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ABSTRACT

The nature of diffusion along thin evaporated films
has been studied by optical and transmission electron micro-
scopy. The thicknesses of the films were measured by multiple-
beam interferometry.

A preliminary survey of some 22 binary metal
systems showed that only four - Ag-Se, Cu-Se, Cu-Te, and
Ag;Te - diffused measurably at room temperature. In these
four systems it was found possible to study only the dif-
fusion of Cu or Ag into Se and Tej; the reverse diffusion
experiments failed, presumably because of extensive
Kirkendall porosity which developed on the Se or Te side
of the diffusion couples, impeding the motion of these
atoms.

The room temperature growth rates in each system
were observed to be higher when the structure of the Se or
Te consisted of isolated islands with a highly disordered
inter—island'network, This effect was attributed to a
short circuit diffusion process analogous to grain bound-
ary diffusion which took place in the inter-island
channels, The effect was more pronounced in Cu-Te and
Ag-Te where electron microscopy observations of the phase’

bouridary interfaces showed a marked tendency for grain



ii
boundary diffusion to occur at all Se and Te thicknesses.
For continuous films of Se and Te, the growth rates were
found to be independent of the absolute thickness,

Because of the evaporation geometry used in de-
positing the couples, there was a critical thickness ratio
of Ag or Cu to Se or Te that had to be exceeded in order
for diffusion to proceed. Theoretical treatment of the
problem, based on the stoichiometry of the phases formed
during diffusion, gave predictions of the critical ratio
that were generally in good agreement with the experi-
mental values obtained. In each system the critical ratio
was found to be independent of the absblute Se or Te
thickness, It was also possible to predict the composit-
ion of the phase formed during diffusion using the critical
ratio. In every system but Cu~Te, the composition de-
termined in this way was in agreement with that given by
electron diffraction analysis of the diffusion zone,

The activation energies for diffusion in Ag-Se,
Cu-Te, and Ag-Te were fairly low suggesting that short
circuit diffusion was the predominant mechaﬁism in these
systems, The activation energy in Cu-Se was quite large
(23 kecal/mole), and it appears that the diffusion mechanism
in this case is not consistent with that in the other
syétemso An interesting observation made during electron
‘microscopy studies in Cu-Se was the formation of a second
phase when high electron beam intensities were used. This
phase (CujSe,), not observed in normal diffusion experi-
‘ments up to 50°C, grew dendritically in the presence of

the electron beam,
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CHAPTER 1
INTRODUCTION

In recent years thin films have acquired a wide
range of applications in the fields of optics and

1,2,

electronics The development of the technology of thin

film electronics devices, in particular, has led to a
great deal of interest in their structure and properties3’u95’6°
Therefore, many investigations have been centered around

their fundamental properties and how they compare with

those of bulk materia17° Comparatively little work has

been carried out, however, on thin film diffusion. Such
studies are of considerable potential interest since

evaporated thin films are of high purity, can be grown in

both single-crystal and polycrystalline form, and can be

observed by transmission electron microscopy.

1.1 Previous Work

The methods used to investigate diffusion in
bulk couples are generally inapplicable to evaporated films
because any method of sectioning is impossible and the

quantity of material available is inadequate for chemical



analysis. Radioactive tracer techniques cannot be used
since the absorption of the films is negligible even for
low energy B-rays. Consequently no changes in emission
can be detected as radioactive particles diffuse through
the films.,

In the past, most measurements of diffusion in
thin films have involved the use of optical rﬁethodsB° One
technique employed to study diffusion in two superimﬁqsed
thin films uses variations in reflectivity as the dif-
fusion zone reaches the metal surface.

Weaver and Brown® have investigated diffusion
in superimposed Au-Al films by this method. They found
that changes in reflectivity at the metal surface were
due to a sharply defined phase boundary and that the

compound formed during diffusion was Au,Al. The growth

2
of the diffusion layer obeyed the parabolic law x% = kt
where k is the diffusion rate constant. The diffusion
rate constant and activation energy for diffusion of Al
into a Au film were independent of the Au film thickness
in the range 70 & to 3000 ] indicating that thé diffusion
mechanism for the very thin films was the same as for
thicker ones.,

Reflectivity measurements were also used by
SchopperlO and Weaver and Brown® to investigate thin film
diffusion in the Au-Pb system where, in contrast to Au-Al,

reflectivity changes result from the growth of a diffuse

phase boundary, The growth rate, however, was still



parabolic with time, Measurements showed that variations
in reflectivity were due to the formation of AuPb, during
diffusion.

The possiPility of investigating diffusion along
a film parallel to the surface was first gemonstrated
by Monchll° The work apparently started ;ith attempts
to produce radiation detectors. A film of Te was evaporat-
ed so as to form a bridge between two thick Ag electrodes
which had themselves been evaporated onto a collodion
film. On ageing, the Ag diffused into the Te, forming a
yellowish-brown band of Ange spreading outwards from the

12,13 measured the coefficient of diffusion

silver. Mohr
of the Ag by determining the widths of the diffusion 2zone
as a function of time, A variation with the thickness of
Te was attributed to a folding or crinkling of the thicker
films which became detached from their underlying sub-
strates., Measurements over a range of temperature gave

1l

D = D, exp(~B/T) where Dj = 5x107 cmz/day and B = 6010 deg —.

Similar experiments were carried out using Se
instead of Te by Kienellu and Zorll15 but the films were
depositedﬂon substrates at liquid nitrogen témperatures
because of the relative volatility of the Se. Measure-
ments of diffusion rate were again made by determining
the width of the diffusion zone as a function of time and
the results, although approximate, were in general agree-

ment with the earlier results for Ag-Te.

In 1963 Parkinson16 studied lateral diffusion in



the Cu-Te system by electron microscopy. Observations
were made on the moving diffusion zone‘interface and no
evidence of grain boundary diffusion was seen. Volume dif-
fusion was the proposed mechanism for diffusion in the

film couples with K = K, exp[-E/RT] where K, = 7.55x1072

cmz/sec and E = 10,0 kcal/mole,

1.2 -Object of the Present Investigation

The main purpose of this study was to carry out
a thorough investigation of lateral diffusion - that is,
diffusion along a film parallel to the surface - in
several two-component systems. A survey of some 22 metal
pairs at room temperature showed that only four - Cu-Te,
Ag-Te, Cu-Se and Ag-Se — gave suitable diffusion zones.
EQen in theée systems oniy diffusion in Se and Te could
be studied. It had originally been hoped to study dif-
fusion along thin films produced from the bulk. However,
it proved impracticable to produce such films in Se and
Te, the only metals in which lateral diffusion could be
seen, This portion of the work was therefore abandoned.

Tbe effect of varying the thicknesses of both components
oh the diffusion rate constant was examined. Also the
temperature dependence of the rate constant in eagh
system was determined. In addition a detailed study of
the diffusion front and the nature of its movement as

well as the microstructure and composition of the diffusion

zone was carried out using transmission electron microscopy.



1,3 Diffusion Theory

1.3,1 Atomic Models for Diffusion

A, Lattice Diffusion:

Some proposed mechanisms for lattice diffusion
are illustrated in Figure 1.1l. A brief description of
each model is given belows:

(1) Interchange mechanism: It is now generally
agreed that direct interchange of atoms does not occur
in view of the large lattice distortions involyed°

(2) Interstitial mechanism: "Interstitial dif-
fusion can take place when the two atom sizes are markedly
different., For example, in ionic compounds, where there
is often a great size difference between anion and cation,
diffusion is usually due to the smaller cation.

(3) Vacancy mechanism: Diffusion is usually
considered to take place by a vacancy mechanism, If an
atom is missing in the lattice, atomic motion will result
if any of the adjacent atoms jump into the vacant site,
interchanging positions with the vacancy. The vacancy
will thereby advance one atomic distance and enable other

atoms to move in the next jump,

B, The Kirkendall Effect

Point defects such as interstitials and
vacancies permit net translational motion of atoms

relative to a fixed lattice under the driving force of a
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chemical or thermal gradient. In other words, relative
to the crystal lattice, the atomic species in a binary
alloy diffuse at unequal rates. This phenomenon is

called the Kirkendall effectl’?t8

and is evidenced by a
macroscopic shift in the center of gravity of an initial
concentration gradient with respect to inert markers
fixed in the lattice. The Kirkendall shifts observed in
some oxide layers and intermetallic compounds can be
very large. In these cases only one species diffuses and
the shift can therefore be nearly the full width of the
diffusion zone. The Kirkendall experiment demonstrates
that a net flow of atoms can take place during diffusion.
It has often been observed that voids, or pores, form in
that region of the diffusion zone from which there is a
flow of mass., This is called Kirkendall porosity - its

origin being a vacancy flux which moves in a direction

opposite to the net mass flow during diffusion.

C. Short Circuit Diffusion

The diffusion rate of atoms along grain boundaries,
surfaces, and dislocations is considerably greater than
the rate of bulk diffusion. Figure 1.2 shows the apparent
self-diffusion coefficients in silver as determined by a
radiocactive silver tracer experiment for single-crystal
and polyerystal sampleslg° It can be seen that the same
value of the diffusion coefficient is obtained for both

types of samples at high temperature. Below 700°C, how-



loglo D

ever, the diffusion coefficient values obtained using a
polycrystal lie consistently above the values obtained
with a single crystal. This graph illustrates that the
activation energy‘for grain boundary diffusion is about
60% of the value for bulk diffusion and also that grain
boundary diffusion becomes increasingly important at low
temperatures., The apparent lattice diffusion coefficient
can also be affected by dislocations especially if their
density 1s high., The effect of dislocations on diffu-

sivity also becomes more important at lower temperatures.,

T T T T I T T
900 800 700 600 500 450 400

Temperature(°C

-10f
D =(2.3x10"°) ( 2&;&29)
APP, =% 20 3% eXPi~""pr
-12[
D, =0,895 exp(>h2230)
L T
_lu ] | n | ] i
1,00 1,20 1.40 1.50
1000 -1
= (°K™)

Figure 1.2 Self-diffusion in Single-Crystal and 20
Polycrystalline Silver, (After Turnbull®’)

Many workers report that the diffusion coefficient
along a surface is greater than both the grain boundary and

lattice diffusion coefficients., The driving force for



surface diffusion may be surface tension or surface free
energy, Two of the main methods for determining the
surface diffusion coeffiecient are surface scratch smoothing
and grain boundary groovinng° Surface contamination can
lead to tremendous scatter in the results obtained. For
example, a comparison of the activation energies for
surface, grain boundary and lattice diffusion for self

dif fusion of Ag is given in the table below22:

Mechanism E(kcal/mole)
Surface - _ 10,3
Grain boundary 26, 4
Volume 45,9

In contrast to these results the grain boundary

grooving analysis of Mulling? 32"

for Dg on copper gives

an activation energy of 49 kcal/mole which is nearly the
same as the activation energy for bulk self diffusion

(46,8 kcal/mole), This high value found by surface
smoothing is not too surprising since a copper atom moving
on the surface is well on its way to being an evaporated
atom, Thus the activation energy for its motion is re-
lated more closely to the heat of vaporization (80 kcal/mole
for Cu) than to the bulk activation energy. It would
appear, however, that more work on very clean surfaces

must be done to remove some of the inconsistencies from

surface diffusion results.
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D. Diffusion in Intermetallic Compounds25

Intermetallic compounds which are present in most
binary systems often have only small deviations from
stoichiometry associated with them. Such deviations are
usually due to a defect structure in which some of the
atoms of one species are missing from their normal lattice
positions. For example, Zr0, can exist from its stoichio-
metric composition to ZrO,.,001. This is probably a
Schottky defect structure with oxygen vacancies. Another
example of a defect intermetallic compound is Cu; gSe
which is a copper deficient form of Cu,Se. As might be
expected, diffusion dn such compounds is often greatly
dependent on the exact deviation from stoichiometry since
this determines the vacancy and interstitial concentrations.
The "open" structures which occur in defect intermetallic
compounds can result in very high atomic mobilities. It
is known, for example, that Ag ions in the high temperature
modification of Ag,S (a-AgZS) poésess extremely high
mobilitieszsa The reason for this-is that the cations do
not occupy fixed lattice positions in this structure and

can migrate from site to site just like in a liquid.,

1,3.,2 Mathematics of Diffusion

Fick's first and second laws of diffusion in one-

dimensional form are:

J ==D (1.1)

3c
s
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3¢ . 2 (pis (1.2)
ot X ox

and

Equation (1.2) becomes

EXel 320
——_—_D——z-
ot X

if D is not a function of concentration.

A, Single-phase Diffusion-

Consider a semi-infinite diffusion couple in a
éingle—phase binary system (Figure 1.3), If the trans-
formation A = x/v/t is applied to Fick's second law

(equation 1.2) then the following equation results:

- = e 2 e De— (1.3)

This has eliminated x and t as independent variables.
Hence one concentration profile is applicable at all times

in a semi-infinite couple., That is, the profile can be
_ ¢ ,

Conc,

o

\Q:::\§\\ > time
o=

Figure 1.3 Concentration Profiles with Increasing
Time in a Single-phase Binary System,



given as C = C()\) instead of a whole series of profiles
with C = C(x,t). The equation for this single profile
can be found by integrating equation 1.3 twice, If D is
taken to be constant then a particular solution to this

equation for a semi-infinite diffusion couple is:

c-Co
= * 1/2[1-erf A/2VT] (1.u)
1=%“o
X/ 2/D
2
where erf A/2/D = e " dn
v
o

B. Multi-Phase Diffusion

Consider now a diffusion couple composed of two
pure metals A and B with no solid solubility in the parent
phases but having an intermediate compound y with a region
of soiubility from C; to C, at T,. After time t a homo-
geneous region of y phase extends from x; to x,, In the
y-phase the composition profile will be a portion of an

error function of the form
C = A - B erf A/2/D (1.5)

That is, the profile can be drawn in A-space (Figure 1l.4)
and so the growth of the y-phase will be parabolic. The
constants A and B in equation (1.5) may be determined by
the boundary conditions at X = o, and A = ap; namely,

C=2Cyatx=oy and C=Cpat A = ay.

12
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Figure 1.4 Diffusion Couple in an Intermediate
Phase System with no Terminal
Solid Solubility.



The resulting concentration profile is:
[ ]
) 4 erf 0,/2/D - erf A/2/D
- Cl+ (C2"'Cl) (lus)
: erf al/Z/B—— erf a2/2/§
: VD - X/ 2VD
= c <C2“C1) erf a2/2 D - erf A/ 2/D 1.7
erf a,/2/D - erf a,/2/D

1 and a2

across the interface can be applied and equations (1.6)

To obtain expressions for o mass balance conditions

and (1l.,7) used to derive the final result.

and o

Simplified Method: for. Finding ay )

If the composition range of the intermediate
phase is assumed to be small ( 5% or less), the concentra-
tion gradient in the phase may be taken to be linear to a
first approximation.

Figure 1.5 shows the resulting

profile in A-space,

C3
Conc.
)
Co
X=a2
Figure 1.5 Concentration Profile of an Intermediate

Phase System in A-Space.



From this figure it can be seen that

_— - T (1.8)

The interface mass balance condition at oy is that the flux
across the boundary in a time dt causes the phase boundary
to move a distance df in the direction of the net mass

flow. Thus, at the o; interface, the condition becomes:

¢
- D{— dt = (C,-C)d 1.9
<;X)g (C,-C,)dE (1.9)

Setting & = av/t and A = x/V/t leads to

ol
_pde - (o _cHyL (1.10)
da 1 o 2

Substituting (1.8) into (1.10) gives

(Cr=Cq)
o (a.-a.) = 2D—2s (1.11)
112 (c1-C)

Similarly the mass balance condition at the o5 interface
gives:
(Cz—Cl)

o,(a,=-a,) = =2D —=———r (1.12)
2712 (C4-C,)

Using equations (1.11) and (1.12) it can be found that

2D(C=C.)(CamCh)
a12= 2 173 2 (1.13)
(C1-C_)(C3-Cp+C,-C,)

15
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Thus 04

may be set equal to the diffusion coefficient
times some constant Yy, say, which depends only on con-

centration, This may be written as
= Dy = K (1.14)

where Kl is henceforth referred to as the diffusion rate

constant. Since alz ;_xlz/t, we can write that xl={Kl o

Equation 1,13 shows that x;, is proportional to both vD

and /CZ'C1° If CZ—Cl tends to zero - that is, the

stoichiometry range of the intermetallic compound tends

to zero - then Xy will become very small. A large value

of Xy under théée?circumstances would imply an exceptional-
ly large'yéiue for D. A similar expression to 1,13

may be derived for a22 giving X, = /th°

Effect of Temperature

The diffusion coefficient, D, changes with

temperature according to the Arrhenius-type equation
D = Do exp (-E{/RT) (1.15)

In most systems having an intermediate phase the composi-
tion limits change little with temperature. Thus in
equation (1.13) the difference'(cz—Cl)_is not expected to
vary significantly with temperature and so the temperature
dependence of oy and o, will be due to the variation of

the diffusion coefficient. Even if there is a change in

composition range with temperature, a straight line

16
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Arrhenius plot for alyand7q2:wodid23till be expected since
. LT ) 27
(C2—Cl) should theoretically vary with temperature accord-

ing to an exponential lawj; namely,

(czgéi{i‘.B %x§i(JE2/RT) (1.16)

Substituting in this' equation usiﬁg equation (1.13) gives:

R
i

- _(bé&je#ﬁ(;EZ/RT) (1.17)

B O

=)
-
ot
oy
&
1

Q$CT505](C3—02+01-CO)

The terms (C3-C,), (Cl—Co); and (C5-C,+C,-C;) in this ex-
pression will change by negligible amounts compared to

(C2—Cl)o Thus it can be seen that

Ky = K, exp(-E/RT) (1.18)

o

2

In systems having more thanvone intermediate

where E = El + E

phase, the motion of the indiyidual.phases is still para-
bolic, Diffusion‘in.éqéhva syét§mlwill be qualitatively
similar to the spedidliéaéé7di§§ﬁ53ed above, A solution
to the n-component diffﬁsion cquple is complex but has

. : ' . g -
been derived by Buckleze,and Kldson2 o
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l,4 The Structure of Evaporated Thin Films

l.4.1 Thin Film.Nucleation2

The initial stage of growth of most deposited
films consists of the formation of three-dimensional nuclei.

3O-is concerned with the nucleation

The theoretical treatment
of a thin film condensed from the vapour phase on a sub-
strate held at a temperature lower than that of the eva-
porating source. “Aftér‘impingement on the substrate the
vapour atoms can either adsorb and stick permanently to
the substrate, they can adsofg and re-evaporate in a
finife time, or they can immediately rebound off the sub-
strate, The first two cases are by far the most common.
An atom adsorbed on a substrate can migrate
over the surface giving rise to collisions with other
atoms, and aggregates of adsorbed atoms can now exist.
Aggregates should be more stable toward re-evaporation
than single adsorbed atoms, since they are bound to each
other by the condensation energy. While the aggregates
are very small however, their surface-to-volume ratio is
very high and the resulting high total surface energy
causes them to have a higher vapour pressure than the
bulk material and thus to dissociate again. Consequent-
ly there is a size at which the stability of the aggre-
gate is a minimum, Adding another atom to an aggregate
of critical size makes it more stable, This may occur by

direct impingement and incorporation of atoms from the
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gas phase, or by collision with adsorbed atoms diffusing
over the substrate surface,

The critical radius r* of a stable aggregate is
calculated by considering the total free energy of the
aggregate as a function of size., This free energy involves
the free energy of condensation, the surface energies of
both aggregate and substrate, and the interfacial energy
between the aggregate and sﬁbstrateo It is possible to
find both the critical mean linear dimension of the aggre-
gate and the critical free energy of formation (AF%) of
the stable aggregate, Figure 1.6 shows the dependence of
the free energy of an aggregate on its size,

The relative magnitudeé of r* and AF* determine
the basic structure of the thin film deposit. Films
having a nucleation barrier, that is, a large r* and
a high free energy of formation will be coarse-grained
having an island structure up to relatively high average
film thicknesses., In the low nucleation barrier regime
the film is generally much finer-grained since a dense
population of small islands grow together at an early
stage in the deposition process and become continuous at
low average film thicknesses. The tendency to form an
island structure is greater in a low boiling-point
material due to the weak bo#nding between atoms and
hence the high volume free energy of condensation.
Elements such as Cd, Zn, Se, Te,.and Sb will therefore

remain as island structures up to large film thicknesses
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Figure 1,6

size —>

The Free energy of Formation of an
Aggregate of Film Material as a
Function of Size, The aggregate
has minimum stability at the
critical radius r¥*,
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while Au and.Ag, for example, will tend to form continuous
films. Other factors promoting the formatiop of island
structures include: (1) a high substrate temperature,
(2) a low deposition rate, (3) weak binding forces between
film and substrate, (u) a high surface energy of the film
material, and (5) a low surface energy of the substrate.
These factors, although mentioned only briefly, have a
very profound influence on the sub-structure of a thin

filmu,5,3l°

l.4.,2 The Growth of Thin Fiimss’32

The characteristic stages in the growth of a
thin film are: (1) the formation of a surface distri-
bution of small three-dimensional nuclei, (2) the growth
in size of these nuclei without any increase in their
numbers, (3) further increases in size of the nuclei or
islands accompanied by a gradual but considerable de-
érease in their numbers, (4) the formation of a connected
network of deposit usually rapidly developing into a
channelled structure, (5) a continuous deposit film free
of holes (see Fig. 1.7)., This sequence of growth events
is generally the same for both epitaxial films deposited
on single-crystal substrates and polycrystalline films
evaporated onto amorbhous substrates° The average film
thickness of the films at each growth stage are usually.
different, however., One of the most striking phenomena

which occur during the growth of a film is the liquid-like

21
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coalescence of randomly oriented nuclei and islands which

takes place as the nuclei or islands touch one another.

Figure 1,8 Manner of Coalescence of Two Small
Rounded Nuclei., (Pas#hley3?)

The effect is illustrated iﬁ Figure 1.8 for the case of

nuclei which have round profiles. When the islands are

small (say less than 200 3 across) the complete coalescence

appears to take place instantaneously and the compound
island has a greater thickness than the two initial
islands. The composite island has a single orientation
that may differ from the orientations of the parent
islandss The mechanism of coalescence is completely ana-
logous to that of sintering and is explained in terms of
the surface mobility of deposit atoms over the deposit
(rather than the substrate) with the driving force for the

transfer of material between islands being the surface

23
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energy. As the coverage of the substrate becomes high,
the islands have increasing difficulty in assuming their
favoured crystallographic shapes, and an open network
structure is eventually formed. Finally the elongated
channels in the network become filled in and a continuous
film is formed.

The three predominant deposition parameters are
chamber pressure, deposition rate and substrate tempera-
ture. While most of fhe investigations of the effect of
these variables on a deposit have been done for single-

. 34 . . .
crystal fllmssz’ y there is some evidence available for

polycrystalline films as we115’32o The chamber pressure
determines the gquantity of residual gases present during
evaporation., Adsorbed impurity gas atoms on the substrate
can decrease surface mobiiities and result in small grain
sizes, The deposit film may be porous and highly dis-
ordered if gas atoms are trapped by the deposit or impure
if any residual gases with a high chemical affinity for
the film are present. With increasing substrate tempera-
ture the size of the crystallites (islands) increases due
to a higher surface mobility of the deposit atoms and the
grain sizé of the deposit becomes larger. For a given
substrate temperature the grain size of a polycrystalline
film is usually finer and less agglomerated the higher
the rate of deposition, This is because highly mobile

surface atoms at high deposition rates become buried in

random sites by successively arriving atoms before finding

/



appropriate lattice sites.

l1,4.3 The Properties of Thin Films

A, Lattice Defects

The main classes of lattice defects may be
listed as follows: (1) dislocation lines, (2) stacking
faults, (3) microtwins, (4) aggregation of point defects,
(e.g. dislocation loops and stacking-fault tetrahedra).

At the stages before a continuous hole-free film is
formed, there are few dislocations, and the initial nuclei
are completely free of dislocation85’32; The way in

which the dislocation density increases during growth of
the film is shown in Figure 1.9. Appreciable numbers of

dislocations appear only when the network stage of growth

is reached, Five proposed mechanisms for the intro-
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duction of growth imperfections are:

(1) The extension of imperfections already ex-
isting at the substrate surface.

(2) The formation of imperfections to accommo-
date any orientation differences between joining nuclei.

(3) The formation of imperfections to accommo-
date displacement misfits between joining nuclei.

(4) The formation of point defects and their
aggregation to form dislocation loops and other imper-
fections,

(5) Plastic deformation of the film at various

stages of growth,

‘B. Stresses in Thin Films

Vacuun deposited films can be in a state of high
mechanical stress, The magnitude of the stress can be very
high and in some instances exceeds the normal bulk yield
stress of the material7° The origin of this stress is
not clearly understood, There are two components of the
stress, the first due to any temperature differences
between substrate and deposit during deposition (thermal
stress) and the second any additional stress due to
structure (intrinsic stress). Intrinsic stress can be
generated by enclosed gas atoms or impurities, by freez-
ing;in of lattice defects during condensation, or by
surface effects due to fhe small thicknesses involved

(for example, surface tension). Also, oxides or other
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chemically bound surface layers can contribute to the
stress in a manner similar to the interface between sub-

31’35. Stress resulting from lattice

strate and film
disorders which accounts for most of the intrinsic stress
on a film can be relieved by annealing or by the choice

of a higher deposition temperature.



CHAPTER 2

EXPERIMENTAL PROCEDURE

2,1 Vacuum Equipment

Thin film depositions were carried out in a
CVC-14 vacuum unit capable of an ultimate pressure of
leo-8 Torr in the working chamber. Modifications were
made to the basic system so that four evaporation sources
were available. An aluminum masking plate was installed |
at a distance of 25 cm, above the base-plate giving an
effective source-to-specimen spacing of 22 cm. A rotation
seal was machined so as to impart both a lifting and
rotation motion to all specimen holders. This enabled
specimens to be set in place on a mask directly above any
one of four sources during a single pump-down. A 1/8"
diameter Al wire was installed in the bell jar at a
distance of 1 1/2" from the specimen plane to provide
glow-discharge cleaning during the roughing part of the
pump-down cycle. This wire was inserted into one of the
main base-plate plugs. Prior to evacuation of the vacuum
chamber, an 85 mm, glass cylinder was placed around each

evaporation source so as to prevent contamination of

28



29a

other sources and samples, Slides were attached to the
specimen holder with scotch tape. Glass cover slides ,0015"
thick were used for masking. A mask could be in any desired
shape depending on the expériment° Figure 2.1 shows the

details of the vacuum equipment.

2.2 Film Deposition

2.2,1 Sample Preparation

Specimens were prepared on glass microscope
slides, Each slide was rinsed with a detergent solution,
polished with lens tissue, and subjected to ‘the breath
test®* before being inserted into the vacuum chamber. To
complete the cleaning process36 the slide was exposed to
a glow discharge inside the vacuum system for 10 minutes
during the first part of the pumping cycle. The evapora-
tions were carried out in a vacuum of 2}(10_6 Torr using
resistance heated ,010" molybdenum boats. The substrates,
mounted 22 cm, above the evaporation sources, could be
rotated so as to lie directly above each source in turn.

It was calculated30

that at this source to specimen dis-
tance the variation in thickness across the slide would
be less than 2%.

In kinetic studies two diffusion couples were

evaporated onto a single microscope slide using suitable

* Breath test: Slide is clean to within one or two mono-
layers of contamination when a breath mark on it dis-
appears rapidly.
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masks above each source, Figure 2.2 (a) shows the main
experimental configuration used to observe lateral dif-
fusion and Figure 2.2 (b) shows the layout of samples on the
microscope slide substrate., A film of Ag or Cu was first
deposited over part of the slide and allowed to cool for

a minimum of 15 minutes in order to ensure that the sub-
strate would -be at room temperature for successive eva-
porations., The slide was then rotated into place over two
Te or two Se sourcés‘in Sucééssion and evaporation across
the existing Ag or Cu step was carried out. A time of 3

minutes was allowed between the two evaporations.

2.2.2 Film Thicknesses

For purposes of measurement of film thicknesses
an opaque strip of Al was evaporated across the film steps
at the clear edge of the slide (Figure 2.2 (b)). The
method of Fizeau fringes of constant thickness as describ-

ed by Tolansky®’

was used to determine the film thickness.
In this technique a partially silvered (4-6% transmission)
optical flat is brought close to the Al over-layered step.
If the relative positions of slide and flat are adjusted
so as to form a wedge shaped air gap, and the interfero-
meter is illuminated by a beam of parallel monochromatic
light, a series of dark fringes can be made to run in

straight lines perpendicular to the steps on the opaque

film. These fringes trace out the points of equal air
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gap thickness and their separation corresponds to an in-
crease in gap thickness of A2 where A is the wavelength
of the light. The fringes show a displacement as they
pass over the step edge and measuring this as a fraction
of the fringe spacing gives the film thickness in units

of A2, Figure 2.3 shows the interferometry arrangement

and some typical fringe systems observed.

2:2.3 Temperature Tests

Temperature tests in the range 30-100°C were
carried out in a water bath controlled to + 1.5°C by
insertion of the sample slide into a 1" diameter test-
tube immersed in the water. The test-tube was sealed with
a rubber stopper to reduce convection heat losses.
Tests at 0°C were carried out in an ice-water mixture.
Thermometer readings were made on the bath every hour

during a run as a check on the temperature controller,

2.2.4 -‘Measurement of Diffusion Rate Constants:

The diffusion rate constant Qas determined by
measuring the width (x) of the lateral diffusion zone as
a function of time. Measurements were made using a
calibrated travelling eyepiece on a metallurgical micro-

scope.,
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Figure 2.3 Measurement of Film Thicknesses
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2.2.5 Electron Microscopy

A thin evaporated carbon film floated onto a
150 mesh spécimen grid in distilled water provided a sub-
strate for an evaporated diffusion couple that could be
studied by transmission électron microscopy. The
specimen grid with its attached carbon support film was
taped by one edge to a microscope slide and a diffusion
couple was deposited on it in the configuration shown in
Figure 2,4, The slide was masked so as to facilitate film
thickness measurements. A cooling time of at least 15

minutes was allowed between the two required evapora-

tions,
Microscope Cu specimen
slide . grid
Tape holding
grid to slide C support
film

TTT 1]
Y
7777777, w
N
S

' %/ % -
7 7 I
TN
/ )
Swdmné;wﬁh e SSEER L o i
C support film o o %@

Figure 2.4 Evaporation Configuration
for Electron Microscopy Specimens,



2.3 Different Evaporation Configurations:

Three other evaporation configurations in Cu-Te
were investigated to see if any lateral diffusion occurred.
The geometries involved are shown in Figure 2.5, The
occurrence of lateral diffusion in 2.5 (a) or (b) - that
is, the advance of a diffusion zone into the pure Cu
film - would be due to the diffusion of the Te into Cu,

In samples prepared in these two configurations no lateral
dif fusion was ever observed either by optical or electron
microscopy even after annealing at 50°C for 2-3 hours.

The reason that diffusion in this direction is not observ-
ed is probably due to the development of Kirkendall
porosity (see page 7, Introduction) on the Cu/Cu-Te
interface causing its rupture.

The geometry of 2,5 (c¢) should be exactly
equivalent to that described in Section 2.1. Diffusion
of Cu into the pure Te film should result in the formation
and growth of a lateral diffusion zone, While there was
some indication that laterai‘diffusion was proceeding
immediately after the diffusion couple formation, the
inevitable result of forming a sample in this way was
that the entire Cu side became detached from the glass
substrate and lifted away from the surface., With the ¢
resulting discontinuity between Cu-rich side and Te, dif-
fusion could not proceed. The immediate and rapid loss

of adhesion was probably due to both the poor adhesion
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of the intermetallic compound produced by downward diffusion
on the Cu side (which extends right to the glass surface) and
the aggregation of the Te substrate film during the deposition
of Cu., The evaporation of Cu requires a high power input to
the source for sufficient lengths of time to produce 40-50°C
temperature increases at the substrate, It was observed that
the application of a thin Cr substrate to the glass before
evaporating Te and Cu seemed to stabilize the Cu side for
about 15 minutes during which tiﬁe a thin latefal zone de-
veloped, At longer periods, however, the Cu side peeled off
and diffusion ceased., Because of this adhesion problem -
common to all four systems - a study of diffusion in this
configuration was extremely difficult and further work was

not attempted.

2.4 Other Systems

Table 2,1 lists 18 systems in which room tempera-
ture lateral‘diffusion waé looked for without success. For
a system X-Y, the evaporation configuration was as shown in
the table and was generally arranged so that the faster
diffusing atom would be in a position X. This was to avoid
the development of porosity at the boundary of the diffusion
zone, 1In all the additional systems investigated it was
concluded that no lateral diffusidn‘took place because the
"expeéfed diffusion coefficients at room temperature were too
small., Table 2.2 lists the expected diffusion coefficients

as found in thin films (after Brown where available) in



Table 2,1 Other Systems in which the Possibility
of Lateral Diffusion

Was  Investigated

7
X = .
Glass

Pb-Te | Pb-Se | Ag-Cd Ag-Sb Cu-Sn
Al-Te | Al-se | cu-cd | Cu-Sb Au-Pb
Fe-Te | Bi-Se 7 Cu-Ge#
Bi-Te . Cu-Al
Cd-Te | Ag-Al##
Au-Te |

# Annealed at 200°C for 4 hours
*% Observed at 600°C in electron microscope

hot-stage.



TABLE 2.2

Expected'Diffusion Coefficients in some Possible

Thin>Film_Diffﬁsion Systems

Faster . . .°.

System DiffusihgiAtoﬁdi“ ﬂTf§C)7 "D (em?/sec)
Ag-Al 'Ag v”él 3x10_22
Cu-Al Cu 21 8., 4x10 2%
Ag-Cd Ag 21 1.5%10710
Au-Pb Au 21 2,17x10"+°
Cu-Sn cu 21 1,13x10°36
Cu-Cd Cu 21 5%10 04
Au-Te Au 90 2x10748
Cu-Ge Cu 700 3x10 " #

# Bulk diffusion data

39
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some of these systems. At higher temperatures movement
of the phase boundary interface would be expected but this
was never observed even in the electron microscope hot

stage due to interface rupture, diffuse interfaces, aggrega-

tion, oxidation, etc.
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CHAPTER 3

LATERAL DIFFUSION IN Ag-Se

3.1 Introduction

Figure 3;1 shows the equilibrium phase diagram for
Ag-SeuO, At low temperatures only the phase AgZSe is
thermally stable and it is expected that diffusion in the
Ag-Se system will result in its formation. Ag,Se undergoes
an allotropic transformation at about 130°C. The low tempera-
ture B modification has been described as having either an
orthorhombic or monoclinic structure while the o modifica-

tion, stable above 130°C, has a Cal, structureul°

Pure bulk Se has several allotropic forms*2o"3,
The two most important modifications are the hexagonal, the
most common form stable below the melting point, and the
amorphous form which is induced by supercooling liquid Se.
All of the evaporated thin films of Se observed in this
work were amorphous in nature. The colour of the Se de-
posits varied from light orange for the very thin films

(< 1008) to deep red for the very thick films (> 4000 R)°

The experimental configuration of all Ag-Se thin

film diffusion couples investigated is shown in Figure 3.2,
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Evaporation of the Se across the Ag step resulted in the
immediate formation of the intermetallic compound Ag,Se on
the Ag side of the couple. During deposition this was
evidenced by an immediate colour change ranging from blue-
purple for very thin Se films to light grey for thick Se
films, A white diffusion zone was observed at the inter-
face A (figure 3.2) immediately after the sample was re-
moved from the vacuzm chamber. The growth of the diffusion
zone proceeded rapidly at room temperature (21 + 3°C) with
a planar phase boundary interface advancing into the pure

Se, The interface was seen to remain planar even after a

long ageing time (750 hours).

3.2 Diffusion Kinetics

3.2.1 Growth Rate

A typical plot of the diffusion zone width x as
a functionftime is shown in Figure 3.3, In Figure 3.4, x
is plotted against vt and the linear dependence illustrates
that the phase boundary motion obeys the parabolic law x2=Kt
where K is the diffusion rate constant. Virtually all of
the diffusion zones measured in the Ag-Se system exhibited
this parabolic behaviour. As discussed in the "Introduction",
parabolic growth is characteristic of ‘diffusion control.

The series of photographs in Figure 3.5, made on
an optical microscope, shows the'gféwth of the Ag,Se phase
fromt= 0 to t = 4 hours. The white band appearing between

the diffusion zone and the Ag-Se'region'of the diffusion
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couple has been called a "white Zone". This region will be
discussed in the Appendix where it is shown that the "white

zone" is of no significance in the lateral diffusion process.

3,.2.2 .Effect of Se Thickness on the Rate Constant

Figure 3.6 shows a éeries of x versus /% plots
for Ag-Se diffusion couples in which the Se thickness ranged
from 0 to 1300 g,_-in every case parabolic growth was ob-
served indiéating-diffusion control., In Figure 3.7 the
rate constant, K,'defermined from the growth kinetics of
samples in which tg, was varied from 0 to 2260 & is plotted
as a function of Se thickness. The ratio of Ag to Se
thickness (tAg/tSe) was greater than 1,1 in all these samples.
The reason for excluding samples in which tpg/tg, < 1.1 will
be discussed invthe>next section,

These results show that in the Se thickness regime
200 to 2260 X, the rate constant has a constant value of
l‘,lxl(]-8 cm?/sec, Between 0 and 200 X, the rate constant
rises sharply to reach a maximum at about 150 % then drops
to the constant value above 200 30 It appears, therefore,
that the diffusion rate is enchanced in the thickness regime
90 to 170 . This maximum in the curve attains a value only
3.5 times.greéfer than the constant rate constant value and
appears to be a genuine effect since similar peaks were
also found in the other three systems investigated, and in the
Te systems a much larger difference between peak and constant

rate values was observed.
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3,2.3 The Structure of Se Films-

A suggeéted_explanatioﬁ of the faster diffusion rate
at low Se thickness is that a disproportionate number of high-
diffusivity paths are present in these films. An electron
microscopy study of very thin Se films was carried out to
see if, in fact, high-diffusivity channels did exist in the
amorphous Se films,

Although the general growth stages of a thin film
have been well documented fbr such metals as Au and Ag (see
Introduction, page 21), no specific reference to Se could
be found in the literature. Initially,. thin Se films
between 50 and 300 X were examined by transmission electron
microscopy both at room temperature and liquid nitrogen
temperature using the microscope cold stage. In the thickness
range 50 to 90 R the Se films appeared to consist of massive,
disconnected islands with some tendency to be coalesced at
higher thicknesses (~ 100'2). There appeared to be no
material present between the islands, however. Cr-shadowed
carbon replicas were then made of the same Se films observed
by transmission electron microscopy. ﬁlectron micrographs

Q

showed that at tg, © 50 R, the Se fiim consisted of large
islands 2000 to 5000 R in diameter with a fine inter-island

~ substructure in evidence. At 90 R coalescence of the large
Se islands had begun and the substructure between the islands
was well defined,‘ This inter-network layer was calculated

o)
to be about 30 A thick, Figure 3.8 shows both the trans-

mission and replica electron microscopy results for very
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o o
(1) 50 A Se film (transmission) (2) 50 A Se film replica

(3) 90 A Se film (transmi531on) e fi1lm replica

o
(5) 300 A Se film (transmission) (6) Cr-shadowed glass
surface (replica)

Figure 3.8 Structure of Se Films
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thin Se films, In both cases the size of the Se aggregates
is equivalent indicating that the isolated islands in the
transmission micrographs are not the result of melting by
the electrén beam and that the microstructure of the Se
films is not influenced by the substrate (glass versus
carbon); Also shown in Figure 3.8 is an electron micro-
graph of a Cr-shadowed replica of a glass surface. The
absence of any fine structure indicates that the substructure
seen in the Se replicas is due strictly to the structure of
the Se film and not to irregularities on the glass sub-
strate, The micrograph of a 300 X‘Se film characterizes
continuous Se films; the large islands present during

the early growth stages are faintly visible within the
amorphous material.,

The effect of a very thin Se film possessing a
structure like that shown in Figure 3.8(4) on the diffusion
zone interface is shown in the series of optical micrographs
in Figure 3.9, Up to 150 X the phase boundary interface
consists of many minute projections suggesting the tendency
for diffusion to proceed slightly faster in the inter-
island channels., A calculation of the wavelength of thé
interface fluctuations made from Figures 3.9 (1), (2), (3)
shows that it is approximately 3000 to 5000 X which is
approximately the same as the particle size indicated in the
electron micrographs. By contrast the interface in Figure
3.9 (4) where t = 900 g is very planar, The Se film at

Se

this thickness is continuous having the microstructure
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at Varying Se Thickness
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shown in Figure 3.8 (5).

The electron microscope results on very thin Se
films lead to the suggested growth sequence shown in Figure
3,10, En#hanced short circuit diffusion occurs mainly in
the network stage of growth when the inter—island sub-
structure is very thin but still continuous. The substructure
part of the film is likely a region of high disorder contain-
ing a large number of grain boundary-like regions.

Diffusion in the substrﬁcture is probably analogous to

grain boundary diffusion. In terms of Fischer's model
(Figure 3,11) the inter island film would correspond to a
grain boundary although, of course, it is very much wider.
The large islands would be equivalent to bulk material. Even
though grain boundary diffusion in bulk metals is about 106
times greater than in the lattice the effect is fairly

small because lateral diffusion from the grain boundary into
the lattice essentially "damps" the faster diffusion process

taking place in the boundary.

3.2.,4 Effect of Thickness Ratio on the Rate Constant

Figures 3,12 and 3.13 show the effect of the ratio
of Ag to Se on the ratio constant for Se films greater than
200 R thick. It can be seen that below a ratio of l;l, the
dif fusion rate constant is zero while at values of tAg/tSe
greater than 1.1, the rate constant tends to a constant
‘value of l,lx.l(]_8 cmz/sec, The value of tAg/TSe above which

diffusion occurs and below which diffusion does not occur
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Figure 3,11 Fischer's Model for Grain
Boundary Diffusion.,
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has been called the critical ratio (Rc)o An investigation
of the critical ratio value over a range of Se thicknesses
“showed that it was independent of the absolute Se thickness,

The result of this study is shown in Table 3.1.
TABLE 3.1

Critical Ratio Dependence

on the Absolute Se Thickness

R, tg, (R)
.95-1,15 | 125
1.1+,1 | 390
1.03+,1 740
1.11+.1 1570

The origin of a critical ratio of Ag to Se which must be
exceeded in order for diffusion to proceed is due
primarily to the stoichiometry in the Ag-Se overlap

region of the diffusion couple,

3,2.5. Theoretical Determination of the Critical Ratio

Consider the thin film diffusion couple M-Y shown
in Figure 3.14%4 where M is the faster diffusing species. 1In
rapidly diffusing systems such as Ag-Se a diffusion reaction

occurs very quickly in the region where Y overlaps M to form
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a compound MXY, say. Knowing the exact composition of this
diffusion compound it is possible to calculate on the basis
of stoichiometry the ratio of thickness of M to Y at which
the entire volume of M will be used up in forming M_ Y. When
this occurs there is no excess M available to diffuse
laterally, Consider, now, a unit area (1 cmz); the
critical ratio is the ratio of tM (M thickness) to ty

(Y thickness) at which the eﬁtire volume of M in this unit

area combines with a sufficient amount of Y to form MxY°

The molar volume (o) is. given by

o = (3.1)

>

where p = density and A = atomic weight in grams/mole.
In dealing with thin films it is assumed, therefore, that the

bulk and thin film densities are equivalent. In unit area

there will be tM cm3 of M and tY cm3 of Y. Neglecting any

volume change in Y as M diffuses into it, the critical

thickness ratio R, = (tM/tY) which must be exceeded

crit
for any excess M to be left for lateral diffusion is given
by:

Moles/cc.of M x (tM)crit

Moles of M.reacting to give MXY

Moles/cc»of Y x <tY)crit

Moles of Y reacting to give M Y (3.2)
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'If‘aM and ay are the molar volumes of M and Y respectively
and By, By are the number of moles of M and Y required to

form M/ Y, then we may write that

t B .(IY
(.ﬁ =R = Sy = (3.3)
t . ¢ 8 o

Y /! crit Y M

To correct for any volume expansion or contraction of Y as
M diffuses in to form,MXY, it is necessary to multiply the

value of R, obtained from equation (3,.3) by the ratio

X . T (3.4)

whére x 1s the stoichiometric ratio between M and Y in the
compound MXYe Notice that the units of 1/a are em®/mole
and that aMXY iﬁ F?gfactual molar VQlume of the compound
M.Y as defined in equation (3.1). For Ag,Se, the only
infermetallic compound in the Ag-Se system, a theoretical
value for R, of 1005 is obtained using equations (3.3) and
(3.4), This is in good agreement with the observed experi-
mental value of 1,1 + 013 The close agreement between
theoretical and experimental values of R, found in Ag-Se
appeéred to justify the application of the theory to pre-
dicting the intermediate compound formed in the other three
systems in which more than one intermetallic phase is

stable at room temperature,
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3.2,6 Temperature Dependence of the Rate Constant

The temperature dependence of the rate constant for
samples having tSe > 180 X and tAg/tSe > 1,1 in the temperature
range 0~55°C was determined., Figures 3.15 and 3.16 show the
results of the study. The upper limit of the temperature
range was kept below 60°C since Se films heated above this

temperature became aggregated®. The Arrhenius-type expression

obtained for the rate constant K from Figure 3.15 was

000
(L2

RT ]

K = 687 exp

To see if the.diffusion process in thin films was
comparable to that which occurs in bulk couples, the dif-
fusion rate constant was measured at 50, lOO,-ahd 130°¢C
in bulk diffusion couples of Ag and crystalline Se., Since
diffusion rates in this system are controlled by the dif-
fusion of silver through the crystalline Ag,Se diffusion
zone, the use of crystalline Se rather than the amorphous
material should not have affected the results. Some
couples were made using amorphous Sé, but even at temperatures

as low as 50°C, the Se became plastic and flowed after short

*NOTE: The false origin in the 3°C test was due to the
inclusion of the white zone width in the diffusion
zone width. This was necessary because the exact
start of the diffusion zone was not well defined
in this specimen,
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annealing times (2-4 hours). The results of the bulk
temperature study are plotted in Figure 3.17 along with
the thin film data. From this graph the temperature de-
pendence of the rate constant for bulk couples is found to

be

K = 24 exp[—il%%g]

The large difference in growth rates between bulk and thin
film couples (about 3 ordeps of magnitude) and the difference
in activation energies implies that the diffusion mechanism is
not the same. It would seem likely that‘some form of short-
circuit diffusion proéess is operative in thin films which

results in a lower activation energy.

3,3 Electron Microscopy

The advance of thé AgZSe phase boundary was ob-
served directly in thévelecfron microsqope° The interface
appeared to be quite planar even at high magnification and
its motion was rapid, Although the Se film in front of the
diffusion zone was amorphdus in nature, the diffusion zone
itself was crystalline with elongated or columnar grains
aligned parallel’ to the interface growth direction;

Figure 3,18 shows a series of electron micrographs made of
the moving phase boundary as it swept across the field of
view. The elapsed time between micrographs 1 and 3 in

this figure was about 4 minutes. This figure illustrates
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Figure 3.18 Advance of the Phase Boundary
in Ag-Se

69



70

one of the major difficulties encountered in the electron
microscopy of Se films; namely, that the heating of the
film by the electron beam is sufficient to produce aggre-
gation of the Se. In photographing the moving interface it
was impossible to prevent aggregation even when very low
illumination levels were used, Aggregation of the Se
accounts for the minute black specks seen in the micrographs
of Figure 3,18, The white areas in 3,18 (2), (3) appear
after the electron beam induces a localized temperature in-
crease and are probably depleted regions produced by Se
aggregation or re-evaporation. This explanation is sub-
stantiated by the coincidence of the white areas in Figure
3,18 (2) and 3,18 (3).

The general appearance of the diffusion zone and
phase boundary interface at high magnification is shown in
Figure 3,13, The major contributing factor to the contrast
between the dark diffusion zone and the light Se is the dif-
ference in thickness resulting from volumetric expansion.of
the Se when Ag diffuses in to form Ag2See The volume
change brought about in this case is about 57%. It should
also be pointed out that this volumetric expansion causes
the diffusion zone to become quite rumpled and distorted
and to become partiallyAdetached from its underlying sub-
strate, Evidence of this distortion is provided by the
large number of bend énd thickness contours seen in Figure

3,19 (a), A further contribution to contrast between the
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Phase Boundary interface showing elongated
grains in the diffusion zone

Figure 3,19 Diffusion Zone in Ag-Se
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diffusion zone and pure Se may be the large difference in
atomic scattering factorsuu of Ag and Se,

Selected area diffraction patterns were made of
the diffusion zone., Subsequent analyses showed that the d-
spacings calculated from the pattern rings were in good
agreement with the known d-spacings ofﬂB-AgZSe, the low
temperature modification, TFigure 3.20 shows a typical set
of diffraction results,

While the electron microscopy results enabled the
composition of the diffusion zone to be determined and
while the direct’obéeanfioﬂ-éf the moving phase boundary
was in itself interestiﬁg, particularly since relatively
little is known about the actual motion of phase boundaries,
the results provided little information concerning the

mechanism for diffusion in Ag-Se,
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CHAPTER 4

LATERAL DIFFUSION IN Cu-Te

4,1 Introduction n;: _” N

The équiliﬁ;iﬁﬁfﬁéééé di;grah for Cu-Te is shown
in Figure 4,1, Unlike_Ag-Sé, in which only one intermetallic
phase is thermally stable af'room temperature, Cu-Te has at
least 3 possible stable phases at room temperature., The

main intermetallic compounds are Cu,Te, C Te with

Yo%
x~0,6 (CuuTes), and CuTe. In addition Hansen"9 has pointed
out the possible_éxistencé of a phase (X) whose composition
lies at about 36-37 at. % Te. It'is shown in section 4.3
that the diffusion of copper along a Te film results

in the formation of only one phase, Cuz__xTe° This phase
has a defect struéture of the CuZSb type (tetragonal) and
undergoes a polymorphic transformation at about 367°%,

The phase diagram indicates thaf Cu,_,Te ranges in compo -

sition from Cu Te to Cuj ,1Te so that 0.59 < x > 0.65.

1,35
At temperatures below the melting point Te has a
stable hexagonal formuz’u3o The structure is highly an-

isotropic due to different bonding perpendicular and

parallel to the c-axis. This anisotropy is reflected in
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both the linear expansion coefficient, which is negative

. .parallel to the c-axis, and positive perpendicular to it,
and the electrical resistivity which attains a value twice a
as great in the parallel direction as in the perpendicular,
Figure 4.2 is a selected area diffraction pattern made on

a pure evaporated Te thin film. The d-spacings calculated
from this pattern are in good agreement with the known d-
spécings for hexagonal Te. Because of the crystalline
nature of all Te films encountered in this work, the re-
sults obtained in.Cu—Te, although completely analogous

to those for Ag-Se, will be discussed in some detail.
4,2 Kinetics

4,2.,1 Growth Rate

Figure 4.3 is a typical plot of the diffusion
zone width as a function of v/ t obtained for the diffusion
of Cu into Te. The linear dependence shows a parabolic

growth law which implies that growth is diffusion controlled.

‘4,2.,2., Effect of Te Thickness on the Kinetics

Figures 4.4 and 4,5 illustrate the effect of Te
thickness on the growth rate for samples having tCu/tTe>Rco
Beyond Te thicknesseé of about 200 X, the diffusion rate
constant has a constant value of 2.,1)(10_g cmz/sec. In
thinner films, however, the growth rate is much faster and

: -9 .
approaches a value of 9x10 cm2/sec at a thickness of 110 R.
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4,2,3 The Structure of a Te Film

The early growth stages of a Te film before it
becomes continuous accounf for the apparent peak in the
rate constant versus Te thickness graph. The steps in the
formation of the Te film closely parallel those of a Se
‘film as discussed in section 3.2.3, but a major difference
is that the islands of Te observed in the pre-coalescence
stage (see page 25 of Introduction) are randomly oriented
crystallites about 200 X in diameter rather than the large
(2000 - 5000 Z diameter) amorphous islands observed in Se
films. A transmission electron microscopy investigation of
the micfostructure of Te films 50 - 1200 R thick was carried
out. The results of this study, shown in Figure 4.6, suggest
that enhanced diffusion occurs when the Te film is in the
network and channel stages of growth. In this thickness
regime, between 90 and 130 X, the Te film consists of
coalesced islands with a highly disordered inter—island net-
work, probably analogous to grain boundaries, where diffusion
can occur more rapidly. The exact mechanism is probably
similar to that which occurs in Ag-Se as discussed in
section 3.2.3, Film continuity and the onset of a definite
grain structure is seen at about 200 K and persists up to
the thickest film studied - 1200 3, The microstructure of
Te films greater than 400 K thick closely resembles that of
bulk material except that films between 400 and 900 X are

characterized by numerous thickness contours,
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Figure 4.6 The Growth of a Te Thin Film
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4.,2.4 Critical Ratio

Figure 4.7 shows a plot of the room temperature dif-
fusion rate constant as a function of the ratio of Cu to Te
thickness (tCu/tTe) for couples in which tTe > 180 K, This
figure indicates that the critical ratio (Rc) is 0.63;. that
is, when tCu/tTe > 0,63 diffusion proceeds at a constant rate
of about 2.1x10"° cm?/sec while for t

u/t < 0.63, diffusion

C Te
does not occur. The theoretical values of R, for each of the
three intermetallicvphases in Cu-Te were calculated using the
methods outlined in section 3.2.5. Table 4.1 lists the
theoretical values for each phase. From this it would appear
that the growing phase should have the composition Cu,Te. As
will be discussed in section 4.3, the phase forming in the
diffusion zone was positively identified by electron dif-

fraction analysis as Cu Te, 'The reason why the critical

2-%
thickness ratio ‘is in error in this system is uncertain,
_since the technique yielded excellent results in the other
systems investigated. The value for the critical ratio is
‘not dependent on the absolute thickness of the Te film (see
Table 4,.2) and so is independent of the film structure. The
actual percentage error is fairly small (~ 30%) and it is

perhaps unfortunate in this system that the three inter-

metallic compounds occur at fairly equivalent compositions.,



ol _
(tpe 180>A, Room Temperature)

4,00
o |-
8 3,00 » -
~ : ) '
mg’z 00 '1 " —
° | W T . g .
o | ﬂffd. : () 5
v | @ |
| [
1,00} — 1
critical ratio = 0.63J
>
b
. 1
0 *——o—b- |
.1 : o 1.0 2.0 3.0 4.0 5.0 10.0
tCu/tTe

Figure 4,7 Rate Constant as a Function of Thickness Ratio

h8



TABLE 4,1

Rc for Intermetallic Phases in Cu-Te

Phase Rc
Cu-Te 0;35
Cuz_xTe 00’47

CuzTe 0.63
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TABLE 4,2

Criticdl Ratio as a Function

of Absolute Te Thickness.

Re tpe (B)
0.58-0.70 270
0,66+0.1 © 800
0,62+0.1 3350
0.63+0.1 5000

4,2.5 Temperature Dependence of the-Rate Constant:

The temperature dependence of the rate constant for
film couples having~tTe > 180_2 and tCu/tTe > R, was de-
termined over the range 0-100°C. Since Te tends to be far
less aggregated on a glass substrate than does Se3l, it was
possible to extend the temperature range of investigation in
both Cu-Te and Ag~Te up to 100°C without encountering
aggregation problems, Figure 4,8 shows the Arrhenius plot

obtained. From this graph the dependence of the diffusion

rate constant on temperature was found to be

K = ,0017 exp[-1800]
RT

Also shown in Figure 4.9 is the Arrhenius plot obtained by
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16

Parkinson for Cu-Te thin films, His results gave

K = ,0755 exp[-220003
RT

in the temperature range 0-105°C. The agreement between the
two sets of results is somewhat disappoihting since basically
the same technique was used in both instances. It is felt
that the results obtained in the present investigation are
probably mofe reliable since a more complete range of
temperatures has been used and the effects of thickness
ratio and Te film thickheés have Been properly understood.
Figure 4.9 shows an Arrhenius plot of the rate
constant fop growth of Cu,_,Te in bulk Cu-Te couples as found
byVWayman and Bénnettus,.Sanderson, St. John, and Brownus°
This system is one in which diffusion is sensitive to any
compressive stréss applied to the diffusion zone. The work
of Sanderson et al has shown that during diffusion a third
phase, Cu,Te, appears in the diffusion zohe in addition to
Cué_XTe and Cu-Te, if the magnitude of the applied stress
is great enough. At zero. applied stress Cu,Te is not de-
tected, In.fhe thin film couples studied, iny the phase
Cu,_,Te was ever present. The absence of any Cu,Te indi-
cates that the thin film cbuples were comparable to bulk
couples at "zefo pressure", Therefore, a Vaiid comparison
between the temperature dependence of tﬁe growth rates of

Cu xTe in bulk and thin filmé can be made.

2-

If the Arrhenius plot for bulk specimens in Figure



90

4.9 is compared to the thin film curve, it can be seen that
although the activation energiés are quite different, the
diffusion rate constants in bulk and thin film couples are
quite comparable in the 300-450°C temperature range. The
convergence of the two curves at these temperatures suggests
that some short circuit diffusion mechanism such as grain
boundary diffusion is operative at lower temperatures (see
Figure 1.2)., The activation_energy predicted by the bulk
graph is 15000 cal/mole, nearly twice as great as the thin
film activation energy of 7800 cal/mole. This is again

indicative of a short circuit mechanism in the thin films.

4,3 Electron Microscopy

The ad&ancé of a phase boundary along a Te film
suggests a somewhat different picture from that presented
by the Ag-Se system due to the crystalline structure of the
Te., As viewed by transmission microscopy, the phase bound-
ary motion is still quite rapid but the phase interface in
general is seen to be moré irregular at high magnification.
This is illustrated in Figures 4.10 and 4.11 which show
respectively the interface motion along a Te film 490 X
thick and one of only 200 X thickness. An interesting
feature of the latter series of micrographs is that the Te
film is still so thin that a well-defined grain structure is
:hot present. The total elapsed time between pictures #1

and #4 in both series is about 6 minutes. All of the micro-
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Figure 4,10 Motion of the Cu2 xTe Phase

Boundary (x22,000)
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(L) (2)

(3) (4)

o
Figure 4,11 Diffusion into a 200 A Te Film
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graphs indicate that the grains in the diffusion zone are
equiaxed rather than columnar as in Ag-Se. The micro-
graphs of Figure 4.12 are enlargeménts of the phase boundary
interfaces of the previous two figures° Figure 4,12 (b), in
particular, suggests that there is some tendency for the
advancing phase boundary to surround some of the Te grains,
This phenomenon is more clearly demonstrated in Figure 4.13
and its accompanying schemétic sketch (Figure 4.14) which
depicts the surrounding of a Te grain by the advancing phase
boundary. These observations suggest that there is a
tendency for grain boundary diffusion to occur in Cu-Te.

-The results of an electron diffraction study of
the diffusion zone in Cu-Te showed that only the phase
Cu,_,Te was formed during diffusion. A typical selected
area diffraction pattern and the calculated d-spacings
obtained from it are shown in Figuré 4,15,

Electron microscopy results on the motion of the

Cu,_,Te phase boundary suggest that grain boundary diffusion

2-
is important in the room temperature diffusion process which
occurs in Cu-Te., Grain boundary diffusion would account for
the irregular nature of the phase boundary interface, The

equiaxed grain structure of the diffusion zone suggests that
its formation may be due to lateral diffusion from the grain

boundaries into the pure Te grains. Also the peak in the

' o
growth rate at a Te thickness of about 110 A is in agreement



Figure 4.12

(a)

(b)

Phase Boundary Interfaces at
High Magnification

g4



Figure 4.13

(L)

(2)

The Surrounding of a Grain of Te
by the Diffusion Zone Interface
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t = t
o
Grain Boundaries of
Bend 8! grain "BYg MaFerial
tigckizss has already diffused
contour into them,

(L)

Original interface

t = 1 min

Qriginal interfaces

t = 2 min

Figure 4,14 Schematic Sketch of the
Surrounding of a Te Grain
by the Phase Boundary Interface
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(a) S,A.D. of diffusion zone of Cu-Te
thin film couple

Calculated
d-spacings (&)

d-spacings

for Lu2u¥Te (X)

8,29
7,82
6.08
3,70
3.42
2,88
2,62
2,48
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C8x."

-

o @
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3,35
2,81
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1,82
1,70

Figure 4,15 Selected Area Diffraction Pattern of
the Diffusion Zone of a Cu-Te

Thin Film Couple
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with a grain boundary mechanism., No quantitative estimate
of the relative rates of grain boundary to volume diffusion
could be made on the basis of the electron micrographs.,
Nevertheless, the microscopy results provide strong evidence
to support the idea that grain boundary diffusion is an

important mechanism in thin film Cu-Te couples.
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CHAPTER §

LATERAL DIFFUSION IN Ag-Te

5.1 Introduction

The overall results found in the Ag-Te system close-
ly paralleled those of CuQTe and for this reason they will
be reviewed only briefly, The equilibrium phase diagram,
seen in Figure 50140, shows that two intermetallic phases,

Ag.Te and Ag Te ,(x ~ 0.2 ), may be thermally stable at
5-x 377

2
room temperature. The phase Ange undergoes a polymorphic
transition between 135 and 1439°C. The low temperature
modification, B-Angeu7, with which we are concerned here,

is reported by Hansenl+0 to possess an orthorhombic structure.
Ags_xTe§x ~ 0,2 ), the other stable phase in this.system,

has a hexagonal structure,
5,2 Kinetics

In all diffusion zones studied in Ag-Te the phase
boundary motion was found to be parabolic. The rate of ad-
vance of the interface was quite rapid - nearly an order of
magnitude greater than in Cu-Te - and the interface itself

was observed to remain very planar even when the diffusion
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zone width was 700-~800 u.

For Te thicknesses between 50 and 180 Z (with
tAg/tTe > Rc) the diffusion rate constant attained sub-
stantially higher values than at greater thicknesses,
Between 200 and 1750 X the rate constant tended to a‘
consfant value of about 109x10—8 cmz/sec° Figure 5.2
illustrates the experimental dependence of the rate constant
on the Te thickness. The peak value observed lies at about
80 2 and is over twenty times the constant value found at
thicknesses of 200 X and gfeater, This is a much larger
effect than that seen in any of the other three systems in-
vestigated. It is probably due to the netwofk structure of
very thin Te films which gives high diffusion rates between
islands as discussed in section 4.,2.3. Figure 5.3 shows
the dependence of the rate conétant on the Ag to Te thick-
ness ratio (tAg/tTe) for couples in which tAg > 180 Ko The
criticai ratio was found to be 1.0 * 0.1l. This agrees
closely with the theoretical value of 1,00 which would be
given by the phase Ange° If Ags_xTes(x ~ 0.2 ) were the
intermetallic phase formed during diffusion, the calcu-
lated critical ratio would be 0,715, in poor agreement with
the experimental value. The results indicated, therefore,
that the composition of the diffusion zone was Ange° A
determination of the critical ratio at tellurium thicknesses
of 105 and 2730 Z gave the same value of 1.0 + 0.1, The
critical ratio was thus taken to be independent of the Te

film thickness over the thickness range under investigation.
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The temperature dependence of the rate constant
was determined in the range 0-100°C.,. From the Arrhénius:
plot shown in Figure 5.4 the diffusion rate constant was

found to be

10000
RT

K = 0,63 exp [- ]

13

Also plotted in this figure is Mohr's data which gives

Kc=:579>éxp [-13820]
RT

Although similar techniQﬁes were used in the two investi-
gations, the agreement between the two sets of results is
disappointing, especially at high temperatures where there
is almost a one order of magnitude difference in the two
measured rates, Mohr applied a correction to his growth
rates to correct for volume expansion of the Te as Ag dif-
fused in. No details of this correction are given in Mohr's
paper but it would not be expected to alter the activation
energy significantly.

It -should be mentioned that in the two systems in
which comparison was possible with the results of other
workers, agreement at high temperatures was not good with
the present work giving much slower rates than the other in-
vestigations, It is felt that there can be no experimental
error in the present investigation which could explain
anything like the observed differences in the growth rates.

If there is a genuine difference in growth rates between
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betweén the two cases, this ﬁust presumably be due to some
difference in structures whichlgives different contributions
to grain boundary and volume diffusion. This might be due
to different residual gas pressures, evaporation rates, or
one of the many other variables which can affect film
structure (see Introduction, section 1.4).

Behera38 has shown that a study of diffusion in
bulk Ag-Te couples is impossible because a proper diffusion
zone is not formed. The bulk diffusion rate plotted in
Figure 5.4 at 130°C is a very approximate value obtained
from his work, A complete temperature study in bulk Ag-Te
was not undertaken due to the irregular nature of the dif-
fusion zones involved. However, the low value of activation
energy obtained for the thin film couples does seem to indi-
cate that some short circuit mechanism is important in the

diffusion process,

5.3 Electron Microscopy

Transmission electron micrographs made of the

Ag.Te phase boundary showed that grain boundary diffusion

2
plays a role in the diffusion process. The micrograph of

the boundary interface in Figure 5.5 (a) shows many colonies
of AgZTe lying ahgad of the main diffusion zone but connected
to it by "stringers" of Ange centered predominantly at the
Te.grain boundaries. Figure 5.5 (b) is the same interface

after two hours showing essentially the same general

features. The remaining two micrographs in Figure 5.5, made
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(e) (d)

o
Figure 5.5 Phase Boundary Interface in a 210 A
Te Film
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at 1 minute intervals after 5.5 (b), show how the effect of
localized heating by the electron beam tends to obscure

the grain boundary diffusion and makes the phase boundary
interface very planar. ThebTe thickness in this series of
pictures is about 200 X. Figure 5.6 shows the phase
boundary interface in a samplé having a Te thickness of
about 1000 Z. Once again, Ange has formed in Te grains
ahead of the main.body of the diffusion zone with stringers
extending along ﬁﬁe:févgfain boundaries. In this micro-
graph it appears that some Ange colonies have begun their
development at the grain boundary corners., This obvious
tendency for grain boundary diffusion to occur is in full
agreement with the largé efféct observed in 80-100 & films
in this system, It is probably due to a very large grain
boundary diffusion coefficient in this system. The grain
boundary effects in Ag-Te are much more pronounced than
those in Cu-Te, which probably accounts for the higher
growth rates observed in Ag-Te,

Selected area diffraction patterns were made of
the diffusion zone of Ag-Te couples. The d-spacings cal-
culated were in good agreement with the known d-spacings
for 3—Ag2Te, the low temperature form of Ange. This
substantiates the kinetic evidence in section 5.2 for

growth of Ange rather than Ags;xTe on the basis of agree-

3
ment between experimental and theoretical values of the

-

critical ratio. A typical set of diffraction results is
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Figure 5.6 Evidence of Grain Boyndary
Diffusion in a 1000 Te film
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shown in Figure 5,7,

Figure 5.8 (a)_shows the result of an experiment in
which high illuminatibn leveis were usea in the electron
microscope and the beam was focused on the Ange interface
for a relatively long time; a thin band of the Te-rich
phase Ags_xTe

3
diffusion zone andbbegan_to grow into the Te at a rapid

(% ~ 0,2) appeared at the edge of the normal

rate due to heating by the electron beam, This inter-
metallic phéséihdgfpééitiVéiy identified by a éeleCted area
diffraction pattern., The microstructure of the Ange phase
in the main body of the diffusion zone is illustrated in
Figure 5.8 (b), The Te thickness in this sample is about
200 g, The exaéfitempératufe'increase induced by the
electron beam spot in such a small localized area is
impossible to measure. It is to be expected, however,
that if the appearance of this second phase during diffusion
were due to thermal effects alone, a second phase would be
observed in thin film couples annealed at high temperatures.
Since this second phase was not present in the diffusion
zones of sampleé heated up to 100°C, it is concluded that
either the effective temperature rise prpduced by beam
heating was gpeatér than 100°C, or the growth of the phase
was not entirely due to therhal effects.

The electron microscopy results suggest thaf grain
boundary diffusion is an important factor in room temperature

diffusion in Ag-Te, As the electron beam brings about a
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(a) S.A.D. of diffusion (b) Au Standard
zone in Ag-Te

Calculated d-spacings "
d-spacings (X) for B-Ag,Te (A)
7.14 7,14
6,85
4,60 4,53
3« 71 3.74
3.40
3:19 3.19
3.0} 3.01
2,88 2.87
2:.73 2,80
2,69
2.48 2,45

Figure 5.7 Selected Area Diffraction Pattern
of the Diffusion Zone in Ag-Te
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(a) Ags_x (X ~ 0.2) induced by electron

beam heating

Foan

(b) Appearance of Ange phase in this sample

Figure 5.8 Electron Beam Heat-Induced Second
Phase in Ag-Te
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localized temperature increase at the phase boundary inter-
face the grain boundary diffusion is obscured by rapid ad-
vance of an interface that has become increasingly planar

as the temperature rose, This implies that grain boundary
diffusion is not important at higher temperatures. Since
the presence of a second phase was not detected during
normal diffusion experiments at 100°C, it is conceivable
that the electron beam heating produced by high illumination

levels results in a temperature rise of greater than 100°C,
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CHAPTER 6

LATERAL DIFFUSION IN Cu-Se

6.1 Introduction:

A complete equilibrium phase diagram is not yet
available for Cu-Se. The three intermediate phases that

can be in thermal equilibrium at room temperature are

40
Cuz_xSe (0.0 < x < 0.2), Cu3Sez, and CuSe ~. Cu

copper deficient form of the stoichiometric intermetallic

2_xSe is a

compound Cu,Se (33.3 at % Se)., The high temperature

2

polymorph of this phase has an anti-isomorphous CaF2 structure!
in which Se atoms replace Ca atoms. As the deviation from
stdichiometry in Cu,Se increases, the transformation
temperature decreases, so that the cubic structure becomes
stable at room temperature. At the stoichiometric compo-
sition, however, the transformation temperature is around
100°C, Below this temperature, a number of metastable
tetragonal or B.C.C, structures are encountered depending on
the heating and cooling historyuo’us’ugo The truly stable
low temperature structure is hot known, Cusse2

has a tetragonal structure. There is a strong possibility

that this phase 1is a grossly defective Cuu_xSe compound

2
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only approximating CujSe, in composition. CuSe has a hexa-

gonal structure,
6.2 Kinetics

6.2,1 Growth Rate

The graph of diffusion zone width (x) as a function
of /T for about 85% of all diffusion couples studied was of
the form of curve I in Figure 6.1, Most of the remaining
15% exhibited the behaviour of curve II in this figure
with only a small fraction being strictly parabolic in
nature (curve III), The essential features of curves I and
II are illustrated in Figure 6.2. The dependence of x on
/¥ in each "stage" of both curves was linear suggesting
that growth was diffusion controlled. The basic difference
between curves I and II is that stage 2 in the latter is
much shorter, degenerating into stage 3, a region of more
rapid growth, It should be emphasized that the physical
implication of growth curves like I and II is that a very
wide diffusion zone - 500 to 600 u in some cases - develops
in about one hour. A period of slower parabolic growth
then follows. This may persist over a long time as curve I
suggests or may be followed by a period of rapid growth
(curve II). Such behaviour may, at first.glancé, appear
to be due to the formation of a second phase during dif-
fusion. However, no evidence of more than one phase was

ever seen by optical microscopy. Therefore this explana-
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(a) Curve I

Figure 6,2
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tion does not account for the observed behaviour.

A diffusion rate constant was calculated from
each of the linear regions of both types of curves I and
II. It was found that in stage 1, the rate constants weré
widely variable bearing no apparent relationship to Se
thickness or thickness ratio. Similarly, the rate constants
determined in stage 3 showed a large degree of scatter,
although the magnitudes of the slopes were of course much
smaller than those in stage 1. Using the rate constants of
stage 2, however, a set of results for the dependence of
rate constant on Se thickness and on the ratio of Cu to
Se thickness (tCu/tSe) was obtained that was completely
analogoué to the other three systems. For this reason the
rate constants calculated from stage 2 were taken as being
representative of the lateral diffusion process in Cu-Se,
although it may well be that the diffusion controlled
region is in fact stage 1 with stage 2 being a region showing

certain inhibitions to diffusion.,

6.2.2 Dependence of Rate Constant on Se Thickness

Figure 6.3 shows the diffusion rate constant plotted

as a function of Se thickness., At thicknesses greater than
o
180 A the rate constant tends to a constant value of

-8 ohile a6 lower +hlckne55es it rises toa _g
0.80x%x10 cm /secApeak value of approximately 3.3x10

cm2/
sec at about 100 &, This possible tendency for higher dif-
fusion rates to occur in thin Se films appears to be con-

sistent with the effect observed in Ag-Se where the maximum



w
°
o
o

cmz/sec

N
(-]

o
o

K x 10

1.00

Q
]
o
|
I|
L
| |
| |
|| O
'l
\
L 1Q Q
I < N —
Q@ @ o0 © O
O
A O &
r—L | L | | | | | I
0 100 200 400 600 800 1000 1200 1400 1600 1800
(A
S teg )
Figure 6.3 Rate Constant as a Function of Se Thickness

6TT



120

diffusion rate is also about four times the constant value
obtained at Se thicknesses exceeding 180 Xo This is not
unexpected since the structure of the Se films is the same
in both cases. Therefore the same mechanism proposed for
enhanced diffusion in Ag-Se (section 3.2.3) should be appli-
cable to Cu-Se as well. The optical micrograph in Figure
6.4 illustrates the irregular nature of the phase boundary
interface in a sample having a Se thickness of 125 R. The
wavelength of the minute projections on the interface is
about 1 § which is consistent with the inter-island spacing

in the Se at this stage of growth.

6.2.3 Critical Ratio

The critical ratio in Cu-Se was found to be between
0.63 and 0,71, Below this range diffusion did not occur
while above it, diffusion proceeded at a constant value of
0.80}(10_8 cmzlsec for couples in which the Se thickness was
greater than 180 g, The results of the thickness ratio
(tCu/tSe) study are shown in Figure 6.5. The theoretical
values of Rc were calculated for each of the phases Cu,_,Se,
Cu38e2, and CuSe and are listed in Table 6.1, Comparing
these values with the experimental value for R,, it was seen
that the composition of the diffusion zone should be Cu,_,Se.
A determination of the critical ratio at Se thicknesses of
350 and 2380 X gave values of 0.71 and 0.63 respectively.

Thus the critical ratio was taken to be independent of the

absolute Se thickness.
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Diffusion
Zone

Figure 6.4 Phase Boundary Interface in a
o
125 A Se Film (x71)
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TABLE 6.1

Theoretical Critical Ratios in Cu-Se

Phase Theoretical Rc
/
Cuz_xSe, x=0.0 0720
Cuz_XSe, x=0,2 645
Cu38e2 .513
CuSe . 375

6.2.4 Temperature Dependence

The temperature dependence of the rate constant was
determined over the range 0-50°C, Higher temperatures were
not used in order to avoid any aggregation of Se on the glass
substrates:. The shapes of the x versus /T curves were not
observed to change with temperature, most showing the two
stages of parabolic growth discussed in section 6.2.1.
Although growth rates in this system at room temperature are
comparable with rates in other systems, the increase in
growth rate with increasing temperafure is much greater than
that found in_any otheb}syétemo Taking the growth rate
characterized by the second stage of the x versus YT curves
the temperature dependence of the rate constant determined

from the Arrhenius plot in Figure 6.6 is given by
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23000
RT

K= 3,9 x lOg expl~ ]

The very large activation energy reflects the large increase
in growth rate with temperature in this system. The pre-
exponential term is also extremely large and this is con-
sistent with the fast growth rate observed at low temperatures
felative to the high activation energy.

It is indeed difficult to give any convincing ex-
planation for the very high activation energy and pré-
exponential term in this system since the other Se-base
system, Ag-Se, gave much more reasonable values., It seems
possible that the large increase in growth rate with tempera-
ture is due not only to an increase in the diffusion co-
‘efficient D, but to some other effect which may be, for
example, a progressive change in crystal structure of the
intermetallic compound, with temperature50 or crystallization
of the amorphous Se film immediately ahead of the phase
boundary. A combination of two such thermally activated
processes would give a very high apparent activation energy
for the systemzs’zgo In any case 1t would appear that the
diffusion mechanism in Cu~Se is very complicated and bears
little resemblance to the mechanism for diffusion in the

other three systems.
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6.3 Electron Microscopy

6,3,.1 Normal Growth

The dominant feature of the electron microscopy
results in Cu-Se was the high sensitivity of the diffusion
zone to heating by the electron beam, This was also observed
to some extent in Ag-Te, in which, as discussed in Chapter 5,
a second intermetallic phase formed at the diffusion zone
front,s, In Cu-Se, however, the effect was much more pro-
nounced, If extremely low illumination levels were used,
the phase boundary motion appeared as shown in Figure 6,7,
The interface appeared to be quite irregular and moved
rapidly. The diffusion zone behind it consisted of columnar
grains which increased in size the longer the beam was
focused on the interface. The resulting difference in grain
size is illustrated by micrographs 6.7 (1) and 6.7 (u).

The elapsed time between tﬁese photographs was about two
minutes. Figure 6,8 shows the directional nature of the
elongated grains in the diffusion zone at higher magnification.
The large arrow on this micrograph indicates the direction of
the phase boundary advance, A selected area diffraction
pattern made from the diffusion zone showed that its composi-
tion was Cuz_XSe° This was in agreement with the composition
predicted by the critical ratio study in Section 6.2.3. A
selected area diffraction pattern and the d-spacing calculated

from it are shown in Figure 6.9,
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(1) (2)

Figure 6.7 Motion of the Phase Boundary
Interface in Cu-Se
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Direction of interface
advance

Figure 6.8 Columnar Grains in Diffusion Zone
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(a) éoAgD° of Diffusion (b) Au Standard
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Figure 6.9 Selected Area Diffraction Pattern
of the Diffusion Zone



130

At high magnificafion the phase boundary interface
appeared to consist of a series of parallel growth tips of
varying size like that shown in»Figure 6,10, The diffusion
couple was cooled to ~150°C in the microscope cold stage in
order to prevent the interface from advancing. Selected
area diffraction patterns were made on several of these tips,
The patterns were single-crystalline in nature and exhibited
pronounced streaking of the spotsso. Two such diffraction
patterns and their associated growth tips are shown in
Figure 6.11l. An interesting feature of these tips was
that in each of them a series of fine striations running
nearly parallel to the growth direction could be seen.

These are clearly shown in Figures 6.10 and 6.11. In order
to establish a growth direction on the diffraction patterns,
a rotation caiibration of the intermediate lens of the micro-
scope was carried out with the same accelerating voltage

and projector lens pdlepiece as was used to make the actual

5,50

micrograph of the growth tips. Analysisu of the dif-
fraction patterns of Figure 6,11 illustrated that the.growth
direction of the tips lay within 9° of the <111> direction
and that the steaking direction of the spots was almost
exactly perpendicular to this. Further analysis of other
tips confirmed those relationships; 1in every case the
growth direction of the tips was close to <111> and the

striations were associated with {110} planes. These striations

were the apparent cause of the streaking of the pattern spots.



Figure 6.10 Growth Tip at High Magnification

Parallel fringes in this micrograph are believed
to be due to astigmatism in the objective lens
of the microscope.
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Figure 6.11 S.A.D. Patterns of Single Growth Tips
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Figure 6.12 shows schematically the indexing of the single-
crystal diffraction patterns of Figure 6,11.

In summary it was found that the grainsof Cuz_XSe
possessed a preferred growth direction, growing in a <111>
direction., The fine striations appearing in the growth
tips were related to {110} planes and were responsible for
streaking of the diffraction patterns. The two main
sources of streaking of diffraction spots are stacking
faults and twinsSl° It is unlikely that the striations

observed here are stacking faults. On the other hand {110}

planes are not twinning planes in an anti-isomorphous CaF2
Seul

structure like Cu « Therefore these striations must

2-%
be due to some other sourcé° The growth direction is also
difficult to account for by crystallographic considerations
since the <111> direction is not a close-packed direction in
the Cuz_XSe lattice. It should be noted, however, that the
growth direction during formation of columnar crystals from
the liquid (e.g. in steels) is not a close-packed direction.
Apparently this is related to the ability of liquid atoms

to "stick" more easily to planes other than the close-

packed ones.

6,3,2 Dendritic Growth

When high illumination levels were used to observe
the phase boundary interface in Cu-~-Se, a second phase appear-
ed at the interface which grew rapidly in a dendritic manner.,

Once nucleated, this phase continued to grow even when illu-
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Figure 6,12 Schematic Indexing of Diffraction
Patterns



135

mination was greatly reduced. The structure was truly
dendritic, exhibiting primary arms and numerous side-
branches., Figure 6.13 shows the advance of the dendritic
phase into the pure Se, The electron micrographs of Figure
6,14 clearly illustrate the appearance of a single primary
denc¢rite at the phase boundary interface and the dendritic
structure within the body of the phase. The boundary
between the normal non-dendritic Cu,_,Se and the dendritic
phase induced by electron beam heating is shown in Figure
6.15. This effect was found to be completely reproducible,
A selected area diffraction pattern made from the dendritic
phase showed that it was the tetragonal intermetallic com-

pound Cu,Se,. A typical diffraction pattern and its associ-

3
ated d-spacings are given in Figure 6.16. These "qd" values
are in good agreement with the known d-spacings for Cu38e2
listed in the same figure.

To determine the dendritic growth direction selected
area diffraction patterns were made in the primary arms at
-110°C using the cold stage. It was found that cooling of
the sample to this temperature resulted in the dendritic
structure being transformed into one consisting of only
parallel primary arms with no side branches, similar in
appearance to non-dendritic Cuz_xSe° The composition and
crystal structure was still that of Cu3Se2, however. Because

the primary arms were quite narrow it was nearly impossible

to obtain a pure single-crystal diffraction pattern. There-
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(2)

w}g,,h.‘,

Figure 6.13 Motion of Dendritic Phase Interface
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(1) Dendrite at the Phase Boundary
Interface

(2) Interior Microstructure of the
Dendritic Phase

Figure 6.1l4 Nature of the Dendritic Phase
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Dendritic < / —» Non-dendritic
Phase Phase

Figure 6.15 Boundary Between Dendritic
and Non-dendritic Phase
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(a) S.A.D., of Diffusion (b) Au Standard
Zone
Calculated d-spacings
d-spacings 9.9 for CusSe, (X)
4.28 4.28
356 3.56
3.20
e, o
2597 2:.97
2.86 2,86
2.62
2.56 2:56
2,49 2,49
2.38 2+38
2.26 2:26
2.14 2.1Y4
2.10
2:08
2:,02
2,00 2,00
3593 1.:93
1«91
1.83 1.83

Figure 6,16 S.A.D. Pattern of the Dendritic
Phase in Cu-Se
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fore, the diffraction patterns were invariably a super=
position of at least two single-crystal patterns and their
indexing was difficult. Pronounced streaking was in evidence
on all the patterns. Figures 6,17 and 6,18 illustrate
typical diffraction patterns obtained, their corresponding
microstructures, and the schematic indexing of each52°
Analyses of the diffraction patterns give the growth
direction as being <101> and indicate that the streaks arise
from fine striations (see Figure 6.18) associated with {111}
planes. An investigation of possible twinning planes in

the specific tetragonal structure of Cu3Se2 was not carried
out. Therefore it is not possible to say whether the stria-
tions present in the micrographs are due to twins. It is
unlikely,'however, that they are stacking faults, since
{111} is not a close-packed plane in this structure.

The occurrence of dendritic growthlg’s3 in a solid
state diffusion reactidn is a very rare phenomenon. Malcolm
and Purdy5L+ observed the dendritic‘growth of y brass from
supersaturated RA-brass in the solid state. In their work,
however, a very favourable morphology existed between'pre-
cipitate and parent grain. In the present investigation the
observed growth of a dendritic phase appears to be due to
thermal rather than crystallographic effects., Focusing of
an intense beam of electrons on the normal diffusion zone
interface results in rapid dendritic growth. Once the beam

is removed from the interface, growth of the dendritic phase

proceeds slowly (if at all).
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Figure 6,17 Dendrite Analysis
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Figure 6,18 Dendrite Analysis
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A possible explanation for the observed behaviour
is that the localized heating produced by the beam at the
interface excites Se atoms in the immediate vicinity making
them quite mobile. The poor thermal conduction properties of
Se prevents the beam heat from being conducted away readily
from this region. Se is observed to aggregate at only 60°C
suggesting that Se atoms are capable of surface migration
even at this low temperature. This picture of high mobility
is also consistent with the description of the amorphous
state as Being a highly viscous liquid55e The observed ten-
dency of bulk amorphous Se to become plastic and flow at
temperatures below 100°C (see page 30, Chapter 3) fits
this description well., The net result of poor thermal con-
ductivity in the Se and relatively good conduction.in the
intermetallic compound is that a layer of very mobile atoms
is created ahead of the interface., The system then wants to
transform as quickly as possible to form Cuase2° Plate-
shaped or pointed precipitates can transform a greater
volume per second than planar boundaries., Therefore a
dendritic interface develops, provided the decrease in
volume free energy more than counterbalances.the increase
in surface energy and‘the mobility of the diffusing species
is sufficiently high,

Another conceivable explanation of the results is
| 40,48

that Cusseé is a high temperature derivative of Cu,y_ySe

If this were so, the rapid lateral diffusion produced by
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beam heating could be due to a polymorphic transformationssa
At the present time, however, there is insufficient infor-

mation available to say whether Cu Se, could be a high

3

temperature form of Cu XSe resulting from an increased

2-
homogeneity range.

In summary it has been found that Cu-Se is a much
more complicated system than' the other three investigated.
The growth kinetics are not strictly parabolic and the
activation energy appears to be abnormally high for a system
in which diffusion proceeds so rapidly. In addition the
electron microscopy results indicate that the phase bound-
ary interface is very sensitive to high illumination levels;
if these become large enough, a éeCond phase is initiated
at the interface which moves very rapidly and grows dendri-

tically, These results suggest that the actual diffusion

mechanism in Cu-Se 1s quite complex,
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CHAPTER 7

SUMMARY AND CONCLUSIONS

7.1 Discussion and Summary

7:,1,1 Growth Kinetics

In each of the three systems Ag-Se, Cu-Te, and
Ag-Te the graphs of diffusion zone width (x) as a function
of /T were linear implying that the growth of the diffusion
zones was diffusion controlled., As discussed in section
62,1, most of the growth rate plots in Cu-Se were not
strictly parabolic but instead appeared to consist of two
or three stages of parabolic growth. The exact reason for
this behaviour remains obscure, but it would seem that the
diffusion zone growth in each stage is diffusion controlled.
‘Lateral diffusion at room temperature was very rapid in all
four sysﬁemé investigated, The resulting diffusion zones
~tended to be very wrinkled or folded in nature and became
partially detached from their underlying substrates.  This
effect was no doubt due to the volume expansion of the Se or
Te lattice as Ag or Cuus diffused in, since very large in-
creases in a unit vdlume of Se and Te result when an inter-

metallic compound with Ag or Cu is formed. In Cu-Te, for
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example, the volume expansion of the Te is about 40%,

7.1.2 Rate Constant quendence2 on Film Thickness

The original purpose of investigating the effect of
Se and Te film thickness on the rate.constant for couples
in which the thickness ratio was greater than R, was to see
if the lateral diffusion process involved any surface dif-
fusion along the Se or Te. It would be expected that the
occurrence of surface diffusion should be reflected in a
general decrease of the rate constant with increasing Se
or Te thickness since the surface to volume ratio of a film
is reduced as, the thickness becomes greater. In each of the
systems studied, however, it was found that beyond a
certain Se or Te thickness, the rate constant was essentially
independent of the thickness while below the thickness the
rate constant tended to a peak value. This phenomenon was
attributed to the structure of the thin films. An electron
microscopy investigation of very thin Se and Te films showed
that they consisted of coalesced islands with an inter-
island netwofk that undoubtedly contained many structural
imperfections, This would be conducive to a short circuit
diffusion process between the islands., The effect of low Se
and Te thicknesses on the rate constant was seen to be much
greater in the Te systems than in the Se ones. This was
consistent with the definite evidence of grain boundary dif-

fusion at all Te thicknesses observed in both Ag-Te and Cu-Te
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using transmission electron microscopy.

7.1.3 Critical Ratio

The existence of a critical thickness ratio for the
diffusion couple components was verified in all four systems.
Above this thickness ratio diffusion proceeded at a rate
independent of the Se or Te thickness, and below it, no dif-
fusion took place. It was found that the experimentally ob-
served critical ratio was indépendent of the absolute Se or
Te thickness over the range of thickness in which growth
rates were measured, Theoretical determinations of the
critical ratios from stoichiometric considerations were in
excellent agreement with the experimental values obtained
except in the case of Cu-Te where a 30% difference was
found. In Ag-Se, Cu~Se, and Ag-Te the compositions of the
diffusion zones predicted by the kinetics were confirmed by

electron diffraction studies,

7.1.4 Temperature Dependence

Table 7,1 summarizes the results obtained in each
system for the temperature dependence of the rate constant.
The three systems Ag-Se, Cu-Te, and Ag-Te all have relatively
low activation energies. In Ag-Se and Cu-Te, comparison with
activation energies for bulk diffusion couples was possible.
The thin film activation energies were lower than the bulk
activation energies., Thus the activation energies in the

thin film results not only constitute very low values in them-



TABLE 7.1

Activation Energies for Thin Film Couples
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Bulk
Temperature Thin Film Activation

Range Investigated Activation Energy Energy
System (°C) !(Kcal/mole) (Kecal/mole)
Ag-Se 0-50 12,200 17,600
Cu-Te 0-100 7,800 15,000
Ag-Te . 0-100 10,000 %
Cu-Se 0-50 23,000 *
* Not available
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selves, but also tend to be much below the observed bulk
acfivation energies, This suggests that a short circuit
mechanism is responsible for diffusion. Examination of the
phase boundary interfaces in Cu-Te and Ag-Te by electron
microscopy provided'definité evidence of grain boundary
diffusion., The high activation energy for diffusion in Cu-Se
is not consistent with the other results. The most prbbable
explanation for this is that the diffusion in this system
involves more than one process so that it is improper to

. . . . 29
ascribe an activation energy to 1t28’ o

7.1:5 Electron Microscopy

The direct observation-of the moving phase boundary
interfaces in the electron microscope was in itself interest-
ing since very little work of this type has been done before,
In Cu-Te and Ag-Te there were definite indications that grain
boundary diffusion was taking place. This was consistent
with the low activation energy values obtained for diffusion
in these systems. In the Se systems the microscopy results
did not provide any definite information as to the nature of
the diffusion mechanism, It was observed, however, that
localized heating by the electron beam at the phase boundary
interface resulted in some aggregation of the Se in the case
of Ag-Se, and in Cu-Se to the nucleation of a second phase
which grew dendritically. The formation of a second phase
by beam heating was also seen to a less marked degree in

Ag-Te, Such phenomena may suggest that the level of local-
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ized heating produced in the electron beam is much greater
than previously thought. Temperature increases of 100°C
could well be involved,

Despite the evidence for grain boundary diffusion
obtained in the Te systems, it was disappointing that a
quantitative estimate of the relative rate of grain boundary
to lateral diffusion could not be made. In Cu-Te, the grain
boundary effect was not pronounced enough to assess the dif-
fusion rate, while in Ag-Te, beam heating tended to obscure
the grain boundary diffusion before any useful measurements

could be made.

General Summary

The important features of the lateral diffusion
process in each of Ag-Se, Cu-Te, Ag-Te and Cu-Se as outlined
in the preceeding discussion are summarized in Table 7.2,

7,2 Estimation of Diffusion Coefficients
I/ ‘

In the "Introduction" (page 15) it was shown that
the rate constant found by measuring the width of the dif-
fusion zone was related to the diffusion coefficient by the
formula

2(Cy-Cy)(C3-Cy)

K=D (7.1)
(cl-co)<C3-c2+cl-co)

if the composition range of the intermediate phase involved

is small, This is a valid approximation in the case of each



Summary of Lateral Diffusion in

TABLE 7.2

the Four Systems Investigated

System

Diffusion
Zone
Composition

Room Temperature
Growth Rate

(cm2/sec)

Kinetics

Critical
Ratio for
Dif fusion

Proposed
Diffusion
- Mechanism

Special Characteristics

Ag-Se

Cu-Te

Ag-Te

Cu-Se

AgZSe

Cuz_xTe

(x.0.6)

Ag, Te

Cu Se
2-x%
(Oigip,Z)

-8
1.1x10

zolxlo'g'

-8
1.9x10

-8
0.80x10

paraboiic

parabolic

parabolic

separate
stages of
parabolic
growth

Oo 63101

0.63-0.71

Short circuit

(e.g. grain
boundary)

Grain boundary

Grain boundary

Se is amorphous
Growth rate higher
in thin Se films,

Growth rate higher in
thin Te films; effect
is much more pronounced
than in Se systems.

Effect of very thin Te
films on growth is
extremely marked,

Very large diffusion
zone widths-observed.
Electron beam heating
induces second phase
at phase boundary
interface which grows
dendritically.

IST
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of the systems studied so that it is possible to use equation
7.1 to estimate the diffusion coefficients in each system.
This has been done using thg-room temperature value of the
rate constantj that is, the value obtained for couples in
which the thickness fatio,is greater than the critical ratio
and the Se or Te thickness is beyond the region where the
structure of the film results in higher growth rates. The
calculated values of D are given in Table 7.3. From this it
can be seen that the diffusion coefficients are about" two
orders of magnitude greater than the rate constants except
for the system Ag-Se in which the difference involves a
factor of 500 due to the very small composition range of

Ag.Se. It is obvious, therefore, that the diffusion

2
coefficients in all these systems are very large indeed.
Although very little is known about the variation with
temperature of the composition ranges of the intermetallic
compounds formed during diffusion in each of the four

sysfems, present evidenceuo’l+8

suggests that the phase
boundary compositions do not change significantly up to
temperatures of 500-600°C. Therefore the activation energies

observed represent those of the diffusion process alone.



Calculation of Diffusion Coefficients

TABLE 7.3
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Calculated

Inter- 'Composition
Steady State metallic |Range of Diffusion
Rate Canstant’ Phase Phase (CZ'Cl) Coefficient
System K (cm“/sec) Present (at %) D (cm2/sec)
: -8 -6
Ag-Se 1.1x10 Agzse 0.2 5.5%10
-9 -7
Cu-Te 2,1x10 Cuz_xTe 0.9 1.6%x10
(x~0,6)
-8 -6
Ag-Te 1,9x10 Ange 0.9 2,1x10
-8 ' -7
Cu-Se 0.80x10 Cu2 xSe 204 2.,9x10

(0<x<0.2)
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7.3 The Mechanism of Rapid Diffusion

Rapid diffusion at room teﬁperature is a rarely-
occurring phenomenon. In the present work it was observed
in only four systems out of the 22 investigated. Therefore
it is natural to raise the question as to why very rapid dif-
fusion is observed in these systems and not in others.

Present results in thin film diffusion couples
suggest that grain boundary diffusion and possibly "pipe"
diffusion are the predominant mechanisms in Ag-Se, Cu-Te,
and Ag-Te, The bulk data available in these systems, how-
ever, shows that high growth rates are also encountered at
relatively low temperatures (100-200°C) in bulk diffusion
couples. In Cu-Se the diffusion mechanism does not appear
to be consistent with that of the other three systems and
its exact natﬁre remains obscure. Nevertheless, very large
growth rates are observed in this system as well.

All of the igtermetallic phases formed during dif-
fusion have several interésting features in common. They
are known to be small band gap semiconducting compounds in
which cation vacancies act as acceptorsu2’48’57a Each of
the compounds exists in at least two stable polymorphs in
different temperature r%ggeszs. In every case both the high
temperature and low temperature modifications are regarded
as being defect intermetallic compounds with cation
vacancies constituting the main inperfection., Finaily, the

bonding in all four compounds is essentially covalent rather
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than metallic, This is not surprising, however, in compounds
involving Se and Te which have been referred to by various

authors as "metalloids" or semiconductors.

!

The high temperature modifications of Ag,Se, Ag,Te
2 &y~

C Se, and Cuy gS are similar to a—AgZS (see Introduction,

u2—x

page 10) in that they are substances in which only the
anions occupy a regular lattice while the cations are
practically "molten" and are not bound to definite lattice
positionszscb Measurements of_electriéal conductivities and
transference numbers in 0~Ag,S, for example, have shown that
the cations possess abnormally high mobility equal to that
of ions in aqueous solution while the anions are essentially
immobile, This behaviour is probably due to:

(L) The large size difference between cation and
anion which enables the smaller cation to readily occupy an
interstitial lattice site.,

(2) The inherent defect structure of these com-
pounds which tend to be deficient in the cation species.
This creates extra sites to which cations in the lattice can
migrate,

(3) The nature of the covalent bonding is such as
to facilitate the breaking of cationranion bonds.: In this
regard it should be pointed out that the order of increasing

58’59)of'ﬂw

metallic character (decreasing electronegativity
anions is S, Se, Te, and all of these are much less electro-

negative than any of the halides. The room temperature
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structures of these compounds have not been studied as
extensively as the high temperature modifications, but it
would be expected that there is a strong possibility that
the cation partial lattices contain a large number of
lattice defects. In these low temperature modifications,
however, the cations are now restricted to definite lattice
sites, Nevertheless, the catioﬂ(mobility, although much
less than in the high temperature structure, will still be
comparatively high.

The present work indicates that diffusion in Ag-Se,
Cu-Se, and Cu-Te is controlled by the migration of Ag or Cu
through the diffusion zone which in each case involves an
intermetallic compound analogous in composition and
structure to AgZSa It is doubtful that the rapid growth
rates encountered are related to the free energy of formation
of the various intermetallic phasesso° Sulphide formation’
studies in Cu and Ag allcys involviﬂg various impurity

additions61s62

have shown that the rate of sulphide attack

is comparable in both cases despite the large difference in
the standard free energy of formation of Ag,S and CupS (-17.8
kcal/mole versus =28,2 kcal/moie)c From this it is concluded
that only the diffusivity of Ag and Cu in the sulphide

layers is significant in the sulphidation process. By
analogy with this it is e#pected that the rate-controlling
process in the systems Ag-Se, Cu-Te, Ag-Te, and possibly

Cu~-Se is the diffusivity of Cu and Ag in the diffusion zone

compound.
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63
26, have

Scaling experiments in the Ag-S system
revealed that the sulphide phase forms as a result of dif-
fusion of Ag ions through the AgZS layer. This is accompan-
ied by a motion of electrons in the same direction as the
ion flux. The electrons move rapidly in large numbers,
causing an additional electrical potential gradient in ad-
dition to the chemical potential gradients due to the Ag
ions which are already presenty this in turn causes an
increase in the transport rate of the silver ions through
the tarnishing layer. Similar experiments on Ag and Cu with

Se and Tesu’65

have not led to any consistent data on the
diffusion process. The possibility that the diffusion of
Ag and Cu in the Se and Te systems 1s increased by the
existence of an additional electrical potential cannot be
ruled out. However the effect of this potential is merely
to double or triple the diffusion rate63a

It is proposed, therefore, that the mechanism for
rapid diffusion in the~four systems investigated in this
work is a combination of high Ag and Cu diffusivity in the
intermetallic compounds that are formed during diffusion
and the short circuit diffusion processes which occur
readily at low temperatures in thin films. The high
atomic diffusivities in each of the intermetallic compounds
are the result of the unigque chemical properties of the

compounds and specifically, their defect structures, in

which cations tend to be abnormally mobile.
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7.4 Conclusions

The observations and interpretations of lateral

diffusion in the four systems Ag-Se, Cu-Te, Ag-Te, and Cu-Se

lead to the following conclusions:

(1)

(2)

(3)

4)

The growth rate in Ag-Se, Cu-~-Te, and Ag-Te is dif-
fusion controlled. In Cu-Se two or three stages of
diffusion controlled growth occur with the initial
growth rate being much faster than succeeding ones.
In all four systems the diffusion rates of Cu and Ag
are much greater than those of Se and Te. This would
lead to the development of extensive Kirkendall
porosity on the Se or Te side of a diffusion couple -
and would impede the diffusion of these atoms across
the interface., For this reason, a study of the
lateral diffusion of Se or Te along Cu or Ag was not

possible.,

The lateral diffusion process in each system is con-

trolled by the motion of Cu or Ag ions through the

‘diffusion zone which is crystalline in nature. Thus,

in the Se systems, diffusion is not affected by the
amorphous microstructure of the Se.

The diffusion rate constant is independent of the Se
or Te film thicknesses for any thickness at which
the film is continuous. This implies that surface
diffusion is not involved in the lateral diffusion

along the Se or Te since the surface to volume
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(6)

(7

(8)
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ratio decreases as the film thickness increases,

Se and Te films become continuous at about 180 to

200 K, Below this thickness the structure of the films
is such that the diffusion rate constant tends to a
peak value due to short-circuit diffusion in the inter-
island channels. The effect of structure is much more
pronounced in Cu-Te and Ag-Te due to the fact that
grain boundary diffusion takes place quite readily in
these systems,

In order for lateral diffusion to occur, a definite
ratio of Cu or Ag thickness to that of Se or Te must

be exceeded, This critical thickness ratio is de-
termined only by the stoichiometry of the intermetallic
phase formed during diffusion and is independent of the
structure of the Se or Te film,

A grain boundary diffusion mechanism accounts for

the rapid room teﬁperature growth rates in Cu-Te and
Ag-Te, Short circuit diffusion such as grain boundary
or "pipe" diffusion is also responsible for rapid
growth in Ag-Se., Therefore, in these systems, the
growth rates observed in the thin film couples are
considerably greater than those observed in bulk
couples at room temperature.

The occurrence of rapid room temperature diffusion
along a film is restricted to the four Se and Te

systems investigated. There are no obvious extensions
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of the present work on lateral diffusion to other
systems,

The rapid diffusion processes taking place in Ag,
Cu-Se and Ag, Cu~Te are due to their unique chemical
properties and to the defect structures of the com-
pounds formed during diffusion. In thin film dif-
fusion couples involving these systems short circuit
diffusion processes result in an acceleration of
normal growth rates and enable diffusion to proceed

rapidly at room temperature.,
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APPENDIX
WHITE ZONE

The "white zone" described in section 3.2.1 was
observed in all of the systems studied and its width was
observed to decrease as the relative thicknesses of the
diffusion couple components (e.g. Ag and Se) became compar-
able. In any given sample the white zone wich remained
constant at all times and was not included in the diffusion
zone width in the kinetics graphs. Figure A.1, a érowth
plot in Ag-Te, shows the true diffusion zone width and
the total diffusion zone plus white zone width plotted
against vt. It can be seen‘that the diffusion zone graph
is parabolic passing through t=0 while the total width
plot, although still parabolic, is displaced from the other
curve by about 18 u and does not pass through the origin.
It was thus concluded that the white zone was associated
with the downward diffusion process rather than with
lateral diffusion.

The origin of the white zone is probably due to
the masking of the substrate in order to produce a Ag step.
Consider Figure A.2 which represents the Ag vapour incident

on the mask and substrate configuration (A.2(a)), and the
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resulting Ag step produced (A.2(b)). In practice it is not
possible to achieve perfect contact between mask and sub-
strate so that there is always a narrow gap between them.
This permits a small fraction of Ag atoms to occupy sites

in region B of the substrate. This may occur when atoms
such as X and Y in A.2(a) strike the substrate at a high
angle of incidence due to rebounding of the chimney walls

or collision with other atoms in the beam. Some Ag atoms
(e.g. Z in A.2(a)) may migrate from region A to region B

by surface diffusion especially if their kinetic energy on
collision with the substrate is sufficiently high to

enable them to move out of bound surface sites, but insuf-
ficient to cause them to re-evaporate. The result of these
two processes is a film structure which becomes increasingly
aggregated and porous towards the edge of the Ag2’66°

Figure A.3 illustrates what happens when Se is evaporated
over such a step to produce a diffusion couple. The Se

in the aggregated portion of the step essentially "fills in"
the pores in the Ag resulting in an effective réduction of
the Se thickness in this region. Diffusion still takes
place between the Ag and Se to form AgZSe but because the
net Se thickness is less in this region the optical gontrast
is different and this area is observed as the white zone.
Evaporation of thicker and thicker Se films reduces the
white zone by building up a thick layer of Se at either

end of the step distribution and so decreasing the area of

effective Se thickness reduction. This argument was con-
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firmed by evaporating a Ag-Te couple with the mask raiséd

2 mm above the substrate at one end and in contact with the
substrate at the opposite end. The width of the white zone
at the "poor mask" end was about 150 u while at the "good"
end it was 18 py. The diffusion zone at the "poor mask" end
appeared very porous or diffuse in the early stages of
growth making the exact position of x = 0 very difficult to
establish, The beginning of the lateral diffusion zone,
however, appeared to coincide with the very edge of the
ill-defined Ag step on the glass immediately adjacent to
the Se film, No difference in the diffusion rate was de-
tected at the "good" and "poor" mask ends, confirming that
the white zone is of no significance in the lateral dif-

fusion process,
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