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THE PROPERTIES OF GOLD IN DOPED SILICON

by Terence Francis Unter

The properties of gold in doped siliconm are discussed. A reconsideration
of data concerning gold energy levels, their temperature variations and
spin degeneracies leads to the development of models which describe the
solubility of gold in heavily doped silicon and the effect of gold on

the resistivity of silicon. A new model is proposed to explain the ;apid
gettering action of shallow high concentration phosphorus diffused layers.
The dynamics of phosphorus gettering in silicon which has been either
deiiberately doped with gold or inadvertantly contaminated with gold are

predicted.

Experiments on a number of structures diffused with gold in the
presence of and absence of shallow phosphorus diffused layers are described.
Cold concentration profiles are inferred from spreading resistance and
Rutherford backscattering measurements. Important aspects of the proposed
gettering model are confirmed and it is also shown that there is a strong
link between the phosphorus~gold interaction and some anomalous diffusion
effects associated with shallow, high concentration phosphorus diffusions.
Total inhibition of the 'base push-out' effect in sequential boron-
phosphorus diffusions is observed when gold is diffused simultaneously

with the phosphorus.

The use of spreading resistance measurements for dopant versus depth
profiling is studied. Optimization of equipment operation in conjunction
with a newly developed bevelling and sample preparation technique yields

measurements with high spatial resolution and excellent reproducibility.
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1. INTRODUCTION

The diffusion of gold in silicon is a process of great technological
importance which has been in use for many years. Degpite its significance
in planar device manufacture - both as a deliberately added dopant and
as an unwanted contaminant -~ there are many unanswered questions concerning

its properties and diffusion behaviour.

The importance of gold arises from its introduction of two deep lying
energy levels into the silicon energy band gap. These energy levels, ome
of which is a donor and one of which is an acceptor, cause gold to act as
an efficient recombination-generation centre in both p-type and n-type

silicon.

Goid diffuses into silicon very readily. This property combined with
its behaviour as a recombination centre has led to wide-spread use of gold
as a minority carrier lifetime "killer" in high speed bipolar switching
devices. Such devices generally operate in saturation mode, that is to
say while switched 'on' the emitter and collector junctions are both
forward biased and there is a high density of minority carriers in the base
region. The speed with which the device can switch from the ‘'on' state
to the "off' state is largely determined by the time taken for the excess
minority carriers in the base region to recombine. This 'storage time'
can be made much shorter by adding gold to the base region of the device
where, by killing the minority carrier lifetime, it reduces both the
amount of charge stored and the recombination time. Although recent
development of Schottky clamped switching circuits has reduced the use of
gold doping for low power, fast logic circuits, its use in high power
switching devices (e.g. diodes, thyristors and triacs) is of continuing

importance (Miller, 1976).

More recently gold has been proposed as a suitable dopant for
extrinsic silicon MOS and CCD infra-red photo-sensitive devices (Parker
and Forbes, 1975 ; Logan, 1976) since the gold donor level (at = 0.35eV

3

above the valence band edge) provides response in the 3-5 micron wave band.

Uncesirable aspects of the efficiency of gold as a recombination-



generation centre are alsoc of great importance. Gold is one of the most
ubiquitous contaminants in high temperature furnace tubes and in chemicals
commonly used in semiconductor technology. This, coupled with the ease
with which it diffuses into silicon, causes great pgeblems in tﬁe
production of devices in which long minordty carrier lifetimes - and hence
low leakage currents - are required. It is very important, therefore, not
only to be able to diffuse gold in to some devices deliberately but also

to be able to remove it when it has been introduced inadvertantly.

Despite the wide application of gold diffusion for the purposes
mentioned above and the necessity of preventing or removing unwanted
gold contamination, the processes used by many device manufacturers are
still, to a great extent, the result of an empirical approach to obtaining

the desired properties in a given device.

Recent studies of the recombination-generation rates of the gold levels
(e.g. Tasch and Sah, 1970) and the diffusion and solubility of gold in
silicor. (Huntley, 1972; Brown, 1976) have fumished much new information
about the parameters of the mechanisms involved. However, one of the most
problematic aspects of the diffusion process is the interaction between
diffusing gold and shallow diffusions of other commonly used dopants -
particularly phosphorus. There have been no systematic studies of the
dynamics of this interaction although its occurrence has been known since
Adamic and McNamara (1964) reported that diffused gold tended to accumulate
in heavily phosphorus doped areas of silicon wafers. This phenomenon

- furnished two results, one desirable and one undesirable.

The most useful aspect of the prefereatial accumulation of gold in
heavily phosphorus doped silicon is in the so-called gettering effect.
Unwanted gold contamination is removed, or gettered, into a phosphorus
diffused layer in parts of silicon wafers remote from active devices
in which long minority carrier lifetimes are required. The undesirable
aspect of gettering occurs during the deliberate gold doping of switching
devices. Phosphorus diffusions are generally used to form nt layers
(such as emitters in bipolar n-p-n transistors) and gold temds to segregate
into these regions. The result can be that the region in which the

lifetime killer is actually required (the base-collector junction region



for a saturation mode bipolar switch) can be starved of gold,

There is clearly an area for investigation here and in this thesis
a theoretical and experimental study of the gold-phosphorus interaction
is reported. The results provide new insights ianto the dynamics of the
phosphorus gettering effect which should be valuable in the development

of process models describing technologies in which deliberate gold addition

or gold removal is required.

With the increasing complexity of planar processing the need to model
and predict processes, rather than arrive at them empirically, is becoming
paramount (Meindl, Saraswat and Plummer, 1977). In order to model the
behaviour of gold im silicon, its electrical effects as well as its
diffusion behaviour need to be understood and predictable. A thorough
reconsideration of the data available concerning the positions of the gold
energy levels, their temperature dependencies and spin degeneracies is
also made in this thesis. The results of this are used in the development
of a new model describing the gold-phosphorus interaction and also in a
model for the prediction of the effect of gold orn the resistivity of siliconm
already doped with moderate (up to 1017 atoms/cc) quantities of n-type

or p-type dopants.

Diffusion profiles of gold in silicon wafers have been measured with
the spreading resistance technique and by Rutherford backscattering. The
interactions between gold diffusions and shallow high concentration
phosphorus diffusions thus studied have yielded new information about
the dynamics of the phosphorus gettering process. An interesting side
effect of the phosphorus-gold interaction which has been observed, provides
both confirmation of one of the important aspects of the phosphorus
gettering model proposed in this work and new information on the so-called

"push~out' effect which occurs in sequential boron—phosphorus diffusions

{(Jones, 1976).

A substantial proportion of the period occupied by the research described
here was spent establishing the method used to obtain the spreading
resistance measurements. This investigation, which is considered to be an

important part of this work, is .described in appendix A.

A summary of the topics discussed in this thesis is given in the following

section.



2. SUMMARY

The properties of gold in doped silicon which are considered in this
thesis may appear, at first sight, to range over a number of almost
unconnected topics. A brief summary at this stage should enable the

reader to view the work in a more integrated form.

The various subjects to be considered are all connected by the close
link between the diffusion behaviour of gold ~- particularly its
solubility -- its electrical properties and its electronic interactions
with other dopants. Becausé the gold energy levels lie deep in the
silicon energy band gap, any electrical effect due to significant amounts
of gold in silicon is very sensitively dependent on the precise positions

of the energy levels and any variation in them.

An attempt is made, throughout this work, to review appropriate
subject matter from the literature. Emphasis is laid on obtaining new
information and drawing new conclusions from the available data in the

light of more recent knowledge.

Experimental studies presented in chapter 8 shed new light on several
aspects of the diffusion of gold in silicon both in the presence of and
absence of shallow, high concentration phosphorus diffused layers. The
dynamics of phosphorus diffusion gettering of gold at 1000°C are studied
and the rate limiting step at 1000°C is identified. A result of
particular interest is the observation that the base push-out effect,
which commonly occurs in bipolar devices with phosphorus emitter
diffusions, is inhibited by the simultaneous diffusion of gold with the

phosphorus. The implications of this and other results are discussed in

chapter 9.

A new model for the observed gettering effects -- based on results
obtained in this work and results obtained from an appraisal and
reanalysis of data available in the literature -— is developed in earlier
chapters of the thesis. A number of properties of gold in silicon
(its diffusion mechanism, the positions of the gold energy level positiomns

at low and high temperatures and its solubility) are of importance in the



prediction of the gettering effect and are discussed as follows:

The diffusion mechanism which is considered to be appropriate to gold
in lightly doped silicon is described in chapter 3. The discussion does
not extend to the diffusion behaviour of gold in heavily doped silicon
since this topic has not been well studied in the past and receives
detailed attention later in this thesis. It will be seen that, although
the basic diffusion mechanism is well established some of the parameters

which determine the rate limiting process are still’in dispute.

In chapter 4, a very detailed discussion of the gold energy levels
and their interrelation with impurity level spin degeneracy is presented.
The importance of knowing the gold energy level positions very accurately
is stressed and consideration is given to the possible variation of the
energy level positions relative to the band edges as temperature varies.
It is only recently (Parrillo and Johnson, 1972) that the importance of
including this effect in measurements of energy level positions has been
recognised. The wealth of data on gold energy levels which is available
in the literature is reconsidered in the light of poésible temperature
variations. It is shown that not only do apparently conflicting results
agree when analysed correctly but also that the usual values employed for
the gold energy level positions at room temperature (300°K) are probably

quite inaccurate.

The spin degeneracies which may be associated with the gold energy
levels are then considered in terms of a simple bonding model for
substitutional impurities in semiconductors which was proposed by Teitler
and Wallis (1960) and extended to géld in silicon by Brown (1976). Once
again the relevant literature on this subject -- which is shown to be

very confused -- is reviewed.

Based on recent measurements and a reappraisal of earlier ones, a
model for the gold energy levels, their temperature dependences and
degeneracies is chosen as the most likely. This model is used later in
the thesis in discussions of the properties of gold in doped silicon
and is compared with other possible models. It is shown that this model

is capable of predicting the effect of heavy doping on the solubility



of gold and the effect of gold on the resistivity of silicon with good

accuracy.

A very brief consideration of the behaviour of gold as a recombination-
generation centre is given in chapter 5. No new information is presented
on this topic but it is included for completeness since it has considerable

relevance to some of the energy level measurements described in chapter 4,

The solubility of gold in silicon previously doped with shallow level
impurities is discussed in chapter 6. The possible mechanisms which may
confribute to the enhanced solubility of gold observed in uniformly
heavily doped silicon (particularly n-type Si) are reviewed. Calculations
based on the models discussed in chapter 4 are carried out and it is shown
that the experimentally observed behaviour reported in the literature may
be described without making any special additional assumptions about the
gold energy levels or gold charge states. Previous attempts at predicting
gold solubility have generally ignored the possible temperature variations
and degeneraéies of the gold energy levels and have had to resort to
largely unjustifiable assumptions. In addition, most authors héve made
approximations which can cause large differences in the final predictions.
The calculations here are carried out for a number of models of gold

energy levels etc. in order to illustrate how dependent the final values

are on the precise energy level positions.

The second part of chapter 6 is devoted.to a discussion of gettering
effects, particularly that due to shallow phosphorus diffusions. The
solubility enhancement model developed for uniformly doped silicon is
extended to the behaviour in shallow, high concentration phosphorus
diffused layers. The dynamics of the phosphorus gettering process are
considered and a new model of the interaction of gold and phosphorus
is proposed. In this model it is suggested that the mechanism thought
by many authors to explain the anomolous diffusion behaviour of shallow,
high concentration phosphorus diffused layers (the phosphorus-vacancy
pair of E~centre) may also be used to account for the greatly enhanced
solubility of gold in phosphorus layers and the speed with which it is
gettered into them. Equations are derived which should alloﬁ prediction

of the effect of a phosphorus diffused layer on the distribution and amount



of gold in a silicon wafer which is either being deliberately gold-doped
or from which gold is to be removed. The results which were obtained

in this work are shown to be consistent with the model developed in this

chapter.

Chapter 7 describes calculations of the effect of gold on the room
temperature resistivity of silicon which is lightly doped with either

1 atoms/cc). Once again the models

p-type or n-type dopants (<10
discussed in chapter 4 are all considered and the e%fects of small
variations in the gold energy level positions and degeneracies on the
predicted resistivities are shown to be considerable. Although a good
fit to the available experimental data is not possible because of
uncertainty in what proportion of the total gold concentration is
electrically active, the closest correlation is shown to occur for the
same model of energy levels and degeneracies that gives the best fit to

the gold solubility predictions and was chosen as the most 1likely in

chapter 4.

As already mentioned, experimental work is descfibed in chapters 8
and 9. Gold diffusion profiles in bulk silicon are inferred from
resistivity profiles obtained with the spreading resistance technique
by angle bevelling the samples to expose the regions of interest. A
substantial period was spent setting up and optimising the operation of
the spreading resistance apparatus and in developing a new surface
preparation and bevelling technique for the.samples. This work, which
is described in the first appendix, has resulted in spreading resistance
measurements which, in terms of spatial resolution, accuracy and
reproducibility, are considerably better than state-of-the-art measure-
ments reported in the literature. Such performance was necessary for the
measurements described in chapter 8 and the description has been placed
in an appendix so as not to interrupt the logical presentation of the
properties of gold which are considered rather than to de-emphasize its

importance.

It is hoped that the interrelation between the topics discussed in
this thesis is now apparent to the reader and that, as a result, it may

be more easily read.



3. THE DIFFUSION MECHANISM OF GOLD IN SILICON

Despite a number of studies since the firs: report of an experiment
designed to measure the diffusion coefficient of gold in silicon (Dunlap
et al, 1954) there are still a number of aspec:s of the diffusion process
which are i1l understood and in dispute. Of particular interest in this
thesis, is the interaction of gold diffusion and phosphorus diffusion
in thin silicon wafers. The gold diffusion mechanism is reviewed briefly
in this chapter in order to provide the necessary background to the theory

and experiments which follow.

The early studies of gold diffusion (Dunlap, Bohm and Mahon, 1954 ,
Struthers, 1956 and 1957; Trumbore, 1960: Boltaks, ¥Kulikov and Malkovich,
1961) resulted in differing diffusion coefficients and , in the case of
Boltaks et al., scatter in the results from sample to sample. This scatter

was attributed to "structural defects' in the silicon samples.

Dash (1960) observed non-conservative moticm of dislocations in silicom
wafers during the diffusion of gold. The dislccation climb, which was in
such a direction as to cause emission of vacancies, was taken to indicate
that the diffusing gold had caused azn undersaturation of vacancies in the
silicon samples. This result led Dash to suggest that gold diffused by
the "dissociative mechanism" which had been proposed by Frank and
Turnbull (1956) for the diffusion of copper in germanium., Since this
proposal, a number of works have confirmed that the dissociative mechanism
is almost certainly applicable to the diffusion of gold in silicon. This
mechanism is outlined briefly below and the indications of various results

available in the literature are then discussed.

3.1 The dissociative diffusion mechanism

The dissociative mechanism is, in essence, very simple. The diffusing
atoms wmove in two fashions within the silicon lattice: interstitially
and substitutionally. Conversion from an interstitial to a substitutional
site is possible when an interstitial atom and a lattice vacancy combine.
In practice the diffusion rates of interstitial and substitutional atoms

are very different and so are their solubilities., Due to the disparate



diffusion rates, the local ratios of interstitial atoms Ai to substitutional
atoms AS will be upset so that a kinetic process to reestablish equilibrium

will occur according to the reaction:

A — A, +V 3.1

where V is a vacancy in the silicon lattice.

If the interstitial diffusivity is much higher than the substitutional

diffusivity, in a region of high concentration

A, (a.)
i i‘e 3.9
; H s
g (As e

where the subscript 'e' denotes the equilibrium concentration. In a region

of low concentration :

A. (A.
T .(-.-5..1)9 3.3
AS AS e

Clearly in the high concentration region, the reaction described by
3.1 takes place in the k1 direction and the diffusion is truly "dissociative”
in that it proceeds by the dissociation of a substitutional atom into an
interstitial atom and a vacancy. In the region of low concentration:the

reaction takes place in the k2 direction.

It is generally assumed that in the case of gold in silicon, a high
interstitial diffusion rate is combined with a low interstitial solubility
and that the low substitutional diffusion rate is combined with a high
substitutional solubility. The result is that the diffusive flux is
carried almost entirely by interstitial atoms, Aui, and the measured
concentrations of gold generally comprise substitutional atoms, Aus.
The actual disparity in solubility between the substitutional and interstitial
species of gold has not really been assessed satisfactorily and is discussed

again later in this chapter.

The diffusion profiles which may result from this process will be
complex and will depend on a number of factors. Sturge (1958) expanded

the Frank-Turnbull theory and put it on a sounder mathematical basis. This



theory has been further extended by Huntley and Willoughby (1970 and 1973).
The detailed mathematical analyses which result from these theoretical
studies will not be entered into here, since a qualitative understanding
of the various processes which may occur is sufficient in this work.

@

The reaction described in 3.1 may be viewed in greater detail :

kl
————
Aus Au.?.L + v
k, s;[\ g{ 3.4
g? ki g kv
N J
sink and sink and
source gsource

where ki and kv are the reaction constants linking interstitial atoms

and vacancies to their respective sources. In the case of interstitial
gold atoms the 'source' is the diffusion source of gold. This is

usually & layer of elemental gold plated or evaporated onto one surface
of the sample and as such generally constitutes an infinite source. For
vacancies the situation is a little more complex and gives rise to one

of the main areas of contention in the modelling of gold diffusion
processes. Vacancy sources may be the sample surface (which is usually
considered to be an infinite vacancy source) or may be some reaction within
the wafer. An example of the latter source is the generation of vacancies
by climbing dislocations observed by Dash (1960) and modelled by Huntley
and Willoughby (19730,

Differential equations describing the continuity of the processes
involved in 3.4 may be obtained. The general solutions of such equations
are difficult to obtain and give little conceptual insight to the
problem; however, if one of the reactions in 3.4 is considered to be
the rate limiting step of the whole process, useful solutions may be

obtained:

The possible rate limits are :

o

(i) the reaction rate between Aui and V described by k} and k2

S

(ii) the generation rate of vacancies in the sample bulk or the

diffusion rate of vacancies from the sample surface described

by kv.

10



(iii) the diffusion or formation rate of interstitial atoms

described by ki'
A combination of these rate limits may apply.

The diffusion rate of interstitial gold ie very high (shown by the
rapidity with which gold diffuses through thir silicon wafers - Sprokel
et al. 1965 ~ see below) and will only be a limiting process if k2 is
very fast and there is an adequate supply of vacancies or if the sample
is very thick. The nature of the other possibilities has been the
subject of studies by several authors (Wilcox and La Chapelle, 1964 ;
Sprokel, 1965 ; Malkovich, 1968 ; Yoshida, 1969; Yoshida and Saito, 1970;

Yoshida, 1973; Huntley and Willoughby, 1970, 1973 i and ii; Brotherton
and Rogers, 1972).

3.2 Studies of gold diffusion in thick silicon samples

Wilcox and La Chapelle (1964) carried out the first comprehensive
set of experiments on the diffusion mechanism of gold and interpreted
their results in terms of the Frank-Turnbull dissociative mechanism.
Radiotracer gold was diffused into thick silicon specimens over a range
of temperatures and for a range of times. The samples had "low" and

"moderate' dislocation densities.

The diffusion profiles showed a complex dependence on temperature
and dislocation content. The most common occurrence was a kinked profile
of the type shown in figure 3.1. The data was analysed by assuming that
the kinked profile was in fact made up of two ideal complementary error
function profiles (see section 6.5) which normelly result from a Fickian
diffusion process from an infinite source (see, for example, Grove, 1967
p 42 ££3. Error function complement curve-fits were made to the two
portions of the profile and the values of diffusion coefficient, D, so
obtained were plotted as the Arrhenius relationship log D vs 1/T. The
result was that Wilcox et al. were able to fit three different lines
to various of the data points. The lines are shown in figure 3.2 although
the data points are not included. These diffusion coefficients, when

related to the diffusion profiles and material used, were interpreted as:
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i3 D1 = Gold interstitial diffusion controliled disscciative diffusion
(2> D2 = Vacancy controlied dissociative diffusion
(3) BB = Pure gold substitutional diffusion.

(Note that the numbers on these curves are not the same as those used in
the original figure in Wilcox et al's paper). D1 and 52 are the diffusion

coefficients predicted theoretically by the Frank~Turnbull model.

Data from previous authors (cited earlier im this chapﬁer) were shown
tc be on either the D1 or the Ez curves depending on the experimental
conditions and silicon material quality (it being assumed that dislocations
in some samples provided a source of vacancies). Silicon with a high
dislocation content gave rise to points lying or. the D1 line and silicon
with a low or zero dislocation content gave rise to points lying on the

Dz line.

The results of Wilcox et al., although valusble, are open to certain
criticisme, Huntley et al. (1973 ii) point out that the technigue used
for ths measurements 1s not considered to be reliable by most radiotracer
workers., In addition all of the profiles presented are normalised to the
surface concentration making the precise boundary conditioms rather
uncertain. For example, it is not known if the gold surface concentration
was always maintained at the solubility limit (i.e. was the gold source
always infinite?). The effect of varying the dislocation density was

not assessed quaritatively.

Huntley et al. (1973 ii) also carried out gold diffusion experiments
in thick silicon samples. Gold profiles were measured in dislocated and
dislocation free silicon wafers and were found to be similar in shape to
those reported by Wilcox et al. (see figure 3.1). Their analysis was
based on the Frank-Turnbull model with account taken of vacancy
generation by the grown—in dislocations. The predictions showed that
the part of the profile close to the surface should have an error function
complement shape coantrolled by D2 {i.e. vacancy controlled dissociative
diffusion) and that the tail of the profile should also have an error
function complement shape controlled by Dz (i.e. interstitial controlled
dissociative diffusion). Huntley et al. also predicted that the transition

region between the surface and the tail of the profile should depend on the
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dislocation density (or, by inference from this, the internal vacancy

generation rate) as well as time and temperature.

There was one significant difference between the analysis of Huntley
et al. and that of Wilcox et al. Wilcox et szl. assumed that the tail of
the profile shown in figure 3.1 was interstitial gold omly. The error
function complement profile which was fitted té the tail was extrapolated
back to the surface to give the interstitial gold solubility as shown in
figure 3.3 (a). The surface concentration was an adjustable parameter
used zo obtain the best fit to the tail profile. The D1 and D2 profiles
were, therefore, extrapoclated to different surface concentrations. Indeed,
the data obtained in this way for the interstitial gold solubility is
the only such data available and if Huntley et al's analysis, described
below, is correct,considerable doubt arises about the use of the values

obtained by Wilcox et al.

Huntley (1972) argues that, if the equilibrium concentration of
substitutional gold is greater than the equilibrium concentration of
interstitial gold then radiotracer profiles will yield the substitutional
gold distribution only even though the atoms mavy have entered the crystal
interstitially. In addition the reaction expressed in 3.1 "always
mainteins the substitutional concentration > the interstitial concentration”
if the rate is high. Huntley et al. analyse their data on the assumption
that the tail of the profile is not interstitial gold but substitutional
gold the concentration of which is controlled by the interstitial diffusion
rate. The error function complement fits to the surface and bulk parts
of the profiles are both extrapolated to the sane surface concentration;
that cf'substitutional gold, see figure 3.3 (h). The Ez values agree
well with those obtained by Wilcox et al. but the BI values do not. These
values are plotted as points on figure 3.2, The identification of these
two effective diffusion coefficients is the strongest evidence for describing

gold diffusion in silicon by the dissociative mechanism.

If Huntley's assertion that'the ratio of substitutional to interstitial
gold is maintained at the equilibrium value is correct, then the values
vcommoniy used for the interstitial gold solubility limit are very dubious.
There appears to be no consensus on this point smongst authors who have
considered the dissociative process. However, there is good, although
indirect, evidence to suggest that the solubility limit of Auiis much less

than that of éusa Such evidence is mainly inferred by comparison of the

13



behaviour of gold in silicon on cooling from diffusion temperatures with
that of other fast diffusing metals (e.g. copper, and iron). During
cooling, large fractions of the total amounts of these metals precipitate
onto lattice defects, gold does not behave in this way. Precipitaéion
suggests that most of the atoms of the species in guestion are in a mobile
(interstitial) state. The absence of precipitation of gold in silicon
suggests that, at the diffusion temperature, the gold is on substitutional

sites and therefore relatively immobile.

3.3 The diffwsion profile of gold in thin silicon wafers

The diffusion of gold into thin silicon wafers is of greatest
importance since in most cases of practical interest silicon planar devices
are manufactured on such thin wafers. Unfortunately the presence of shallow
diffusions of other dopants can modify the distribution of diffused gold
drastically; it is such situations that are of main interest here since
real device processes are based on shallow diffusions of varicus dopants.
The behaviour of diffusing gold in thin silicon wafers is omly discussed

briefly here since it is dealt with in detail in chapters 6, 8 and 9.

Sprokel et al. (1965) measured the first gold profiles in thin silicon
wafers. All of the profiles they obtained were characterized by a nearly
horizontal central region, with an increased gold concentration on the side
to which the gold was diffusing as well as that cn which it was deposited.
A profile typical of their results is illustrated in figure 3.4. Sprokel
(1965),anaiyse& the dissociative diffusion mechanism in thin wafers with
particular reference to the results described in the earlier paper. The
analysis was based on the assumption that the rate of rise of gold
concentration in the centre of the wafer was determined by the reaction
rate constant kz in equation 3.1. Similar experimental results have been
obtained by Martin, Haas and Raithel (1966);:Yoshida and Saito (1970}:
Brotherton and Rogers (1972); Huntley and Willougaby (1973 i) and in this
thesis, chapter 8. Sprokel et al. suggest that the rear surface "tip=-up”
is due to vacancy generation at that face (the amount of tip-up was found
to be greater if the back was less well prepared — i.e., contained lattice
imperfections. This could have been due to precipitation however - see

chapter 6). Martin et al. attributed the tip~up on the wafer face opposite
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the gold source to surface diffusion of gold. Huntley and Willoughby (1971)
have shown, however, that surface diffusion is inhibited by an oxide layer

on the wafer but the opposite face tip-up is rot.

Several attempts, since Sprokel (1965), heve been made to explain
the rate of rise of gold concentration in the centre of the thin wafers.
In common with Sprokel, Malkovich (1968) assumes that the process is rate
limited by the reaction of interstitial gold with vacancies and that the
rate of gold diffusion by the interstitial mechanism is fast enough for
the interstitial concentration to remain comstant. Yoshida (1969) establishes
criteria for the assumption that the thermal equilibrium of interstitigl
gold atoms or lattice vacancies is maintained. These criteria involve the
relative rates of the various reactions described by equation 3.4 and
produce no surprising results (e.g. kv,must be greater than kz if the
vacancy concentration is to remain in equilibrium). The results take
no account of concentration gradients but are of interest in thin
specimens were diffusants with high diffusion coefficients would be

expected to establish flat profiles.

Yoshida et al. (1970) apply the criteria to experimental results
for gold diffusions in silicon. The rate of increase of gold concentration
with time is explained by the generation of vacancies from fixed and
variasble sources (e.g. climbing dislocations, dislocation loops etc.).
Gold concentration profiles were not measured however, only average
gold concentrations were obtagined by counting large parts of the samples
after neutron activation. It is not known, therefore, if the concentration
profiles were flat so the presence of unknown concentration gradients

could affect the conclusions.

Huntley and Willoughby (1970) presented a new theoretical analysis
of the diffusion of gold in thin silicon wafers. Based on the model
established by Sturge (1958), a term describing the generation of
vacancies from jogs on climbing dislocations was used in the dissociative
diffusion expressions. The resulting equations were solved for two
cases: defect free material in which the only source of vacancies was
the wafer surface and dislocated wafers in which the vacancies were

emitted by dislocation climb.
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Figure 3.5 compares the basic shapes of the predicted profiles. It
was asssumed that the reaction rate of Aug, +V (i.e. ky in equation 3.4)
was very high and that the whole process was limited by the vacancy supply.
As »ne might expect, the former case results in gold profiles which mirror
the vacancy diffusion process from the wafer surfaces whereas the latter

case results in flat diffusion profiles.

Brotherton and Rogers (1972) measured the rate of rise of central
concentration in dislocated and dislocation free wafers and noted that
the effect due to the vacancies was not very great - in contradiction
to the Huntley et al. model. Brotherton et al, concluded that the rate
of rise was limited by the reaction rate of Aui + V and not the
vacancy supply although no explanation of the small effect of the

diglocations was given.

More recently, Huntley et al. (1973) published results of their
own comparisons of gold diffusion profiles in thin dislocated and
dislocation free silicon wafers. Significant differences between the
‘profile shapes in the two materials are noted, but they are not at all
like the predicted shapes. Figure 3.6. illustrates some of these profiles.
This result may support the conclusion that the profile shape is determined
by the interstitial gold = vacancy reaction rate or may indicate, as
suggested by Huntley et al. that there are scurces of vacancies in the
wafer bulk, other than climbing dislocations. Recent availability of
silicon crystals which are much more 'perfect' zhan those used by
Brotherton et al. and Huntley et al. has prompted a repeat of the
experiments described zbove on a limited scale in this work. The results,
along with a more detailed discussion of the possible vacancy sources,
are described in chapters 8 and 9. The indications are that the Huntley
et al. model describes the results obtained here better than the reaction

rate limited model.

3.4 Concluding remarks

The dissociative or interstitial-substitutional mechanism, which has
been shown by many authors to describe the diffusion of gold in silicon

has been outlined. The diffusive flux is carried almost solely by
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interstitial atoms but as these have a low solutility compared to the
substitutional atoms,measured gold concentratiors are generally thought

to be predominantly substitutional gold. The precise proportion of gold
in the interstitial state at the solubility limit ~ as measured by Wilcox
et al. (1964) and illustrated in figure 3.7 - is called into question by
the more recent analysis of Huntley et al. (1972) although the interstitial
solubility is not actually discussed by them. It will be seen, later in
this thesis, that this lack of knowledge about the iﬁterstitial gold
species ig something of a problem in predictions of various effects of

gold on the properties of doped silicon.

There are still unanswered questions concerring the rate limiting
factors which control the gold dissociative process, particularly in thin
silicon wafers. Evidence has been published for both a vacancy supply
rate limited process and a gold-vacancy reactior rate limited process.
There is no consensus amongst authors over the question of the relative
concentrations of substitutional gold and interstitial gold during a
diffusion process. Many assume that the two species behave independently
and that Aui achieves an equilibrium independently of Aus unless the
reaction rate is high. In a situation where there is a lack of vacancies,
one might therefore expect gold concentrations measured by the radiotracer
technique to be predominantly interstitial. Early works and recently,
Huntley et al. (1973) suggest that the equilibrium ratio Au_ : Aui is
maintained at all times {unless an extremely high reaction rate depresses
Aui). Obviously the relative concentrations are very dependent on the

reaction rate but there is no clear evidence to indicate precisely what

they are.

The data obtained on thin wafers could certainly be taken to indicate
a reaction rate limited process, however the difficulty of obtaining
material that is totally free of internal sources of vacancies (whatever
they may be) may explain why the differences observed between dislocation
free and dislocated silicon are so small. This is certainly indicated

by results reported in chapter 8.

& problem which does arise, particularly if a significant proportion

of the gold is interstitial, is that of gold redistribution during cooling.

17



The highly mobile interstitial species could undergo significant
redistribution if gold diffused samples are not cooled very rapidly

from the diffusion temperature.
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4, GOLD ENERGY LEVELS AND DEGENERACIES IN SILICON

4.1 Gold Energy Level Positions

Energy levels in the silicon energy band gap (forbidden gap) are
generally divided into two types : shallow levels and deep levels.
Shallow energy levels are those which lie within 0.1 eV of either of the
band edges and deep levels are those which occupy the rest of the silicon

energy band gap (Band gap at 300°K = 1.12 eV).

Gold introduces two deep lying energy levels, an acceptor and a
donor, into the silicon energy band gap. These deep levels were first
reported in 1954 and 1957 by Taft and Horn and Collins, Carlson and
Gallagher respectively. Subsequently a number of other authors have used-
different methods to determine their exact positions in the silicon band
gap (see Section 4.5). The gold acceptor energy level is situated in the
upper half of the energy band gap, about 0.54 eV below the conduction
band edge and the donor level is situated in the lower half of the energy

band gap about 0.35 eV above the valence band edge. They are illustrated

in figure 4.1.

Recently a shallow acceptor energy level associated with gold and
positioned 0.033 eV from the valence band edge has been reported by
Bruckner (1971) and Thurber et al. (1973); this will be discussed in

Section 4.41.

Knowledge of the precise position of the gold energy levels in the
silicon energy band gap is, as will be seen in later chapters, of great

importance in the explanation of a number of phenomena associated with

them. (Chapters 5, 6 and 7).

The occupancy of any energy level by an electron is given by the
Fermi probability function where the probability, F(E), that a quantum
state at an energy E_ contains an electron is given by: (Nichols and

Vernon, 1966, p.75)
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FE) = L e b1
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bree T

where E is the fermi energy level. For a density N of acceptors at an
energy level E, in the silicon energy band gap, the number of ionized
acceptors (i.e. those which are occupied by electrons) is:

Na = Na x F(E) cee 4.2

For a density Nd of donors at energy Ed’ the number of ionized donors
(i.e. those which are NOT occupied by electrons) is:

N; o= Ny x [1-F@®)] oo 4.3

In either case, provided EF is either several times (kT) larger or smaller
than EX - EF’ the value of F(E) is either very large or very small. In
the case of ghallow lying energy levels this is generally true (except at
high doping concentrations and high temperatures) and the exact value of
'(Ex - EF) is not very important. However, if Ex = EF then the value of
the exponential term in equation 4.1 is comparable with unity and the
value of F(E) is very strongly dependent on the precise value of

(Ex - EF)‘ In most cases of practical interest for gold doped silicon
(which is not heavily doped with shallow donors or shallow acceptors),

EF as well as the gold energy levels will be deep lying in the energy
band gap and, therefore, calculation of the number of ionized gold levels
is a strong function of the exact position of the gold energy levels.

For this reason the position of the gold energy levels must be considered

very carefully. (See Sections 4.4, 4.5 and 4.6).

4.2 Impurity Level Spin Degeneracy

Equation 4.1, the Fermi probability (or Fermi-Dirac) function,
F(E), is obtained by considering the distribution amongst available energy
levels of particles (in this case electrons) which obey Pauli's
exclusion principle. The exclusion principle allows each quantum state

to be occupied by no more than one electron.

If quantum states are offered, over some range of energies,

the probability that a given state is occupied is derived by comsidering
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the to:tal number of possible distributions of ths electrons available

in all of the states offered and then finding the most statistically
probable distribution. In general, if w is the total number of possible
distributions of n electrons amongst the available states and n_ is the
number of occupied states at a given energy level Er (an for all r,
equals n, the total number of electrons; which is constant), then the

most probable distribution occurs when:

3w o o A

that is, when w is a maximum subject to the constraints that an is
constant and the total energy anEr remains constant. This equation is
solved rigorously to obtain the maximum of w (McKelvey, 1966, page 149).
The result of equation 4.1 for F(E) is obtained with the additional
constraint that each impurity offers only ome quantum state for the

neutral or ionized configuration.

If a given impurity at some energy Er offers more than one
quantum state for the neutral or for the ionized configuration, the
probability of occupancy must be statistically weighted in favour of this
state. An example will illustrate the effect that this will have on the
occupancy of such states at Er and how more than one state may be offered

without violating the exclusion principle.

A simple monovalent donor impurity in silicom is considered, for
which all electrons apart from the least tightly bound outer electron are
paired in valence bonds with the surrounding silicon atoms. The
probabili;y of it being unionized (i.e. containing the outer electron
and therefore being neutral), as already shown, is given by equation 4.1
if in the ionized condition (when it does not contain the outer electron)
it offers only one state for the trapping of the outer electron. This
outermost electron can however be trapped in two ways, spin up or spin
down, without violating the exclusion principle as these two spin states
constitute separate quantum states at the donor energy level. Although
the donor cannot actually trap two electrons (since when one electron is
trapped the valency requirements of the donor ion are satisfied and
electrostatic forces raise the energy for the remaining spin possibility
to a very high value) it does offer two quantum states for trapping the

L, . + .
electron. If there are Nd ionized donors (i.e. Nd atoms which offer some
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possibility of becoming occupied by electrons). There will be
2 x NZ quantum states actually available. The maximum number of these
states which may become occupied is only N; because as soon as a given
donor has trapped one electron of either spin in the appropriate state
occupancy of the other state is precluded for the reason already given.
Although only half of the available states may actually become occupied,
the vdlue of w, which was the total number of possible distributions of
n electrons amongst the states, will be increased by some factor due to
the doubling of the spin states available. Consequently the form of
F(E) which is derived will be changed such that the probability of
occupancy of the states by electrons (neutral donors) is greater because
more states for occupancy are offered. The way in which F(E) is modifiéd
in this simple case may be illustrated as follows without the rigorous
solution of equation 4.4:

The number of ionized donors, NZ is given by equation 4.3:

N, = Nd[l - F(B)] veo 4.3

) + . +
Since Nd (neutral)= [Nd (total)]* Nd; the ratio of Nd

to Nd(neutral) may be obtained, however because twice as many states as
were originally assumed in obtaining F(E) are now available, the neutral

(occupied) state is weighted by a factor of 2, giving:

N 1 - F(E)
R YRV = e . 4.5
Nd (neutral) 2 x F(E)
From equation 4.1:
Ny 1 11 E, - E, |
= e ————— - — = — exp -—-———-——-—-—d = ¢ 6 © 4v 6
Nd(neutral) 2F (B) 2 2 kT

For this example of a monovalent donor which can have an electron of

either spin in the unionized state, the Fermi probability function

becomes
FE) = 1
E, - E
1 d F
1+-2-exp [—-——-—-——-—kT } Y

from equations 4.3 and 4.6.
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As expected, this probability that the level is occupied by an
electrcn, and is therefore unionized, is slightlv greater for given
values of Ed and EF than that given by equation 4.1 which neglects the

spin degeneracy.

The case of a monovalent acceptor impurity may be visualised
similarly. The acceptor in the unionized state comprises three covalent

bonds with surrounding silicon atoms and one bond which lacks an electron.

one eiectron missing

Fig 4.2

OO
\\\\

For the acceptor to be ionized, an electron must complete the fourth bond,
however as the bond consists of two paired electrons when it is complete,
the electron which completes the bond must be of the correct spin. Thus
unlike the donor impurity which offered two states for electrons, the
acceptor only offers one. The ionized state for the acceptor (in which
an electron is present in the bond) is therefore less likely and F(E)
must be smaller. A similar argument to that presented for the donor will

lead to:

F(E) = 1 . ... 4.8
- E
T

which 1s the probability that the acceptor is ionized, since the "absence
of an electron'" condition now has a statistical weight of 2 over the

""presence of an electron” condition.
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These probability expressions arise from a simple statistical
view of the behaviour of electrons when they have a choice of occupying
various quantum states. Equations 4.7 and 4.8 simply predict which
states the electrons are most likely to be found in when the various
possibilities and their likelihoods have been assessed. If one energy
- level, as in the case of a donor, offers more than one quantum state
for electrons then the probability is‘weighted in its favour. F(E) may

be written in general as:
F(E) = L cer 4.9

E_~E
X F
1 + g exp T

where g is called the degeneracy factor.

In general, for a system of energy levels and particles which obey
the exclusion principle, the value of g for a given energy level EX
may be found by considering the statistical weighting in favour of, or
against, occupation of the states at Ex’ With the shallow monovalent donor
there are two ways in which an electron filling the available site can
be described (spin up or spin down) and only one way in which its absence
can be described. The degeneracy factor, g, of ./2 is the ratio of the
number of ways it can be empty to the number of ways it can be filled.
For the simple shallow monovalent acceptor considered above there is only
one way of describing the presence of the electron since it must be of
the correct spin, but there are two ways of describing its absence since an
electron of either spin may be lost. Once again the value of g is given
by the ratio of the number of ways of describing the level as empty
(absence of the electronm) to the number of ways of describing it as

full, i.e. 2:1 or g = 2.

By definition (Shockley and Read, 1952 appendix B) the spin
degeneracy of a given condition (or charge state) of an impurity is the
number of ways in which that condition may be described. The degeneracy
factor which appears as 'g' in equation 4.9 is the ratio of the
degeneracies of the occupied and unoccupied conditions. Once again, for

the simple monovalent donor example, the degemeracy of the unoccupied
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(ionized) condition is 1 and the degeneracy of the occupied (unionized)

condition is 2, giving rise to a degeneracy factor of g = 1:2.

Having established the meaning of degeneracy and its overall effect
on the occupancy of a given level, it should be possible to assess the
degeneracy factor of any energy level if the number of ways it can be
occupied or unoccupied are calculated. ('"the number of ways" is
synonomous with '"degeneracy'"). In practice this is not always an easy
task because the degeneracy ("number of ways') depends not only on the
valency of the impurity concerned but also on the band structure of the
semiconductor under consideration. The effect of considering the silicon

valence band structure on the simple monovalent acceptor impurity will

serve to illustrate this:

The degeneracy of the "filled" condition of the acceptor is clearly
1 as there is only one way it can be occupied (by an electron of the
correct spin). The number of ways it can be described as empty,
however, is modified by the form of the silicon valence bands. At the
valence band maximum in silicon, which occurs at k = Oon an E - k
diagram, there are in fact two coincident valence bands both of which
are doubly degenerate (i.e. they may both be occupied by two electrons
of opposite spins or just one electron of either spin). There is,
therefore, a total of four ways in which the "empty" condition of the
acceptor may be described since the absent electron can be of either
spin and may reside in either of the valence bands. The degeneracy of
the "empty" condition is 4 and the degeneracy factor (the ratio of the
"empty"” and "full" degeneracies) is 4:1 and not 2:1 as assumed in the
previous discussion. The probability that the acceptor level is filled
(unionized) from equation 4.9 with g = 4, is now even smaller simce the

level is offered more choices for being empty.

The consideration given above to the two monovalent impurities
may be extended to multivalent and/or multilevel impurities, such as
gold, in silicon. The specific degeneracies and degeneracy factors (g)

associated with the gold energy levels in silicon will be discussed in

section 4.6.
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The importance of knowing the values of g Zor the gold energy
levels is equal to that of knowing the precise positions of the gold
energy levels in the silicon energy band gap. In every occupancy
calculation for the gold levels which includes expressions derived

from F(E), the factor 'g' will appear as the coefficient of the

Ex — EF
exponential, thus: g exp|—— ;
kT

this may be rewritten:

(EX + kT iIn g) - EF}

- kT |

oo 4,10

The effect of the degeneracy factor g is clearly the same as
moving the position of the energy level by (kT 1ln g) the result of which

will be very significant if EF is close to Ex (see section 4.1).

In the literature the problem of the degeneracy factor is often
avoided by including it in E, (as in 4.10) by calling E_ an "effective
energy level'. This approach is very misleading and can give rise to a
great deal of inaccuracy since estimates of Ex are often made by a method
which eliminates the effect of g. This is especially so in measurements
of Hall coefficient, resistivity and electron emission probabilities
as function of temperature in gold doped silicon. The measured values
are plotted against temperature and the slope of the curve is measured
to obtain Ex' The degeneracy factor, g, is normally expected to be
independent of temperature (see sections 4.21 and 4.6) and will therefore
not contribute to the slope of the curve or hence to E s but to its
intercept at zero temperature. These methods and measurements are

discussed in some detail in section 4.52.

There is also a certain amount of confusion in the literature as
to which number is quoted for the degeneracy factor of a particular
energy level. This arises because the most commonly used expression
for occupancy is that which gives the number of ionized atoms of a

particular impurity. For acceptors this is equation 4.2 which gives
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_ N
Na = F(E) x N, = = eee 4011

4 E E
a T Sy
1 + ga exp [ N }

Kl

For ionized donors, however, equation 4.3 yields:

Ny

NZ=[1-F(E)]XN = ver 4,12

d -
84 xp kT

It is very common for 1/gd in this equation to be quoted as "the
degeneracy factor gd", although in reality it is the reciprocal of the
true degeneracy factor which arises in equation 4.9 from the definition

given in this section.

It is important not to confuse the concept of impurity level spin
degeneracy discussed here with the concept of a "degenerate semiconductor"
which is defined as one in which the number of mejority carriers is

approximately equal to the density of available quantum states for majority

carriers in the appropriate band.

For absolute clarity in this work, impurity level spin degeneracy
will be referred to as 'degeneracy' and the numerical value quoted for
the degeneracy factor will be that of g in equation 4.9, with an appropriate
subscrist (e.g. 84 for a shallow donor impurity and g, for a shallow
acceptor impurity). Equation 4.9 refers to the probability that a given
quantum state at an energy level EX is occupied by an electron, regardless
of its charge state, with the degeneracy factor g defined as the ratio of
the number of ways that the state may be empty (degeneracy of the
unoccupied condition) to the number of ways that it may be filled

(degeneracy of the occupied condition).

The great importance of the degeneracy factors of the gold energy
levels will become apparent from the theoretical calculations of gold
solubility and gold-doped silicon resistivity which are presented in
chapters 6 and 7. The specific values of the degeneracies and
degeneracy factors which may be assigned to the gold esmiergy levels in

silicon are discussed in section 4.6.
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4,21 Temperature Dependence of Depeneracy

The possibility that the degeneracy of a given charge condition of
an impurity may be temperature dependent arises from the possible ionization
of excited quantum states of the impurity at higher temperatures. If the
temperature is high enough to make ionization of the excited states possible,
the "number of ways'" available for a given occupancy (charge condition) of

the impurity will increase and the degeneracy and hence degeneracy factor

of that condition will change.

The presence, at high temperatures, of excited quantum states in
shallow level impurities (such as phosphorus) in silicon is well known.
It is not expected however, that deep level impurities such as gold will
exhibit any effect due to excited states since the separation of the
excited states from the ground state is comparable with the silicon energy
band gap (Wong and Penchina, 1975). Some effects noted in gold doped
silicon have been attributed to temperature dependent degeneracy factors;
it will be shown in later section of this chapter that such effects are

probably due to temperature variations of the gold energy levels and not

the degeneracies.

4.3  Temperature Dependences of Gold Energy Levels in Silicon

Measurements of the energy levels of gold in silicon by most of the
methods to be described in section 4.5 generally result in the position of
one or both of the gold energy levels relative to one silicon energy band
edge at a particular temperature. For this information to be useful in
the analysis of other phenomena associated with gold in silicon, either
the measurement must have been carried out at the temperature of interest
or the variation of the positions of the gold energy levels with

temperature must be known.

4.31 Variation of Silicon Energy Band Gap with Temperature

The silicon energy band gap shrinks with increasing temperature due
to dilation of the crystal lattice (thermal expansion) and the increasing

strength of thermal vibrations in the crystal. Most evidence points to this
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variation with temperature being nonlinear below 300°K and linear above

300°K. (Macfarlane et al, 1958; Haynes et al, 19¢959; Bludau et al, 1974).

Measurements of the temperature dependence of the silicon energy band
gap have been made by each of the authors cited. Macfarlane et al. made
measurements of the absorption spectrum of silicon at temperatures between
4.2°K aad 415°K. The main absorption edge observed by them is that
indicative of the transition of electrons from the silicon valence band to
the conduction band. The energy measured at the absorption edge, however, .
does not correspond directly to the energy band gap but to the energy
required to form excitons. Excitons are electron-hole pairs which after
generation are still loosely held together by coulomb attraction.

Movement of an exciton does not constitute a conduction process as two
oppositely charged particles are moving together. The "energy band gap"
is equal to the energy needed to form an electron-hole pair (exciton)
plus the energy needed to break the binding of the exciton, so that
electron and hole are free to move independently in the conduction and

valence bands respectively.

E = E + E ... 4,13

where E_ is the energy band gap, E is the absorption energy and Eex is

the exciton binding energy. Macfarlane et al, in their figure 9, present

a plot of absorption energy as a function of temperature which is

reproduced here as a brokenline in figure 4.3. To obtain the silicon energy
band gap at a particular temperature, the exciton binding energy has to be
added to the values taken from their plot. In Macfarlané et al's paper,

the value for E is taken from one estimated by Dresselhaus (1956), and

is approximately 0.0l eV. Using this value, the silicon energy band gap

as a function of temperature is shown as a solid 1line on figure 4.3. It
appears that many authors have misinterpreted figure 9 in Macfarlane et al's
paper as showing the silicon energy band gap as a function of temperature
because the generally quoted value of 1.11 eV at SGOOK {(room temperature),
which is usually attributed to Macfarlane et al. is in fact the measured
absorptioﬁ energy at 300°K (see for example: Grove, 1967; Bullis, 1966;

Thurber et al, 1973); a value of 1.12 eV, howevef$ would be the correct
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interpretation of their results.

The non-linearity of the energy band gap below 300%K is apparent

in figure 4.3.

Varshni (1967) has proposed an expression for Eg(T) of the form:

2

- - aT :
Eg b 10557 T + B ¢ 56 4.14

from theoretical considerations of the factors which cause energy band
gap shrinkage. For silicon, values of o = 7.021 x 10_4 and B = 1108

are proposed empiricially, to make the expression fit data supplied by
McLean et al. (1960). The origin of Mclean's data is not at all clear.
It probably is taken from Macfarlane et al, since McLean is one of the
co—authors. Varshni's expression gives the absorption energy in silicon

and not the energy band gap.

Haynes et al. (1959) inferred values of the silicon energy band gap
from an analysis of intrinsic (band to band) recombination in silicon.
At lower temperatures their values are similar to those of Macfarlane
et al. but they differ by up to 0.015 eV at higher temperatures. These
results are probably less accurate than those of Macfarlane, especially
at higher temperatures, because of recombination centres (impurities) in

the silicon energy band gap also taking part in the recombination process.

Recently Bludau, Onton and Heinke (1974) have carried out measure-~
-ments, similar to those of Macfarlane et al, of the exciton absorption
energy in silicon. They used the more accurate technique of wavelength
modulation spectroscopy on silicon samples that were probably much purer
than those of Macfarlane et al. and Haynes et al. The range of
temperature used was ZOK to BOOOK. Bludau et al's results are shown
in figure 4.4. The exciton binding energy used was 0.0147 eV
(¥ 0.0004 eV), taken from the recent work of Shaklee and Nahory (1970).
If this value is used in Macfarlane et al's data, the agreement between

Bludau et al's and their work is extremely good (within 0.001 eV at

300°K) .

The values obtained by Bludau et al. have been used in this work for

calculations of resistivity in gold doped silicon at room temperature
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(see Chapter 7). Previous calculations (Bullis, 1966; Bullis and
Strieter, 1968; Thurber, 1973) have all used the incorrect value of
E = 1.11 eV at 300°K which, as will be shown, causes very large

differences in the final results.

4,32 Variation of the Gold Energy Level Positions with Temperature

In view of the variation of the silicon energy band gap with
temperature, it is clear that in order to predict the position of the
gold energy levels at any temperature, their variation with temperature

relative to the band gap edges must also be knowrn.

Shallow impurities are described, quantum mechanically, by simple
wave functions from one energy band only. Shallow donor states are made
up of conduction band wave functions and shallow acceptors are made up
of valence band wave functions (Smith R.C., 1964). The ionization
energy of such shallow levels is found to be essentially independent of
temperature, i.e. as temperature varies the shallow level remains a
fixed distance from the energy band with which it is associated. Multiply
charged deep impurities (such as gold which can be an acceptor or a
donor in silicon) cannot be described by the same simple theory. The
impurity levels are not in general considered to be made up of wave
functions from a single band; combinations of wave functions from both
energy bands are probably needed to describe them. As a result, a deep
donor state is not necessarily expected to remain a fixed ionization
energy from the conduction band edge nor a deep acceptor to remain a fixed
ionization energy from the valence band edge as the band edge varies with
temperdture. No theory has yet been proposed to explain the temperature
dependences of deep energy levels. In the case of gold, it is only
recently that any reliable experimental evidence has been presented and

there is a certain amount of conflict.

Parrillo and Johnson (1972) proposed, on the basis of measurements
of the temperature dependences of electron and hole emission rates from
the gold acceptor energy level, that the gold emergy levels vary in

proportion to the variation of the silicon energy band gap with
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temperature (Eg(T)). Their interpretation of their results and indeed

their results are open to considerable doubt (see Section 4.53.2).

Engstrom and Grimmeiss (1974) carried out detailed experiments
on the optical emission rates of the gold acceptor energy level as a
function of temperature. Their results show that the variation in
distance of the acceptor energy level from the valence band edge is the
same shape as the variation in the silicon energy band gap with
temperature measured by Bludau et al. (1974). This result suggests that
the gold acceptor level remains a fixed distance from the silicon conduction
band edge (i.e. the gold acceptor level is pinned to the conduction band

edge) as temperature varies.

Wong and Penchina (1975) have re—analysed photoconductivity
measurements in p—type gold doped silicon made by Newman (1954). Their
conclusion is that the gold donor energy level is also fixed to the

conduction band edge as temperature varies.

In this work, calculations of resistivity in gold doped silicon
as a function of shallow impurity and gold concentrations have been carried
out for all of the possible simple models of gold energy level variation

with temperature. These are:

1) Each gold level is fixed to the energy band edge
to which it is closest. The gold acceptor
energy level is a constant distance from the
conduction band edge and the gold donor energy
level is a constant distance from the valence

band edge.

2) The gold energy levels remain fixed to the energy
band with which they mainly interact. The gold
acceptor level, which is involved with holes,
remains fixed to the valence band edge'and the
gold donor, which is involved with electrons

is fixed to the conduction band edge.

3) Both gold levels remain fixed to the conduction
band edge (in accordance with the measurements

of Engstrom and Grimmeiss and Wong and Penchina).

32



4% Both gold levels remain fixed to the valence band

edge.

5) Both gold levels are influenced by both bands in
proportion to their proximity to them. This
gives rise to the position of the gold levels
varying in proportion to the variation of the
silicon energy band gap (as suggested by Parrillo

and Johmnson).

The results presented in Chapter 7 indicate good agreement with

Model 3.

4,4  Shallow Energy Levels Associated with Gold in Silicon

4.41 Shallow Acceptor Emergy Level

Prior to 1971, it was generally assumed that gold only gave rise
to the tﬁo deep lying energy levels in the silicon band gap already
mentioned. It was apparent however from the few resistivity measurements
made by Wilcox et al, (1964), on p—~type silicon, that there might be
an additional energy level or levels associated with gold. The measure-
-ments showed order of magnitude discre#ancies between theoretical and

measured values of resistivity in heavily gold-doped silicon.

Bruckner (1971) carried out Hall coefficierit and resistivity
measurements as a function of gold doping and temperature on gold doped
p-type silicon samples. The investigation revealed the existence of a
shallow acceptor energy level, 0.033 eV from the valence band edge, for
samples in which the density of gold, NAu’ was much greater than the
density of shallow acceptors, Na’ (Na was 1.5 % 1014 atoms. cm_B).
Repeated experiments proved the reproducibility of the shallow acceptor
level and low temperature annealing experiments indicated that it was
stable. The nature of the shallow acceptor level was suggested to be
that of an electrically active complex of gold with other defects in

the silicon. A similar type of energy level has been found by Tweet (1958)
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who carried out heat treatment experiments on copper doped germanium.

The presence of this shallow acceptor level - generally referred to

as the gold-coupled shallow acceptor - has been confirmed by Thurber et al,
(1972, 1973). From measurements of resistivity in heavily gold doped
silicon, Thurber et al, suggest that the density of the gold-coupled shallow
acceptors increases as the third power of the gold concentration, with a
shallow acceptor concentration of 4.5 x 1015 atoms. cm™S at a gold
concentration of 1 x 1017 atoms. cm >. In this work it has been found that
Thurber et al's predicted gold-coupled shallow acceptor density adequately
describes the behaviour of resistivity in heavily gold-doped silicon (see

Chapter 7).

4,42 Shallow Donor Energy Level

It has been suggested (Bullis, 1966; Brown =t al. 1975) that
interstitial gold may give rise to a shallow enerzy level, in this case a
donor level. Bullis draws on an analogy with the behaviour of lithium and
copper in silicon. The interstitial gold concentration in silicon is
generally accepted to be about ten times lower than the substitutional gold

concentration (see Chapter 3) but the interstitial atoms are thought to be

the dominant diffusing species at high temperatures.

Experiments on the diffusion of gold in the presence of an electric-
field, which were carried out by Boltaks et al. (1961) indicate that gold
was accumulated at the cathode side of the sample. This is very strong
evidence for gold being in a predominantly positive (ionized donor) charge
state at the diffusion temperature. The possibility that this charge
state is due to the substitutional species is unlikely since substitutional
gold atoms are relatively immobile and so a substantial build up of positively

charged gold diffusing by a substitutional mechanism would take an extremely
long time.

Brown et al. carried out experiments on the solubility of gold in
lightly doped and heavily doped p-type silicon at 1OOOOC, 1100°c, 1200°%C
and 1300°C. They also measured the gold concentration as a function of
diffusion time and observed a difference in the rate of increase of gold
concentration in heavily doped over that in lightly doped p-type silicom.
This was explained in terms of interstitial gold behaving as a shallow
donor.  However, in the theoretical analysis of their measured enhancement
of gold solubility in heavily doped p-type silicon, they ignore any possible
contribution to the enhancement by the interstitial gold donors. The

solubility enhancement is explained solely in terms of the behaviour of
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subgtitutional gold atoms. In Chapter 6 of this work, it will be shown
that if interstitial gold atoms do behave as shallow donors at diffusion
temperatures, the solubility enharicement in heavily doped p-type silicon
measurad by Brown et al. is almost certainly due to the enhancement of the
interstitial and not the substitutionmal species. If Brown et al's
explanation of the rate of increase of gold concentration in terms of a
gold interstitial shallow donor is to be accepted, their explanation of

gold solubility enhancement in terms of substitutional gold is not.

The effect of this shallow donor level on the resistivity of gold-
doped silicon at room temperature is calculated in Chapter 7. The
results are incompatible with the measured values of resistivity as a
function of gold concentration. The only conclusion to be reached,
therefore, is that if interstitial gold does indeed exhibit shallow donor

properties, it only does so at high temperatures.

4.5 Measurement of the Position and Temperature Dependence of the Gold

Energy Levels in Silicon

4,51 Introduction

A number of works on the measurement of gold energy levels in silicon

have been published. The methods fall into two distinct groups.

The first group consists of methods which measure a property of
goid at one temperature, which directly yields the ionization energy of
one of the gold levels at that temperature. The second group comprises
measurements over a range of temperature of some other property of gold-
doped silicon. The property chosen is one which does not give the gold
eneérgy level directly but one for which the activation energy is determined
by the ionization energy of one of the gold levels. A study of the
variation of the property as a function of temperature will yield its
activation energy which can be related to the appropriate gold energy

level.

Table 4.1 lists references of measurements which fall into the first

group and table 4,2 1lists those which fall into the second group.

The interpretation of results from group one, is generally straight-
forward at the temperature of measurement. Comparison of results obtained
at different temperatures, by the same method, can indicate the

temperature dependence of the energy level in question.
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TABLE 4.1 Measurements of GCold Energy Levels at a Single Temperature

Newman (1954)

Badalov (1970)

Braun and Grimmeiss (1974)
Engstrom and Grimmeiss (1974)
Wong and Penchina (1975)

TABLE 4.2 Measurements of Gold Energy Levels from Activation Energies

Taft and Horn (1954)

Carlson (1956)

Collins, Carlson and Gallagher (1957)
Boltaks, Kulikov and Malkovich (1960)
Senechal and Basinski (1968)

Sah, Forbes, Rosier, Tasch and Tole (1969)
Tasch and Sah (1970)

Bruckner (1971)

Parrillo and Johmson (1972)

Thurber, Lewis and Bullis (1973)
Braun and Grimmeiss (1973)

Pals (1974)

Kassing and Lenz (1974 i)

Kassing and Lenz (1974 ii)

Engstrom and Grimmeiss (1975)



Results from the second group need much more careful interpretation

because in all cases a number of the parameters involved in obtaining the

energy level under investigation exhibit differing temperature

dependences of their own over the range of measurement.

4,52 Energy Level Measurement Methods over a Temperature Range

4,52,1 Equivalence of results

The three methods which fall into the second group are:
1) measurement of Hall coefficient,
2) measurement of resistivity,

and 3) measurement of the thermal emission rates of
electrons and holes,
all as a function of temperature. These three methods may be considered

in a similar fashion as follows:

Samples are prepared and experiments qarrieé out under appropriate
conditions so that only one of the gold energy levels is dominant during
the measurements. Details of the individual methods and conditions will be
given later. Initially it is assumed, for simplicity, that the experiment
has been set up to investigate the position of the gold acceptor energy
level with respect to the conduction band edge. (The comments and results
of this discussion are equally applicable to measurements of either gold

energy level with respect to either band edge).

i) Hall Coefficient

-

In n-type silicon, if the gold concentration is greater than
the shallow dopant concentration, a temperature range may be defined
within which the fermi level in the silicon is very close to the gold
acceptor energy level. In this case the electron concentration is
determined by the position of the gold acceptor level. The Hall coefficient,

RH’ is given by: (Smith R. A., 1964, p.102)
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where n is the number of electrons and q is the electronic charge.
n is given by:
n = N ex EE.:.%E
c ¥P kT
where Nc is the density of available states in the conduction band, EF
is the fermi level, Ec is the conduction band energy, k is Boltzmann's
constant and T is the absoclute temperature. The conditions of the experiment
have been chosen so that EF is coincident with EA’ the gold acceptor energy

level. 4.15 may be rewritten:

-1 EA - Ec
RH =gA Kq NC exp T ceo 4,16

where K is a constant of proportionality related to the ratio between the
Hall mobility and conductivity mobility of the carriers; its exact value

is unimportant in this context provided it is temperature independent.

(1i) Resistivity

- - . -

The resistivity of a sample prepared in the same way as above

will be given by:

p = —1 cos 4,17

where n and q are defined above and Mo is the conductivity mobility of

electrons in the sample. Equation 4.17 may be rewritten:

1 } By 7 B 418
p - gAq un NC exp —T PR °

(iii) Thermal Emission Rate of Electrons

- - - - e e e e e e e me e e e

The thermal emission rate of electrons from the gold acceptor
level to the conduction band is given by: (see Appendix D and Shockley

and Read, 1952)
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where g, is the degeneracy factor for the gold acceptor level, 9, is

the capture cross section of electrons at the gold acceptor level and v

is the average thermal velocity of electrons. The superscript 't' is used
to indicate that these quantities are related to a thermal capture process

rather than an optical one, for which a superscript 'o' would be used.

In equations 4.16, 4.18 and 4.19 there are a number of terms which may
be described as simple functions of temperature if their temperature
dependences are known.

Iin 4.16, if Nc varies as Tm, then:

E, - E
-1 m A c
RH = AT exp [ T } eoe 4.20

In 4.18, if Ho varies as Tn, then:

i

E, - E
-1 m-+n A c
e BT exp {- T J oo 4,21

In 4.19, if v, varies as Tp, o, varies as T% and 8, is

temperature independent (see Section 4.2), then:

E ~E
t m+p+q A c
e CT exp [;~—§§—f] see 4,22

where A, B and C are temperature independent constants.
It can now be seen that each of these three measurements exhibit
similar relationships with the position of the gold acceptor energy

level, EAs relative to the conduction band edge, Ec‘ Eguations 4.20,

4,21 and 4.22 may be considered to be of the form:

F = pr' exp {fﬁ%?} ees 4,23
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where AE = EC - E is theionization energy of the gold acceptor level,
D is & temperature independent constant and r provides the appropriate temp-

-erature dependence.

The natural logarithm of this expression may be obtained,

In (FT ") = 1n D [ki} oo b4.24

If the property F is measured as a function of temperature and
la(FT_r) plotted against T_l, the slope of the plot will be AE/k if

AE 1is temperature independent.

4,52.2 Temperature variation of the activation energy, AE.

If AE is not temperature independent, modifications to the above
analysis must be made. The temperature variaticn of AE maybe approximated,

over the temperature range of measurements, to be linear:
BE(T) = ME_(T) + [6(T)].T ve. 425

where G(Tm) is the slope of this linear approximation to AE vs T,

Ty is the 'temperature of measurement' and AEO(Tm) is the intercept of the
straight line at T = 0. 1In reality, the variation of AE over a wide range
of temperature may not be linear, in which case the straight line described
by 4.25 approximates to a tangent to the real AE vs T at the temperature of
measurement Tm. In general, therefore, AEO(Tm) is the intercept at

T = 0 of a tangent to AE vs T at T = Tm and is described as the value of

AE linearly extrapolated from the temperature of measurement (Tm) to

absolute zero. See figure 4.5,

Equation 4.24 now becomes:

_ AE (T ) + G(T)T AE_(T)
In(FT Yy = 1D - —2- B — - 1mD! - o .. 4.26

where D1 now includes the constant G(Tm)/k. The slope of ln(FT-r) vs T

is now:
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- AEO(Tm)
k

and hence AEO(Tm) as defined above (equation 4.25) may be obtained.

(lnD1 is the intercept at T = 0).

In some of the works listed in table 4.2, the value AEO(Tm)
is not the result obtained, but the "activation energy' at the temperature
of measurement, Tm’ of the property F is calculated. The activation
energy is obtained by plotting 1n(F) against 'I.’—1 instead of 1n(FT ©).

From equation 4.26:

AE (Tm)

1
1nF InD r 1nT o , see 4,27
The slope of this plot will be:-
3 {(InF) AE (T ) :
— R A A 3 Y
a(T ™) k
T = Tm

which yields the activation energy of F at T,

Eact<Tm) = AEO(Tm) +r k Tm oo 4.28A
AEO(Tm) is simply related to the activation energy by this equation and

may be obtained from it for appropriate values of r and T, It is

common for 1ln F to be plotted against (kT)-l, which has units of (energy)_l3

in which case equation 4.28A is obtained directly from the slope.

Clearly there are several problems involved in obtaining the actual
value of AE at any temperature T from the type of measurements listed in
table 4.2. Initially the value of r, the exponent of T in equation 4.23,
must be known. Subsequently a careful interpretation of the value
AEO(Tm), obtained from the results, must be made. From this, the value of

AE may only be obtained if its temperature dependence is known.
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If the variation of AE with temperature were linear at all
temperatures, AEO(Tm) would be the same for all T and equation 4.25
would not be an approximation near a particular Tm but would be valid
over the whole temperature range. However, if AZ does not vary linearly
with temperature, the value of AEO(Tm) will depend on the actual value of

T

o’ the temperature of the original measurements.

In carrying out the analysis of experimental results which have been
obtained over a range of values Qf Tm, it has been assumed that at least
within the range of T, the variation of AE is linear {(equation 4.25).

This assumption is reasonable for small temperature ranges and will be
seen to be so if the points plotted as ln(FT)nr Vs Tal provide a good
straight line. In practice this is so in the measurements listed in
table 4.2. Measurements in the range 100 - ZOOOK, however, will not
yield the same value of AEO(Tm) as measurements made in the range

150 - 200°K if AE(T) is non-~linear. This is illustrated in figure 4.6.

4,52.3 Interpretation of results for various models for AE(T)

As suggested in Section 4.3, there are several reasonable models for
the variation of the gold energy levels with temperature. For the

example of the gold acceptor level considered above (AE = E, - EA)

. these are:

1) That it remains a fixed distance from the conduction

band edge as temperature varies,

ii) that it remains a fixed distance from the valence

band edge as temperature varies,

or 1iii) that AE varies in proportion to Eg’ the silicon energy

band gap, as temperature varies.

The value obtained experimentally, AEO(Tm) may be related to the

desired value of AE at any temperature for each of these cases as follows:
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Case i If the gold acceptor level remains a fixed distance from the
conduction band edge, AE = E, - E, is comstant. Equation 4.25 is valid
for all temperatures and G(Tm) is zero because AE plotted against T is

a horizontal straight line:

AE(T) = AEQ(Tm) = constant see 4.29

Thus the slope of (FT-r) against ’I'.l directly yields the activation
energy of the gold acceptor level relative to the conduction band edge

only if the gold acceptor remains a fixed distance from the conduction

band edge as temperature varies.

Case ii If the gold acceptor level remains a fixed distance from the
valence band edge, EA - E, is constant and as temperature increases

EC - EA ( = AE) is reduced at the same rate as Ec - Ev = Eg’ the silicon

energy band gap.

In figure 4.7, the temperature variations of EA relative to Ec’
(= AE(T)) and Eg (= E - Ev) are shown. The energy difference between the
two curves at any temperature is (EC - EV) - (Ec - EA); which 1s equal
to EA - EV (shown as X on the figure). For this case, EA - Ev = X
is constant by definition. The quantity obtained from the experimental
results, AEO(Tm), defined in equation 4.25 and shown in figure 4.7, must
be related to AE at any temperature if a useful activation energy value
is to be obtained. AE at any temperature may be seen in figure 4.7

to be:

AE = Eg(T) - X eeo 4.30

Eg(T) has been measured accurately by Bludau et al., (1974) and X
may be obtained, as shown in figure 4.7, by subtracting the measured
value of AEO(Tm) from Ego(Tm)’ where Ego(Tm) is the intercept at 0%k
of a tangent drawn at T = Tm to Eg(T). This value may be obtained from
the data of Bludau et al., (see figure 4.9). For a given set of
measurements made around a temperature Tm, whi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>