in an increase In the vacancy concentration in the doped part of the
crystal which is much greater than the thermal equilibrium concen-
tration of the undoped material. It was suspected that this would
result in the In-doped part of the crystal possessing a slightly smaller
lattice spacing than the undoped part. The X-ray result indicated
that if there was any such change produced in the lattice spacing it
must have been very small(less than 0.1%, see sub-section 1 of appendix A3).
In spite of the fact that it was not possible to detect any
change in the lattice parameters of the doped part of the CdS slice
using X-ray techniques, a small relaxation did occur in the crystal
structure at the interface which did produce a strain in the lattice.
This has been confirmed optically and is described in section
An additional point which confirms this is discussed in section *».1
where}in certain instances ,the doped region did break away from the

main part of the slice at the interface between the two regions.
U.I*.  Microscopic investigations

After the completion of the diffusion anneals, the surfaces of the
CdS slices were examined using an optical microscope to see if there
had been a deterioration in the quality of the surfaces. In fact no
such deterioration was observed.

Microscopic methods were also used to examine the cleaved surfaces

of sections approximately 0.5 mm thick, which were removed from the



cds slices that had undergone a diffusion with excess In metal in the
ampoule. The pattern of the cleavage steps that were present in the
cleaved surfaces often changed at or near the diffusion boundary
indicating that there was a strain in the lattice at this interface.
In fact the use of reflected illumination in this instance was very
restricted because it was only possible to observe defects on the
surface. It was advantageous to examine cleaved sections using
transmitted illumination because it was then oo6sible to focus on

defects that were present in the volume of the slice.
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5. Diffusion of In into CdS »sin? the RTS technique.

In this chapter the results of the measurements of the diffusion
of In into CdS, which have been obtained using the KTS technique, are
discussed. In fact, two different sets of conditions were used in
the diffusion anneals. In the first set, the CdS slices were annealed
with excess radioactive In metal only in the ampoule - where the
calculated final value of the atomic ratio of Cd to In atoms in the
metal globule was 2 x 10~"\ This ratiowas calculated from the
stoichiometric exchange between the In atoms from the metal globule
with Cd atoms of the CdS slice on a two to three basis when In
diffuses into CdS as is explained in the next paragraph. The
significance of the Cd/In ratio on the diffusion anneals will be
discussed in chapter 8. In the second set, excess inactive Cd and
radioactive In metals were placed in the ampoule. The calculated
final Cd/In ratio in this case was 3«¥ and in addition to being much
higher than the value obtained in the first set of measurements, it
remained reasonably constant throughout the anneal. The radioactive
In used in these experiments was naturally occurring neutron irradiated
metal .

The diffusion profiles in the former set of measurements were
found to be concentration dependent with D aC. It will be shown in
chapter 7» using the In concentration measurements presented in this
chapter, that diffusion probably took place via the mobile defect
(In™j A" anc* that the In was incorporated onto the Cd sub-lattice
with three Cd”+ ions leaving the lattice for every two In”™+ ions
that enter.

The measured diffusion coefficient D0 varied with temperature

according to the equation
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where:
Dj. is a pre-exponential frequency factor which has dimensions
(length)2 (time) *
Et is the total activation energy and is expressed in eV per

atom in this thesis.

The measurement of the near-surface In concentration CO, described
in section 5.2, showed that increased exponentially with temperature

(1) as given by the following equation

A exp 5.2

where:
is the concentration of cation sites in the crystal and has
dimensions atoms (volume)_ﬂ;
A is a pre-exponential entropy term which is dimensionless;

Ej, is the activation energy for dissolving In in CdS under these

conditions and is expressed in eV per atom in this thesis.

In the case of the concentration dependent diffusions it was
possible to normalise the experimental values of the diffusion
coefficients D0, which is the diffusion coefficient corresponding to an In
concentration CQ. An In concentration of li“was chosen and the
variation of the normalised diffusion coefficient DB with temperature

is given by the following equation



where:
is a pre-exponential factor which has dimensions (length)”
(time) ~ (at %)
EM is, as can be seen from equation 2.5> the activation energy

of motion of the mobile defect in CdS and is equal to (E® - R

It has been assumed in the above equations that the nature and the
proportion of the defects causing the diffusion remains constant over
the range of temperatures covered.

As is mentioned in section 2.6, Chern and Kroger (2) obtained
concentration dependent profiles for the diffusion of In into CdS
but they were unable to explain the curves fully. An analysis
similar to the one described above was used by Perkins and Sapp (3)
in the measurement of the diffusion of Cr in single crystals of
NiO. Trivalent Cr ions occupy Ni sites when dissolved in NiO and
charge neutrality is maintained by the formation of C¥). NiCr.,0n,
which has a spinel structure, is known to exist with NiO and when
equilibrium between the two is obtained defect equilibrium is described
by

NIECr~ <o ¢Hi™ ¢ ZCr™ o B 5.<*

NiO is a metal deficient semiconductor with vacancies in the Ni sub-
lattice. If the concentration of native vacancies is greatly exceeded

by the Cr ion concentration the electro-neutrality condition becomes

An electro-neutrality condition of a similar form was used by Kumar
and Kroger (5) for their Cd self-diffusion measurements in In-doped

CdS and in the present work for diffusions which were carried out with



excess In metal in the ampoule. For the diffusion of Cr into NiO,
Perkins and Rapp stated that because of their electrostatic attraction,
the defects exist in two forms (Cr”~ V~) and (Cr” Crf~) and
diffusion will occur by a vacancy mechanism. At low temperatures the
triple defect will predominate but as the temperature increases

[?rNi VNi CrNil will decrease and jcr” vjjfj will increase. Perkins
and Rapp predicted that at low temperatures diffusion is concentration
independent becoming concentration dependent at high temperatures where
the two member complexes predominate. At temperatures of 1273 K and
above their diffusion profiles showed a reasonable fit to the theoretical
model developed where Cr diffuses by a two member complex.

The diffusion of Cr into NiO has also been studied by Greskovich (6)
where again he obtained concentration dependent profiles and the graphs
he obtained showing the D a C relationship are reproduced in figure 5.7a.

The diffusion of Cr into NiO and KgO has also been studied
respectively by Chen et al (7) who used a tracer sectioning technique,
and by Weber et al (8), who used a surface activity loss method, but
in these cases concentration independent profiles were obtained. This
can probably be ascribed to the use of much smaller quantities of
radioactive tracer in the diffusion anneal. Solaga and Fortlock (9)
studied the diffusion of Sc”+ into NgO using a surface activity loss
method and noticed that at concentrations above 50 parts per million
the concentration profiles were indicative of a concentration dependent
diffusion,but below this concentration the profiles were concentration
independent.

The diffusion profiles in the second set of In diffusion measurements,

described in section 5.%» were found to be consistent with what was
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observed by Chen et al, Weber et al and by Solaga and Hortlock for

low dopant levels. The diffusion profiles were concentration independent,
the diffusion coefficients and the In concentrations in the CdS were
lower than for the concentration dependent case described in section 5.1.
This is because the addition of inactive Cd metal to the ampoule possibly
decreased the In vapour pressure in the ampoule during the anneal. The
diffusion mechanism in this case was probably a simple vacancy one.

An attempt has been made to propose a defect model for the diffusion
mechanism in each set of experiments. In order to do this it has been
necessary to calculate the Cd partial pressure in the ampoule and to
evaluate the defect structure proposed by Kroger et al (5) from their
self-diffusion studies using pure CdS and In-doped CdS. It has also
been necessary to consider the results obtained by the workers
mentioned above on the diffusion of group 11l metals into NiO and MgO.
This will be discussed in chapter ?e

Hie half-lives of the consignments of radioactive In, which were
purchased from the Isotope Production Unit at Harwell, were checked
throughout the duration of the project. In addition, gamma-ray spectra
of some of the consignments and of some of the In-doped CdS slices were
measured. All the consignments, except for the second one, decayed
with the expected half-life of 40.0 d due to the isotope 1”gmln. The
second consignment of In did contain a radioactive impurity whose half-
life was slightly shorter than that due to 1°gmln and the consignment
did contain minute traces of long lived radioactive impurities. The
presence of these impurities did not affect the accuracy of the results
of the diffusion measurements in any way. These measurements are

discussed in detail in appendix A2.
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5.1. The diffusion of In into CdS in the presence of low Cd/In

metal ratios.

The diffusions described in this section were carried out with
excess In metal only in the ampoule and the profiles were found to
fit very closely to a one dimensional spatial solution to the diffusion
equation given by Wagner (section 2.3),where it was assumed that
D a C and the surface concentration CO was constant. The diffusion
coefficient D0 can be determined from the depth of the doped region

X which is sharply defined for this type of diffusion.
5.1.1. General considerations

After the completion of the diffusion anneal, the concentration
profile of the In, which had diffused into the CdS from the flat
surfaces, was measured using the procedure described in section 3*2.
Eighteen diffusion runs were carried out successfully in the
temperature range 729 K to 1287 K and the full diffusion details are
given in table 5-1= A typical concentration profile is plotted on
semi-logarithmic paper in figure 5»1 and the analysis of the diffusion
profiles will be discussed in more detail iIn sub-section 5«l1e2.

All the discs of emery paper used in the sectioning of the CdS
slices were counted on the low background counter, where the maximum
count rate obtained was 25 counts per second. The majority of the
counts were of 1000 s duration, except for the sections which were
removed from the slice near the end of a diffusion profile, where the
count rates from the removed section alone were comparable with
natural background. In these cases count periods of up to loS s were
used. Background counts were either measured overnight or over a

weekend and such counts were usually obtained before the measurement
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of the profile commenced and again when the measurement of the profile
had been completed. |If the measurement of a diffusion profile continued
for more than one day, then further overnight background counts were
obtained during the measurement of the profile. The count rates were
not sufficiently high to warrant making corrections for losses due to
dead time and one of the first sections to be removed in a profile
measurement was used as a standard.

The experimental data obtained in the measurement of each diffusion
profile was analysed using the University of Warwick comDUter which was
an ICL 1*130. The computer program, which was written in the computer
language ALGOL 60, was used to convert the experimental data obtained
into a convenient form ready for plotting the diffusion profiles by
hand. The counts, the duration of the counts, and the mass of all the
sections removed in each diffusion profile measurement were punched onto
cards along with the details of the diffusion anneal. Each count was
automatically corrected for natural background, radioactive decay and
any variation in the efficiency of the counter that may have occurred
during the period of the measurement of a profile. In addition, if
more than one count was taken on any section a weighted mean was
obtained. For each diffusion profile, the answers from the computer

gave the specific count rate for each section along with the

corresponding x value. The plotting of the graphs of the diffusion
profiles, both on semi-logarithmic paper and on linear paper, was
then a very simple operation.

Because of the reasons given in section U.1 some of the CdS slices
did break in the lapping procedure, particularly in the early stages

of the project. |If a breakage did occur near the beginning of a
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profile measurement then the run was usually abandoned. In certain
cases the slice broke cleanly into two pieces and, If it was possible
to measure their areas, the profile measurement was continued with
the larger of the two pieces. Sometimes the breakage occurred after
the specific count rate had decayed by a factor of more than 100,
but the profile measurements in these cases were still valid provided
an accurate value of the area of the surface of the slice could be
obtained.

Other reasons why diffusion runs had to be abandoned were:
failure of the heating elements in the furnace during an anneal,
faulty sealing of the silica ampoule and the breakage of the CdS slice
during one of the many operations which had to be undertaken.

It was sometimes possible to rectify some of the points on the
graphs of the diffusion profiles if they were obviously in error,
that is, more than five standard deviations from the fitted curve.
During the measurement of a diffusion profile, each weighing usually
served two functions; it was used as the second weighing for a
particular section removed and for the first weighing of the next
section to be removed. Any incorrect point,which was high and was
either preceded or followed by a point that was low, usually implied
that the weighing that was common to the two sections concerned was
in error. If this did occur the weighing was rejected and the counts
for the two sections were combined. This type of correction, which
was applied approximately twelve times, accounted for more than half
of the experimental points which were obviously in error. This
practice could not be applied to either the first, or the last
weighing taken in any day.

It was demonstrated in section 3.3 that a sharp optical interface



existed between the doped and the undoped parts of the crystal.

The RTS technique showed that the concentration of the diffusing
In atoms dropped rapidly at the interface but the method did not
possess a sufficiently good resolution to show that the interface

was sharply defined.

5.1.2. Verification of the concentration dependent diffusion

The main aim of this section is to establish what type of
concentration dependency the In concentration profiles possessed.

From an inspection of the shape of the In concentration profiles
it was suspected that the curves possessed a similar shape to the
concentration dependent profiles computed by Weisberg and Blanc (10)
where D a Cn with n = 1, 2 or 3- The most convenient way of showing
this was to calculate the diffusion coefficient as a function of
concentration using the Boltzmann-Matano formula (11) for each

profile. The formula is

The diffusion coefficient in each profile was determined as a function
of the normalised In concentration C/CO. A typical plot is shown in
figure 5*2 and the values of n which were obtained are tabulated in
table 5-2.

Very little weighting was given to the experimental points which
were more than three standard deviations from the bent hand fitted
curve drawn through the set of points. The first two points on each
diffusion profile were ignored in the hand fit as those points were
liable to be in error. The possible reasons for this were the

condensation of radioactive In on to the surface of the CdS slice as



A TYPICAL PLOT OF THE DIFFUSION COEFFICIENT AS A FUNCTION
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TABLE 5.2. TABULATION OF VALUES OF n OBTAINED IN
THE BOLTZMANN-MATANOANALYSIS.

Run number Temperature T n
K
102b 829 1.110
103 1078 1.150
105 983 1.201
106a 1193 1.289
106b 1193 1.051
107 778 1.133
108a 1282 0.831*
109F iH*3 1.035
109g 1126 1.339
109j 1126 1.050
109m 1129 0.951
109w 1137 1.682
ur- 729 0.998
115a 981 1.076
116a 1027 1.109
118a 772 1.327
119a 880 1.005
120a 1275 1.111*

Standard deviation on each value of n is
+ 20&

Mean value is 1.138
If run 109w is rejected mean value is
1.106.



the ampoule was removed from the furnace at the end of the diffusion
anneal. In addition it is possible that the deviation at high values
of C/Cq may be genuine due to the drop in the surface concentration
with time as the Cd/In ratio changes during a diffusion anneal. This
would result in a low value of dC/dx near the surface and a
spuriously high value of the diffusion coefficient.

The experimental points at the end of a profile, where the specific
count rate flattened out, have not been used in the Boltzmann-Matano
analysis. The points, which were used in the curve fitting, contained
a contribution to the count rate due to a fast diffusion mechanism that
was present. This contribution, which was less than 0. T# of the
specific count rate at the surface of the slice, did not influence the
curve Tfitting to any significant extent. The number of sections, which
were removed from each CdS slice in a profile measurement, is given
in table 5«1 along with the number of points which have been used in
the curve fitting.

It can be seen in table 5-2 that there is a wide scatter in the
values of n. The main reason for this is the large scatter in the
experimental points in the diffusion profiles. The main sources of
error in the Boltzmann-Matano analysis are in the determination of
dx/dC at the highest and lowest values of C/CN and in xdC at the
lowest value of C/Co. The mean value of n was 1.1" and the overall
error in n was + 20Ei. Hie value for run 109w is exceptionally high
and if it is rejected, the mean value of n would be reduced to 1.11.

The computed curves of Weisberg and Blanc for n = 1, 2 and 3
are compared with a typical experimental diffusion profile in
figure 5-3. The experimental curve is the best hand fit through
the experimental points in concentration profile run 116a shown in

figure 5*1 end the computed curves were normalised to the experimental
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curve at x =0 and at x = 2.9 x 10 m.

From the results given in table 5.2 and in figure 5.5 the Weisberg
and Blanc curve with n = 1 undoubtedly gives a better fit to the
diffusion profiles than n = 2 or 3, despite the large spread in the
values of n which are shown in the table 5*2. Having a mean value
of n which is greater than unity is probably influenced in part by
the fact that the gradient of the Boltzmann-Matano fits between C/C"N =
0.7 and C/CO = 1.0 is slightly greater than unity in the majority
of the profiles.

Plots obtained by Greskovich (6) of the interdiffusion coefficient
versus the mole fraction of Cr~+ in NiO and of a typical concentration
profile are shown in figures 5.*%*a and 5.%b respectively. The first
plot shows that increases linearly second
plot Greskovich states in his paper that the profile is approximately
linear. In fact,it can be seen from the graph in figure 5*~ that a
Wagner curve gives quite a good fit to the experimental points. The
results described in section 5.1 are very similar to those obtained
by Greskovich and by Perkins and Rapp (3) at the lower doping concen-
trations.

In conclusion, the analysis proves that Da C and this conclusion
has also been confirmed by the microprobe measurements carried out
on the In-doped and Al-doped CdS slices and also on the Ga-doped CdS
slices which were diffused at high temperatures. These measurements

are described respectively iIn sections 6.3, 10.2 and 9.3«

5.1.3* Calculation of the diffusion parameters associated with the

diffusion coefficient D m

A concentration dependent diffusion process possessing a power

law dependence (that is D o- Cn) is characterised by the volume
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Fig 5-ifQ LINEAR DEPENDENCE OF INTERDIFFUSION COEFFICIENT ON MOLE
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diffusion coefficient D0 which is the coefficient at the surface of
the slice at x = 0. For the diffusions described in this section,
which were carried out with excess of In metal in the ampoule, a

D ar C dependence was obtained. The diffusion coefficient is
related to the depth of the doped region X, which for this type of
diffusion is sharply defined, through equation 2.4.

The magnitude of X for each diffusion profile was where the
Weisberg-Blanc curve, which gave the best fit through the experimental
points, intercepted the horizontal axis. These values are given
in table 5.1 along with the corresponding value of the diffusion
coefficient D0 and an Arrhenius plot of the diffusion coefficients
is given iIn figure 5*5.

The parameters that define the rate of diffusion of In in CdS,
which are given in the Arrhenius equation, are the activation energy
E~ and the pre-exponential factor Df. They can be determined from
the gradient and the constant term in the straight line form of the
equation. A computer program was written iIn the computer language
BASIC, using formulae due to Topping (12), to obtain the best straight
line fit through the experimental points in figure 5.5 In addition
the formulae, which are necessary to calculate the error in the
activation energy E” and the pre-exponential factor DY from the
deviation of the experimental points from the best straight line,
were also included in the program. The Polytechnic computer, which
is an ICL 1900, was used to do this.

The diffusion coefficient is given by the following Arrhenius

expression:

. m‘4(.V) <% o.M v 5.7
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As the diffusion coefficients for anneals carried out at temperatures
below 850 K possessed an error which was approximately twice the
average value, the experimental values were weighted in the fit to
get the best straight line through the points. For temperatures above
850 K a weighting of unitywas used whereas below 850 K a weighting of
0.25 was used.

The error in the pre-exponential term in the Arrhenius equation
is due entirely to the error in the slope of the best straight line
through the experimental points which are plotted using a linearised
form of the Arrhenius equation. This error is excessively large
because of the distance through which the line has to be extrapolated
before it intersects the ordinate. Because of this, the errorj in
the pre-exponential term in all Arrhenius fits described in this thesis,

was large and it was not possible to make any valid deductions from it.

5.1.1*. Variation of the activation energy with crystal orientation

The CdS crystals used in the investigations described in this
thesis possessed an hexagonal crystal structure and it is possible
that the CdS will display some anisotropy when comparing diffusion
rates in directions parallel and perpendicular to L0001J .

As discussed in section F.3*xdS slices of two orientations were
used in the measurements described in this section. In some of the
slices the flat surface of the slice was perpendicular
direction and in others it was parallel to the [000IJ direction. The
orientation of the slices used is summarised in table 5*1. If the
diffusion profile in a CdS slice was measured in the |_0001] direction,
it has been designated as being "parallel”, whereas if the diffusion
profile was measured iIn a direction perpendicular to [000I] , then it

has been designated as being “perpendicular-®.



It can be seen from the results which are plotted in figure 5.5

that D is,on average, twice as (treat as D . As the optical
°J °lIt

measurements, which are described in chapter 6, gave a more accurate
measurement of the diffusion anisotrony than could be obtained with
the RTS technique, the subject of diffusion anisotropy is discussed

in detail in chapter 6.

5.2 Determination of the near-surface concentration of In in CdS

for the concentration dependent diffusion

In order to determine the possible mechanism by which In diffuses
into the CdS it is helpful to know what the maximum In concentration
is at the surface of the slice at x = 0 as a function of temperature.
The results of the experiments described iIn this section were also
used to deduce the shape of the phase diagram of the CdS/In"SN
system at low In concentrations and this item will be discussed in
section 8.2.

It was not possible to derive this data from the experiments
described in section 5« where "sme measurements of the diffusion of
In into CdS are described. The reason for this was that four
different consignments of radioactive In metal were used and no
accurate intercalibration of the activity of the consignments had
been obtained. It was thought that a more accurate measurement of
the In concentration could have been obtained by purchasing a new
consignment of radioactive In metal specifically for this purpose.

This was consignment 5 which is described in sub-section 5.6.2.

The experimental procedure used in the diffusion anneals and in

the measurement of the concentration profile was similar to that
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described in sub-section 5.1.1. except for two points.

The first was that the anneal time was longer than the time that
was necessary for the diffusion fronts, diffusing into the slice from
both surfaces, to meet at the centre of the Cd3 slice. In fact, as
long a time as was convenient was allowed for the anneal so that
the doping level throughout the volume of the slice was as near
uniform as possible. The second difference was that only sufficient
sections were removed from the slice and measured to give an accurate
value of CO. This value was obtained from a graphical plot of the
specific count rate versus x by extrapolating the profile back to
X = 0. Again the first two experimental points in each profile were
not included in the fit. Usually between 10 and 15 sections were
removed from each CdS slice. A typical profile is shown in figure 5.6.

Seven diffusion anneals were carried out in the temperature range
1020 K to 176 K and the full details of the anneals and of the
experimental results are given in table 5.3.

The count rates of all the sections removed from the CdS slices
were normalised using a standard source, which was made up from the
same consignment of radioactive In metal (number 5). A small piece
of the metal, 5-90 mg in weight, was dissolved in dilute HCl1l in a
graduated flask and the solution was made up to 50 ml by adding
distilled water. A micro-pipette was used to measure out 0.05 ml
onto a planchet and the solution was then evaporated slowly to dryness.
The radioactive salt was then covered with a thin layer of Al foil.
The source gave approximately 170 counts per second when counted on
the low background Geiger counter and the mass of In metal in the

source was 3.90 x 10_9 kg. All the sections, which were removed from



Figs-6 A TYPICAL PROFILE OF THE NEAR-SURFACE In
CONCENTRATION IN A CdS SLICE

Fig5.7 AN ARRHENIUS PLOT OF THE NEAR-SURFACE In
CONCENTRATION IN THE CdS SLICES
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the CdS slices, were counted on the low background counter in the

normal manner.
The normalised count rate Rx, for each section, was calculated

using the following relationship

R . -1i count rate of section c
X ® ” (count rate of standard) (mass of section)
Graphs of the normalised count rate versus x were plotted. It

can be seen in figure 5.7 that cO/cf increases exponentially with T

and the best fit through the experimental points is given by

a: :(-mm(o-%k} 0.06) eV 59

This implies that the activation energy for the heat of solution for
dissolving In in CdS in the presence of excess In metal is (0.53 + 0.06)
ev.

Both Greskovich (6) and Perkins and Rapp (3) obtained maximum
doping levels for the diffusion of Cr*+ in NiO which were comparable
to the maximum In concentrations obtained for the concentration diffusion.
These concentrations are the maximum soluhilities in the crystal for
the experimental conditions used. Only the latter workers actually
obtained measurements on the temperature dependence of the maximum
impurity concentration and it did not increase exponentially as T
increased. In addition, as can be seen in fimures z .« and 2.5 both
Kumar and Kroger (5) and Hershman et al (13) used In-doped CdS slices
in their Cd self-diffusion studies where the doping level was
comparable with what has been obtained in the measurements described

in this section



5.3* Determination of the diffusion parameters at a constant In

concentration»

The experimentally determined values of C" were used to normalise
the diffusion coefficients D0 presented in section 5.1 to a uniform
In concentration, and a value of CYC*. of wo was chosen.. The results
are summarised in table 5.1 and are plotted in figure 5.8. The best

exponential fit through the experimental points is given by

o]

Dg =(3_1 10

I AN 6 2 -1 . %-1/3 oxp T2 (1:34 ¢ 0.08) ev-]

For the definition of the activation energy used in equation 5.8,

refer to page 5.3 and to equation 7.17.

5.4. The diffusion of radioactive In into CdS in the presence of
high Cd/In ratios.

In this section the results of diffusions, which were carried out
with excess radioactive In and inactive Cd metals in the ampoule Jare
described. The Cd and In atoms will interact with each other and the
partial pressure due to both metals will probably be reduced below
the saturation vapour pressure value of the individual metals. In
fact,it has been verified that the solubility of the In in the CdS
is substantially reduced when Cd metal is added to the ampoule
(section 8.1).

The diffusion mechanism is of a type in which the diffusion
coefficient is concentration independent and its magnitude is much
lower than for the concentration dependent case. It is very probable

that the defect chemistry for the diffusions described in this section
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will also be different. The partial pressure conditions will be
evaluated in chapter 7 and its likely influence on the defect chemistry
will also be discussed.

It was not possible to make a direct comparison between the diffusion
profiles obtained in this section and the concentration independent
diffusion profiles obtained by Weber et al (8) and Chen et al (7) who
studied the diffusion of Cr into KgO and NiO respectively. The
boundary conditions in the two cases were different. The amount of
radioactive Cr used in the diffusion was very small and the values
of CO and dQ/dx were much smaller than was obtained for the corresponding

concentration dependent diffusions.

5.%.1. General considerations

The method used for measuring the diffusion profiles was similar
to the one used for measuring the self-diffusion of Cd into CdS which
is described in the author"s K.Sc. thesis (1¥), and for the diffusion
of In iIn Cd3 which is again described briefly in sub-section 5.1.1.
For this series of measurements there were two major differences in
the procedure which is described in the author®s I".Sc. thesis.

The first was that, for the self-diffusion of Cd into CdS, curve
fits using both the Gaussian expression and the com: lementarv error
function gave equally good results. Consequently, as the Gaussian
expression iIn its linearised form with a constant In concentration in
the vapour at the surface of the slice is much easier to fit to the
experimental points than the comnlementnrv error function, the
former expression was used for the diffusion profiles. A tynical
diffusion profile is shown in figure 5.1 and in this particular case
both expressions have been fitted to the experimental points. It
can be seen that away from the origin both functions give equally

good fits except that the diffusion coefficient calculated from the
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Gaussian expression is 16/5 lower than the corresponding value which
is calculated using the complementary error function. In fact all the
D values, which were obtained from the Gaussian plots, were increased
by 16% and it is the corrected values which are given in table 5.4.

The second difference was that the computer Ffitting program
described in the authors M.Sc. thesis was not used to get the best
Gaussian fit through the experimental points. It was quicker and
more convenient to obtain the best straight line through a straight
line plot of the experimental points by visual inspection. The
required degree of accuracy was also obtained. The computer program,
described in section 5*1 1 was also used to analyse this experimental
data and to arrange it in a suitable form ready for plotting the
diffusion profiles.

Twelve diffusion anneals were carried out in the temperature range
727 K to 1286 K and the full details of these diffusion anneals are
summarised in table 5.1

The thickness of the sections removed from the Cdo slices was
similar to that of the sections removed in the measurements described
in section 571 for the diffusion of In into CdS carried out in the
presence of excess radioactive In metal, but the specific count rate
on each slice was much lower. For example, in run 116a where the
diffusion was carried out with excess In metal only in the ampoule,
the specific count rate at the surface of the slice was 3 counts per
second whereas in run 116b, where the diffusion was carried out with
both excess In and Cd metals in the ampoule, the specific count rate
was 0.2 counts per second. Both diffusion anneals were carried out at

a temperature of 1027 K. Similar counting arrangements to those
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described in section 5.1 were used, except that because of the lower
activity of the sections removed, longer count periods were used.

In the diffusion profiles the logarithm of the count rate decayed
linearly with right down to zero activity. There was little
evidence of the activity levelling off to give a constant background
due to a faster diffusing mechanism of any kind, similar to the one
obtained in the diffusion profiles given in section 5-1.

As with the other sets of diffusion measurements, the first two
points in each diffusion profile were not considered when the best
straight line through the points was drawn. In addition, as the
activity of the sections decreased right to zero, there was no reason
for rejecting any of the experimental points at the lower activity end
of the profile. The count rates of the last sections to be removed
were comparable with the count rate due to natural background and so
the statistical accuracy of these points is very low. In certain cases

the errors on these innermost points were as large as + 3002
5.~.2. Determination of the diffusion parameters

All the diffusion profiles gave reasonable straight line fits when
the logarithm of the specific count rate was plotted against x*. The
diffusion coefficients are given in an Arrhenius plot in figure 5.10
and the best exponential fit through the experimental points is given

by:-

-(2.27 - 0.12) eV

D =2+~ "™ x 10-~ m”s 1 exp KT

This implies that the activation energy for the diffusion of In into
CdS is (2.27 + 0.12) eV.
From the results plotted in figure 5.10 it can be seen that the

three diffusion anneals carried out at temperatures below 835 K show






a departure from the straight line of the Arrhenius plot. This effect
appears to be genuine as it has been confirmed by three independent
measurements. A possible reason for this departure from the linear
relationship is that the diffusion of In at low temperatures is
dominated by a faster bulk diffusion mechanism. No

such effect, similar to this, was observed for the diffusion anneals
carried out with excess In metal only in the ampoule. In addition,
diffusion 108b which was carried out at 1286 K gives a value of the
diffusion coefficient which is a factor of ten too low. The
calculations have been checked and there is no evidence of an incorrect
reading having been made. Consequently these four points were
rejected from the fit; the remaining eight points do lie fairly

close to the straight line shown in figure 5.10.
5.<+.3. Variation of diffusion coefficient with crystal orientation

Because of the reason given in section U.3 CdS slices of two
orientations were used in this series of measurements. In some of
the slices the flat surface was perpendicular to the |000H direction
and in the remainder it was parallel to the [0001j direction. With
the limited amount of experimental data shown in figure 5.10 there is
no evidence of any diffusion anisotropy for diffusions in directions

parallel and perpendicular to the c-axis for this series of measurements.
5.5* Discussion of errors

The main sources of experimental error, which arose in the
determination of the diffusion coefficient D0 using the RTS technique,
are listed below:-

(a) The measurement of T.
(b) The positioning of the ampoule in the furnace.

(c) The measurement of t.
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(d) In counting both the sections removed from the CdS slice and the
natural background .

(e) The weighing of the sections removed.

() The parallelism of the sections removed.

(@) The measurement of the area of the surface of the slice.

(h) The depth of the scratches in the lapped surface of the slice.

(J) Possible systematic errors due to mass loss in the CdS slice

during the diffusion anneal.

These sources of error have been discussed in connection with the self-
diffusion of Cd into CdS in the author®s J".Sc. thesis ('Y and will not
be discussed to the same extent here. The way in which these
experimental errors are reflected in the measurement of the diffusion
coefficient is different for the diffusion of In in CdS, where the
diffusion is concentration dependent, compared with the self-diffusion
of Cd in CdS, where the diffusion coefficient is assumed to be constant.
In the former case the errors are reflected in the measurement of the
depth of the doped region, whereas in the latter case they are reflected
in the measurement of the gradient of the linearised form of the
Gaussian equation.

The errors (that is 6% confidence limits) due to items (&) and
(b), which have been discussed in sub-section 3.1.3. , can be combined
to give an overall error of ¢ 3 K in T and t was measured to an
accuracy of + 15 s. In fact the errors in the first three items are
so small compared with the remainder of the items listed that they can
by neglected in this assessment.

The items (d) to (h) inclusive all contribute to the error in the

specific count rate, which is the ordinate in the diffusion profile plots,

and the magnitude of the error is reflected in the scatter in the

points on the graphs. The error in the diffusion coefficient due to

11k



items (F) and (h) were dealt with extensively in the author"s f-.Sc.
thesis. Hie error in the diffusion coefficient due to lack of
parallelism in the sections removed from the slice was * 3% and the
error in the count rate due to the scratches formed in the surface of
the slice was less than + y0O. The error in the count rate of a section
removed from the CdS slice at the beginning of a diffusion profile was
+ and the error increased to as high as + 300# for sections, which
were removed from the slice, at the end of a profile measurement.

The largest experimental error was in the mass of each section
removed from the CdS slice which was + 10 |A- In addition, for
reasons given in section 3*1 , a section whose mass was low was
invariably preceded or followed by a section whose mass was high and
fortunately when the masses of two or more consecutive sections were
added together, the error on the combined mass was probably very much
less than the combined errors of each individual section.

The depth, from the original surface of a slice to the midpoint
of a section, is obtained by adding the weights of all the preceding
sections, which have been removed, and one half the weight of the
section under consideration. Then if the area of the surface of the
slice is known the corresponding depth can be calculated. The main
source of error in the abscissa of the diffusion profiles, which is
the depth, is in the measurement of the area oi the surface of the
slice which is + Ul

For the diffusion of In into CdS, with excess In metal in the
ampoule, the scatter in the experimental points in the diffusion
profiles will lead to a possible error of + 10# in X and this will lead

to an error of ¢ 20# in Dg. An investigation of the scatter in the
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experimental points from the best straight line in the Arrhenius plot

in figure 5.4 indicates that this Value is reasonably accurate.

For the diffusion of In into CdS, which was carried out with excess
radioactive In metal and inactive Cd metal in the ampoule so that the
diffusion proved to be concentration independent, the possible sources
of error should be the same as those which were obtained for the self-
diffusion of Cd into CdS. |In fact the main source of experimental
error in the diffusion profiles will be in the abscissae. The error
in the diffusion coefficient in this type of diffusion i6 reflected
in the slope of the linearised form of the Gaussian expression which,
as is described in section 5*4 , was used in preference to the error
function for computing convenience. The errors for the diffusion
coefficient were estimated to be + 40% at 910 K and + 20 at 1540 K.
It can be seen from the scatter of the experimental points, from the
best straight line in the Arrhenius plot in figure 5.10., that the
errors quoted in the author®s F.Sc. thesis appear to be too great in
this instance. Values equal to approximately one half of the quoted
ones would appear to be more reasonable. A possible explanation for
this increased accuracy is that there has been an improvement in the
experimental technique used since the author®s M.Sc. thesis was written.

The mass loss, which occurred in the CdS slices during a diffusion
anneal, was due mainly to the evaporation of Cd and S atoms from the
surface of the slice. The most likely occasions when this evaporation
takes place is either at the beginning or at the end of the diffusion
anneal. For the concentration dependent diffusions there is a certain
mass loss occurring at the beginning of the anneal due to Cd and S
atoms leaving the CdS to provide the Cd and S partial pressures during

the anneal. When the ampoule is removed from the furnace at the end



of the anneal, the walls of the ampoule will cool considerably more
quickly than the CdS slice itself and it is possible that this will
cause some evaporation to occur. From the discussion of the errors
which arose in the OF technique described in section 6.5, it was
concluded that the majority of the mass loss occurred at the beginning
of the anneal and did not affect the measurement of the diffusion
coefficient Do'

In the determination of the near-surface In concentration in
the CdS errors arose, due to counting and weighing, similar to those
which were obtained in the measurement of the diffusion profiles.
An additional source of error occurred in the mass of the standard
source which was made up for the concentration determinations decribed
in section 5*2. The error in the ratio C/C*. was + 10% and the final

error in the diffusion coefficient Dg_was f 157= -
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6. Diffusion of In into CdS using the optical/nicroprobe technique

When In is diffused into CdS with excess In metal in the ampoule
the diffusion 1is concentration dependent and the diffusion
front is sharply defined as can be seen in figure 3.~. In this chapter
the determination of the diffusion parameters using the OM technique is
described and in addition, as the optical method proved extremely
sensitive for measuring the diffusion anisotropy, these measurements
are also described in this chapter.

The optical boundary is rather similar in appearance to a p - n
junction which defines the boundary between two regions with different
electroneutrality conditions. Kykura (I) has used a scanning electron
microscope to investigate the cathodoluminescence on the diffusion front
of CdS samples which have been doped with trivalent metals. He found
that the cathodoluminescence is very localised at and near the diffusion
front and, that the intensity profile across the diffusion front varies
with the concentration gradient of the diffusing species and the crystal
orientation of the CdS slice. Comparison of the optical and cathodo-
luminescence images showed that the inner sharp edge of the cathodo-
luminescence band coincided with the optical position of the diffusion
front to better than 1 um. The reason suggested by Kykura,for the much
higher radiative efficiency at the diffusion front,is an increase in
the oscillator strength of the transition which is probably due to
the perturbation or the CdS lattice by a very low concentration of the
fastest moving defect. A possible electric rield at the diffusion front
is called iIn to explain an observed anisotropy effect in the cathodo-
luminescence.

A sharp diffusion front has also been observed in GaP (2) and

GaA P (@) when Zn has been diffused into these materials. In

S,
1-x X



addition it is stated in section 2.7 that both Kato and Takayanagi (b)
and Faslova et al (5),in their studies on the diffusion of In into CdTe ,
both report that the diffusion results in the formation of a p - n Junction
which is observable. No such observation has been reported by Perkins
and Rapp (6) or by Greskovich (7) in their studies on the concentration
dependent diffusion of Cr into NiO. It has been verified in a comparison
experiment described iIn section 8.1 that the diffusion front which is
measured using the RTS technique coincides, to within the limits of
experimental error, with the optical measurement of the interface.

The masses of In and CdS, which were placed in each ampoule for
the diffusion anneals described in this chapter, were different from
those used iIn section 5.1, where the concentration dependent measurements
were obtained using the RTS technique. The amount of In used in each
ampoule in the RTS technique was cut to a minimum because of the high
cost of the radioactive In and also to keep radiation levels to a
minimum. The amount used in both methods was more than sufficient to
maintain a saturated vapour pressure in the ampoule throughout the
diffusion anneal provided the In did not interact with any other element
in the ampoule. The calculated final Cd/In ratio in the metal globule,
due to the stoichiometric exchange between the In atoms of the vapour
and the Cd atoms in the CdS slice,for the measurements described here
was approximately equal to 2 x 10 ; the comparable value using the RTS i

technique was 2 x 10
6.1. Optical measurements

In this series of measurements, 71 diffusion anneals were
successfully carried out at eight different temperatures in the range
920 K to 1411 K and a summary of the results obtained is given in

table 6.1. From the typical set of results for a single temperature
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which is plotted in figure 6.1, it can be concluded that o t
In run 122, in addition to using CdS slices which possessed the
normal orientation with the surface of slice perpendicular to the |pO0l ]
direction, slices with the surface parallel to the foOOlJ direction
were also used. The two runs were designated 122a and 122b respectively
and there was no measurable difference in the slopes of the corresponding
graphs in the two runs. As the straight line graphs passed very close
to the origin, it was included as an experimental point when the best
straight line was drawn through the points. Eight such lines were
drawn representing eight different temneratures with the ninth being
a repeat of run 122 using the slices with the non-standard orientation.
The values of the diffusion coefficients DO are shown as Arrhenius
plots in figure 6.2 and/or temperatures below 1220 K,the best exponential

fits through the experimental points are given by:

oy ~(2.30: 0.08) eV
PARALLEL ° = C‘Z) « o ms ,ep € KT ) 6.1
PERPENDICULAR D cepgX 1005 s ) exp _(Z'nglT 0.08) eV 4,
o1 & S1y

J

This implies that the activation energies E* for diffusions in directions
parallel and perpendicular to the c-axis are (2.30 : 0.08) eV and
(2.03 = 0.08) eV respectively and the difference, which is a measure of

the diffusion anisotropy, is given by

E. -E = (0.27 + 0.11) eV 6.3
tll ‘J-

This topic will be discussed further in section 6.2.
For the diffusions carried out at 1220 K and at temperatures below
this value the experimental points all lie, to within the limits of

experimental error, along a straight line. For diffusions carried out
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at temperatures above 1220 K the experimental points indicate that there
is a departure from the straight line relationship, where there is a
decrease in the gradient of the curve that gives the best fit through
the points.

The reason for the flattening out,at temperatures above 1220 K,
is that the In concentration has possibly increased to such a value
that there is an increase in the proportion of the immobile triple
defect (In” In”™) . Another possible reason is that some of the
mobile double defects (Ingd.vg%)',which are believed to be the instrument
by which diffusion takes place, have dissociated. As can be seen in
figure 9.1 this effect was more noticeable with the Oa diffusions where

there is a departure from the Do C relationship at high concentrations

in the low temperatures diffusions.
6.2. Diffusion anisotropy

Roth (8) reports that there is a considerable variation in the
cell constants of hexagonal CdS(ut Devlin et al (9) have made accurate
measurements on a pure single crystal of Cdo and a mean value of the
c/a ratio was calculated to be 1.625. This compares with a corresponding
value of 1.635 for an ideal hexagonally close packed system possessing
a wurtzite structure,where each atom has four nearest neighbours of
the other kind and twelve second nearest neighbours of the same Kkind.

The Arrhenius equations for diffusions in directions perpendicular
and parallel to the c-axis can be combined and written in the form

shown below

6.U

It has been assumed that the pre-exponential factor for diffusions in

the two standard directions are equal. This assumption certainly is
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true for an ideally clone packed system, where the factors such as the
Jump distances and the probability of jumping will be equal for the

two directions. For CdS, where the departure from the close packed
geometry is small, the activation energy difference can still be measured
even if the pre-exnonential frequency terms are not equal, but provided
they are constant. |1f the pre-exponential terms are not constant, the
error involved in assuming that they will cancel in the above equation

is probably small.

The following averaging procedure was used to obtain the diffusion
anisotropy at each temperature; it 1is represented by the ratio
DOj/DO\|- Values of Xh and X , which were obtained for each CdS slice,
We;e averaged as described in section 3*3. any reading, which was
obviously outside the normal spread of results for that narticular slice,
was rejected. These average values were then used to give a value of
D /D for each CdS slice. Then the overall mean ratio of all the CdS

L el

slices, which had been annealed at each temperature, was obtained. It
is these values, which are shown for each run in table 6.1, and are
used in the Arrhenius plot of the diffusion anisotropy which is shown
in figure 6.3. In the final averaging the readings were weighted
according to the total number of experimental readings of X which had
been measured on each slice.

For all the CdS slices, that underwent an anneal at a particular
temperature, there was no detectable variation in the mean value of the
ratio for each slice with the duration of the anneal. One typical set
of results for run 122a is shown in figure 6._A.

The best Ffit through the experimental points”which are shown on

a plot of log (D /D ) versus 1000/T in figure 6.3 is given by
°i °11 ’

(0.20 + 0.02) exp —(0_25ok# 0.008) eV
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This implies that the difference in the activation energies is given
by

E. -E _= (0.250 + 0.008) eV . 6.6
t

The relatively less accurate value given in equation 6.3 agrees with
this one.

It can be seen from figure 6.3 that over the range of temperatures
for which diffusion measurements were carried out, all the experimental
points lie close to the best straight line. This contrasts noticeably
with the Arrhenius plots of the experimentally determined values of the
diffusion coefficients D0 shown in figure 6.2, in which only the
experimental points at 1220 K and all temperatures below this value lie
along a straight line. Above this temperature the experimental points
show a marked tendency to deviate away from the straight line relationship.

The optical method proved an extremely convenient and sensitive
method for measuring the diffusion anisotropy. The results are contrary
to those envisaged where a faster diffusion in the c-direction
is expected when the c/a ratio is less than 1.633. The large observed
anisotropy of In diffusion can be explained by assuming that a mobile
complex has formed with a preferred orientation in the basal plane.

In his measurements on the cathodoluminescence on the diffusion front of
CdS doped with trivalent metals,Mykura (1) observed that the diffusion
anisotropy in the two standard directions was accompanied by a difference
in the spectrum of the cathodoluminescence,as well as the intensity
profile. CdS does possess piezoelectric properties and consequently

it is likely that an electrically charged extended defect, which is
believed to be the mobile defect (In~d vj.Vj)1, will have a preferred

orientation.
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6. 3 Determination of the In concentration using the electron microprobe

The main use of the electron microprobe was to measure the temperature
dependence of in the CdS slices in which the diffusion depths had
been determined optically. Five partly doped CdS slices were chosen for
the measurements from among the ones which had been used in the optical
measurements described in section 6.1. A description of the experimental
procedure used for measuring the In concentration profiles using the
nicroprobe is described in section 3.6 and a summary of the diffusion
details and the results obtained is given in table 6.2. A typical
recorder chart scan of the In concentration in a partially doped CdS
slice is shown in figure 6.5. The flat part of the profile is the back-
ground signal that was obtained from the inner undoped part of the CdS
slice.

In the analysis of the recorder chart profiles, the scatter in the
signal was reduced by drawing a smooth line through the traces. The
outside edge of each slice was taken as th® point half way between where
the trace reached its maximum signal,due to the In,and the point where
the background from the plastic mounting started. The smoothed curve
for each profile was corrected for the background signal due to the
pure CdS, the variation in the reference standard counts and the micro-
probe correction factors which are listed in section 3.6. Plots of the
In atomic concentration, expressed as C/Cf, were obtained. The two
plots of the concentration for each CdS slice were superposed on one
another and the best Xagner fit through the two sets of experimental
points was obtained.

Taking the origin of the distance scale ns the interface between

the diffusion layer and the pure part of the slice produced a closer
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agreement in the experimental results than taking the origin at the
outside edge of the slice. The agreement between the two profiles for
each slice, which were superposed on one another and with the Wagner curve
that gave the bent fit through the experimental points, was better. The
resultant inaccuracy in locating the position of the outside edge of
the slice did not produce too large an error in C" because the Wagner
curve 1is reasonably flat in this region. It was estimated to be + 10"
The values of X, which were obtained from the microprobe profiles,
did not agree with the corresponding values that were measured optically.
The ratio of the X values, as measured with the microprobe to those
which were obtained optically, varied from a minimum value of 0.99 up
to a maximum value of 1.27. The ratios are shown in table 6.2. The
calibration of the microscope wan rechecked and was found to be correct.
The optical measurements were taken to be the more reliable set of
results.
Possible reasons for the error in X, as given by the microprobe,
are outlined below. These are:-

(@ There was either an error in the distance scale calibration on the

microprobe or the drive to the specimen platform slipped occasionally.

(b) The CdS slice was tilted when it was set in the mounting plastic
such that the c-axis of the slice did not remain parallel to the
polished surface of the plastic mount.

(c) As the doped layer of the CdS slice and the mounting plastic were
brittle, the space between the CdS slice and the plastic opened up
during the polishing operation. Then as the polishing operation
proceeded it gradually filled with swarf from the diffused layer
which had the resultant effect of increasing the depth of the

doped region of the CdS slice.



(d) The traverse across the polished microprobe specimen was not
perpendicular to the outside surface of the CdC slice and to the
diffusion front.

(e) The optical measurements were low due to the edges of the specimen
cracking off.

The errors due to all the items listed above, except item (c) and
possibly (@), were small and could not account for the discrepancy between
the optical and the microprobe measurements. In the optical method for
measuring the diffusion depth, which is described in section 3.3, a
sufficiently large representative number of measurements were obtained
for each CdS slice so that any readings that were low due to the edges of the
specimen cracking off would have been immediately obvious. The microprobe
traverse across the polished surface of the Cdo was within 5 degrees of the
normal to the outside surface of the Cdo slice (10).

After the measurements were completed the Cdo slice, which gave the
largest discrepancy, was taken and the tilt of the slice iIn the mounting
plastic was checked. This was done by sawing across a diameter of the
plastic mount and through the CdS slice in a direction perpendicular to
the sides of the polished surface of the slice. In fact the tilt was
less than 5 degrees.

As it was unlikely that there was any error due to item (@) the
most feasible cause of the discrepancy was item (c). This is confirmed
by the fact that the majority of the depths, which were measured using
the microprobe, were greater than the corresponding measurements which
were obtained optically. In view of this discrepancy, the readings that
were obtained optically were used in the determination of the diffusion
parameters.

Corrections for such factors as electron penetration, primary X-ray



emission efficiency, X-ray mass absorption and electron backscatter
obtained using the electron microprobe were applied to both the counts
from the specimen, which was being analysed, and the reference standard.
The calculations were carried out using a computer program which was
written and run by the staff at the Centre for l-iaterials ocience at the
University of Birmingham. The numerical data used in the program was
taken from a report to the Science Research Council on microprobe
correction procedures (11). The calculations were checked using a
procedure due to Theisin (12), where it was assumed that 2 per cent of
the cation sites in the Cdo crystal were occupied by In atoms. When
the data due to Theisin was used, a correction factor of 0.97 was
obtained whereas the corresponding value obtained from the computer
program was 0.89.

The agreement between these two values was poor, but as the information
given in the Science Research Council report was more recent, it was used

to calculate the correction factors for the microprobe.
6.~. Determination of the diffusion parameters at a fixed In concentration

The experimentally determined values of C*, which were determined
using the microprobe and are presented in this section, were used to
normalise the diffusion coefficents D0 to a value of Colg of 0.01.

The Arrhenius plot of the experimentally determined values of C”, which

is shown in figure 6.6, can be represented by the following relationship

-(Q.~78 + 0.091) eV 6.7
KT -

This expression gives the activation energy for the heat of solution for
dissolving In in CdS. The Arrhenius relationships derived in this thesis
rely on Cq remaining constant throughout each diffusion anneal. In fact

increases rapidly from zero iIn some manner at the start of each anneal
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and levels out at a steady value equal to the final value early on in
the diffusion. This point is discussed further in section 6.5. This
assumption will perhaps cause some uncertainty in the Arrhenius fits
but not sufficient to affect their use.

The diffusion coefficients DO , which were determined from the
experimental results presented in figure 6.2, are plotted in figure 6.7.
The best exponential fits through the experimental points are given by

the following relationships

- _ i} ~(1.82 s+ 0.12) eV
10" %¢8st at ( ) evd

PARALLEL s KT ;

-oci) X

6.8

PERPENDICULAR  «4 =~ 2) x 10"6 at exp[~(1* " -~

L ¢ 9
The values of the activation energies given in these equations are
the energies for the migration of the mobile defect (In”™ VM) ~he
two standard directions. The same conclusions can be made about these
results as were made about the diffusion results, which are plotted in

figure 6.2, and are described in section 6.1.
6.5. Discussion of errors

The main sources of experimental error, which occurred in the
measurement of the diffusion coefficient DO using the optical technique,
are listed below:

(@ The measurement of T.

(b) The positioning of the ampoule in the diffusion furnace.

(©) The measurement of t.

(d) The measurement of X using the optical microscope.

(e) The breakage of pieces of Cdo from the outside edge of the CdS
slice in the cleaving operation which made the precise location

of the outside edge of the slice difficult.



() The presence of a chemical reaction layer outside the diffusion
layer for the Ga and Al diffusions (refer to chapters 9 and 10).

(@ The loss of mass from the CdS slice during the diffusion anneal.

In the plots of X2 versus t all the above factors contributed to
the error in X and the error in the dependent variable )'(2 Is much
larger than it is in the independent variable. The errors in (@, ()
and (c) are the same as those given in section 5-5 and the errors due
to item (g) have been discussed in section 5-5. As the plots of X2
versus t shown in figure 6.1 give reasonable straight line fits which
pass through the origin, the majority of the mass loss in the CdS
slice must have occurred when the ampoule was placed in the furnace.

IT the mass loss had occurred at the end of the anneal then the results
would have given a negative intercept on the plots shown in figure 6.1.
In fact there was no evidence to indicate the existence of such a negative
intercept on any of the results.

For the magnification used, the scale in the eyepiece of the
microscope could be read to an accuracy of + ¢ lim. The largest source
of error in the list given above was, because of the reasons given in
section 3.3, due to item (e) and this factor affected measurements of
Xj~more than it affected measurements of XI(. The experimental error in
X was ¢ 7 |im but for diffusion anneals carried out at high temperatures
it was probably as large as + 10 um (that is ~ 3$).

Another possible source of error was in assuming that the best
fit to the experimental points, on a plot of X2 versus t, was a straight
line which passed through the origin. It is only reasonable to assume
that the best fit through the points is a straight line if the Cd/In
ratio remains constant throughout the anneal. The Cd/In ratio will in

fact increase very rapidly from zero at the beginning of the anneal, and



as the anneal proceeds the rate of increase will slow down until the final
value is obtained at the end of the anneal. As the X “ versus t plots
described in section 6.1 are all linear and pass through the origin, it
indicates that the Cd/In ratio must have remained reasonably constant at
a value near the final value throughout the major portion of the anneal.
In fact, there was not sufficient evidence iIn the experimental data
obtained to indicate that a straight line passing through the origin was
not the best fit to each set of experimental data.

The error in the diffusion coefficient DO was estimated to be
+ 100. The scatter in the experimental points in the Arrhenius plots
in figure 6.2 indicated that this was a reasonable estimate. The
measurement of the diffusion anisotropy involved the determination of

DO /DO_I on each CdS slice, and errors due to several factors such as (a),
X Oi

(b),(c), tended to cancel each other out either wholly or partially.
The final error in each ratio was estimated to be + 7/.

Gome of the uncertainties iIn the measurement of C0 using the electron
microprobe have been discussed in section ?.3. One large source of error
occurred iIn estimating the background due to the Cdo. This contributed
as much as 30?7 to the total maximum signal which was obtained at the
outside edges of the CdG slices at x = 0. Hie other major source of
error was due to uncertainties in the correction factors listed in
section 3.**. Greater accuracy could possibly have been obtained if a
series of reference standards of low In concentration had been specially
manufactured from known masses of In-,0™ and Cdo rather than using cure
In metal (13). The uncertainty in the values of CO increased the error

of + 10/ in D to + 155 lor D~ .
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7.1

7. Proposed defect mechanisms for the diffusion of In into CdS

The aim in this chapter is to consider all the experimental data
that was obtained in chapters 5 end 6 and to propose defect mechanisms for
both the concentration dependent and the concentration independent
diffusions. One of the main differences between the two sets of diffusions
is that the Cd partial pressures in the ampoules were widely different
and the defect mechanism in both cases is probably dependent on this.

The points which are considered in this chapter are: the experi-
mental results which have been obtained, the partial pressure conditions
in the ampoule and the experimental work which has been carried out by
Kroger and co-workers (1, 2) on the self-diffusion studies into pure
and In-doped CdS. As some of the In-doping levels obtained in this
thesis were comparable with the In-doping levels used by Kroger et al,
some of the experimental conditions used in the two sets of measurements
will overlap when they are represented on an isothermal plot of the
Cd-In-S ternary phase diagram. In addition ,the analysis of the results
on the diffusion of group 111 metals into HiO and fig0 (3-7)» which is
described in the introduction to chapter 5» is considered as the
diffusion behaviour is similar to what has been obtained in chapters 5
and 6. Perkins and Rapp (3) used a similar method for analysing their
results,on the diffusion of Cr into NiO,as is used in this thesis for
analysing the concentration dependent In diffusions.

7.1. Pressure conditions in the diffusion ampoule
When a pure CdS crystal is sealed in an evacuated ampoule the Cd

and partial pressures are related by the relationship (8)

KCdS = PCd BSp * 71

When a pure stoichiometric CdS crystal is in equilibrium with its vapour

the total pressure is a minimum and the Cd and partial pressures are



Tan. . - u

related by

PCd - 2PS = 23 Kéhs 7.2

Thermodynamic data for the Cd - S phase system has been compiled by
Shiozawa and Jost (9).

When CdS and In were placed in an evacuated ampoule ,the partial
pressures exerted by the components were estimated by assuming that the
In partial pressure was at the metal saturation value and that the Cd
and S~*values were obtained by assuming that the CdS was under conditions
of free evaporation. This assumption was valid provided the mass of
the In was small compared to the mass of the CdS. In reality this was
not so because the effective mass of the CdS, that is, that which was
influenced by the diffusion, was much less than the total mass. The
errors incurred by this assumption were difficult to estimate, but the
calculated metal partial pressures from the In/Cd alloy system were still
a useful guide to the In and Cd partial pressures in the ampoule.

When known quantities of In and Cd metals were sealed in the
ampoule with the CdS, the metal partial pressures were calculated using
the chemical activity data for the In/Cd phase system (10).

The partial pressures in the ampoule for the two sets of In diffusion
experiments are plotted as a function of temperature in figure 7.1
and the near-surface In concentration in the CdS slices obtained in the
two sets of experimental measurements are replotted in figure 7.2 for
convenience.

It is necessary to estimate the partial pressures in the ampoule
so that comparisons can be made between this work and the work carried
out by Kroger et al where Cd partial pressures have been quoted. For

the purpose of the thesis it has been found to be more convenient to

»«mW-# o< —llLtwineW .MV OilMSiMS»» 1a
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use a form of the final Cd/In atomic ratio in the metal globule, most
conveniently that calculated from the stoichiometric exchange (see
chapter 8).

As can be seen from figure 7.17%he basic difference between the two
sets of In diffusion measurements is the Cd partial pressure and ,it is
this property that possibly controls the In solubility and the diffusion

mechanism in each case.
7,2. The diffusion of In into CdS in the presence of excess In metal

It has been established experimentally in this series of measurements
that: -
(@) The diffusion is concentration dependent with D a C.
(b) The diffusion is anisotropic with DI> D(.
(c) The near-surface In - dopant concentration in the CdS is high, for
example-1.5 atomic percent at 1240 K.
(d) The diffusion coefficient is approximately 200 times greater than

the corresponding Cd self-diffusion value.

The results of the Ga and Al diffusions in CdS”which were carried out
with excess group 111 metal in the ampoule@ere also concentration
dependent (D o> C) and highly anisotropic (Dt> !5,,). The near-surface
Ga concentration in the CdS was exceptionally high (4?; at 1240 K which
is the eutectic temperature on the CdS/Ga”CdS” system). In their measure-
ments on the diffusion of Cr in HiO, Perkins and I?app (3) and Greskovich (4)
made similar observations to the ones listed above, the only exception
was that as NiO possesses a cubic crystal structure the diffusion in HiO
is isotropic. Because of the similar observations one would expect that
the diffusion mechanism and the electroneutrality condition in both systems
would be similar.

In general high values of the diffusion coefficient can be obtained

with interstitial diffusion and with high vacancy concentrations in



vacancy diffusion. In this project the former can be ruled out because
of the following reasons
(@ It would not be possible to get the high dopant concentrations
that were obtained in this experiment, if all the In were interstitial

() 1t would not give the D a C dependency.

It is possible that an interstial-substitutional mechanism
could give a DaC dependency but not for the electro-neutrality
condition used in this section (see equation 7.5).

(c) As the c/a ratio for CdS is close to the ideal value it would not
be significantly anisotropic.

(d) The activation energy would be significantly higher than the values
that were obtained if it were a straight forward interstitial

mechanism.

Van Gool (11) states that ,when a group 111 metal such as Ga is diffused
into CdS,interstitial Ga could be the predominant species at high Ga
concentrations. In fact, there is an error in Van Gool"s book (12)
and there is no possibility of interstitial Ga being the predominant
species under such conditions.
The high solubilities ,that were obtained with the In and Ga
diffusions, can only be accommodated with one of the following:-
(@) An increase in the number of cation sites which would result with
an increase in the mass of the CdS slice and a large increase in

the vacancy concentration on the anion sub-lattice,

(b) When M atoms from the cation lattice have replaced Cd atoms.

Hie evaporation of Cd and S atoms from the surface of the CdS slice

at the start of the anneal ruled out any possibility of carrying out

accurate weighing measurements on the CdS slice to test item (a), but

it can be ruled out because of the following throe reasons:-

(@) The S atoms are relatively large and immobile which would make
(@) an unlikely reaction.

(b) The experimental lattice parameter measurements particularly on
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Ga-doped CdS indicate that a substantial number of Cd vacancies are
formed during the diffusion anneal.

(c) The concentration dependent diffusion gives a substantial vacancy
concentration in the Cd sublattice and the corresponding value on
the 3 sublattice would be very small as they are controlled by

the Schottky defect equlibrium which is given by

H tea] ' K™ -3

IT In is incorporated substitutionally onto the cation lattice
as an independent atom or ion it would not be possible to get high
values of the diffusion coefficient. |If diffusion does take place by

a vacancy mechanism, the formation of an associated defect of the form

(In;d ngjr can account for the experimental results which are given
at the beginning of this section. In addition, an associated defect of this

kind, even if it were uncharged, can have an electric dipole moment
and this will have a preferred orientation in the CdS which could
automatically account for the high diffusion anisotropy.

IT it is accepted that the In atoms enter the Cd sub-lattice
substitutionally then the possible ways in which it can be achieved are:-
(@) An exchange of two In™+ions for three Cdt+ ions which will result

in the formation of Cd vacancies VHd’ which causes no change in

stoichiometry.
(b) An exchange of one In”+ ion and an electron for one Cd”+ ion

with the electron entering the conduction band, which changes the

metal to chalcogenide stoichiometry.

(c) An excess of In entering the lattice to increase the total metal

to S ratio, by adding an In metal atom to the Cd sub-lattice and
creating an S vacancy, which will produce a stoichiometry change

three times as large as (b) per In atom.
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Because of the high band gap energy (approximately 2.5 eV) and the
ionicity of CdS ,the effect of (b) is likely to be small and the effect
of (c) will be small. The effect of (b), while being small will occur
to some extent and may be important for low In concentrations. It is
possible that (b) controls the electrical properties and (a), as it
does not contribute any electrons to the lattice ,controls the diffusion
in the CdS.

There will be a Coulombic attraction between In” and to give
(In’(‘:a vc’)%i.)' and (InBa v(‘)‘a Inlija)T The latter defect because of its
neutrality will be the stable form of the complex and will exist at
low temperatures. At high temperatures it will dissociate to I n” and
(In?d VA)® and possibly into 2In”~d and

It is possible for other less likely defects to form; examples of

some of the possibilities are listed below:-

@) V*Gld, could give up one or two electrons to the conduction band;
(b) the associated defect (In” cou~d give up one electron;
(¢) In” could release a hole or capture an electron from the conduction
#
band to become In”;

(d) Interstitial defects could be present.

Defects of types (@) and (b) could lead to n-doping which is discussed
in section 7.*. Defects of type (c) would either lead to p-doping,
which is unknown in CdS and would not be majority defects, or reduce the
existing n-doping. Defects of type (d) could only be present in very
small concentrations. Defects of the kind listed above are minority
defects and it is not possible to deduce their concentrations as the
necessary thermodynamic data are not known accurately.

Diffusion dependent on concentration (but not linearly concentration

dependent with D of C) has been observed by Bjerkeland and Holwcch (13)
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for the diffusion of the group 11l metals Al, Ga and In into SnSe and
by Chern and Kroger (@*) for the diffusion of In into CdS and CdTe.
In the former set of measurements a simple dependency relationship was
not obtained whereas in the latter set, which was not very extensive ,
the authors were unable to explain the results. The results obtained
by Bjerkeland and Holwech are discussed further in section 7.3. The
results reported in this thesis are far more extensive than the ones
reported by these investigators. Both Perkins and Kapp (3) and
Greskovich () did, as is mentioned earlier, obtain concentration diffusion
profiles with Da C for the diffusion of Cr into HiO.

There is an overlap in the Cd partial pressure conditions and the
In dopant levels for the work on the diffusion of In in Cd3 described
in this thesis and ,the work carried out by Kumar and Kroger (2) and by
Hershman et al (1) for the self-diffusion of Cd in In-doped CdC. The
results of the self-diffusion measurements are shown in figures 2.n» and
2.5. The precise conditions where the overlap occurred for the concen-
tration dependent In diffusion measurements at 1173 K are represented by
point A in figure 7.3* The graph also shows isotherms for the

dependence of D* upon Pe for Cd3 crystals doped with various concen-

od d
trations of In obtained by Kumar and Kroger (2). It is possible that
the CdS will possess similar defects in the two sets of measurements and
that a similar electroneutrality condition will apply. The conditions
for the concentration independent In diffusion at 1173 K are represented
by point B and arediscussed iIn section 7.3.

For the concentration dependent diffusion the full electroneutrality

condition will be an expression of the form:-

[nid] = 2 [vcd] ¢ [(I~d ved>] n

b
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The third term has been included in the right hand side of the above
equation to account for the small proportion of negative carriers which
have been measured in section 7.7

In their experiments on CdS at 1073 K and at low values of Cd

partial pressure, Hershman et al calculate K d VCd ¥I1 /[vcd] ~ 2
23

- -3 e o o
at an In concentration of 6.5 x 10 m which "implies that pairing is
important at high In concentrations. At much higher temperatures this
ratio will decrease rapidly and the above electroneutrality condition

can be approximated to

[InCd] “ 2 [Vcd] -5
If pairing does take place through the reaction

1 p

VCd + Incd ’

the law of mass action will give

[rP*3 [p'3

vV = 7.7
fod] incd] ¢ Kk dg2
The total In concentration is given by
M H *h *
and the measured diffusivity is given by
P] Dp« 7.9
* -
wntot]

where Dpt is the diffusion coefficient of the compound defect (In” ~cd?

It is assumed in equation 7.9 that the mobility of (In” muc”
greater than any other defect that may be present. |If it is assumed
that fP"] <t ~ nCdJ *hen tHde expression for will reduce to
Kp [mtot] - 7.10
i n

»m mimtum



This gives the same dependency between the measured value of the
diffusion coefficient B, and the total In concentration @ n Lintot] )
that was obtained with the concentration dependent measurements described
in chapter 5« This assumes that (In(S(3 Wii) is the only mobile form
of In and that there is an eaby and rapid interchange of In in all its
forms in the CdS.

IT In is incorporated into the Cd sublattice by the direct exchange
of two In™+ ions with three Cd™+ ions then this can be represented by

the following reaction:-

*

In(vap) + 1‘5Cd5d * In'C'd + 1.5~d(vap) + O.5V,Cd 7.11

Application of the law of mass action gives

Li
K . J 1*5 7.12

Cd

The above defect model looks plausible but to be absolutely certain
it is the correct one, further measurements need to be carried out. The
partial pressure dependencies of the In and Cd vapours on such parameters
as the measured diffusion coefficient and the electrical carrier
concentration need to be established. Care needs to be taken in the
interpretation, as a different mobile defect and a different electro-
neutrality condition would normally give different dependencies to
those given in equations 7.10 and 7.12; but it is possible occasionally
for different conditions to those used in these equations to give similar
dependencies to those shown in equation 7.10 and 7.12. For example, if

the mobile defect is (In&& Vca)* and the electroneutrality condition is

N J m [ v j. 7-13
then the use of similar assumptions as those that were used for deducing

equation 7.8 will also yield a value of ¥ a L*ntot 3. There was



insufficient time and apparatus available for carrying out additional
measurements.

In fact the diffusion mechanism proposed in this section agrees
with those put forward by Greskovich (h) and Perkins and Rapp (3) for
the diffusion of Cr in NiO. In these diffusions the workers used the
solid diffusion sources Cr.,0.j and NiCr~0” respectively which were in
contact with the NiO crystal. It is not convenient to discuss this type
of Cr diffusion in relation to ttie Ni/Cr atomic ratio as this is only
useful when there is a metal globule in the ampoule. It is also possible
to interpret the type of concentration profile obtained for the In and
Cr diffusions in terms of the concentration C0 and the concentration
gradient dC/dx. Concentration dependent diffusion profiles with D# C
are produced at high values of C® and dC/dx (that is a low Cd/In ratio
in the diffusions described in this thesis) and concentration independent
diffusion profiles are produced at much lower values of C~ and dC/dx
(high Cd/In ratios). It is possible that the initial values of C* and
dC/dx in the work reported by Chern and Kroger (1¥) and Bjerkeland and
Holwech (13)!'weresufficiently high to give concentration dependent profiles,
but that insufficient tracer was sealed in the ampoule to maintain high
values throughout each diffusion anneal.

This section can be concluded by stating that when In is diffused
in CdS in the presence of excess In, diffusion takes place via the mobile
defect (Ini. V ®)" with the In being incorporated onto the Cd sublattice
by the stoichiometric exchange where three Cd atoms leave the crystal
for every two In atoms that enter from the surrounding vapour.
7.3. The diffusion of In into CdS in the presence of excess In and

Cd metals

In this series of measurements the diffusions were carried out

with an excess of radioactive In metal and inactive Cd metal in the



ampoule; this gave a Cd/In ratio of approximately 3.4 in the metal globule.

The main experimental observations werei-

(@) The diffusion was concentration independent with no visible
diffusion front.

(b) The diffusion coefficient was much lower than for the concentration
dependent case, the diffusion coefficient and the activation energy
values were similar to the values obtained for the self-diffusion
of Cd into CdS.

(c) The In concentration values in the CdS were much lower than for
the concentration dependent case (for example-0.2 at at 1240 K
as against 1.5 at ?! at the same temperature for the concentration
dependent case).

(d) The Cd partial pressure in the ampoule was much higher than for
the corresponding concentration dependent case.

(e) There was no evidence of any diffusion anisotropy for diffusions

in the two standard directions.

In the reports in the literature on the diffusion of group 111
metals into 11-Vl compounds, some of the workers carried out the
diffusion with excess group Il metal in the ampoule, whereas others
carried out diffusions with no added group Il metal present. Come
investigators even sealed excess chalcogen into the ampoule along with
the 11-VI crystal and the group 111 tracer. There does not apnear to
be any correlation between the type of diffusion profile obtained and
the proportion of materials sealed in the ampoules. For the diffusions
which are described in chanters 5 and 6, when Cd is added to the ampoule
the diffusions are concentration independent and when no Cd is added the
diffusions are concentration dependent. Yokovawa et al (15) and

Koshiga and ougano (16), in their diffusion studies into ZnTe and ZnS



respectively, added excess Zn to the ampoule and obtained concentration
independent profiles which are consistent with what is reported in this
thesis. Bjerkeland and Holwech (13) in their studies on ZnSe added

excess Zn for the Al diffusions and excess Se for the In and Ga diffusions.
The profiles they obtained,as was mentioned in section 7.2 @ere concentration
dependent but not of the form D a C. Chern and Kroger (1b),in their
investigations on the diffusion of In into Cdo and CdTe ~added excess
chalcogen to the ampoule and as in the case of the former, obtained
concentration dependent profilesjbut again it was not of the type that

has been obtained in this thesis. In the case of the latter concentration
independent profiles were obtained.

However”~there is a similarity between the results obtained for the
concentration independent In diffusions described in this thesis and the
results obtained by Chen et al (6) and “eber et al (6) who respectively
carried out measurements on the diffusion of Cr into UiO and KgO. The
two sets of workers obtained concentration independent profiles which
were the result of using extremely small .amounts of radioactive tracer.
This meant that the Cr concentration! used in these cases was much lower
than for the concentration dependent cases of Greskovich (U) and
Perkins and Rapp (3) measured at the same temperature. In addition,

Chen et al and Weber et al have also observed that the diffusion
coefficient in the concentration independent diffusion is much smaller
than it was for the corresponding concentration dependent diffusion.

It is rather more difficult to propose a diffusion mechanism for
the set of results under discusssion in this section than it was
for the concentration dependent case. Several investigators have stated
that the diffusion of group Ill metals into 11-VlI compounds is sub-
substitutional (15, 5). As there is no definite evidence of any diffusion
anisotropy for diffusions in the two standard directions and as the c/a

ratio is close to the ideal value, diffusion is probably by a single
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defect which is very likely to be a simple neutral vacancy V~. If
associated defects do form in this case they will not possess.a preferred
orientation in the Cd sublattice, and if there is any interaction between
the defects it must be exceedingly weak.

In this case the Cd partial pressure is higher than for the
concentration dependent case and hence the vacancy concentration VCd
will be less (it will be verified later that the vacancy must be
neutral). It is also possible that the In atoms in this case enter the
Cd sub-lattice by a method that does not cause the vacancy concentration

*

Mg to increase as was obtained for the concentration dependent diffusion.

The vacancy concentration in this case is probably independent of

*

In concentration and is constant at a given temperature.

For a pure material it is possible to write |MXL}-*C&11D
In this case the diffusion mechanism can be represented by the

following equation

7.1k
InCd + VCd ~ ~InCd vCd®
and it can be assumed that
LInCd-1* LintoJ - 7-15
The law of mass action will give
_ M ,
Kp- = 7.16
ilntod [VCdlI
and the diffusion coefficient can be written in the form
Ir>p- r = const
* vKdIl dp- = 717
Kot

At a fixed temperature this relationship gives a concentration independent

diffusion mechanism.

«
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For Cd self-diffusion measurements into In-doped Cdo at high Cd

partial pressures the electroneutrality condition which has been proposed

llncdl= M 718
The conditions in the ampoule,at the diffusion temperature of 1173 K for
the concentration independent In diffusions,are shown in figure 7.3 along
with the diffusion isotherms obtained by Kumar and Kroger (2) at the
same temperature on the self-diffusion of Cd into In-doped Cd3. Tho conditions
obtained here for the In diffusions are represented by point B. As there is
an overlap in the Cd partial pressures at high values of the partial
pressure it would be reasonable to assume that the electroneutrality
condition for the concentration independent diffusion would be similar
to that proposed by Kumar and Kroger (2).

It is possible for the neutral Cd vacancies, , to interact with

the free electrons in the following manner

cd cd 7-19

with
£VvC d M VvCd] *

The law of mass action will give

K n 7.20

7-7 e T |
At a constant temperature

7.21

[ Lvc > [Incdl -

By using an analogous equation to 7.17 it is possible to see,that if the

defect Voé was the dominant mobile defect  that

dm  *Lvcd] -
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7 .k. Slectric.il measurements

Resistivity and Hall coefficient room temperature measurements were
carried out on a single In-doped CdS slice using the Van der Pauw (17)
method. The measurement was carried out by Dr. D. Shaw at the University
of Hull. Specimen 150a (table 8.1) was uniformly doped throughout in an
atmosphere of excess In at 12A1 K to give 2.0 atomic / In. The concen-
tration measurement was obtained using the electron microprobe. The
electrical measurement gave a negative carrier cone"-titration of
5.6 x 1025 m~" showing that at room temperature only ¥%;" of the In in the
crystal was electrically active. This result does not affect the conclusions
which have been drawn for the concentration diffusion where the primary

defects are In” and (In”
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8. Diffusion of In into CdS - comparison of experimental techniques

The results obtained for the diffusion of In into CdS using the
RTS technique and the OM technique, which are outlined in chapters 5
and 6 respectively, are compared in this chapter. When a CdS slice is
diffused in the presence of excess In metal only,the diffusion profiles
are concentration dependent with D a C,whereas when the CdS slice is
diffused in the presence of excess In and Cd metals, the diffusion
profiles are independent of concentration and the diffusivity is much
lower than for the concentration dependent case. The difference between
the two experimental conditions can be interpreted in terms of the
overall atomic ratio of the number of Cd to In atoms in the metal
globule at the end of the diffusion and this quantity is defined as
the overall final Cd/In ratio.

The relative amounts of In and CdS placed in the ampoules for the
concentration dependent diffusion measurements described in sections 5«1
and 6.1 were different,and so the overall final Cd/In ratio in the metal
globule was different for the two sets of measurements. For the
concentration independent measurements described in section 5.%,where
excess Cd metal is sealed in the ampoule along with the In,the overall
final Cd/In ratio is much higher than the overall ratio obtained for
the concentration dependent diffusions.

The overall final Cd/In ratio is made up of two components. The
first is due to the stoichiometric exchange between the In atoms from
the metal globule and the Cd atoms from the CdS slice on a two to three
basis,which is required during diffusion to keep charge neutrality in
the CdS slice. It is possible to calculate the resulting final Cd/In
ratio due to this exchange, and it is referred to as the calculated

stoichiometric exchange value®, it will be abbreviated to CSE value



in this chapter. The second, which has a much greater value and is-more
difficult to calculate, is due to the evaporation of Cd and S atoms from
the surface of the Cd3 slice when the ampoule is taken up to temperature
in the furnace. It is the CSE final value which has been quoted in
earlier chapters and, as this value can be easily calculated, it has
been used as a relative scale in place of the overall final ratio.
Corresponding values of for the concentration dependent diffusions
determined using the microprobe and the RTS techniques,as can be seen
in figure 8.1, give an OH value which is consistently higher than the
RTS value at all temperatures by a factor slightly in excess of two.
This discrepancy is also reflected in the Arrhenius plotsof which
are represented by lines E and B in figure 8.7« The reason for this
discrepancy has been investigated by carrying out additional experiments
which are outlined in section 8.1 along with the possible reasons for
the discrepancy. The shape of the pseudo CdS/InnS”™ phasediagram at
low In concentrations is discussed in section 8.2 and the conclusions
drawn from the In diffusion measurements, described in chapters U - 7

inclusive, are discussed in section 8.3.
8.1. Comparison of near-surface In concentrations

The near-surface In concentration C0 for the concentration dependent
diffusions, which were measured using the RTS technique and the micro-
probe and are described in sections 5.2 and 6.3 respectively, are
shown a3 Arrhenius plots in figure 8.1. The results are represented by
the best straight line fit through each net of experimental points. As
is mentioned in the introduction to this chapter,there is a discrepancy
slightly in excess of two between the two sets of results with the
RTS resul"s being smaller than the corresponding microprobe results.

In spite of the discrepancy in Cqg, the value of the activation energy
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for the heat of solution for dissolving In in CdS determined using the

two experimental techniques agree to within the limits of experimental

error.

This discrepancy can be attributed to any one of the following
causes or possibly to a combination of all three. These are:-

(@) A systematic error in either one or both of the experimental
techniques which were used to determine C"; the errors in Cq
were estimated to be + 109%.

(b) Due to a difference in the overall final Cd/In ratio in the ampoules
which was caused by sealing different proportions of CdS and In in
the ampoules for the two sets of measurements.

(c) Some undefined source of error which it has not been possible to
identify.

Additional experiments were undertaken in an attempt to establish

the cause of the discrepancy which were:-

(@) To compare the RTS and OK techniques directly by carrying
out measurements of X and Cq using both techniques on the
same CdS slice.

(b) To investigate the change in the diffusion coefficient which
is brought about by changing the overall final Cd/In ratio in
the ampoule.

() To check the overall final Cd/In ratio in the metal globule
by analysis.

These experiments will be described briefly and the results obtained

will be discussed in the following sub-sections.
8.1.1. Direct comparison of experimental techniques

Two additional experiments were carried out to check:-
(a) The C~ values obtained in the concentration dependent diffusion

measurements described in chapters 5 and 6 which were obtained
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respectively using the RTS and OM techniques. In this case a single
measuring technique was used.

(b) To make a direct comparison of the techniques by carrying out
measurements of X and using both techniques on the same CdS

slice.

Experiment 1

Diffusion anneals were carried out at throe different temperatures
with the ampoules containing the same masses of CdS, In and Cd (to
within + I10AY) as those which were used in the three series of measurements
described in chapters 5 and 6. The aim of this experiment was to measure
all the values of Cq using one technique, instead of the two, and the
microprobe was chosen. This would reduce the errors in as the measure-
ments would not be affected by the systematic errors that the RTS and the
OK techniques possess. The full details of the diffusion anneals carried
out are given in table 8..1. and the results are plotted in figure 8.1.

In the case of the concentration dependent diffusions, the results
obtained using the conditions of the RTS technique are
consistently lower than the results obtained using the conditions
of the OM technique by 20%. This difference, which is not
as great as that between the standard results represented by the full
lines in figure 8.1,is attributable to the difference between the overall
final Cd/In ratio for the two sets of conditions.

The values of Co obtained for the diffusions carried out with
excess Cd and In metals in the ampoule are, as can be seen in figure 8.1, a
factor of ten lower than the corresponding concentration dependent results.

Thi6é information has been used in chapter 7.
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8.5

Experiment 2

It has not been possible to make a direct comparison in this thesis
of X and C0 values that were obtained independently for the concentration
dependent diffusion using the RTS and the CM techniques; the different
physical conditions used in the ampoule for each set of measurements made
this impossible.

In this experiment such a comparison was made by measuring both Cq
and X on the same CdS slice, which had been diffused in excess In metal,
using both techniques. Sufficient CdS and radioactive In metal were
sealed in each ampoule so that all the required measurements could be
carried out. Diffusion anneals were carried out at three different
temperatures and the full details of the diffusions are given in table 8.2
along with a summary of the results obtained. At the time of writing,
the electron microprobe at the University of Birmingham was not
operational and it was not possible to include the microprobe determinations
of C0 and X.

In this series of measurements a radioactive standard source
containing a known mass of In was made up for each of the diffusion anneals
and the values of C0 obtained using the RTS technique are, in addition
to being presented in table 8.2, plotted in figure 8.1.

Corresponding values of X,obtained at each temperature in experiment
2 using the RTS technique and the optical method,are at the same CSE
final Cd/In ratio and so they can be compared directly. It can be seen
that the values agree to within the limits of experimental error. Values
of X which were obtained using the micronrobe proved to be iInaccurate;
this point has been discussed iIn section 6.5.

All the results obtained for CMwhich have been obtained using both

the RTS technique and the microprobe(@re presented in figure 8.1. These






include the results that were obtained in:-

(@ the determination of the diffusion parameters using the RTS
technique (section 5*2);

(b) the determination of the diffusion parameters using the microprobe
(section 6.*);

(c) comparison experiment 1 using the microprobe

(d) comparison experiment 2 using the RTS technique.

The results obtained using the RTS technique (items (a) and (d)) give
reasonably consistent results and the same is true of the results obtained
using the microprobe (items (b) and (c) microprobe analogue). In spite
of this agreement ,there is a discrepancy of a factor slightly in excess
of two at all temperatures between the results obtained using the two
techniques and this can be attributed in part to two causes. The first,
which has been dealt with in experiment 1, is due to the variation in the
overall final Cd/In ratio between the two sets of conditions used for

the concentration dependent diffusion in chapters 5 and 6,and accounts
for a discrepancy of approximately 2(y>. The second one is the possible
error of measurement in each of the exnerimental techniques used which

is ¢ 1ics. In spite of this, these two sources of error cannot possibly
account for the discrepancy between the two sets of results which are

represented by the full lines in figure 8.1.

8.1.2. Variation of the diffusion coefficient with the overall final

Cd/In ratio.

It was mentioned in the introduction to this chapter that the
overall final Cd/In ratio is made up of two contributions. The first,
which is due to the stoichiometric exchange that takes place between

the In and Cd atoms in a diffusion anneal, is easy to calculate and



typical values are Riven in table 8.3. The second contribution, which

is much greater than the first, is due to the evaporation of CdS from

the surface of the slice at the beginning of a diffusion anneal. The
amount of evaporation w ill increase with temperature and the contribution
to the overall final Cd/In ratio is more difficult to evaluate.

The variation between the diffusion coefficient and the C3E final
Cd/In ratio was measured at three different temperatures. Diffusion
anneals were carried out in which the relative amounts of CdS, Cd and In
placed in each ampoule were varied such that the C3E final Cd/In ratio
in the metal globule could be varied over as wide a range of values as
possible. The smallest ratio of 10 ™ was obtained when 2.0 g In and 60 mg
CdS were placed in a specially constructed ampoule and the largest ratio
was obtained when Cd metal was placed in the ampoule along with the
In and CdS; this was when 15 mg Cd, 50 mg In and 150 mg CdS were used and
a final ratio of 0.31 was obtained. If larger quantities of Cd than this
were used it was not possible to observe the diffusion front. The
diffusion coefficients were measured optically and the results obtained
for diffusions in a direction parallel to the c-axis are shown in figure
8.2.

It can be seen from the graph in figure 8.2 that for values of
the CSE final Cd/In ratio below 0.03 the diffusion is concentration
dependent and for values above o.u, where the diffusion coefficients
are approximately two decades smaller, the diffusion is concentration
independent. In the range between 0.03 and o,» the interface between
the doped and undoped parts of the CdS slice became more diffuse as
the ratio increased, whereas at values above 0.b it was not possible to
observe the interface optically at all.

Hie variation of the diffusivity with the CSE final Cd/In ratio
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8.8

shown in figure 8.2 can be used as a guide to show how the diffusivity
varies with the overall final Cd/In ratio. It was mentioned earlier

that the evaporation of Cd atoms from the surface of the CdS slice
produced a much greater contribution to the overall ratio than that

due to the stoichiometric exchange between Cd and In atomsjand an attempt
was made to obtain spot measurements of the overall final ratio in the
following experiment.

Three metal globules were recovered from the ampoules after the
completion of the diffusion anneals; one provided a high overall final
Cd/In ratio because the CdS slice was uniforinily doped in a high
temperature anneal whereas the other two provided lower ratios as the
slices were only partially doped in a low temperature anneal. The Cd
content iIn the metal globule was measured using a 100 keV transmission
electron microscope with a Li-drifted Si detector for measuring the
intensity of the characteristic X-rays. The details of the concentration

measurements are given in anpendix A¥and the overall final Cd/Tn ratios

are summarised in table 8.3.

The metal globule probably did contain S, but as the general
background was much higher at the energy of the S characteristic
X-rays it was difficult to detect them. The S detection efficiency

was approximately five times worse than what it was for Cd.

It was also possible to calculate the overall final Cd/In ratio
for the three metal globules from the loss in mass of the CdS slice ,
which occurred in a diffusion anneal,using the results presented in
figure 4.1. lhese results are less accurate than the ones obtained from
the analysis of the metal globule but they are consistent with the more
accurate results obtained by analysis.

From the results presented in table 8.3 it can be seen that, as
was predicted earlier, the majority of the Cd entering the metal globule
is due to the evaporation of Cd atoms from the surface of the slice at
the beginning of the anneal and it produces a final Cd/In ratio which

is very much greater than the final CUE value.



It was not possible to measure the variation of the diffusion
coefficient with the overall final Cd/In ratio, but it is possible
with the aid of existing data to draw a schematic variation. As the
overall final Cd/In ratio is much greater than the corresponding CSE
value}it is reasonable to assume that the resultant effect will be to
move the experimental points in figure 8.2,for the concentration
dependent diffusion, to the right. The points at the highest temperature
and the lowest Cd/In ratio move the greatest amount, and the points at the
lowest temperature and the highest Cd/In ratio move least. The
resultant effect will be that the three lines will take up approximately
the same gradient with the 1271 K line moving furthest to the right
and the experimental points closing up together by the greatest amount.
The change from the concentration dependent diffusion to the concentration
independent diffusion could become more abrupt and occur at numerically
higher Cd/In ratios. The corresponding resultant family of curves that
would be expected is shown in figure 8.3-

In fact™as can be seen in section 2.7,Yokozawa et al (1) observed
a similar behaviour for the diffusion of In in ZnTe with variation in
Zn partial pressure, but in this case the diffusion profiles possessed

\ i
an erfc shape.

The results obtained in this sub-section on the variation of the
diffusion coefficient with the overall final Cd/In ratio, despite the
fact that they are not very comprehensive, are consistent with the
results obtained in sub-section 8.1.1. The variation between the overall
final Cd/In ratio for the two nets of measurements causes the Cq values
in the HTS standard conditions to be (20 * bZ" lower than the Cq values
in the OF. standard conditions.

8.1.3. Conclusions and comparison with other published work
The reason for the discrepancy in corresponding values of Cq for

the concentration dependent diffusion, which were obtained using the
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RTS technique and the microprobe, were investigated in the experiments
described iIn sub-sections8.1.1 and 3.1.2. The difference in the overall
final Cd/In ratio for the two techniques used, which is brought about by
using different proportions of In and Cd3 in the ampoule, produces a
difference of approximately 2f" in Cq. It is also possible that
systematic errors in the two techniques used for the Cq determinations
can possibly cause a further maximum discrepancy of 2i£. In spite of
this, there is still a systematic error of a factor of two which cannot
be accounted for; either the microprobe results are too high by a factor
of two, the RTS results are too low by the same factor, or there is
a combination of two errors present.

A summary of the Cq results for the diffusion of In into CdS
obtained by other workers is given in figure 3.~. The results obtained
by the author using the RTS technique (section 5.2) and the electron
microprobe (section 6.3) are also given. It can be seen from figure 8. *
that there is a wide variation in the results obtained. The value obtained
by O"Tuama and Richter (2), which is the average of several measured at
the same temperature, annear to be exceptionally high. The diffusion
anneal conditions used by O"Tuama and Richter were similar to those used
by the author and the elemental concentrations in the CdS were obtained
using an electron microprobe but their sectioning method was suspect
and liable to serious error. The conditions used by Woodbury (),
and Chern .and Kroger (U) were different, the diffusion anneals were
carried out iIn an atmosphere of excess S*. e The result obtained by
Woodbury agrees with the results obta ned iIn this thesis using the RTd
technique whereas Chern and ICroger"s specimens were not saturated with In

and are not directly comparable with the results given in the thesis.



A COMPILATION OF ALL THE AVAILABLE RESULTS OF THE
NEAR-SURFACE In CONCENTRATION IN CdS.



8.2. Pronosed phase dia"-ram fur the CdS/In”o-, system .

It is possible to represent the experinentally determined values
of Cq in another way; instead of using Arrhenius plots to determine
the activation energv for the heat of solution for dissolving In in
Cdo, as described in sections 5.2 and 5.5i it is nossible to use the
results to give information on the CdS/In”o” phase diagram at low In
concentrations as is shown in figure 8.5. As the diffusion anneals
were carried out with excess metal in the ampoule ,the phase diagram
representing the experimental points will form a section on the metal-
rich side of the one containing stoichiometric compositions of CdS,
IS and the intermediate compound CAIn”S™ . This is shown in figure
2.2b. The pseudo-phase diagram will be formed by projecting the section
containing the exnerinental points onto the binary phase diagram contain-
ing stoichiometric compositions of CdS, and CdIn™s”™.  CdIn™sS»h
possesses a spinel structure and can be produced by sintering stoichio-
metric amounts of CdS and In"S™ at 1173 K (5» 6). There was no evidence
of any CdIn™"S™ formation in the In diffusions described in this thesis.

When an ampoule containing a CdS slice and an In globule undergoes
a diffusion anneal at any temperature, the composition of the In in the
CdS slice will tend toward a value or values in which the free energy
is a minimum (7). The Co values in this case will be given by the line
that separates the (CdS + CdIn”™") two phase field from the CdS wurtzite
phase, provided the ampoules are cooled to room temperature very rapidly
at the end of the diffusion anneal. Then the physical state that
exists in the CdS slice during the high temperature anneal, which is
single phase, will be frozen into the CdS slice at room temperature. In
all the diffusion anneals carried out iIn this project, the ampoule

was cooled to room temperature as quickly as possible (initial cooling
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rate 20 K s ™) at the end of the anneal. Some of the slices were
examined optically after the diffusion anneal had been completed and
the doped region of the slice was found to be single phase.

The values which have been obtained using both experimental
techniques (sections 5-2 and 6.3) are shown in figure 8.5. There is
not very much data available on the Cd/In/S ternary phase system and
this is why the majority of the lines in the pseudo-phase diagram in
figure 8.5 are dotted. The only other published data available is that
CdS melts at 2022 K under a pressure of 100 atmospheres (8) and In"S"
melts at 1323 K. This latter temperature is below the eutectic
temperature of the CdS - CdIn~S" system which, as can be seen in figure

8.5, occurs at some temperature in excess of 1750 K.

8.3« Conclusions

In this section the values of the diffusion coefficients and the
activation energies, which have been determined using both the RTS
and the OM techniques,are compared for both the concentration dependent
and the concentration independent diffusions. In addition comparisons
are also made with the results obtained by other workers; in particular
the results of diffusion studies of the trivalent metals Cr and Sc
into NiO and 12g0 (9 - 13) are compared. In fact the results obtained
on the diffusion of In in CdS described in this thesis bear little
resemblance to other results reported in the literature on the diffusion
of trivalent metals in the chalcogenides of Cd and Zn but they do to
the results reported on the diffusion of Cr and Sc into NiO and HgO.
The use of the two techniques in the determination of Cq and X
has been compared in the comparison experiments which are described in
section 8.1. Consistent measurements of X for the concentration
dependent diffusion were obtained using the RTS technique and the

optical method, but the corresponding measurements, which were obtained
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with the microprobe, proved to be lens reliable. The measurement of
was repeated several times using both the RT3 technique and the
microprobe. The results obtained using each technique were consistent,
but when the results obtained using the two techniques were compared
with each other there was a discrepancy of a factor slightly in
excess of two. A part of this discrepancy can be attributed to the
different physical conditions existing in the ampoules for the two sets
of measurements and is reflected in the overall final Cd/In ratio.
Another part can possibly be attributed to the experimental errors in
the techniques used. The major portion of the discrepancy remains
unresolved.

All the diffusion results, which have been obtained by the author
on the self-diffusion of Cd into CdS and on the diffusion of In into CdS,
are summarised in Arrhenius plots in figure 8.6. The key for the
graphs is presented separately in table 8.A and the results are renresented
by the best straight line through each set of experimental points. In
addition, an estimate of the diffusion coefficient in the concentration
independent regime was obtained from the microprobe profile for specimen
152d which is one of the diffusions carried out in experiment 1 described
in sub-section 8.1.1.

The results obtained by the author and presented in figure 8.6 fall
into two general groups. In the first”~he In diffusion is concentration
dependent with D a C and possesses marked diffusion anisotropy with

DK- In the second, which occurs when the Cd/In ratio is greater than
unity, the In diffusion is concentration independent and there is no
evidence of any diffusion anisotropy. In this case the diffusion
coefficient, which is 0.01 of the corresponding coefficient in the
concentration dependent regime, and the activation energy are comparable

with the values obtained for the self-diffusion of Cd into CdS in the
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presence of excess Cd metal. In addition it can be seen from figure 8.6
that at a constant temperature the diffusion coefficent increases as the
CSE final Cd/In ratio decreases or as C0 increases.

The results obtained by other workers are also shown in figure 8.6.
The results obtained by O"Tuama and Hichter (2), which are for diffusions
carried out in excess In vapour, must be in doubt. The results obtained
by Woodbury (3) which are for diffusion anneals carried out in an atmosphere
of excess agree with the second group of measurements. The results
obtained by Chern and Kroger (4) fall between the two sets of results
shown in figure 8.6. In their diffusions 0.5 mg of In metal was placed
in the ampoule with the CdS slice and the diffusion was carried out under
saturated SN pressure. The penetration profile obtained at 1173 K, which
was concentration dependent.but not of a type where Do;C, is shown in
figure 2.6.

A summary of all the activation energy values is given in table 8.5*
For the concentration dependent diffusion, which occurs at a low PCd
(low Cd/In ratio), the mobile defect is probably a (In™ V~A)*" complex.
Indium is probably incorporated into the Cd sub-lattice by the stoichio-
metric exchange of two In atoms from the vapour with three Cd atoms from
the CdS. This can also explain the large diffusion anisotropy which has
been observed. For this type of diffusion it has been possible to
determine the activation energies for the heat of solution for dissolving
In in CdS B, and for the migration of the mobile defect through the Cd
sub-lattice H".

For the concentration independent diffusion, the high (high Cd/In
ratio) does not allow the vacancy concentration on the cation lattice to
increase sufficiently for the diffusion to become concentration dependent.
There is no observable diffusion anisotropy and diffusion probably occurs
by a simple vacancy mechanism. This has been proposed by other workers

(1, 11) who have renorted on other similar systems. In this particular






case it was only possible to calculate the total activation energy for
the diffusion.

As was mentioned in section 7.3,there is no consistent pattern existing
between the type of diffusion profile obtained and the physical conditions
existing in the ampoule during the diffusion anneal for the diffusion of
In into the chalcogenides of Cd and zZn (I, *, 1¥). When a concentration
dependent diffusion was observed by other workers it was not of a
type with Da C. On the other hand, when the diffusion results reported
in this thesis were compared with the results obtained by workers on the
diffusion of the group 111 metals Cr and Gc into NiO and KgO (9 - 13)»
there is a consistent pattern between the two sets of results. Concentration
dependent diffusion profiles were obtained by Greskovich(10) and Perkins
and Rapp (9) when relatively large amounts of Cr were used; the latter
workers also used a method of analysis similar to the one described in
this thesis for analysing their results. In addition concentration
independent diffusion profiles were obtained by Chen et al (12) and by
Weber et al (11),similar to the ones described in section 5-**,when
relatively small amounts of tracer were used. In addition Solaga and
Kortlock (10) in their measurements of the diffusion of Sc into 1g0
obtained results which were indicative of a concentration dependent
diffusion for surface concentrations in excess of 50 carts per million
whereas,below this level,concentration independent diffusion profiles were
obtained.

The values of the diffusion anisotropy have been determined directly
rrom the ratio (XA/XM) and by difference, and as can be seen in table 8.5,
give good agreement. The values, which have been calculated by difference,
were obtained by taking the difference of the activation energies for

diffusions in the two standard directions. Undoubtedly, the more accurate



method for measuring the diffusion anisotropy is the optical method,
where the ratio of X/Xj| was measured on the same CdS slice, as is
described in section 6.2.

Temperature plots of the diffusion coefficients D0 and D& for the
concentration dependent diffusion are summarised in figure 3.7. The
discrepancy of a factor of two existing in the determinations of Cq
using the RTS and the OF techniques is reflected in the Dg values
represented by lines B and 3 in figure 3.7. It is possible to conclude
by stating that,for the concentration dependent diffusion ,the measurement
of Dg using both techniques and the anisotropy are reliable and are not
affected by the uncertainties discussed earlier. The discrepancy in the
Co determinations of a factor of two will make the D& determinations
unreliable by the same factor. However, the results for the concentration
independent diffusion are reliable as they are not affected by the

discrepancies in CO.
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9. Diffusions of Ga into CdS

As there is no convenient radioisotope of Ga,it was not possible
to measure the rate of diffusion of Ga into CdS using the RTS technique.
In this chapter all the CdS slices were annealed with excess Ga metal
in the ampoule and ,as a sharp optically observable diffusion front wa6
obtained, it was possible to use the OH technique to measure the
diffusions. It was also discovered that the doped part of the CdS
slice was composed of two regions: an inner diffusion layer and an outer
chemical reaction layer which occupied up to one quarter of the doped
part of the CdS slice.

The diffusion behaviour of the Ga was in many respects similar
to that which was obtained with the In diffusions. Consequently, the
method used in the analysis of the Ga diffusions was similar to the
one used for the analysis of the In diffusions and the contents of this
chapter will be devoted solely to discussing the experimental results
obtained. The mobile species by which Ga diffuses in CdS is probably

a defect of the form (Ga” ) but there is also evidence which

I -
shows the formation of the neutral defect (Ga” véd Gaad>-

Diffusion anneals were carried out at 10 different temperatures
in the range 91 K to 1558 K and typical microprobe concentration
profiles are shown in figure 9.1®. Corresponding Boltzmann-Matano fits
to the concentration profiles are shown in figure 9.1b. In the diffusion
anneals, which were carried out at the lower temperatures, the micro-
probe profiles showed a departure from the D ar C behaviour at the high
Ga concentrations. As there was not sufficient time available, the
analysis of the profiles was carried out assuming a simple Da C

dependence and a fuller analysis,which is obviously required,has not
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been included in this thesis. This point is discussed further in
section 9.3.

As with the diffusion of In into CdS, the near-surface Ga concen-
tration Co would be dependent on the overall final Cd/Ga ratio in the
metal globule in the ampoule. This effect was not investigated with
the Ga diffusions as approximately the same masses of Ga and CdS,
which are given in table 3.1» were used in all the diffusion anneals.
When the reaction layer does form,67$ of the metal atoms in the compound
are Ga and this will result in a significant contribution to the final
Cd/Ga ratio in the metal globule. For example, if 10& of the CdS slice
is occupied by the reaction layer, the exchange between the Ga atoms
from the metal globule and the Cd atoms from the CdS, which occurs in
the formation of CdGas™, would give a calculated CSE final Cd/Ga ratio

in the metal globule of approximately 0.06.

9.1. Changes in the physical properties

The changes in the same physical parameters, which are reported
for the In diffusions in chapter 4, are discussed for the diffusion of

Ga into CdS and the results will be discussed under the same headings.

9.1.1. Changes in mass

As Ga possesses such a low melting point it proved difficult to
extract the metal globule cleanly from the ampoule at the end of the
majority of diffusions. A total of 63 diffusion anneals were carried
out and the change in mass of the CdS slice was determined in all cases
except three. The results showed no correlation with the duration of
the anneal, but they did with the temperature of the anneal as can be
seen in figure 9.2. The average fractional change in mass for all the

diffusions carried out at each temperature was calculated and it is
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these values which are plotted on the graph. At temperatures below
1300 K, the decrease in mass with increasing temperature is similar
to that obtained for the In diffusions, but above this temperature
the rate of decrease in mass changes abruptly. The reason for this
is that 1270 K is the eutectic temperature of the metal-rich CdS/CdGan”
phase diagram and above this temperature larger losses in mass can
be expected. It is possible that the partial pressures due to Cd
and are large enough at these temperatures to require measurable
loss from the CdS to create these pressures. It is also possible
that in these slices a portion of the reaction layer, which was in
the liquid phase, became detached from the CdS slice when the ampoule
was removed Ffrom the furnace at the end of the diffusion anneal. This
point is discussed further in section 9.3.

The metal globule showed no signs of oxidation during the anneal,
but the change in mass of the globule could only be measured success-

fully on two occasions where the average increase in mass was 1.0&.
9.1.2. Optical investigations

The appearance of the reaction layer was examined optically under
a microscope using both transmitted and reflected illumination. The
CdS slices, which had been specially prepared for the electron micro-
probe using the technique described in section 3.%, proved to be the
most revealing. It was much easier to distinguish optically between
the outer chemical reaction layer and the inner diffusion layer using
highly polished sections than it was using sections, which had been
cleaved from the CdS slices using a sharp knife, as the surfaces were
too rough.

For diffusion anneals carried out at the lower end of the

temperature range, the reaction layer was composed of a single crystal



and appeared to be epitaxial, but the layer became polycrystalline at
the centre of the temperature range. As the temperature was increased
further beyond the eutectic, which occurred at 120 K, the layer gave
the appearance of having been in the liquid phase during the diffusion
anneal. The outside edges of the CdS slices in runs 205, 206 and 207
(table 9.1) took on a curved shape, which was indicative of having been
liquid, instead of the straight sides which were obtained at lower
temperatures. This point is illustrated in the photograph in figure
9.3* The reaction layer has been observed on specimen 207f but its
absence in figure 9.1a was probably due to the reaction layer breaking
off in the mounting or cleaving operations. |If the temperature of the
anneal was increased further ,the CdS slices suffered a very high mass
loss and the reaction layer could not be seen at all, as in run 210.
This was possibly due to the diffusion anneal being carried out at a
sufficiently high temperature either for the compound to decompose,or
for the liquid to be sufficiently fluid for it to become detached

from the slice in some manner.

9.1.3. X-ray investigations

X-ray powder diffraction techniques were used to investigate the
properties of the diffusion layer and the reaction layer of the Ga-
doped specimens. The details of the investigations are discussed in
appendix A3. The main conclusions reached were that the diffusion
layer possessed the wurtzite crystal structure and that the lattice
parameter, for one particular case, was (2.8 ~ 0.2)fo less than that
for the pure crystal. There was no detectable change in the c/a ratio.
The structure of the reaction layer was identified as due to CdOa"sS"
which has a derivative structure related to zinc blende and wurtzite

(3, *0.
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MENISCUS EFFECT OF THE REACTION LAYER

FOR THE DIFFUSION OF Go INTO Cds

specimen 206d magnification x 125



9.2. Discussion of the optical measurements

The optical measurements, which are discussed in section 6.1, were
analysed in the same way as for the In-doped CdS slices, and the thickness

of the reaction layer has been included in the measured values of X.

The full details of the ten runs carried out are summarised in
table 9.1 and a typical \ versus t plot is shown in figure 9«¥« It
can be seen that, to within the limits of experimental error, the
relationship is linear and passes through the origin. The gradient
of the best straight line through the set of measurements, obtained
at each temperature, was calculated and the corresponding values of
D0 are shown as Arrhenius plots in figure 9.5. The results, which
occur in the temperature range 9«1 K to 1150 K inclusive, can be

represented by the following Arrhenius relationships

2 -1, -(5.10 1 0.07) eV 9.1
PARALLEL M= G-P(@®6 }exPp -——o KT—mmmmmmee J

2 -1, r-(3.00 1 0.06) eV~I 9.2
PERPENDICULAR CE2) @6 3 OXP 1 e KTemere f

It can be seen in figure 9.5 that above 1150 K the experimental
points depart from the above relationships to give a flatter distribu-
tion and the possible reasons for this are given in section 6.1 for
the diffusion of In into CdS. In the case of the Ga diffusions it is
possible that this departure from the linear relationship can also be
explained by the large loss in mass of the CdS slice, which occurs
during the diffusion anneals at the higher temperatures. The

calculations to normalise the diffusion coefficients D0 to a near-

surface Ga concentration equal to 1.0J5 are discussed in section 9.3.
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The results of the diffusion anisotropy given by D /D are
°l
plotted in figure 9.6 and can be represented by the following Arrhenius

relationship:

exp KT 9.3

E.. - E = (0.204 ¢ 0.053) eV 9.4

The corresponding value, which can be calculated from the difference
in the values of the activation energies Et in equations 9.1 and 9.2,
is given by:

E. - E. = (0.10 + 0.09) eV 9.5
H \L

The less accurate value given by equation 9.5 agrees with the
accurate value given by equation 9.4.

It was decided to obtain the best straight line fit to the
experimental points at temperatures below the eutectic value in the
Arrhenius plot in figure 9.5» rather than include all the experimental
points. The main reason for doing this was that the experimental points
below 1240 K are reliable, possessing experimental errors which are
comparable with those which were obtained for the In diffusions. At
temperatures above 1240 K, the experimental points Eire unreliable as
the situation was not fully understood and there was a large mass loss
from the specimen. In addition, all the Arrhenius plots, and in
particular the one shown in figure 9.9, all show discontinuities at

the eutectic temperature.
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It can be seen in figure 9.6 that for the major part of the
temperature range over which measurements were taken, the ma%pitude
0

of the diffusion anisotropy is greater than unity and, as expected,
decreases towards unity with increasing temperature. The value
obtained for run 210, which was carried out at 1558 K, shows a reversal,
where XX > X . This result is the mean from five diffusion anneals. If
the high mass losses at the higher temperatures occurred preferentially

from the crystal planes,which are parallel to the c-axis,then an

anomalously low value of would be obtained.

9.3. Determination of the Ga concentration using the electron

microprobe analyser.

Ga concentration profiles were measured across both the diffusion
layer and the reaction layer on eight of the CdS slices that were used
for the optical measurements described in section 9.2. Hie electron
microprobe was used with the apparatus set to detect the Ga K X-ray6
and the experimental method used is described in sections 3.4 and 6.3.

As was obtained with the In-doped CdS slices the values of X
measured with the microprobe, were greater than the corresponding
optical measurements. The spread was between 12= and 38" and the most
plausible reason for this discrepancy is the same as the one given in
section 6.3. In addition, the origin on the distance scale of the
microprobe scans was again taken at the interface between the pure and
doped parts of each slice, as this point was accurately located. The
full details of the experimental measurements are given in table 9.2
and two typical Ga concentration profiles are shown in figure 9.1la.

Out of the eight CdS slices, which were analysed using the micro-
probe, the chemical reaction layer was present in six of the slices.
It was not present on the two slices (207f and 210d) which underwent

diffusion anneals at the upper end of the temperature range; this was
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above the temperature of the eutectic where large losses in mass
occurred. It can be seen from figure 9.la that the CdS slice used in
diffusion 212Ff (1029 K) shows the presence of the reaction layer.

As was mentioned earlier,in run 207f (**55 K) the reaction layer had

been observed on the slice before it was mounted in plastic for polishing.

In addition to this, the diffusion layer on the second side of the slice,
used in diffusion 207f, broke away from the slice in the cleaving
operation and consequently it was only possible to measure one
concentration profile in this particular case. No reaction layer was
observed on specimen 210d (1588 K); this point was mentioned in
sub-section 9.1.2.

The highest temperature profiles, as is shown in figure 9.1b,
are in reasonable agreement with the Wagner profile and the Ga in
these cases is in the highly mobile form (Ga”~ V~) < At lower
temperatures the agreement is less good, the deviation of these low
temperature profiles from the D a C relationship at the higher
concentrations is almost certainly due to the formation of (Ga~”
Ga”) which causes the proportion of the highly mobile defect,
expressed as a fraction of the total Ga, to fall off. Similar relation-
ships, which are shown in figure 9.1c, have been observed by Perkins
and Rapp (I) and by Hinford and Stubican (2). Their curves show a
D a C relationship at low impurity concentrations with D becoming
less sensitive to changes in impurity concentrations at higher values.
In their paper on the diffusion of Cr in NiO, Perkin6é and Rapp discuss
the degree of association between double and triple defects of the

form (CrNi V~) and (CrNi VN1 CrNi ) as a function of temperature.
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Both types of complexes have been observed (5) by electron spin
resonance studies in specimens of Cr-doped HiO at room temperature.
A fuller analysis, similar to that performed by Perkins and Rapp,
needs to be carried out for the Ga diffusions and, as was mentioned
earlier, it is being left to a later time.

For the purpose of this thesis little weighting was placed on the
experimental points in the diffusion layer, which were close to the
reaction layer, in obtaining the best Wagner fit. In the analysis of
the results, the values of Cq and X, which are required to calculate
the diffusion parameters, are the ones given by the best Wagner fit
through the experimental points assuming a D O C relationship. In
the case of the phase diagram, which is discussed in section 9.5, the
actual concentration at the interface between the reaction layer and
the diffusion layer was used.

The Ga count rates obtained from the doped CdS and the metal
standard in the microprobe measurements were corrected for the factors
which are given in section This was done using the computer
program which was developed at the University of Birmingham and is
described in section 6.3 (6). As with the In diffusions, these
correction factors were checked by carrying out a manual calculation
using the data due to Theisen (7) where the cation lattice in a CdS
slice of stoichiometric composition was assumed to be doped by Ga to
an atomic concentration of Zi. The manual calculation indicated that
the values of the count rate, which were obtained using the microprobe,
should be divided by 0.95 and the corresponding value obtained using
the computer program was 0.97. For the diffusion of Ga into CdS, the
correction factor @hich had been determined using the computer program

was used ae it was probably more reliable.
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The experimental error in the values of the concentration was
large because the formation of the reaction layer complicated the
Wagner model for concentration dependent diffusion. The model is
dependent on the surface of the diffusion layer remaining fixed and
on the concentration of the diffusing atoms, in contact with the
surface of the host lattice, remaining constant. The presence of the
reaction layer whose thickness increases at a rate, which is probably
a t, violates both of the above requirements. In the first instance,
Ga atoms are entering the diffusion layer from a surface which is
moving and not from a stationary one as is assumed in the Wagner
analysis. The second violation is that as the thickness of the
reaction layer increases, the surface of the diffusion layer i;
separated from the source of Ga atoms which are in the gaseous phase.
It is very likely that the Ga atoms are able to diffuse sufficiently
easily through the relatively open cation lattice of the CdGa2Sj4 of
the reaction layer that its existence did not violate the second
requirement. In the case of the diffusion anneals, which were carried
out at temperatures above the eutectic temperature, the diffusion of
Ga atoms through the reaction layer was certainly sufficiently rapid
not to violate the second requirement.

The variation in the depth of the reaction layer as a function
of temperature was investigated and the results, which are shown in
figure 9.7, for the temperature range 91 K to 126? K inclusive, can
be expressed by the following Arrhenius equation:

.17 + 0.1ft) eV
KT
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The diffusion coefficient in the above equation is the effective
coefficient for the formation of the reaction layer. Hie activation
energy for the reaction is similar to the value obtained in equation 9.1
which is the measured total value E~ for the diffusion of Ga into CdS.
This implies, as can be seen in figure 9.7,that the best fits of the
linearised form of the Arrhenius equation for the two reactions are
virtually parallel to one smother. At 1273 K the ratio of the
combined depths of the reaction layer and the diffusion layer to the
reaction layer is ~.8. It was not possible to obtain sufficient
experimental data to show how this ratio varied with time at any
particular temperature.

From the Arrhenius plot of Cq shown in figure 9.8, it can be seen
that for the diffusion anneals carried out at temperatures above the
eutectic value of the CdS/CdGanS”™ phase system, decreases
with increasing temperature. 1t can be shown from free energy
considerations that the concentration in the diffusion layer near to
the interface will be along the boundary between the solid and the
(liquid plus solid) phases as shown in figure 9.10.

It can also be seen that the results for diffusion 205e lie
close to the intersection of the two straight lines shown in figure 9.8,
which is the eutectic temperature of the CdS/CdGan"S” system. This
occurs at (1240 + 20) K. All the CdS slices, which were used in run
205, were examined under an optical microscope and they possessed the
characteristics which implied that the reaction layer was in the liquid
phase during the diffusion anneal. Consequently, the temperature of
the anneals must have been higher than the eutectic temperature, but

as can be seen from the position of the point of intersection of the
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two straight lines, the temperature of the anneals must only have been
very slightly higher than the eutectic value.

At temperatures above the eutectic value,where the reaction layer
was molten.it is possible that there was some interaction between the
silica and the reaction layer. This point was not investigated and
it is another reason for confining the interpretation of data for
runs carried out at temperatures below the eutectic value.

The experimental error in the values of C ,that is the value
obtained from the Wagner fit, was estimated to be ¢ 15°. As can be
seen in figure 9.8 the points on both sides of the eutectic can be
represented by straight line relationships when plotted on semi-
logarithimic graph paper. For temperatures below the eutectic value
the experimental points can be represented by the following Arrhenius

relation:

This implies that the activation energy for the heat of solution EF for
dissolving Ga in CdS is (0.75 + 0.06) eV. This value is
considerably higher than the corresnonding values of (0.53 + 0.06) eV
and (0.1*8 + 0.09) eV which were obtained respectively for the In
diffusions using the RTS technique and the microprobe. It can be seen
in equation 9.7 that the pre-exponential entrony term in rather high.
This could very well imply that the activation energy value B, which
was obtained from the best Arrhenius fit through the experimental

points at temperatures below the eutectic value, is too high.
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9.4. Determination of the diffusion parameters at a fixed

near-surface Ga concentration

The diffusion coefficients Do’ which were determined optically
and are presented in section 9.2, were normalised to give the diffusion
coefficient DE at the surface of the layer corresponding to a value
of (CO/CT) of 0.01. The results are presented as Arrhenius plots
in figure 9.9 and for the experimental points, which are below the
eutectic temperature, the equations of the best fits through the

points are given by:
PERPENDICULAR D

9.8

PARALLEL D0

These expressions imply that the activation energy B, for the
migration of the mobile defect, which is probably (Ga~d v )",
through the Cd sub-lattice in directions parallel and perpendicular
to the c-axis are (2.35 + 0.12) eV and (2.25 + 0.10) eV respectively.
In addition, as the values of the diffusion coefficent above the
eutectic were calculated ignoring the substantial mass loss, then
it is understandable that a discontinuity is likely to occur at the

eutectic temperature.
9.5« The phase diagram of the CdS - CdGa,,3|( system

As sufficient experimental information has been accumulated in

the preceding sections of this chapter, it has been possible to make
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an attempt to draw the pseudo-phase diagram for the CdS/CdGanS" system,

which is shown in figure 9.10. Accurate information is represented

by full lines and the remainder of the phase diagram, which has been

obtained from the theory of phase equilibria, is shown as dotted

lines. The results have not been normalised to a constant pressure

as the partial pressures exerted by the constituents were not known.
The information, which was used iIn the construction of the phase

diagram, is summarised below:

(@ The reaction layer possessed the same crystal structure and lattice
parameters as the compound CdGa™S™.

(b) The boundary between the CdS wurtzite phase and the (solid CdS e
solid CdGans™) two-phase field and between the CdS wurtzite phase
and the (solid CdS + liquid sulphide) two-phase field was
obtained from the experimentally determined values of C~.

() An estimation of the eutectic temperature of 1240 K was
obtained from the same concentration data described above in
item (b) and by inspecting the Ga-doped slices under an optical
microscope.

(d) Pure CdS sublimes at a pressure of 100 atmospheres and at a

temperature of 2022 K (8).

The deviation from stoichiometry of the compound CdGanS” is not
known but available information on 1l - VI compounds suggests that
it is probably quite small on the Ga side of the stoichiometric
composition.

When a CdS slice, which has undergone a diffusion anneal at a
temperature above the eutectic temperature, is cooled to room temperature,
micro-crystallisation will take place in which regions of different

composition will form (9, 10). |In fact a behaviour consistent with
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this one was observed in the microprobe scan of the reaction layer of
specimen 205e. The Ga concentration showed an oscillation whose
maximum amplitude varied by + JJoD about the mean value. In fact>as the
interpretation of phase diagrams in conditions of non-equilibrium
cooling is complex and depends on how the ampoule was cooled at the

end of the diffusion anneal, no attempt has been made to interpret

the results.
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10.1

10. Diffusion of Al into CdS

The diffusion anneals described in this chapter were carried out
with excess Al metal in the ampoule and, as with the In and Ga
diffusions, the doped CdS slices possessed sharply defined optically
observable diffusion fronts due to the concentration dependent
diffusion. The half-lives of the common radioisotopes of Al are
not sufficiently long for them to be used as tracers and consequently
the OM technique had to be used for measuring the diffusion.

As the results from this series of measurements possessed similar
characteristics to those obtained in the In and Ga diffusions, which
were carried out in the presence of excess trivalent metal, it wa6
assumed that the defect mechanism was similar. The mobile defect
was assumed to be (AI™ VA)L

Similar to the Ga diffusions, the diffusion layer in the Al-
doped CdS slices was surrounded by a chemical reaction layer, which
appeared optically similar to the low temperature form of the Ga
reaction layer, but it was light coloured and polycrystalline. A1l
is also extremely reactive and, as can be seen in table 3 its
common oxide AI™MO” ™ more 8tabl® than the common oxide of Si, SiO®,
from which the ampoules used in the diffusion anneals were made. As
a result many competing side reactions took place during the diffusion
anneal and this affected the rate at which the A1 diffused into the
CdS. 1t proved difficult to carry out diffusion anneals successfully
at temperatures above 1261 K, and also for very long diffusion anneals
which were carried out at 1025 K because of the failure of the ampoule.
Consequently,as the A1 diffusions were complicated by the
reactivity of the Al it has not been possible to carry out a complete

set of measurements. Hie available time was more profitably spent
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on the In and Ga diffusions.

Successful diffusion anneals were obtained in the temperature
range 1025 K to 1356 K inclusive and a summary of the details is given
in table 10.1.

Another observation that was made was that the combined thickness
of the chemical reaction layer and the diffusion layer on the upper and
lower surfaces of the CdS slice were different, and that the ratio of
these two depths for each slice remained reasonably constant. As all
the CdS slices, which were used in the series of measurements described
in this chapter, possessed the same orientation with the c-axis
perpendicular to the surface of the slice, the two values of the
combined depths were designated using the symbols ~|max and *|min*

In fact it was the greater of the two depths, *|Jhax» that was used
initially in the determination of the activation energy and the

diffusion anisotropy.

10.1. Changes in the physical properties of the CdS

Because of the interaction between the Al and the SiO” of the
ampoule, only a limited amount of accurate reproducible information
could be obtained from the weighings which were carried out on the
constituents of the ampoule before sealing, and again after the
completion of the diffusion anneals.

For anneals carried out below 1336 K~the competing reactions did not
take place at a rate which was sufficiently fast to affect the diffusion,
whereas at 1336 K and all temperatures above this value,the side
reactions proceeded so quickly that the normal diffusion process was
affected. In addition, in some of the very long diffusion anneals ,
which were carried out at the lowest temperature (1025 K)”~he walls
of the ampoules became porous, air eventually leaked into the ampoules

and this caused the CdS to decompose. These points are discussed in
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detail in section 10.3« The changes in the physical properties of the
CdS, which took place during the diffusion anneals and are reported

in this section, are for the anneals in which consistent results were
obtained. The relevant diffusion runs are listed in table 10.1.

After they had been removed from the diffusion furnace, the walls
of the ampoules possessed a light orange-yellow deposit at the end
where the Al was located. This was the end of the ampoule that entered
the hot zone of the furnace first and it was also the end that emerged
first from the hot zone when the ampoule was removed from the furnace
at the end of the anneal. When the ampoule was opened an odour
similar to that of H_,S was detected, which was probably due to AINS?
(1, 2). Hie odours of these two compounds are similar. The outer
surface of the CdS slice possessed a black colouration and the Al
globule possessed a hard grey thick coating which was probably an

"oxide or silicate of Al.

In the diffusion runs summarised in table 10.1, out of the 62
anneals attempted, consistent results were obtained in 41 cases.

It was possible to measure the change in mass of the CdS slice in
*43 of the anneals, whereas the change in mass of the metal globule
and of the total constituents of the ampoule were obtained on only 15
occasions. The average change in mass of the CdS in each run was
calculated and the results are plotted in figure 10.1, in which the
ratio of the final mass to the initial mass is plotted against
temperature.

It can be seen from the graph in figure 10.1 that the ratio
tends to decrease gradually as the temperature is increased. The
decrease in mass of the slice when averaged over the *3 anneals was

V.5The results of the change in mass of the Al globule and the






total contents of the ampoule were omitted from the thesis.

The structure of the doped region of the CdS slice was examined
using an X-ray powder technique and no detectable change could be
observed in the crystal structure or in the lattice parameters between
the doped and undoped parts of the CdS slice. In addition, as in the
case with Ga-doped CdS slices, the existence of a chemical reaction
layer was observed on the surface of the CdS slice using the optical
method. The structure of this polycrvstalline reaction layer was
investigated using X-ray powder techniques and it was identified
as AINO” using the American Society for Testing and Materials powder
diffraction file. The details of the X-ray measurements are discussed
in appendix A3. The existence of the diffusion layer and the reaction
layer are shown in the photographs in figure 10.2. As the side
reactions which occurred during the anneals were so complex, and as
there was not sufficient time available, no attempt was made to
investigate these reactions fully.

In the CdS slices, which gave consistent results, the interfaces
between the reaction layer and the diffusion layer and between the
diffusion layer and the pure part of the crystal were sharp and
distinct. This point is emphasised in the photographs which are shown
in figure 10.2. This was not so in the remainder of the diffusion

anneals.

10.2. Determination of the diffusion parameters

As was mentioned earlier X, and Xi, possessed different values
m max
and it was X( which was used in the determination of the diffusion

parameters described in this section. This was due to some

reaction taking place which affected one surface of the CdS slice more
than the other. No attempt was made to relate the effect to the

orientation of the CdS slice or to the physical arrangement of the
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slice in the ampoule during the anneal. |In fact, the physical
arrangement, used in the ampoule durinrr the diffusion anneals, was
the same for the measurements involving all three metals and no such
effect similar to this was observed for the In and Ga diffusions.

The ratio of the thickness of the reaction layer to the total
combined thickness of the two layers varied appreciably between slices
and the maximum value that was obtained was 0.3. It was the combined
thickness of the two layers that was used, in the calculations
described in this section, to determine the diffusion coefficients.

A typical straight line plot of X2 versus t is shown in figure 10.3.
Arrhenius plots of the diffusion coefficients for diffusions in
two standard directions are shown in Ffigure 10.F. For the experimental
points at 1261 K and all temperatures below this value, the equations
of the best fits through the points can be represented by the following

relationships:

PARALLEL 10.1

PERPENDICULAR 10.2

Above 1261 K the experimental points show the same departure from
linearity as was obtained with In and Ga, which was to give a flatter
distribution.

As there was insufficient time available to measure C0 as a function
of T using the electron microprobe, it was not possible to normalise
the above values of D0 to a value of Co/9 corresponding to 0.01.

Despite this, it was possible to obtain just one profile measurement
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for specimen 312e. The same experimental procedure was followed for
measuring the profile as was used for the In and Ga measurements except
that the apparatus was set up to measure the Al K X-rays and the
profile obtained is shown in figure 10.5.

It can be seen in figure 10.5 that the exnerimental points give
a good fit to the Wagner curve and that the reaction layer only
occupies a thin film on the surface of the slice in this particular
specimen. The peak Al concentration in the diffusion layer, which is
given by the percentage of the available cation sites occupied by Al
atoms, was calculated to be (1.3 +0.2)%.

The diffusion anisotropy is shown as an Arrhenius plot in figure

10.6 and the best fit through the experimental points is given by

-2 (0.445 1 0.069) eV

KT 10.3

S (e « )

e -
~max

This implies that the difference in the measured total activation

energies for diffusions in the two standard directions is given by

Et - Etj = (0.445 + 0.069) eV 10.4

This value is just outside the limits of experimental error when

it is compared with the less accurate value of (0.13 ¢ 0.18) eV

which was calculated from equations 10.1 and 10.2.

10.3. Interaction between Al and SjO..

For diffusion anneals carried out at temperatures above 1336 K
and for long diffusion anneals, which were carried out at 1025 K,
the reactivity of the Al affected the diffusion to such an extent that

it was not possible to take any diffusion measurements. The physical

*
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appearance of the ampoule and its contents fell into one of two common
patterns.

In the first case ,the liquid Al globule reacted with that part
of the ampoule with which it was in contact during the anneal to form
a hard grey compound. If the anneal was of a long duration, which
was the case for anneals carried out at 1025 K, the reaction eventually
extended right through the wall of the ampoule, with air eventually
leaking into the ampoule and the CdS decomposing.

In the second case,there was little reaction between the Al and
the SiO” of the ampoule and a vacuum was maintained during the
diffusion anneal. After the anneal the CdS possessed a brownish yellow
colouration ,the inside wall of the ampoule had a milky white
appearance and the globule was covered with a thick white crust which
was probably an oxide or a silicate of Al. In addition, virtually
no concentration dependent diffusion had taken place into the CdS slice
and the slice proved very difficult to cleave.

A possible explanantion for this latter pattern was that the
concentration dependent diffusion anneal started off in the normal
manner at the beginning of the anneal. At the same time the Al started
to reduce the SiC” to form SiO, which resulted in the formation of a
hard coating due to an oxide or a silicate on the surface of the metal
globule. The crust, which formed on the surface of the metal globule,
prevented the Al vapour, which was being used up in the diffusion
process, being replenished from the metal globule. This meant that the
mechanism by which the Al diffused into the CdS started off by being
concentration dependent, but as the supply of Al in the vapour phase
was used up ,the mechanism reverted to some other type which could be
characterised with a limited source of Al

The above phenomena will explain why a sharp interface was observed



between the doped and undoped region of CdS slice in certain cases,
whereas in others the interface appeared diffuse, or could not be
seen at all. When the concentration dependent diffusion mechanism
was taking place at the beginning of the anneal the sharp interface
was present, but as the amount of Al vapour started to diminish the
interface became diffuse. As the Al vapour was used up, the interface
became more diffuse because the diffusion eventually took

place by a mechanism, which was characterised by a limited

source where the interface disappeared completely.

An attempt was made, using several other different physical
arrangements, to reduce the effects described above in order to get
more successful diffusions. In the majority of the attempts no
improvement was obtained and eventually the problem was left as there
was no further time available.

Despite the fact that relatively consistent results were obtained
from the diffusion anneals listed in table 10.1, there was evidence
to show that the interactions between CdS, Al and the Si0O2 did occur
in these anneals, but to a much lesser degree. In addition,there
are two other factors that confirm this statement. The first is that
the percentage of diffusion anneals, which were carried out in this
temperature range and were not successful, is still higher than for
the In and Ga diffusions. The second is that the scatter in the
experimental points on the graphs containing the results is greater
than those for the In and Ga diffusions.

10.Kk. Determination of diffusion parameters using the parameter xnjfu

Hie analysis, which is described in section 10.2, was repeated

in this section using the parameter xmmin in place of X,(

A typical plot of versus t is shown in figure 10.3 along
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with the corresponding plot using X( It can be seen that the
points lie along a straight line which passes through the origin.

An Arrhenius plot of the diffusion coefficient D is shown in
figure 10.4 and the points at 1261 K and all temperatures below thi6
value can be represented by the following relationship

-(2.93 + 0.11) eV

=(2*05-0.0Q mS  exp KT 10.5

1min
Above 1261 K the points show the same tendency, that has been seen
in all the other results™which is to give a flatter distribution.
The value of D is smaller than the corresponding value of

OlImin

D by 285«. The value of the activation energy is similar, which
0] ,max
implies that the diffusion of the mobile defect into the two flat
surfaces of the CdS slice takes place using a similar mechanism, but
the current of atoms diffusing on the cation lattice is less on one
side of the slice than on the other.

The diffusion anisotropy which has been calculated using these
results is shown on an Arrhenius plot in figure 10.6 and the best
straight line"through the points is given by:-

x 1072 exp (0_1*71& 0.133) eV 10.6

17 7 -(--1:2)
IImin

To within the limits of experimental error, the slopes of the linearised

form of the Arrhenius relationships given in equations 10.3 and 10.6
are similar.
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11. Conclusions and suggestions for further work

The results which have been obtained on the diffusion of the group
111 metals In, Ga and Al in CdS will be discussed in this chapter. In
the case of the Ga and Al diffusions there was an excess of the trivalent
metal in the ampoule throughout each anneal whereas for the In diffusions
two sets of conditions were used. In the first one, an excess of In
metal was placed in the ampoule and the results were similar to those
obtained for the Ga and Al diffusions, whereas in the second an excess
of both In and Cd metals were added to the ampoule. The conclusions
obtained on the In diffusions are discussed in section 3.3.

When an excess of the trivalent metal was placed in the ampoule, the
CdS slices possessed a sharply defined visible interface between the
doped and the undoped parts of the slice The group 111 metal concentration
profiles, which were obtained either with the RTS technique or with the
electron microprobe, gave reasonable fits when they were compared with
the Wagner (1) curve and with the computed curves of Weisberg and Blanc
(2) where it was assumed that D o C. The diffusion of all three elements
displayed diffusion anisotropy with 1£>D(].

In chapter 7 it was proposed that, in the diffusion of In into CdS
in the presence of excess In metal, In was incorporated into the CdS
by a stoichiometric exchange in which three Cd atoms left the crystal
for every two In atoms that entered the crystal and charge neutrality
was maintained in this exchange. This lead to an increase in the
vacancy concentration on the cation lattice to a value far in excess of
the intrinsic vacancy concentration. A proportion of the In ions combined
with a vacancy to form a comoound defect (In” ancl at hi?h *n
concentrations some of the In ions also existed as a neutral compound

M
defect (In” VQd *nCd™* The d*=ftusion too* place via the highly

mobile defect (In”~ VA)® which had a preferred orientation in the Cd
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sub-lattice. This diffusion mechanism can account for all the observations
given in the previous paragraph and also account for the high In concen-
trations that were obtained. A similar defect was assumed by Chern and
Kroger (3),in their measurements on the diffusion of In into CdS and

CdTel by Greskovich (4) and by Perkins and Rapp (5) for the diffusion

of Cr into NiO.

In the Ga and Al diffusions, which were also carried out in the
presence of an excess of the trivalent metal, a similar defect mechanism
is involved. In addition, in the case of the Ga diffusions, the Ga
concentration was high enough in the low temperature diffusions to show
a departure from the 0 a C relationship due to the formation of the
neutral immobile defect (GafEd vcd Gacd™* Sinlilar observations, as are
mentioned in chapter 9, were made by Minford and Stubican (6)tfor the
diffusion of Al in NiOtand by Perkins and Rapp (5) for the diffusion
of Cr into NiO.

Both the RTS and the (P* techniques proved to be successful for
measuring the concentration dependent diffusions, but the latter was
much simpler and quicker to use and it possessed one definite advantage
over the former. This technique was used to show up the diffusion
anisotronv, represented by D21(D°", in the wurtzite structure and the
results for the three metals are summarised in figure 11.1. The RTS
technique, despite its tediousness, was better than the microprobe for
measuring the concentration profiles because, as was mentioned in
section 3.5, it covered a much wider concentration range.

Arrhenius plots of Cq for In and Ga in the diffused CdS slices,
which were obtained using the RTS technique and the electron microprobe,
are shown in figure 11.2. The activation energy for the heat of solution

for dissolving In and Ga in the CdS was obtained from the slopes.
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FigH-1 A SUMMARY OFTHE ANISTROPY FOR THE DIFFUSION OF THE
TRIVALENt METALS In, Ga AND Al INTO Cds®

Fig 11-2 A SUMMARY OF THE NEAR-SURFACE CONCENTRATION OF THE
TRIVALENT METALS In, Gg AND Al IN CdS
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Because of the difficulties that were encountered with the Al diffusions,
which are described in section 10.3, there was time available for only
one C0 determination for Al, and this C0 value is difficult to interpret
as the Al vapour pressure in the ampoule is thought to be substantially

less than the saturated vapour pressure of metallic Al.

It was not possible to resolve the discrepancy in the values for
In which were determined using the two techniques. This point is
discussed fully in section 8.1. The gradients of the two lines for In

on the Arrhenius plot were similar and so there was no discrepancy in
the values of the activation energy E,.

In the case of the Ga diffusions, C0 decreases with increasing
temperature for temperatures above 120 K which is the eutectic value
of the CdS/CdGa”~S” phase system. It was possible from thermodynamic
reasoning to use the concentration data for the In and Ga diffusions to
determine parts of the CdS/In"S" and the CdS/Ga”S, phase diagrams at
low concentrations of the trivalent metals.

The Al and Ga diffusions were complicated by the formation of
a chemical reaction layer outside the diffusion layer and by excessive
loss of mass of the Cd3 slice occurring in the diffusion anneals carried
out at the highest temperatures. The compounds in the reaction layer
were identified, using the X-ray techniques, to be Al-,0,. and CdGansS"
respectively. Despite this complication, the Ga diffusions were corrected

to a standard CO/C value of 0.01,but it was not possible to do so

i—
with the Al diffusions because of the reactivity of the Al with the SiO,
of the ampoule.

The diffusions of the type displayed by the Wagner model are

characterised by the coefficient D™ “which is the diffusion coefficient

at the surface of the CdS slice, at x = 0, at dopant concentrations



equal to Cq. The results for the diffusion of the trivalent metals
In, Ga and Al are summarised in the Arrhenius plot in figure 11.3. The
range of temperatures over which linear relationships were obtained are
indicated by the extent of the straight lines.
In the case of the concentration dependent diffusion all the graphs
show the same tendency at the high temperature end of the range which
is to depart from the linear relationships to give flatter distributions,
The suggested reason for this is that,as the temperature increases, the
concentration of the Impurity atoms increase to such an extent that
other defects and defect complexes become important so that the (Kg .
concentration is no longer determined simply by the (K* ) and (V")
interaction. This effect, and the fall-off in Dfor high Ga concentrations
at lower temperatures, will require further study and probably an
extension of the theory of Perkins and kaop (5) for a full explanation.
The values of ®for the Al diffusions are much lower than the corresponding
results obtained for the In and Ga concentration diffusions; this again
is possibly due to the relatively low Al vapour pressure in the ampoule.
The diffusion coefficients DO, which are given in figure 11.3*
were normalised to a C0 value due to the trivalent metal of 1.0 cation
site fraction. Hie results for the In and Ga diffusions are shown as
Arrhenius plots in figure 11.4 and the activation energies EM for the
migration of the mobile defects through the Cd sub-lattice were calculated.
As the conditions that existed in the ampoules in the Ga diffusions
carried out at temperatures above the eutectic were not fully understood,
only the experimental data that was obtained on diffusions carried out
at temperatures below the eutectic value were used iIn the calculations.
A complete summary of the activation energies is given in table 11.1.
For the diffusion of In into CdS with excess of both Cd and In
metals in the ampoule ,the partial pressure conditions were different

to the rest of the diffusions where an excess of In only was used.
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The characteristics of the diffusion were different, being concentration
independent and there was no sharply defined diffusion front. The

values were low, there was no observable diffusion anisotropy and the
diffusion parameters were comparable with those obtained for the self-
diffusion of Cd into CdS. The results are included in the graphs and
tables given in this chapter. In this case the In is probably incor-
porated in the Cd sub-lattice as In”~, but the Cd vacancies are uncharged
Thus the bonding of InCd with VZd is very weak in contrast to the strong

V="' to Ing interaction, so that pair formation is negligible and

od d
diffusion is essentially by a simple vacancy mechanism.
There is only a limited amount of quantitative data available in
the published literature on the diffusion of group 11l metals into
Il - VI compounds and consequently it is difficult to make comparisons.
The defect structure of CdS is extremely complex (?) and it has been
studied extensively (8, 9), but some questions still remain unanswered.
The majority of the measurements which are reported by other workers
were carried out in the presence of the group 1l metal, where concen-
tration independent diffusion profiles were obtained, and they are not
directly comparable with the majority of the results given in this
thesis. In the few cases where concentration dependent diffusions have
been reported, there is no simple dependency similar to that which has
been obtained in this thesis. There is some overlap on the Cd-In-S
ternary phase diagram between the conditions used by Kroger and co-
workers (8, 9) on the self-diffusion of Cd into In-doped CdS and those
reported in this thesis for the diffusion of In into CdS. It is possible
that a similar defect, which is (In”™ Vgj). W-,B Present in both cases.
The main reason why there is little similarity between the results

obtained for the concentration dependent diffusiono described in this
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thesis, where D o C, and the results reported by other workers on the
concentration dependent diffusion of group 11l metals into the chalco-
genides of Zn and Cd (3, 10) can possibly be explained by the fact that
much higher values of C” and dC/dx vere obtained in the work described
in this thesis. In the case of the concentration independent measurements
described in section 5*% very much lower valuesof Cq and dC/dx were
obtained. Concentration independent diffusion profiles have been obtained
by other workers (11, 12) who have reported on the diffusion of In into
other Cd and Zn chalcogenides. A similar analogy can be made for the
diffusion of the group Il metals Cr, Sc and Al into NiO and HgO which
have been mentioned in several chapters in this thesis. In the case of
the results reported by Perkins and Sapp (3), Greskovich (A) and Minford
and Stubican (6), in which concentration dependent diffusion profiles
were obtained with D a C, high values of C~ and dC/dx were obtained.
This contrasts with the results obtained by Chen et al (13) and Weber
et al (1) who obtained concentration independent profiles using low
values of C0 and dC/dx.

Further measurements on the diffusion of trivalent metals into
Il - VI compounds, particularly at low partial pressure due to the
group 1l metal, need to be carried out. In particular there is still
a lot of work which could be carried out to establish with certainty
the defect mechanism involved in the diffusion of In into CdS over
the whole range of h concentrations. Measurements of the diffusion
coefficient and the electrical conductivity as a function of the Cd
and In partial pressures are required. Ir.oconcentration diffusion
studies should also be carried out. T1 should be included with the
other trivalent metals which have already been used in this thesis.

In fact a small number of diffusion anneals were carried out at the
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beginning of the project using CdS and T1 (but it was not possible to

observe the diffusion interface optically. |In addition, the measurements

described in this thesis should be repeated using another chalcogenide

of Zn or Cd in place of CdS to investigate if similar diffusion

characteristics are obtained.
It is hoped in the near future to carry out a further analysis

on the diffusion profiles to evaluate the binding energy of the double

and triple defects (H*d V~)" and (N*d VCd K*d>* which form when the

trivalent metals In, Ga and Al are diffused into CdS in the presence
of excess trivalent metal. A method of analysis, similar to the one
described by Perkins and Rapp (5), will be used.

The main conclusions that can be drawn from the work described

in this thesis are:

(@) The optical technique, which has been developed, has been shown
to give accurate diffusion measurements in conditions where a
sharply defined diffusion front occurs, and these are achieved with
much less effort than is required by other techniques.

(b) High accuracy for the measurement of the diffusion anisotropy is
possible as the diffusion in two or three perpendicular directions
can be measured on the same specimen.

(c) The concentration profiles obtained using the RT3 technique and
the microprobe show that D a C when an excess of trivalent

metal is placed in the ampoule with the CdS slice.
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APPENDICES

Al. Self-diffusion of Cd into CdS

In this appendix the results of the measurements on the self-
diffusion of Cd into CdS, which sure reported in the author"s M.Sc.
thesis (1) and in a papertthat was published in the Journal of the
Physics and Chemistry of Solids (2), are described briefly. A RTS
technique was used.

Since the completion of the two publications mentioned above,
further experimental work has been carried out on the measurement
of the radioactive decay of the two sources, which were made up
using some of the Cd from consignments 1 and 2 of radioactive Cd
metal that were purchased for the Isotope Production Unit at
Harwell . In addition, further work was carried out on the measure-
ment of the purity of the second consignment of radioactive Cd metal
using gamma ray analysis. This was an attempt to establish if the
diffusion process, which was faster than the bulk diffusion, wa6
due to either another diffusion mechanism involving Cd, or to Ag

«
which was present as an impurity in the samples of radioactive Cd.
In the majority of the diffusion anneals carried out on the measure-
ment of the self-diffusion of Cd into CdS, radioactive Cd from the
second of the three consignments that were purchased was used. This
included CdS slices numbers 5 and 6. The results of this more recent

work are described in this appendix.

Al.1 Discussion of the experimental measurements

Diffusion measurements, which covered the temperature range

875 K to 1528 K, were carried out in excess Cd metal and as can be
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seen from figure Al1.1, the profiles gave reasonable ~erfc® Tits.
The experimental details are described in the authors M.Sc. thesis
The variation of the diffusion coefficient with temperature,
for the CdS obtained from The General Electric Company Limited, is
shown as an Arrhenius plot in figure A1.2, and the best fit through

the experimental points is given by

Al.1

This can be interpreted in terms of an activation energy of
(2.3 + 0.2) eV. Additional measurements were also carried out using
ultra high purity material from Eagle Picher Industries Incorporated
and from The Post Office Research Laboratories, and these results
are shown in Ffigure A1.3 along with all the other measurements for
the self-diffusion of Cd into CdS which were readily available.
The key for the experimental data presented in figure A1.3 is given
in table A1.1. Accurate results due to Woodbury (3), Pugh (if),
Lally (3) and Sysoev et al (6) were available, whereas for Kumar
and Krdger (7) and Shaw and Whelan (8) the results given were
interpolated from published data. Where diffusion measurements were
taken over a range of temperatures, this range is indicated by the
extent of the lines on the graphs.

Hie experimental conditions used by the author are similar
to those used by Woodbury. The results reported by the latter for
the self-diffusion of Cd, as a function of temperature, are for Cd
saturated vapour pressure; the results reported here by the author
are for Cd saturated vapour pressure up to 1280 K and, above this
temperature, sufficient radioactive Cd was placed in the ampoule
to give an excess of Cd. Hie experimental conditions used by

Kumar and KrUger, and Shaw and Whelan were different; the results

for the self-diffusion of Cd were reported as a function of Cd
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TABLE Al. 1 COMPILATION OF TBE RESULTS FOR THE SELF-DIFFUSION OF

Cd INTO CAS, KEY FOR FIGURE A1.3

Key

Graph A

Graph B

Graph C

Graph D

Source of manufacture

Associated Electrical
Industries Limited/General
Electric Company Limited

Eagle Picher Industries
Incorporated

General Electric Company
Limited

Poet Office
Research Laboratories

General Electric Company
Limited

General Electric Company
Limited

Eagle-Picher Industries
Incorporated

Post Office
Research Laboratories
General Electrio Company

CleTite Corporation

Unknown

Reference Comment

T-1.6 eVT

tally & peg- 6 elpl KT ]

Woodbury (3) DCd=3.*«p[ kT ]

Jones (2) »0«, Tex — h H

Pugh (h)

Jones (2) Annealed in excess S 2
yapour

Jones (2) Radioactive Cd contam-
inated with 0®

Jones (2) -

Jones (2) -

Shaw and Interpolated from

Whelan (8) published data

Kumar and Interpolated from

KrUger (7) published data

Sysoev et al *

®
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vapour pressure which was obtained by varying the proportions of
elemental S and Cd placed in the ampoule. In addition, the runs were
done at constant temperatures of 1073 K for Kumar and Kréger and

1123 K for Shaw and Whelan. The results obtained by Sysoev et al (6)
were obtained using CdS crystals, that were melt grown under an inert
gas pressure, and the diffusion anneals were carried out at a pressure
of 3 atmospheres.

The measured value of the diffusion coefficient at Cd saturated
vapour pressure ,over the whole temperature range, is approximately
30 times less than Woodbury®s and five times less than the values
quoted by Kumar and Krdéger and Shaw and Whelan. The measured value
of the activation energy is higher than the value quoted by Woodbury
but the values are within the limits of experimental error. The
activation energy reported by Kumar and Kréger,which is at a constant
Cd vapour pressure of 1 atmosphere”s 1.26 eV. The corresponding
value of the activation energy at Cd saturated vapour pressure in
the temperature range 1073 K to 1173 K was estimated from the
published curves and was found to be 1.8 eV. There is a large
uncertainty in the value of + 25% but it is in agreement with the
values reported by Woodbury and the author.

There is one consistent factor which is common to all the
results which are summarised in figure A1.3. Diffusion measurements
carried out, using CdS obtained from Eagle Picher Industries
Incorporated and The General Electric Company Limited, give a lower
value of the diffusion coefficient than corresponding measurements
which were carried out several years earlier using CdS from the
same sources. This implies that CdS produced more recently
possesses slightly different properties from the CdS produced

earlier, which is possibly due to a change in the defect structure
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or the purity.

Additional anneals were carried out at 1073 K to determine how

certain parameters affected the diffusion coefficient. These results

are summarised below:

@

®

©

@

©

Anneals were carried out in the presence of excess S2 vapour
where the masses of the elemental S and Cd added to the ampoule
were such that the concentration of S* molecules exceeded the
concentration of Cd atoms by a factor of 2.2. The values of
the diffusion coefficient obtained were a decade lower than

for the diffusion anneals carried out at the same temperature
in the presence of radioactive Cd vapour only, where the
pressure in the ampoule equalled the saturated vapour pressure.
Anneals carried out accidentally in the presence of 0" also
gave values of the diffusion coefficient which were a decade
lower than anneals carried out in the presence of radioactive
Cd vapour only.

Pre-annealing a CdS crystal in an atmosphere of inactive Cd
vapour for h did not affect the diffusion coefficient.

Die measurement of a diffusion profile in a CdS slice, that
possessed a naturally grown facet, gave a value of the diffusion
coefficient which was 3%S lower than the result obtained from

a slice which was prepared for a diffusion anneal by mechanical
polishing. This difference was equal to the standard error on
the diffusion coefficients. This implied that any stresses or
imperfections, that may have been set up in the diffusion
surface in the pre-anneal preparation of the CdS slice, diffused
out early during the anneal.

CdS possesses a hexagonal structure of the wurtzite arrangement

but diffusion measurements into CdS slices, which were cut such



that the diffusion direction was either parallel or

perpendicular to the c-axis, showed no significant difference.

Al.2. Gamma-ray spectra of the radioactive Cd

This section deals with the measurements of the gamma-ray spectra
emitted by two CdS slices which had been used in the measurement of
the self-diffusion profiles. This is a continuation of the measure-
ments, which were obtained using a piece of Cd metal from consignment
2, and is described in the authors M.Sc. thesis. The aim of the more
recent measurements was to determine what the fast diffusing constant
background, which was obtained in the measurement of the diffusion
profiles, was due to. It is due to either the radioactive Cd itself,
or possibly the radioactive Ag which was present as an impurity in
the radioactive Cd metal. The noble metals Cu, Ag and Au diffuse
much faster into CdS than Cd (9, 10).

Radioactive Cd metal contains three long lived radioisotopes,
which are:

(@ 17 “cd(Tj = )3 d)

(M) 1°lcd(™ = 1.3 yr) ;

(c) 1ng°Cd(Tj = 14 yr) 5

The initial gamma-ray spectrum measurement, was made on a small
piece of Cd metal from the second consignment 377 d after the end
of the neutron exposure in order to determine if there were any
radioactive impurities present. By this time the sample had started
to depart from the 13 d half-life due to the '"jgkd, which is the
radioisotope in the Cd metal with the predominant activity at the

end of the neutron exposure.
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The gamma energies that were observed are:

(a) 0.088 MeV due to 1ngCd (Tj = 1.3 yr) which gave the greatest
intensity;
- 110m - -
(b) twelve gamma energies due to Ag (Tj = 253 d) which was
probably formed due to the presence of Ag as an impurity in
the Cd metal;

(c) 0.935 MeV and 1.29 MeV due to 1 mCd (Tj = B3 d) ;

(d) five gamma peaks of low intensity.

The impurity concentration of the Ag in the Cd metal was calculated
to be 50 parts per million by weight and the contribution to the
total count rate, due to the llomAg, at the time when the diffusion
profiles were measured was less than 1#.

After the self-diffusion measurements had been completed, two
of the CdS slices (numbers 5 and 6), which had been used in the
diffusion measurements, were sent to the Analytical Research and
Development Unit at Harwell so that the gamma ray spectra emitted
by these two slices could be measured. It was mentioned in the
introduction that both of these CdS slices underwent diffusion
anneals using radioactive Cd from the second consignment. Slice 6
was not given any preparation before it was despatched to Harwell
for analysis; it still possessed the bulk diffusion into its reverse
side. In the case of slice 5» the centre region only was sent.

The outer surfaces were removed completely by lapping the surfaces
with emery paper until the only activity that remained on the slice
was due to the fast diffusion process.

The gamma-ray spectra were measured with a Quartz-Silica

50 x 107~ t? CV-2556 Ge(Li) semiconductor detector and CL-212



Trtu « » * JeAfcii." SN = s

A7

preamplifier which were coupled to an AERE-2151 amplifier and an
AERE-2110 analogue-digital converter. The sorted pulses were
stored in the memory of a Honeywell DDP-516 computer which was
programmed to act as a multichannel analyser in a multi-access
mode. The data was then put onto a magnetic tape and transmitted
on a fast data-link to a central IBM 370/75 computer, where final
printing took place. The samples were measured at a nominal
distance of 7*5 mm from the detector. The energy calibration of
the analyser was obtained using lyés (™ = 30.0 yr) and
27Co (Tj = 5.26 yr) sources and the energy calibration of the
multi-channel analyser was 0.91 keV per channel.

These spectrum measurement* were carried out approximately
1325 d after the radioactive Cd metal had been removed from the
nuclear reactor. This period was sufficiently long for the
activity due to 1ngmCd (Tj = 13 d) to have decayed away completely
and therewas no evidence of any activity due to this isotope having
been detected. The activity on both slices was very low and in
particular the activity from slice 5 was only Just greater than
that due to natural background. The observations that were made
are summarised in table A1.2 and the conclusion drawn from these
measurements is outlined below.

As can be seen from the results of slice 6, some of the Ag,
which was present as an impurity in the radioactive Cd metal,
had diffused into the outer regions of the slice. The activity
from the radioactive Cd, which was detected, was due to the long
lived radioisotopes 17°gCd = 1.3 yr) and 1ljlgBd (Tj = yr).
It can be seen from the results for slice 3 that the constant

background in the diffusion profile is possibly due, in part, to
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the analyser was obtained using ;Cs = 30.0 yr) and
27Co (Tj = 5*26 yr) sources and the energy calibration of the
multi-channel analyser was 0.91 keV per channel.

These spectrum measurements were carried out approximately
1325 d after the radioactive Cd metal had been removed from the
nuclear reactor. This period was sufficiently long for the
activity due to 1jjnCd (T = <3 d) to have decayed away completely
and therewas no evidence of any activity due to this isotope having
been detected. The activity on both slices was very low and in
particular the activity from slice 5 was only just greater than
that due to natural background. The observations that were made
are summarised in table A1.2 and the conclusion drawn from these
measurements is outlined below.

As can be seen from the results of slice 6, some of the Ag,
which was present as an impurity in the radioactive Cd metal,
had diffused into the outer regions of the slice. The activity
from the radioactive Cd, which was detected, was due to the long
lived radioisotopes 1°gCd (T * 1.3 yr) and 1°gaCd (T s I* yr).
It can be seen from the results for slice 5 that the constant

background in the diffusion profile is possibly due, in part, to



TABLE A1.2 A SUMMARY OF THE OBSERVATIONS OBTAINED FROM THE GAMMA

Slice Number

Same physical
state as at
end of
measurement

of profile

All outer
surfaces

removed

RAY SPECTRA OF CdS SLICE NUMBERS 5 AND 6

Experimental observation
of gamma energies

0.0877 MeV present

0.27 MeV present

0.656 and 0.888 MeV
present

0.088 MeV present

0.27 MeV absent

0.656 and 0.888 MeV

possibly present

Deduction

1ngCd (TN = 1.3 yr)

1ng°Cd (T = I*Fyr)

137mg (Tj = 253 d)

predominant peak in
scheme

IngCd (T~ = 1.3 yr)

1mrecd (TA = 178 yr)

1" Ag (T %253 d)

present

present

present

present,

decay

present

absent

possibl:
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radioactive Ag, but the activity of slice 5 was so low that it was
not possible to identify~ith any degree of certainty,all the peaks
due to ""MAg (T~ = 253 d). It i6 also possible to say,with a fair
degree of certainty ,that some Cd did diffuse into the centre of the
crystal as 1°gCd (T = 1«3 yr) was identified.

It was not po66ible to identify any of the five impurity peaks
of low intensity which had been observed in the gamma spectrum of

the radioactive Cd metal.

A1.3 Half-life of the radioactive Cd

Two radioactive sources were made up from consignments 1 and 2
of radioactive Cd metal, which were purchased™from The Isotope
Production Unit, Harwell. Details of the neutron irradiation, the
method used for producing the sources and the discussion of the
decay curve obtained during the first two years, after the neutron
irradiation, are discussed in the author®"s M.Sc. thesis (1).

Hie half-lives of these two sources have been checked period-
ically for over seven years using a low background counter. The
stability of the counter was checked throughout using a natural
uranium standard which gave approximately 11 x 10" counts in 300 a.

Both Cd sources decayed with a half-life of ~3 d (due to "3**>
initially, but the half-lives of both sources 1 and 2 started to
depart from this value after periods of 2Mi d and 13 d respectively
after the radioactive Cd metal was removed from the reactor. This
is because the contribution to the count rate, due to the long
lived Cd isotopes 1£]cd (Tj = 153 d) and 1jj|°Cd (Tj = 1h yr),
started to increase relative to that due to the short lived

isotope 17gDCd (Tj m 13 d). As the time from the end of the
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neutron exposure increases the half-lives of the decay curves should
approach that due to the longest lived Cd isotope. The last counts,
which were made on these sources, were between 20 and 30 times the
natural background which was 0.07 counts per second. From the decay
curves shown in figure Al.4, it can be seen that the two sources
have been decaying with a constant half-life for the five years
preceding the last counts, which were taken at the beginning of
1976. The measured half-lives over this period were 10.6 yr and 4.7
yr for Cd sources 1 and 2 respectively. The error on these measure-
ments is + 29&.

As can be seen from figure Al.lt, the decay curves of the two
sources are not identical. Two of the major differences are as
follows: The first is that source 1 decayed by a factor of
approximately 100 before it started to flatten out whereas source 2
only decayed by a factor of 50. The second is that the long lived
activities are decaying with distinctly different half-lives.

It is difficult from the available information to ascribe a
reason for the difference in the shapes of the two decay curvesibut
two possible reasons are:

(a) The effect of Ag which is present as an impurity in source 2.

(b) The relative intensities of the radiation, from the three
Cd isotopes, are dependent on the duration of the neutron
irradiation and on the energy spectrum of the neutron flux
in which the samples were irradiated.
The duration of the neutron exposure for the two samples was similar
and so this factor should not produce any variation in the decay
curves. It is possible that the two samples were irradiated at

different positions in the reactor, where the neutron flux spectrum
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was different, and this is responsible for this variation.

As the major portion of the activityi which was detected when
the diffusion profiles were measured, was due to the short-lived Cd
radioisotope = *f3 d), the difference in the shape of the
decay curves of the two samples did not affect the results of the
diffusion profiles. Consequently this variation in the shape of the
curves is only of academic interest and is not worth pursuing any

further.
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A2. Measurements on Kadioactive In

The aim of the measurements described in this appendix was to
establish that the radiation, which was detected and measured in the
measurement of the rate of diffusion of In into CdS using the RTS
method, was emitted by the radioisotopes of In and not by any
impurities that may have been present.

A radioactive source was made up from each of the five consign-
ments of radioactive In, which were purchased from the lIsotope
Production Unit at Harwell, and the half-lives of all five sources
were checked over a period of five years. In addition, four
radioactive samples were sent to the Analytical and Development
Unit at the Atomic Energy Research Establishment, Harwell for
gamma-ray analysis.

The results of these measurements indicated that four out of
the five consignments decayed with the correct half-life over three
decades of activity. Consignment 2 decayed with a half-life of
V? d, which is slightly shorter than the expected half-life due
to 1MjmIn (TJ = 50 d), but it did not affect the results of the
diffusion anneals which were carried out using this consignment.
Small traces of long lived radioactive impurities were detected
in some of the consignments of In metal, but again they were not

of a sufficient intensity to affect the diffusion measurements.
A2_.1. Nuclear properties of radioactive In

Naturally occurring In possesses two isotopes and when such a
sample of In is placed in a nuclear reactor it can be seen from
figure A2.1 (1, 2, 3) that the radioisotopes, which are produced,
are 1il,In and 1™In. When the sample is removed from the reactor,

49
the induced activity due to 1!§‘1n * 5% m) will decay within

All



TFt-«*«

THE NUCLEAR PARAMETERS OF RADIOACTIVE In

NW AW A\ w NN Vv AN Nws j
114 115 116,
13, 49" \ In 49 In
\
A\ \' M \w  \\
14
17hr 42ms 50d 72s 45h 6x10 yr 25s 54m 14s
>
155b
N 50b

energies are in MeV

Fig A2-1



Al2

few days, leaving that due to 1°gmIn (T~ = 50.0 d).

%
The radioisotope ]Ik]n possesses three nuclear states but the

first, 1P,

In (Tj = 2 ms), will have decayed away within a few
seconds after the end of the neutron exposure. The second,

w*1" ITi = 50.0 d), possesses such a relatively long half-life
that it will also control the rate of decay of the third state,
Win (Tj = 72 s). It is the radiation that is emitted in the
decay of the second and third radioisotopic states that is measured
in the RTS technique.

As 98% of the disintegrations from ~gln (T» = 72 s) decay
straight to the ground state of I%ESd with the emission of beta
particles only, the radiation emitted by the radioactive In will
give a high detection efficiency if beta counting methods are
used. This is the main reason why the anti-coincidence low
background Geiger counter was used for measuring the diffusion
profiles using the RTS technique which is described in section
3.2.

Some of the nuclei,in the states 1" nln (T = 50 d) and
l}kln (Tj = 72 s), will decay with the emission of gamma photons,
the prédominent transition emitting photons of energy 0.192 MeV,
in which 78% of the photons are internally converted. The counter,
which is used for measuring the diffusion profiles, will also
possess a high efficiency for the detection of the beta particles
and the soft X-rays, emitted in the internal conversion process,
and in the electron capture processes that take place.

A2.2. Half-life measurements onthe radioactive In

When the five radioactive sources were made up, one from each

consignment of In metal, they gave approximately 100 counts per

second when measured on the low background Geiger counter. Their



half-life was cheeked over a long period of time and a reference
source containing sufficient natural uranium salt to give approx-
imately 38 counts per second was used to monitor the variation

in the counter efficiency.

Hie results of the half-life measurements are shown in
figure A2.2. The measurement of the activity of the sources was
continued until the activity either decayed away to an undetectable
or it flattened out at some level slightly in excess of natural
background. In fact,some measurements were still being taken
when this thesis was being written.

It can be seen from the decay curves plotted in figure A2.2
that sources 1, 3, 4 and 5, which were made up from consignments
bearing the same numbers, decayed with the expected half-life
of 50.0 d over an activity range extending over 3 decades. The
fifth source, number 2, decayed with a half-life that was some-
what shorter than the expected 50.0 d, due to ”~ In, which was
approximately 47 d extending over the same range of activity.

Hie above observation implied that source 2 contained a radio-
active impurity whose half-life was shorter than the expected one
of 50.0 d and it would have contributed over 33# of the count rate
when the consignment was delivered to Rugby from the Isotope
Production Unit at Harwell. Radioactive In from the second
consignment was used in all the diffusion anneals in the 109
series of measurements (sections 5»1 and 5*4), except for 109m,
and at the time these diffusions were being carried out the
impurity contributed 28# to the count rate of source 2. The half-
life of this impurity was calculated to be longer than 40 d and

it was not possible to identify it on half-life data alone.

Al3

level
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The decay of the five sources did not follow any common pattern
after the initial decay of three decades described above. Sources
1 and 5 decayed with the correct half-life for a further 1.5 decades,
which took the activity to a level below the limits of accurate measure-
ment using the low background counter. In addition, the activity of
source 2 decayed to a level,which was below the limits of accurate
measurement, but insufficient measurements were taken after the
initial decay of 3 decades to state how the source actually decayed.
The count rate on sources 3 and 4 flattened out at a level equal
to 10'If of the initial count rate and this indicated that these
two consignments possessed minute traces of an impurity whose half-

life was much longer than 50 d.
A2.3. Gamma-ray spectrum measurements of the radioactive In

Four samples containing small amounts of radioactive In were sent
to the Analytical Research and Development Unit at the Atomic Energy
Research Establishment, Harwell, for the gamma-ray spectra emitted
by the sources to be measured, ftiese samples were sent along with
the two samples which had been diffused with radioactive Cd as
described in section 2 of appendix Al. The details of the four
radioactive In samples are given in table A2.1.

The apparatus that was used for measuring the gamma spectra
is described in section 2 of appendix Al. All samples, except for
B, were measured at a nominal distance of 7.5 mm from the detector.
Because of its higher activity sample B was measured at a distance
of 57*5 mm. An energy calibration of the spectrometer was carried
out using sources = 5.26 yr) and 1"Cs = 30.0yr). The
area under each peak of the gamma spectra print out, corrected for

the general background level, 1is given along with the corresponding
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channel number of the peaks in table A2.2. All four gamma photons,
which are emitted in the decay of (T~ = 50.0 d) and

JoIn (T = 72 s) and are shown in figure A2.1, were identified

in the spectra of samples A, B and C. In addition, the In X-rays
whose energy is 0.024 MeV was also identified in all three samples.
A gamma photon of low intensity was observed in all three samples
at 1.283 MeV, but it could not be identified in the available
references. It is possible that a small fraction of the nuclei
in ljjgnin (Tj = 50.0 d), instead of decaying from the 1.283 MeV
state in two stages as shown in figure A2.1, decays straight to
the ground state with the emission of a single gamma photon of that
energy -

The activity of sample D was so low that it was only possible
to identify the 0.024 MeV X-rays and the 0.192 MeV gamma photons
with any degree of certainty.

Three gamma photons, which were possibly due to the presence
of impurities, were observed but their intensity was so low that
their presence would not affect the measurement of the diffusion
profiles in any way. Two of the gamma photons, which were due to
2yCo (T~ = 5*24 y), were observed in sample A and the third, at
1.400 MeV, in sample B. The presence of in sample A was not
responsible for the departure from the expected half-life of 50 d
in the decay of source 2 described in section 2 of this appendix.

The gamma ray intensities of each of the three samples A, B
and C were normalised to that of the 0.724 MeV photon and it can
be seen from table A2.2 that the normalised values at each energy
agree to within the limits of experimental error. It was not

possible to do this with sample D as its activity was so low and
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the X-rays were not included as their intensities could be affected
by variations in sample and counter geometry.

The normalised areas under the photo— peaks were also compared
with the relative intensities of the photon transitions which occur
in the decay schemes of 1 mIn (Tj = 50.0 d) and 1*In (T = 72 s)
and are shown in figure A2.1. There was a correlation between the
two sets of figures for each of samples A, B and C, but it was not
possible to make an exact comparison as there was no information
available on the energy variation of the efficiency of the detector

that was used to measure the gamma spectra.
A2_It. ldentification of the impurity in the radioactive In of

consignment 2

An attempt was made using all the known available data to
identify the radioactive impurity, which was”present in the radio-
active In in consignment 2.

From the half-life measurements on source 2, which are described
in section 2 of this appendix, it was deduced that the half-life of
the impurity was between 10 d and 50 d. In addition, as the half-
life measurement was made using the low background counter the
radioactive impurity must emit beta particles whose maximum energy
is greater than 0.2 MeV. From the gamma spectra described in
section 3 of this appendix, no impurities could be detected in sample
A apart from small traces of 29°° = 5721+ yr) which were present
in trace quantities. Hie activity of the In in consignment 2 had
decayed by more than 3 decades between the time it was delivered to
the polytechnic and when the gamma spectrum was measured. So, if
the radioactive impurity did emit gamma rays, then it is possible

that it had decayed to such a minute proportion by the time the



gamma spectrum was measured, that it was not possible to detect the
impurity.

Radioactive In from this consignment was used in all the
diffusion anneals of the 109 series, the only exception being 109m.
As the results, which were obtained in these particular diffusion
anneals, were consistent with all the other results, it must be
concluded that this impurity did not diffuse into the CdS in
significant amounts during the diffusion anneal.

An attempt was made to identify the radioactive impurity that
was present in consignment 2. The radioisotopes (4) that emit
beta particles and possess a half-life in the range 10 d to 50 d
can be reduced to a possible list of five:

@ s e =D

® gy 396D

@© 1g-cd(@i =13 d)

@ Sgong(re v 169 D

®  g7onF(r2 = 125 D

Bie In used in this project was supplied in a spectrographically

pure form by Johnson, Matthey and Company Limited. A report on the

spectrographic examination carried out by the manufacturers, indicated

Al7

that Fe was the impurity that was present with the highest concentration,

which was three parts per million. It was concluded that Fe would have

to be present in the In in much higher concentrations than this if
the radiation, emitted by the impurity, was due to the isotope of
Fe- ggFeiTi = 1% d), which would have been formed by the reaction

8 *
ggFe(n, y) . In addition, the percentage abundance of this isotope



in naturally occurring Fe and the cross section for the reaction are
both so low that it rules out this possibility.

It is possible to conclude this appendix by stating that it was
not possible to identify the radioactive impurity in consignment 2
with any degree of certainty. The presence of the element has not
affected the diffusion anneals which were carried out using In from
this consignment.
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A3. X-ray powder diffraction investigations

The experimental data which is presented in this section has been
supplied by the author™s project supervisor, who carried out the X-ray
powder diffraction investigations at the School of Physics at the

University of Warwick.

A3.1. Check on possible lattice parameter changes in the diffusion

layer,

Small pieces were cleaved off the edges of the following CdS
slices which had been annealed with either excess Ga or excess In in

the ampoule. The details of the slices which were used are given

below:

In-doped slice 132a 17.83 h at 1305 K
slice 132b 57.00 h at 1214 K

Ga-doped slice 211b 69.75 h at 1136 K

The Ga-doped slice had a comparatively thin diffusion layer. Each
specimen was crushed and sorted optically under a microscope to
reject the undoped parts. A diffraction specimen wa6é then prepared
from each of the diffusion specimens and also from a pure CdS crystal
by grinding in a mortar and compacting with “Durofix®. The powder
patterns were taken with a Philips camera of 114.6 mm diameter and
Cd Ka radiation, with the tube run at 27 kV to eliminate Cd K
fluorescence.

All the specimens showed the 26 sharp lines of wurtzite with
the doublet being clearly resolved for the higher Bragg angles.
The two In-doped specimens gave lattice parameters that were, to
within experimental error, identical with that of pure CdS. For

example, line 250" Bragg angles were 74.75 degrees for the pure
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CdS compared with a value of 7*+-85 degrees for In-doped specimen

132a. The mean lattice spacings of the In-doped specimen for all
lines was (0.03 * 0.05)# less than for pure CdS. Powder pattern

photographs for In-doped specimen 132b and for pure CdS are shown
in figures A3.1a and A3.1b respectively.

As can be seen in figure A3.1lc the Ga-doped specimen gave two
sets of sharp wurtzite diffraction lines. This is explained by the
presence of some undoped material from the inner part of the doped
CdS slice in the fragments used for the X-ray measurements. The
lattice parameters were found to be 0.68# and 3«5C# less respectively
than for the pure CdS sample. The 0.68# increase in sin 0, and the
corresponding 0.68# decrease in lattice spacing is significantly more
than the experimental error. However, the Zesults have not been
corrected for possible systematic errors, for example, by plotting
against cos™ 0. On the assumption that the lines giving the 0.68#
change are due to fragments of undoped CdS, the lattice parameter of
the doped parts of specimen 211b are (2.8 + 0.2)# less than for the
pure crystal. There was no change detected in the c/a ratio.

At the end of each diffusion anneal, it was customary to cool
the ampoule and its contents down to room temperature as quickly as
possible in order to freeze the high temperature equilibrium state
that existed in the CdS slice. In the Ga measurements additional
diffusion anneals were carried out in which, at the end of the anneal,
the ampoule was left in the furnace and the furnace was allowed to
cool to room temperature very slowly. On optical examination, these
CdS slices were found to contain small isolated regions of a second
phase which had segregated out. This was because the rate of cooling

was sufficiently slow for the atoms to readjust their positions to



UYs/-69 uolelnp-3oeTT aimeladwal-qTTz uswidads- e9 Jo Inodea paleinies e ul pasnyip spy ()

SPO d3d0d-09 ANV d3d0d-ul 40 SHdVYO0LOHd ¥3AMOd AVYH-X TVOIdAL



A21

give the equilibrium conditions which exist at room temperature. At
the room temperature equilibrium conditions the CdS slice consisted
mainly of Ga-doped CdS whose composition corresponded to the boundary
between the CdS wurtzite phase and the (CdS + CdGanS") two phase
field (figure 9.10). In addition the CdS slice contained small
isolated regions of Cd-doped CdGa2Sif whose composition corresponded
with the boundary between the (CdS + CdGa_,S") two phase field and

the Cd-doped CdGa”S” phase. This behaviour is shown in the photograph
() in figure A3.2, where the microscope, which was used to take the
photograph, was focussed onto a region of the CdS slice in the
vicinity of the diffusion front. Hie network is visible due to the
segregation of second phase particles on dislocations during the
reheating of a crystal at 873 K after a diffusion heat treatment

at 1173 K.

A3.2. The structure of the reaction layers

Whole diffusion specimen were mounted in the powder camera and
rotated so that a small face of the surface was tangential to the

X-ray beam. The following slices were used:-

Ga-doped slice 211d U8.20 hat 1136 K
slice 212f 6**5.0 hat 1021 K
Al-doped slice 313« U.95 hat 1336 K

In addition to the strong spots due to CdS, a powder pattern was
observed. For specimen 212f)all the strongest lines and ten of the
twelve recorded lines were identified as due to CdGa"S™ (2).

Hie whitish outer layer from specimen 313e gave a clear pattern,
which was due to A20~ (3),along with some weak lines due to pure

Cds.

«1*
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Ad. Analysis of the metal globule in the diffusion of In into CdS

Measurements were carried out by the project supervisor to
verify that Cd had accumulated in the metal globule. In the diffusionsi
which had been carried out with excess In metal only sealed in the
ampoule with the CdS slice)the metal globule became a dilute Cd/In
alloy when the diffusion anneal got under way. Three metal globules
were chosen where specimen 122c was expected to give a low final
Cd/In ratio, 122q a higher ratio than 122c, and 150a, which was
diffused right through, was expected to give a much higher ratio
than 122q. This trend is confirmed by the results which are tabulated
at the end of this appendix. Hie measurements were carried out using
a 100 keV transmission electron microscope and a Li-drifted Si detector

was used for the measurement of the characteristic K X-rays.

Diffusion number 150a 122c 122q
Temperature K 1241 1120 1120
Duration S 1.555,5 1.44.,4 7.92,4
Fraction of CdS doped with In 1.0 0.35 0.69

Cd weight in the In/Cd alloy % 21+3 3+ 1 8+ 2
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Abstract—The diffusion of In into CdS was studied using optical, microprobe and radiotracer methods over a
temperature range from 729 to 1411 K. When diffusion occurred with a large excess of In metal, the diffusion
coefficient was found to be linearly proportional to In concentration in the CdS and a sharp, optically observable
diffusion front existed. Varying the Cd/In atomic ratio in the metal produced a transition to normal, concentration
independent diffusion for Cd/In ratios greater than unity. The diffusion is markedly anisotropic, with fast diffusion
perpendicular to the crystal c-direction. Very high values were measured for the diffusion coefficient in the
concentration dependent regime (up to 2x 10“'W s-1) and the mobile specie is thought to be the (InV) complex.
The total apparent activation energy was found to be 2.03 and 2.30 eV (perpendicular and parallel to the c-direction
respectively) and the anisotropy of the activation energy measured directly was 0.250eV. On converting the
concentration dependent diffusion coefficients to a standard concentration a straight line Arrhenius plot was
obtained below 1200 K, which gave an activation energy for defect motion of 1.56+0.12eV perpendicular to the
c-direction and 181+0.12eV parallel to the c-direction.

INTRODUCTION

It is well known that, when an impurity of higher valency
is introduced into an ionic crystal, the requirement for
charge neutrality in the crystal can be satisfied by in-
troducing compensating vacancies (Kittel[l]). For in-
stance, Ca in solid solution in KC1 crystals produces
one cation sublattice vacancy for every Ca atom in the
lattice. Such vacancies in the positive ion sublattice can
greatly increase diffusion on that sublattice when
diffusion is by a vacancy mechanism. When the vacan-
cies introduced by impurities are very much greater than
the intrinsic vacancy concentration, the diffusion can
become linearly  proportional to  concentration
(Wagner[2]). Semiconductors often show complex con-
centration dependencies for impurity diffusion and a
brief report on concentration dependent diffusion in this
system (Chern and Kroger,[3]) has appeared. We provide
evidence here that CdS, which, though a semiconductor,
is also recognised to be a markedly “ionic” I1-¥I com-
pound, behaves rather like the classical ionic crystal for
the diffusion of trivalent In. The solubility of In in CdS
(i.e. replacement of 1.Sx Cd atoms by X In atoms in the
positive ion sublattice) occurs readily, so that high
vacancy concentrations and correspondingly high In
diffusion coefficients are found.

Radio-tracer sectioning methods and electron micro-
probe measurements across diffusion specimen sections
were used to obtain concentration profiles after diffusion.
The profiles are in agreement with the theoretical profiles
calculated for D * C with the very sharp diffusion fronts
predicted by the theory (see Figs. 1 and 2). Because of
the change in optical properties of CdS on In doping,
these fronts are comparatively easily observed by optical
microscopy. This makes it possible to study the diffusion

behavior very economically using optical microscopy
and to determine the anisotropy of diffusion accurately.
Absolute measurement of the near-surface concentration
of In in the diffusion samples (by microprobe and tracer
methods) enables the solubility-temperature relation to
be obtained and the gross diffusion coefficient to be
converted to a diffusion coefficient at a standard concen-
tration for all temperatures. The activation energy of this
normalised diffusion coefficient then gives the activation
energy of motion of the mobile defect directly.

INTERPRETATION OF CONCENTRATION DEPENDENT DIFFUSION

The initial experiments showed that the concentration
profile for In diffusion did not follow the “integral error
function” penetration profile, that is expected for an
effectively infinite source, when the diffusion coefficient
is independent of concentration. Instead, the concen-
tration profile was convex upward everywhere and
showed a sharp diffusion front. The solutions of the
diffusion equation for a wide variety of concentration
dependencies have been discussed in detail by Crank(4|.
The solution for the case of a diffusion coefficient
linearly proportional to concentration was first obtained
by Wagner[2] and power law (D * C") diffusion profiles
have been computed by Weisberg and Blanc(5). Our
measured concentration-distance curves fitted the Wag-
ner solution (D * C) very well, as is shown in Figs. 1(b)
and 2.

The Wagner solution gives the diffusion coefficient Ds
for the concentration at the free surface of the crystal in
terms of the diffusion time t and the penetration distance
*ee* by Ds *0.381ljr;L*/i. The diffusion coefficient at
the annealing temperature for any other In concentration
is then given by Dc * DS CCS. where Cs is the near-
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(-direction and 181+0.12eV parallel to the c-direction.

INTRODUCTION

It is well known that, when an impurity of higher valency
is introduced into an ionic crystal, the requirement for
charge neutrality in the crystal can be satisfied by in-
troducing compensating vacancies (Kittel[l]). For in-
stance, Ca in solid solution in KCI crystals produces
one cation sublattice vacancy for every Ca atom in the
lattice. Such vacancies in the positive ion sublattice can
greatly increase diffusion on that sublattice when
diffusion is by a vacancy mechanism. When the vacan-
cies introduced by impurities are very much greater than
the intrinsic vacancy concentration, the diffusion can
become linearly  proportional to  concentration
(Wagner[2)). Semiconductors often show complex con-
centration dependencies for impurity diffusion and a
brief report on concentration dependent diffusion in this
system (Chern and Kroger.[3]) has appeared. We provide
evidence here that CdS, which, though a semiconductor,
is also recognised to be a markedly “ionic" I1-V/I com-
pound, behaves rather like the classical ionic crystal for
the diffusion of trivaient In. The solubility of In in CdS
(i.e. replacement of 1.5x Cd atoms by X In atoms in the
positive ion sublattice) occurs readily, so that high
vacancy concentrations and correspondingly high In
diffusion coefficients are found.

Radio-tracer sectioning methods and electron micro-
probe measurements across diffusion specimen sections
were used to obtain concentration profiles after diffusion.
The profiles are in agreement with the theoretical profiles
calculated for D « C with the very sharp diffusion fronts
predicted by the theory (see Figs. | and 2). Because of
the change in optical properties of CdS on In doping,
these fronts are comparatively easily observed by optical
microscopy. This makes it possible to study the diffusion

behavior very economically using optical microscopy
and to determine the anisotropy of diffusion accurately.
Absolute measurement of the near-surface concentration
of In in the diffusion samples (by microprobe and tracer
methods) enables the solubility-temperature relation to
be obtained and the gross diffusion coefficient to be
converted to a diffusion coefficient at a standard concen-
tration for all temperatures. The activation energy of this
normalised diffusion coefficient then gives the activation
energy of motion of the mobile defect directly.

INTERPRETATION O f CONCENTRATION DEFENDENT DIFFUSION

The initial experiments showed that the concentration
profile for In diffusion did not follow the "integral error
function” penetration profile, that is expected for an
effectively infinite source, when the diffusion coefficient
is independent of concentration. Instead, the concen-
tration profile was convex upward everywhere and
showed a sharp diffusion front. The solutions of the
diffusion equation for a wide variety of concentration
dependencies have been discussed in detail by Crank [4],
The solution for the case of a diffusion coefficient
linearly proportional to concentration was first obtained
by Wagner[2] and power law (D « C") diffusion profiles
have been computed by Weisberg and Blanc(3). Our
measured concentration-distance curves fitted the Wag-
ner solution (D<* C) very well, as is shown in Figs. 1(b)
and 2.

The Wagner solution gives the diffusion coefficient Ds
for the concentration at the free surface of the crystal in
terms of the diffusion time t and the penetration distance
Xm» by Ds =0.3811xi.,/1. The diffusion coefficient at
the annealing temperature for any other In concentration
is then given by D* - DS CCS where Cs is (he near-
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Distance from edge o* specimen / ui

Fig. 1(a). Microprobe intensity scan, half way across a cleaved surface of a diffusion specimen in a direction

parallel to the diffusion (i.e. parallel to the c-axis). The detection system was set on the In L, X-ray line peak.

Point A, outer edge of the specimen; point B, centre of specimen. Diffusion details: duration 1jixlIOS,
temperature 1273 K.

- Wetsberg and Blanc. De*C

- Weisbefg and Blanc D C~

- Experimental curve

400 200 0]
Distance from edge of specimen J pm
Fig. Kb). The In concentration profile obtained from (a) after the
“white" X-ray contribution is subtracted and the counting rate is
normalised and corrected using a pure In sample. The shapes of the
expected profiles for D * C and D * Clare included for com-
parison.

surface concentration. The measurement of Cs (by cali-
brated microprobe or radiotracer measurement) there-
fore enables the diffusion coefficient at any standard
concentration to be calculated. We chose to use 1% In
atoms on the cation sublattice as the standard concen-
tration and call the diffusion coefficient at this concen-
tration Ds'. The variation of Ds* with temperature
should then give the activation energy of motion of the
mobile defect directly, provided we can assume that the
nature and proportion of the defects remains constant
over the temperature range covered. Thus Ds'-
D,, exp(- EJKT). The solubility of In is found to in-
crease exponentially with temperature, so that Cs -
C,.exp( - EAKT) and the measured diffusion coefficient
varies with  temperature according to Ds=
DOexpl-(Ef +E,,)IKT],

Diffusivity is a second rank tensor property (Nyel6]).

Fig. 2. Concentration dependence of In diffusion in CdS from

radio-tracer sectioning analysed by the Bollzmann-Malano

technique. Lines have been drawn with slopes of 1.00 and 2.00

corresponding to the cases of n - 1and 2 in D« C for com-

parison. Diffusion details: temperature 1126 K and duration | 8x
10*s.

As CdS is a hexagonal crystal, the unique principal axis
of the tensor will be along the r-axis and diffusion will 1*
isotropic perpendicular to the r-axis. We thr.cfore
require two independent diffusion coefficients, which we
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call Dx and D" and will obtain two activation energies
for defect motion, £M and £*,, perpendicular and parallel
to the c-axis, respectively.

EXPERIMENTAL TECHNIQUES

CdS single crystals from Eagle-Picher Company
(Ultra High Purity grade) were used and sliced into discs
1mm thick using a diamond wheel and mechanically
polished. Pure In metal and one piece of crystal were
sealed into silica ampoules under high vacuum and
annealed in an electric furnace for the required time. For
the radiotracer experiments the In used had been pre-
viously neutron irradiated at AERE, Harwell and approx.
150mg of crystal and 15mg of metal used. The micro-
probe and optical work was done with crystals of aboi.
60 mg and about 50 mg of metal. During the diffusion
anneal, the metal became an In-Cd alloy. To investigate
the effect of the Cd/In atomic ratio in the alloy on the
diffusion behaviour, a range of ampoules, containing up
to 2g of In at one extreme and 15mg In plus 50 mg Cd
metal at the other extreme were used. Crystal and metal
were weighed before and after the anneal to determine
mass transfer and check on possible mass loss.

The radio-tracer “sectioning” was done by grinding off
successive layers of crystal onto emery paper after the
edges of the crystal had been trimmed. The thickness
removed was calculated from the mass change and the
area and density of the crystal. The piece of emery paper
was then counted on a low background 0-counting sys-
tem, appropriate corrections for background counting
rate being made. The decay rate of some of the irradiated
In and of some diffused specimens was checked to
ensure that the measured activity was actually due to
"4In (half-life 40.0d) and all the count rates were cor-
rected for decay. The absolute In concentration in the
diffusion specimens was determined by dissolving 39 mg
of irradiated In in HCI, diluting and taking 10-4 of the
solution onto a planchet and evaporating to dryness,
counting it with the same counter system and comparing
counting rates with this standard. More details of this
radio-tracer method have already been given (Jones[7]).

The microprobe measurements were performed at the
Centre for Materials Science, Birmingham University,
using an Associated Electrical Industries' instrument.
Diffusion specimens were mounted in a conducting plas-
tic holder, sectioned and polished. Using a 30 keV elec-
tron beam focussed to about 1liim dia., the In £« X-ray
intensity (selected by crystal diffraction and measured by
gas proportional counter) was recorded continuously,
while the specimen was traversed. This gave two profiles
for each traverse, with the central, undoped part of the
crystal giving the zero In reading. A piece of pure In was
used as a comparison standard to enable absolute In
concentrations to be evaluated. For this purpose a com-
puter programme (provided by the Centre) was used to
estimate self-absorption and Z-number corrections to the
measured counting rates.

The bulk of the optical measurements were made with
polarised, incident light. This gave sufficient contrast to
enable the diffusion front to be seen. Much better con-
trast is obtained with transmitted light, but the difficulty

of cleaving complete thin (of approximately 100fim
thickness) sections out of the crystals and perpendicular
to the principal surfaces of the specimen required that
the bulk of the optical measurements were done with
incident illumination. The normal optical specimens were
oriented so that the depth of the diffused zone in the
[00011 and [1120] directions could be measured on the
same cleavage surface. The distance of the diffusion
front from the crystal surface was measured with an
eyepiece micrometer, which was occasionally calibrated
with a stage micrometer.

The reverse diffusion of Cd out of the CdS crystal was
checked for a few specimens by measuring the Cd con-
centration in the In globule after the end of the diffusion
anneal. Using an energy-dispersive analyser and a
100keV electron beam, the K lines of In and Cd were
easily separated and Cd concentrations down to 1%
could be detected.

MICROPROBE AND OPTICAL RESULTS

The optical measurements for the penetration depth
were very much simpler to do and were more accurate
than those obtained using the radiotracer sectioning
technique. Therefore the microprobe measurements were
limited to showing that the “Wagner” concentration
dependent profiles occurred and for determining the sur-
face concentration of In, which is also the solubility,
over the temperature range investigated. A typical mi-
croprobe trace is shown in Fig. 1(a) and the In concen-
tration depth profile derived from it in Fig. 1(b). The
surface concentration of In as a function of annealing
temperature, derived from the microprobe traces, is
shown in Fig. 3, and the best straight line through
the points can be represented by CyCOm
(3.0t4)exp[-(0.48+0.09)/kT], where the activation
energy is in eV.

At each diffusion temperature a number of specimens
were annealed together in the furnace and removed
sequentially for measurement. This enabled a penetration
depth-time graph to be drawn; a typical example is
shown in Fig. 4. For each specimen several individual
readings of the penetration depth parallel and perpendi-
cular to the c-axis were taken, and the two mean values

Fig. 3. An Arrhenius plot of the surface concentration of In in

CdS, expressed as the concentration of In atoms per cation site,

as derived from the microprobe traces. The best straight line

through the experimental points can be represented by CyC,-
(3.0+£J)exp[- (0.41+0.09)eWAT).
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Fig. 4. Typical (penetration depth)l time graph for the In

diffusion front which was obtained with the optical measure-

ments. Line A. parallel to the r-axis; line B. perpendicular to the

r-axis. Diffusion details: temperature 1120 K and maximum
duration 9.54* 1d's.

for each annealing time were plotted. The value of xJ/t
was calculated from the slope of the graph. The values of
D, bbtained are shown as a function of reciprocal tem-
perature in Fig. 5. The ratios UJX|)* for individual
specimens were also evaluated. These give the diffusion
anisotropy directly and much more accurately, because
the errors of timing and temperature cancel out. They are
plotted against reciprocal temperature in Fig. 6; from this
curve the difference in activation energy of diffusion in
the two principal directions is (0.250 + 0.008) eV.
The diffusion coefficients shown in Fig. 5 can be
converted to diffusion coefficients at our standard In
near-surface concentration of 1% of cation sites by
dividing by the temperature dependence of In solubility
shown in Fig. 3. This gives the variation of Ds' vith
temperature, shown in Fig. 7. The slopes of these graphs
(for the straight line portions below 1200K) give the
activation energies of motion of the mobile defects as
£»,-1.82+x0.12eV and £,, - 1.55+0.12eV. As the
difference (E»q-EUJ is known to be 0.250+ 0.008cV
and the larger part in the error of £Mis due to the error
in the energy of defect formation. Em we can amend the
activation energies for defect motion to £,, «
181 +0.12eV and £,,, - 1.56+0.12eV.

aADKrntAcn ksults
The tracer experiments were done with larger crystals
(to have a large enough area for convenient sectioning)
and a smaller amount of In metal, to save on costs of

Fig. 5. Crude diffusion coefficients Ds for In diffusion in the two
principal directions as a function of lempciaturc. The deviation
from the straight line relation at temperatures above 1200K is
marked. Equations for the straight line portions of the curves at
lower temperatures are given by

D-=(6t)x 10 (mV)exp ~ ZPFFD VY

and

DSi “ (117)x 10"(mV)exp £ 2% T(E)r-og) eV 1|

Fig. 6. In diffusion anistropy in CdS plotted as log (penetration

depth ratio)2 against reciprocal temperature. The difference in

activation energy of diffusion in the two principal directions is
(0.230+0.001) eV.

radioactive material. This meant that the annealing con-
ditions were not exactly comparable with the optical and
microprobe measurements and this is discussed further
in the next section.

Fig 7. Arrhenius plots o.
Ds for | atomic per cel
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Fig. 7. Arrhenius plots of the standardised In diffusion coefficient
Ds' for 1atomic per cent In in CdS for the two principal crystal
directions. The curves show the same deviation from the straight
line relationship as is shown in Fig. 5. The relationships for the
straight line portion (that is below 1200K) are given by

/, +5\ r-<1.55+0.12)eV|
Ds.= (‘3—2.]2[0 ,ms >«P

— —ffF~---J

The tracer technique was more sensitive than the
microprobe technique and enabled a more accurate
comparison of the measured concentration profile with
the Wagner theory to be made. Such a profile is shown in
Fig. 8. It was usually possible to follow the In concen-
tration down to less than 10" of the surface concen-
tration. whereas the microprobe method could not go
below 1% of the surface concentration. However, there
was more scatter in the penetration depth measurements
for the tracer experiments and as far fewer measure-
ments were made, the overall results were not so
accurate. The results f«r Ds by the tracer technique are
shown in Fig. 9 as a function of IIT. It was not possible
to show the diffusion anistropy unambiguously so the
average of all measurements is given. This produces an
activation energy of 2.09+ 0.08 eV compared to the mean
of the two optical values of 2.16eV.

The near-surface concentration of In after annealing
over a range of temperatures was determined using a
calibrated In source as a comparison. The plot of log
(concentration) against 11T gave an energy of solution of
<053+ 0.006)eV, compared to (0.48+0.09) eV obtained
from the microprobe results. While the activation ener-
gies are in tolerable agreement the absolute value of In
solubility for the tracer results are almost a factor of two
lower. The results are shown in Fig. 10 and the dis-
crepancy is discussed in the next section.

Ter «met Ot CifimraTio v 1« ka™l
During the diffusion of In into the CdS. Cd atoms
diffuse outwards and are liberated from the crystal. The
Cd atoms will dissolve in the liquid In globule and the

Fig. 8. Typical radiotracer In* counting rate versus penetration
depth profile obtained by sectioning. The solid line shows the
best Wagner curve fit whereas the dotted line shows the cor-
responding error function complement curve. Diffusion details:
temperature 1027 K. duration 7.74x 105s.

Fig. 9. An Arrhenius plot of the crude In diffusion coefficient in

CdS obtained from the tracer measurements. The best straight

line through the experimental points is given by D, -

(6*j)x 10" *(tiVI)exp(-(2.09+0.08)eVrt77. It was not possi-

ble to show the diffusion anisotrupy unambiguously so the
avenge of all the measurements is given.



Diffusion of indium into cadmium sulphide 15

Fig. 7. Arrhenius plots of the standardised In diffusion coefficient
Ds' for 1atomic per cent In in CdS for the two principal crystal
directions. The curves show the same deviation from the straight
line relationship as is shown in Fig. 5. The relationships for the
straight line portion (that is below 1200K) are given by

and

The tracer technique was more sensitive than the
microprobe technique and enabled a more accurate
comparison of the measured concentration profile with
the Wagner theory to be made. Such a profile is shown in
Fig. 8. It was usually possible to follow the In concen-
tration down to less than 10 ’ of the surface concen-
tration, whereas the microprobe method could not go
below 3% of the surface concentration. However, there
was more scatter in the penetration depth measurements
for the tracer experiments and as far fewer measure-
ments were made, the overall results were not so
accurate. The results f"r Ds by the tracer technique are
shown in Fig. 9 as a function of UT. It was not possible
to show the diffusion anistropy unambiguously so the
average of all measurements is given. This produces an
activation energy of 2.09+ 0.08 eV compared to the mean
of the two optical values of 2.16eV.

The near-surface concentration of In after annealing
over a range of temperatures was determined using a
calibrated In source as a comparison. The plot of log
(concentration) against 11T gave an energy of solution of
<0.53+0.006) eV, compared to (0.4810.09) eV obtained
from the microprobe results. While the activation ener-
gies are in tolerable agreement the absolute value of In
solubility for the tracer results are almost a factor of two
lower. The results are shown in Fig. 10 and the dis-
crepancy is discussed in the next section.

tag ifliICT 0*m C«Il1*110WT B SKTAL
During the diffusion of In into the CdS. Cd atoms
diffuse outwards and arc liberated from the crystal. The
Cd atoms will dissolve in the liquid In globule and the

Fig. 8. Typical radiotracer In* counting rate versus penetration
depth profile obtained by sectioning. The solid line shows the
best Wagner curve fit whereas the dotted line shows the cor-
responding error function complement curve. Diffusion details:
temperature 1027 K, duration 7.74 x 10*s.

Fig. 9. An Arrhenius plot of the crude In diffusion coefficient in

CdS obtained from the tracer measurements. The beat straight

line through the experimental points is given by D, -

1) x 10"mV")exp| - (2.09+0.08)eV/tT|. It was not possi-

ble to show the diffusion anisotropy unambiguously so the
average of all the measurements is given.
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Fig. 10. The In solubility in CdS expressed in the form of a phase

diagram. The final Cd/In ratio in the liquid metal»2 x 10~4.

Experimental points: crosses, microprobe results; circles, radio-

tracer results. The reason for the discrepancy in the two sets of

results is explained in the text. The possible form of the whole

phase diagram indicating the existence of CdIn2S4is shown in the
inset diagram.

Cd/In equilibrium between the vapour phase and the
liquid should be reached rapidly. Therefore, even though
the metal globule in the main series of experiments is
pure Indium initially, it becomes a dilute In-Cd alloy,
whoce Cd content increases during the anneal. The build-
up of Cd in the metal has been verified by analysing a

small series of the metal globules after the completion of
the anneals. The chemical potential of the In will vary
with the In/Cd atomic ratio and therefore the near-
surface concentration of In in the CdS crystal should
also vary with the metal composition.

A series of measurements covering a wide range of
final Cd/In ratios in the metal globule were taken at three
temperatures. The lowest final Cd/In ratios (about 10-s>
were achieved by using comparatively large masses of In
metal. The highest Cd/In ratios were obtained by adding
Cd metal to the ampoule. The results are shown in Fig.
11, which gives the measured diffusion coefficient at
three temperatures as a function of final Cd/In ratio. For
ratios between 0.03 and 0.2 the diffusion front became
less sharp than at the lower Cd/In ratios. When an initial
Cd/In ratio of 0.2 or more is used it is no longer possible
to observe the diffusion front and the near-surface con-
centration of In has decreased substantially. For Cd/In
ratios higher than unity the diffusion becomes essentially
independent of concentration and both the radiotracer
and mocroprobe results give “integral error function”
penetration profiles (of which Fig. 12 is a typical exam-
ple) and which can be interpreted in the normal way. The
change in the Cd/in ratio in the metal globule during the
diffusion anneal should cause a slight drop in the surface
In concentration C&in the crystal during the later stages
of each anneal. This should produce a slight deviation
from the Wagner profile in the measured profile. The
effect is expected to be near our experimental measure-
ment accuracy limit, but it may account for the low Cs
values in Fig. 1(b) and Fig. 8, and (as it causes high
values of dx/dC) for the high values near CICS- 1 in
Fig. 2.

The difference in the result obtained by the micro-
probe-optical method and by the radiotracer method for
the In solubility in CdS differ in part due to the difference
in Cd/in ratio. However, when the radiotracer results in
Fig. 10 have been corrected for this (using the data in

Fig. 11. Effect of the final Cd/In ratio in the metal globule during the anneal on the dilfusivity (A solubility»of Inin

CdS. The three temperature« used were 1036,1129 and 1241 K. For ratios between 0.03 and 0.2 the diffusion front

becomes less sharp than at the lower Cd/In ratios. When an initial Cd/In ratioof 0.2 or more isused itisnom

possible to observe the diffusion front and the near-surface la concentration has decreased substantially F«rv!7u
ratios higher than unity the diffusion becomes essentially independent of concentration
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Fig !2. A radiotracer In* diffusion profile in the presence of
excess Cd (Final Cd/In ratio in the metal »3.4) showing a
diffusion coefficient independent of In concentration. Diffusion
details: temperature. 1275K. duration 5.06 x 10*s. Notation:
Circles, experimental points: full line, best Gaussian fit through
experimental points giving D =3.34x 10 'V s'1 crosses, best
erfc fit through experimental points giving D - 381 x 10 ,imis V

Fig. Il to estimate what the tracer results would have
been, had they been carried out at the lower final Cd/In
ratio) there remains a substantial discrepancy. The tracer
result is still about 40% lower than the microprobe result.
The optical and microprobe results were much more
extensive and consistent, and each microprobe
measurement was individually calibrated. The absolute
value of the tracer solubility measurements presented in
Fig. 10 however depended on a single calibration, in-
volving acid solution of a very small mass of radioactive
In and dilution of the solution prior to counting. The
calibration was later checked by carrying out three fur-
ther independent calibrations and the results confirmed
the results which are presented in Fig. 10. At present we
feel that we are unable to explain the discrepancy be-
tween the results obtained by the two methods.

A total of 27 tracer diffusion and 80 optical diffusion
specimens were used; the majority of the optical speci-
mens gave four separate (two parallel and two per-
pendicular) diffusion penetration results.

whnararrxTiow or rat ibults
We can conveniently represent the solubility data of In
in CdS as a pseudo-CdS-In2S, phase diagram, though we
are dealing with the Cd-In-S ternary system. There is a
CdlInjS, intermediate phase in this system, though the
presence of this compound was not demonstrated in
these experiments. We believe the In solubility in CdS at
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Fig. 13 Comparison of diffusion data in CdS. Lines: A. Cd*
tracer selfdiffusion see Jones[7]: B. In* tracer, excess Cd metal
in ampoule Cd/In ratio - 3.4; C, In* tracer. Cd/In ratio * 10"; D.
In optical. Cd/Inratio « 2x 10 * Points: O, By microprobe, excess
Cd metal inampoule; + .from Woodbury[ll),excess Inand S; x,
from OTuama and Richter[l2). excess In; O, from Chem and
Kroger [3], concentration dependent. Present work: lines B. C and

D.

higher temperatures is limited by the CdS-CdIn,S<
eutectic; experiments we have made on the diffusion of
Ga into CdS (to be published) showed both C'dGa.S,
formation and eutectic melting. From our measurements
the CdS-CdIn2S4 eutectic temperature is above 1420K:
Koelmans and Grimmeis(8) have reported the production
of CdIn2S4 by melting the constituent sulphides at
1423 K. The In solubility in CdS under our experimental
conditions depends on the Cd/In ratio in the metal glo-
bule: only slightly at low Cd/In ratios, much more when
the ratio exceeds 0.2. The solubility limit in Fig. 10is that
appropriate to a Cd/In ratio in the metal globule of about
3x 10“4. There will also be a slight excess of metal in the
crystal surface composition above that given by the
formula Cd”jin”S.

The diffusion and solubility of In in CdS concentration
dependent diffusion, leading to very high diffusion
coefficients for the high In concentrations, can be
explained by assuming that the In dissolves substitu-
tionally on the Cd sublattice and produces one vacancy
on that sublattice for every two In atoms dissolved, as is
expected when trivalent ions replace divalent ions. We
also believe that there is substantial association of the
vacancies with In atoms to form (InV) pairs and that
such pairs, diffusing by the vacancy mechanism, are very
much more mobile than the other In atoms. Following
Wagner(21, we can assume in our case that the concen-
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tration of vacancies ([VCd] in the usual notation) is half
the In concentration [Incgpie. [InCdl= 2[Vcd]. If both
are randomly distributed on the Cd sublattice, the con-
centration of the associated defect would be [InCdvVQl]=
lIncdIx IVCdl = 1/2(Incd)2 for small concentrations. Due
to the bonding between a vacancy and an In atom, the
concentration of the associated defect will be k times
greater,

[IncV,] = Mined) x [Vedl - ¢ (1"«]2

where k depends on the binding energy and temperature.
If we now assume that the (IncdVCd) is very much more
mobile than In as substitutional atoms or in other com-
plexes such as (lticdVcditted). then we find the In flux
proportional to (Inc)2 the amount of In to be tran-
sported is [In], so that the diffusivity should depend on
1In]2[In), i.e. be linearly proportional to In concentra-
tion. Such simple considerations are adequate when
(Irtedl and (v ca) are both small, lined)2< 1/* and larger
complexes can be neglected. Some (IncdVcdlttcd) com-
plexes will exist and their formation and dissociation
keeps the total In distribution in approximate equilibrium
with the (IncdVced) distribution. A fuller theory must take
account of the fact that [litcd] is not the total (measured)
In concentration, but that this needs to be corrected for
the In in (Incdvd) and (litcdVedltted) complexes. Such a
fuller theory is needed to explain the fall-off in the
measured diffusion coefficient above 1200 K (Figs. S and
7), but we restrict ourselves in this paper to the linearly
concentration dependent diffusion.

Dr. D. Shaw (University of Hull) has determined for
us the room temperature electrical properties by the Van
der Pauw method of a CdS crystal which was uniformly
doped to 2% In at 1241 K. This gave a carrier concen-
tration of 5.6x IOAnT*. showing that at room tem-
perature only about 13% of the In was electrically active.
This is not necessarily inconsistent with our model,
which assumes that at high temperatures the In is mainly
in the form of simple substitutional atoms (which are
expected to produce n-doping) and (In<;dVcd) complexes,
as the proportion of (IncdVcdincd) complexes, which
should be electrically inactive, will be much larger at low
temperatures and higher In concentrations.

The anisotropy of In diffusion is unexpectedly large
for a crystal whose cla ratio (1.623, Wyckoff[9]) is so
near to the close-packed value of 1.633. In fact, simple
theory predicts faster diffusion in the c-direction when
the cla ratio is less than 1.633. We consider that the large
observed anisotropy, with D+> D,. can be explained by
assuming that the (InV) complex has a preferred orien-
tation in the basal plane, possibly due to the effect of the
crystal field on the defect complex. The measured
difference in activation energy diffusion is thus related to
orientation dependence of the defect energy.

The effect of the Cd/In ratio in the metal globule
during the anneal is to decrease the In solubility slightly,
without affecting the concentration dependent diffusion
behaviour, when the ratio is less than about 0.03. For
higher values of the ratio there is a gradual transition
from concentration dependent diffusion to concentration

independent behaviour with a much lower value of the
diffusion coefficient. This is consistent with the known
self-diffusion of Cd in CdS. From the pressure depen-
dence of Cd self-diffusion of CdS crystals heated in Cd
vapour it is known that (at least for high Cd partial
pressures) the Cd diffusion is predominantly interstitial
(Kumar and Kroger) 10]). Therefore an increase in the Cd
partial pressure would be expected to suppress vacancy
formation on the Cd sublattice and reduce In solubility,
as is found experimentally. The whole diffusion data for
In and Cd diffusion in CdS is summarised in Fig. 12 and
shows the striking increase in In diffusion in the presence
of low Cd/In metal ratios, over the In diffusion and Cd
self-diffusion when high Cd vapour partial pressures are
used.

CONCLUSIONS

We have shown that, when In diffuses into CdS during
annealing in an In vapour atmosphere, the In diffusion
coefficient is very large and is proportional to the In
concentration in the crystal. We ascribe the high
diffusion coefficients to the introduction of vacancies
into the cation sublattice during the solution of the In.
caused by the requirement of charge neutrality in the
lattice on the replacement of Cd2* by In2*. We consider
the mobile defect to be a charged vacancy associated
with an Inl* ion. The large crystallographic anisotropy
found in this system is attributed to a preferred orien-
tation of the (InV) associated defect in the CdS basal
plane.

A transition from concentration dependent diffusion to
normal concentration independent diffusion occurs when
the In vapour annealing atmosphere is diluted with Cd
vapour. This is associated with a decrease in the In
diffusion coefficient to “normal” values.
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