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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.
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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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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)

37



-5
. [, - £ ]

- Sttt A c
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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, which yield a value AEO(Tm},
the general result for AE(T), if the gold acceptor energy level is’fixed

to the valence band edge, is:

ti

AE(T) Eg(T) - X

it

E, (T) —[Ego(Tm) - BE (T )] ceo 4231
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Case iii Figure 4.8 illustrates the situation which occurs if AE

varies in proportion to Eg as temperature changes.

The ratio AE(O) : Eg(o) is constant by definition, and the value of

AE at any temperature T is:

} AE (0)
AE(T) Eg(T) {%g(oi] cee 4,32

Once again it is necessary to relate E(T) to the experimentally
obtained value AEO(Tm) and to Ego(Tm) which can be obtained from published
data. If the variation of Eg with temperature is represented by a

polynomial:

a + bT + c'I'2 + dT3 oo ese 4.33

it

Eg(T)

then,

E(T)

B,(D) . K = K. (a+bT+cl” ...) e 434
where K is the constant obtained from the ratio in equation 4.32.

The tangents at T = Tm to the curves represented by equations 4.33

and 4.34, may be obtained by differentiation with respect to temperature:

5 .1 1,3
57 Eg(D =b+ 5l +5dl° ... oo 4.35
T=T1T
m
and
3 _ 1 .3 - as
5= LE(T) = |x] [b + 5 el + 5 dT ] ... 4.36
T =T '
m

The intercept with T = O of the tangent to Eg(T) at T = Tw is
given by 'b' from equation 4.35, and the intercept with T = O of the

tangent to AE(T) at T = T_ is equal to () . b from equation 4.36. The

m o
required constant of proportionality, K, is given by the ratio of these

two intecepts, shown on figure 4.8:
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AE (0) AE, (T,))

K= - Y Y
EgZO) Ego(Tm)
The required relationship for case iii, is:
AEO(Tm)
AE(T) = E (T) |7 oo 4.38
4 oo (T )
4,52.4 Concluding remarks

Equations 4.29, 4.31 and 4.38 show that the value of AE at any
temperature (including T = 0) depends on the model of energy level temperature
dependence chosen. For a given set of measurements from which one vdlue of
AEO(Tm) is obtained, there are three possible values of AE at a given
temperature for the three models comnsidered here. In order to obtain
AE(T) for the second and third cases knowledge of AE0<Tm) alone is not
adequate, the value of Tm is also necessary so that Ego(Tm) may be

obtained (see below).

The measurements of activation energies and linearly extrapolated
absolute zero gold energy levels which are reported in the literature and
are listed in table 4.2, have not been analysed in this way. Uanless AE(T)
is linear, or all of the different measurements have been made at the same
T, (which is not the case), these reported gold energy levels cannot be

compared validly. Reanalysis as described above must first be carried out.

The values of Ego(Tm), which are required, have been obtained, in this
work, from the results of Eg vs T given by Bludau et al., (1974). Figure
4,9 shows Eg plotted as a function of temperature and also shows Egc(Tm)

on the same axes. In oxrder to obtain AE(T), the value of Eg(?) and

Ego(Tm) may both be taken directly from this figure.

The reanalysis of data obtained from references listed in table 4.2
may be carried out using equations 4.29, 4.31 and 4.38. AEO(Tm) is
provided directly by plots of In(FT ©) against T_l. Where plots of 1InF
against T--1 are given, equation 4.28A, with an appropriate value of

'r' may be used to obtain AEO(Tm).
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The only approximation made in the analysis is that the
temperature variation of the energy level in question is linear over the
range of measurement (equation 4.25). 1If this temperature range is Thin
to Tmaxs a single value of Tm’ which gives an Ego(Tm) characteristic of
the range, must be obtained. Equation 4.23 gives the general form of the
measured property, F, thus:

= prt - AE
F DT™ exp [ T ] veo 4,23

After a linear approximation to the temperature variation of AE between

Tmin and Tmax had been made (equation 4.25) it was shown in equation 4.28,

that the slope of 1nF against ‘]’.’“1 is given by:

3 (1nF) AE (T )
""‘"':i""" = "‘""‘2""“"‘:‘2“' - rTm v 8 4,28
5 T T k

m

Figure 4.10 shows a typical plot of some InF against Tnl, linear over the

range T . to Tmax' The slope of the linear portion of this plot is:
3 (1nF) 1n(Fmax) - 1n<Fmin)
=T = =3 =) cos 8,39
3 T T - T,
max min

r _AEmax T mAEmin
In DTmax eXpP 7 - 1n DTmin eXp TH
max min
3 (InF) - 4,40
y T L R
max min
AE AE .
rinT - rinT . - | Hmex + _zﬁﬁﬂl
max min kT T .
max min
= ees b 41
T—l i 4
max min

45



and from equation 4.25, where

BE(T) = 8E(T) + [6(T)] T .o 4.25
The following may be obtained:
- - _ AEO(Tm) _ G(Tm) . AEO(Tm) . G(Tm)
max Mpin kTmax k kTm. k
5(1nF) _ . in .
-7 = - =7 ces b.42
3 T T, =T,
min min
] AE_(T_) 1 1
o 'm
r{lnT = InT . - -
max min k Tmax Tmin )
= - =) cee 4,43
- T
max min
InT , = InT AE (T.)
min max o' 'm
= = - — vow LG4
-1 _ -1
max min
This is the same as the desired expression in equation 4,28, if Tm is given
by:
InT_. =~ InT
T AR oo 445
T - T
max min
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because substitution of 4.45 into 4.44 gives equation 4.28:

+ ¢ T e 4.28

Equation 4.45 may be used to obtain the appropriate value of Tm for a set

of measurements which are linear over the range Tmin to Tmax' Using this

value (an effective temperature of measurement) the value of Ego(Tm) may

be obtained from figure 4.9 and used in equatioms 4.31 and 4.38.

4,53 Review and Reanalysis of Reported Energy Level Measurements

The possitle variation with temperature of the position of the gold
energy levels in silicon, has not been considered by all of the authors
listed in tables 4.1 and 4.2, in the analysis of their results. Collins
et al. (1957), in one of the earliest measurements of the gold energy level
positions, did mention the possibility of such an effect. The brief
reference states that such a temperature variation, if linear, would yield
absolute zero gold energy levels from the reported measurements of Hall
coefficient and resistivity as a function of temperature. No attempt was
made to consider higher order temperature dependences, such as those
considered in 4.52.2, which yield the energy levels linearly extrapolated
to absolute zero from the temperature of measurement (AEO(Tm)). In many
subsequent publications there is either no mention of temperature dependences
or only a brief reference, such as that made by Collins et al. In 1972,
Parrillo and Johnson proposed that the position of both gold energy levels
varied in proportion to the variation of the silicon energy band gap with
temperature. The theoretical results calculated by Parrillo and Johnson
are consistent with their measured values of electron and hole emission.
probabilities from the gold acceptor level. Their experimental results,
however, do not agree with recently published ones (Engstrom and Grimmeiss,
1974 and 1975) and certain values used in their calculations are open to

question (see 4.53.1).
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The problem of gold energy level variation with temperature was
spotlighted by Parrillo and Johnson and recently attempts have been made to

measure them directly (Engstrom and Grimmeiss, 1975; Wong and Penchina,

1975).

Measurements listed in tables 4.1 and 4.2 will now be considered, the
latter first. The results and their interpretation will be reconsidered
and compared where appropriate. It will become clear that the frequently
quoted values of 0.54 eV for the gold acceptor relative to the conduction
band edge and 0.35 eV for the gold donor relative to the valence band

edge, can only be considered to be approximate.

4.53.1 Resistivity and Hall effect measurements

Taft and Horn (1954) and Carlson (1956), respectively, first reported
the presence of a deep acceptor and a deep donor energy level in gold doped
silicon. The first comprehensive report of a search for energy levels due
to gold in the silicon energy band gap was made by Collins, Carlson and
Gallagher (1957). Measurements of resistivity and Hall effect as a function
of temperature were made in silicon samples doped with varying

concentrations of shallow impurities (boron and phosphorus) and gold.

In n-type silicon, the addition of gold resulted in a reduction in the
number of electrons in the conduction band. When sufficient gold had been
added, the resistivity approached that of intrinsic silicon, indicating the
presence of an acceptor energy level due to gold. Similarly a decrease in
the number of holes in the valence band after the addition of gold to
p-type silicon, suggested the presence of a donor level due to gold, nearer

to the valence band than the gold acceptor.

For appropriate concentrations of gold relative to n-type dopant
(phosphorus) it can be shown that the carrier concentration is a simple
function of the position of the gold acceptor energy level relative to the

conduction band edge over a certain temperature range (see appendix C).

An expression of the form:

E - E
n o= KT exp - [ £ T %} veo 4,46
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is obtained, when Nd > Na’ n > p, n << Nd - Na’ n << NAu - (Nd - Na)

and NAu > (Nd - Na); n = electron concentration, p = hole concentration,
Nd = shallow donor (phosphorus) concentration, N, = shallow acceptor
(Lsron) concentration, Ny, = 8old concentration, E = conduction band

edge energy, EA = gold acceptor energy and Kl is a constant.

Similarly, in p-type silicon, if Ev is the valence band edge
energy and ED is the gold donor energy level, the expression obtained

under appropriate conditions is:
m ED ” Ev
p KT exp = |——mF— ceo ho47
for Na > Nd’ p > n, p << Na - Nd’ p << NAu > (Na - Nd) and

N >(Na-N

Au d)'

Both resistivity and Hall coefficient are dependent on the carrier
concentration (n or p) and, as shown in 4.52.1 and 4.52.2, measurement of
the temperature dependence of either will result in a quantity
(AEo(Tm)) related to the appropriate gold energy level. Collins et al.
carried out measurements of both Hall coefficient and resistivity on
samples for which the conditions described above were appropriate. The
slopes of their plots of the logarithm of Hall coefficient or resistivity
against reciprocal temperature were corrected for the temperature
dependences included in 'r' in equation 4.23 (sectiom 4.52.1). The
‘results which were thus obtained are the commonly quoted values for the
gold energy level positions: E,-E, = 0.54 eV and Ey - E, = 0.35 eV,

The analysis presented in 5.52.2 has shown, however, that these are in fact
the absolute zero values of the energy levels linearly extrapolated from
the temperature of measurement. (A reanalysis of these results, using

more recent values for 'r', may be found in section 4.53).

Collins et al. also searched for another acceptor energy level

closer to the conduction band edge by gradually changing the ratio of
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NAu to (Nd - Na) from Nyw > (Nd - Na) to 2NAn > (Nd - Na) > Ny

over several samples. Measurements of resistivity as a function of
temperature showed a change in dependence from 0.54 eV, characteristic

of the gold acceptor level (EC - EA), to 0.045 eV characteristic of the
shallow donor level (Ec - Ed). There was no behaviour which suggested the
presence of another energy level. A similar experiment in p-type

silicon (boron doped) carried out by Taft and Hora (1954) exhibited
similar results. The indications of these experiments were that any
possible*shallow enérgy levels due to gold in n-type or p-type silicon
would have ionization energies comparable to phosphorus or boron if they
existed at all. The maximum gold concentration used in these experiments
was 1.1 x 1016 atoms. cm3. The recent discovery of a shallow acceptor
energy level associated with gold (see section 4.4) was made for gold

16 atoms. cm~3 e

concentrations greater than 4.0 x 10
The deep gold acceptor level found by Collins et al. is located

very near to the middle of the silicon energy band gap and as a result

the addition of enough gold to initially n-type silicon can shift the

Fermi level so far towards the valence band that the sample becomes

p~type, (see chapter 7). Under such conditions the carrier concentratiom,

(now predominantly holes) begins to increase and the behaviour of resistivity

or Hall coefficient as a function of temperature becomes dependent on the

position of the gold acceptor level relative to the valence band edge,

(EA - Ev). Collins et al. carried out measurements for samples in which

the gold concentration (NAu) was approximately eight hundred times the

shallow donor concentration (Nd)' The value obtained for EA - Ev of

0.62 * 0.02 eV must once again be interpreted as the linearly extrapolated

absolute zero value. (A similar effect is not noted in initially p~type

silicon because the gold donor level is much further from the silicon

conduction band edge than the gold acceptor is from the valence band

edge).

A full reanalysis of these results, and comparison with other
results may be found in 4.53.4. It is noteworthy, however, that the diff-

erences in the results obtained by Collins et al., from measurements of
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resistivity and then Hall coefficient on the same samples, are almost
eliminated when the results are reanalysed with correct temperature
dependences as described in 4.52. For example: in figure 3 of Collins

et al's paper, Hall coefficient measurements as a function of

temperature give a slope of 0.37 eV in p~type gold doped samples

(ED - Ev). Resistivity measurements over the same temperature range give

a slope of 0.33 eV - a difference of 0.04eV. After reanalysis the
difference is only 0.003 eV (the absolute value depending on which model is

chosen for the variation of the gold energy level with temperature).

Boltaks, Kulikov and Malkovich (1960) report similar measurements to
those of Collins et al. The results, ED - Ev = 0,36 £ 0.02 eV and
E - EA = 0.54 * 0.02 eV are given but no details of the experiments or the
way in which the data was analysed are mentioned. It is not clear,
therefore, whether any corrections were made for the temperature
dependences of varicus other factors (see equations 4.18 and 4.20). Any

further consideration of these results would be of little value.

Bruckner (1971) also describes measurements of resistivity and Hall
coefficient on p~type gold doped silicon samples. An expression for Py»
the carrier concentration in the silicon valence band for a shallow acceptor
concentration N, and a gold donor concentration Ny is given. Limiting

cases for various ratios of NAu to Na are derived.

The expression (see appendix C) is:

po(po * ND - Na) - XN 1 exp [?(ED B Evf} T ... 4,48
Na - P, vVogp kT

where &p is the degeneracy factor for the gold donor level (see 4.2 and

4.6). At high temperatures, the carrier concentration is dominated by N,

and P, is given by:

P, = Na' cee 4,49
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At low temperatures, the situation is similar to that described for
the experiments of Collins et al.; where P, has an exponential
temperature dependence and the slope of P, (inferred from resistivity or
Hall coefficient measurements) against reciprocal temperature gives the
1'nearly extrapolated absolute zero value of ED (ie: AEO(Tm)). The
result is quoted, by Bruckner, as being the "activation energy of the gold
donor". No allowance is made for any variation of ED - Ev with
temperature. Bruckner carried out experiments for ratios of NAu to Na
of 1, 5 and 100 to 1000. The results for N, = N_ should have resulted in
a special case for equation 4.44 at low temperatures, for which the slope
of Py against reciprocal temperature should have equalled (ED - Ev) X %o
The condition of Ny, = N, was found to be impossible to obtain
experimentally due to inhomogeneities in the distribution of gold in any
given sample., The case of NAu = SNa was the one for which the slope of P,
against T-l at low temperatures gave ''the activation energy of the gold
donor". Thisg value was then used to fit equation 4.44 to the experimental

results with 8 38 a parameter. The "best fit" was obtained for

g;l = ?%, however as the value used for ED - EV wasg incorrectly interpreted
from the experimental results (no allowance for temperature variation was

made), this value of ggl is hardly reliable (for further discussion see

sections 4.2 and 4.6).

The most significant result obtained by Bruckner, is due to the
effect of increasing the concentration of gold relative to the shallow
acceptor to a very high value. The slope of P, against T—1 at low values
of NAu : N was characteristic of the gold donor level,but as the gold

concentration became greater than 2 x 1016 atoms. cm

(for Na = 1,5 % 1014 atoms. cm_3), the behaviour changed rapidly. The
curves assumed a slope characteristic of an energy level 0.033 eV above the
valence band edge, behaving as a shallow acceptor. The addition of gold

to a p-type sample is expected to compensate it (under the action of the
gold donor level) and for a given temperature and shallow acceptor

. concentration, an increase in the amount of gold should be reflected by a

decrease in the number of carriers (holes) in the wvalence band, Poe
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This behaviour was observed until the gold concentration reached

2 x 10i6 atoms. cm°3, beyond which P, began to increase, hence the concl=-
usion that the gold was introducing large numbers of shallow acceptors.

No definite explanation of this level was offered by Bruckner, who did
uggest however, that it might be caused by gold forming an electrically
active complex with other impurities during the cooling of the samples from
the diffusion temperature. This suggestion was prompted by the discovery
that the concentration of this "gold-coupied shallow acceptor" increased in
samples doped with more than 2 x 1016 atoms., cm“B of gold when they were

o
arnmealed at 600°C for several hours.

Bruckner also observed that when the ratio of gold atoms (NAm} o
shallow acceptors (Na} was increased, there was an apparent increase in the
slope of plots of Hall coefficient against reciprocal temperature from
0.35 to 0.37 eV. This was explained by the possible influence of excited
quantum states of the gold donor energy ievel5 (see section 4.21). The
measurements were carried out over different temperature ranges and a more
probable explanation is that a highgr value of AEO(Tm) was being obtained
for a higher T (see 4.52.1). Reinterpreting this result in terms of the
variation of the position of the gold donor relative to the valence band
edge, suggests that ED - Ev is not constant but becomes smaller as
temperature increases; this is illustrated ‘n figure 4.11 and has been

discussed in section 4.52.3.

Thurber, Lewis and Bullis (1973) also carried ocut a series of
experiments similar to those of Collins et al. (1957). The gold
concentrations relative to the shallow acceptor and donor concentrations
were chosen in various samples to enable the positioms of all three energy
levels associated with gold to be studied. These three levels - the deep
acceptor at EA’ the deep donor at ED and thg gold—~coupled shallow acceptor at
E, — were obtained by meaéurements of Hall coefficient and resistivity as a
function of temperature. The equations governing the limiting cases are
similar to those of Collins et al. and are discussed in appendix C. *

The golid coupled shaliow accepior level was measureé in lightly boron doped
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silicon samples (1013 atoms. cm—3) which were heavily doped with gold

(1017 atoms. cme) at 1200°C and subsequently annszaled at 600°C.
Resistivity measurements as a function of temperature gave an activation
energy of 0.0349 eV, similar to that reported by Bruckner. Thurber et al.
recognised that the values of "activation energy" obtained for the deep
gold energy levels were in fact linearly extrapolated absolute zero
values, but carried out no further analysis. Their measurements of
resistivity as a function of temperature were not corrected for the
temperature dependence of mobility (see equation 4.21). A reanalysis

of Thurber et al's data for each of the gold level temperature variationms

discussed earlier (4.52.3) may be found in section 4.53.4.

4,53.2 Thermal emission measurements

The measurements of gold energy levels remaining to be discussed all
involve the property that is exhibited by deep lying energy levels whereby
they may act as carrier recombination and generation centres in the
silicon energy band gap. This "trapping'" behaviour has been described by
Shockley and Read (1952) and Hall (1952). The theory proposed by these
authors has been extremely successful in explaining many phenomena observed
in semiconductors (see, for example, Grove, 1967) and is usually referred
to as the S.R.H. (Shockley-Read-Hall) trapping theory. A more detailed
consideration of the S.R.H. theory may be found in appendix D.

For the present, the results arising from consideration of
the behaviour of deep gold traps (or energy levels) in the silicon energy

band gap will be considered.

For a given trap energy level Et (which may be the gold acceptor
level or the gold donor level) S.R.H. statistics give an expression for the
electron emission probability of the trap, e, which is the probability
that an electron will jump from an occupied centre into the conduction
band:

~(E, - E)

e = gt Vth gn NC exp '--—"—E—,f-——-— eeo 4.50
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where vth is the thermal velocity of an electron; Oy ig the electron
capture cross section of the trap - a measure of how close an electron
must come to the centre to be captured (see chapter 5 and appendix D)
8¢ is the degeneracy factor for the trap and N, is the density of
available states in the conduction band. Similarly, the emission

probability of a hole from the trap to the valence band is giﬁen by:

1 ;;<Et - Evj}

e = =— V N

o g, Vtn cp N, exp ? =7 J ees 4.51
L

where o, is the hole capture cross section of the trap and Nv is the
densitybof available states in the valence band. These equations are of
the same form as equation 4.19. Measurements of the thermal emission rates
of carriers from the gold levels as a function of temperature may be used

to obtain the activation energies E, - E and Et - Ev‘

Certain problems arise in obtaining the activation energies by such
measurements., Initially the experimental conditions must be such that it
is certain which gold energy level is responsible for the observed
phenomena. Some of the methods used require an accurate knowledge of the
number of impurity centres present or the carrier concentratdéon during the
experiment - both of which are difficult to measure and can introduce
considerable inaccuracies. Many of the methods involve very fast
recombination times, the inclusion of more than one time constant or time
constantswith non—-exponential behavicur - all of which introduce
uncertainties into the results. Even when appareatly accurate and
unambiguous results have been obtained, the possible temperature

th
known in order to derive the required activation energy (see section 4.52.2).

dependences of 8o V. . and o, or op in equations 4.50 and 4.51 must be

The degeneracy factor 8¢ is considered to be temperature independent

(see section 4.2) and the average thermal velocity increases as the square
root of temperature (Vth z /3kT/m). The temperature dependence of ¢, the
capture cross section, is not well knmown. Bemski (1958) predicted that

each of the four possible capture cross sections Ffor gold may have

different temperature dependences. Capture cross section will be comnsidered

in more detail in chapter 5.
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For a single impurity (trap) level, there szre four thermal
transition processes, illustrated in figure 4.12, where the arrows show
the directions of electron transitions. A gold centre may exist in one
of three charge states; positive, neutral or negative (ionized donor,
neutral or ionized acceptor). In the situations considered here, the gold
centres exist either predominantly as acceptors cr predominantly as donors.
The two possible trapping behaviours of the accertor or of the donor may
be considered separately. S.R.H. statistics describe the behaviour of a
trap which can exist in two charge states and may therefore be applied to
either the gold acceptor or the gold donor separztely. Each trapping
level has two capture cross sections, one for electrons and one for holes.
In the case of gold where there are two trapping levels being considered

separately, there are four capture processes:

i} Capture of an electrom by the neutral (unionized)

acceptor,

ii) Capture of a hole by the negatively charged

(ionized) acceptor.

i1i) Capture of an electron by the positively charged

{ionized} domnor.

iv) Capture of a hole by the neutral(unionized) donor.

The capture cross sections associated with capture of a carrier by a
neutral centre (i and iv) are generally considered to be temperature independ-~
ent. There is some disagreement about the temperature dependences of the

capture cross sections associated with processes ii and iii.

Details of the methods used to obtain the thermal emission rates will

not be given here, a brief discussion may be found in appendix F.

Sah, Forbes, Rosier, Tasch and Tole (1969) measured thermal emission
rates of electrons and holes at the gold acceptor level and of holes at the
gold donor level. The measurements were made in the "high electric field"”
region of a reverse biased p.n. junction. It is expected that the capture
cross section is electric field dependent (Lax, 1960) and the thermal
emission rate is also field dependent (Frenkel, 1938). Both of these

effects are expected at fields above 105 volts. cm—1 and when observed
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by Sah et al.for the gold acceptor emission rates, they extrapolated

the results to fit the exponential dependence of their low field data.
The results for the emission rate of holes from the gold donor were also
noted to be field dependent but were not corrected as all of the results
were obtained at Sah et al's maximum field of 105 volts., cmﬁl. More
recently, Braun and Grimmeiss (1973) have shown that these "observed"
field dependences were in fact due to an incomplete formulation for the
reverse current in the p.n. junction. The results were fitted to an

equation of the form:

2
oA T )
e - A {300] EXP [RT] ¢ s @ &052

where AE is the activation energy corresponding to the emission rate e.
This equation, when compared with equations 4.50 and 4.51, implies that the
temperature dependences of the thermal velocity vth’ the capturezcross
section o, and the density of states Nv or Nc ?re all given by T°. The
temperature dependences of thermal velocity (T?) and of the density of
states (TS/Z) provide the factor of T2, No allowance, therefore, has been
made for the temperature dependence of the capture cross section. In the
cases of electron emission from the gold acceptor and hole emission from the
gold domnor,; the capture cross sections are expected to be temperature
independent but in the case of hole emission from the gold aceeptor

the capture cross section is not. The results are not interpreted by Sah
et al. 1in terms of any temperature variation of the gold energy levels.
The value of 547.23 + 2,17 meV for E, - EA is probably the only reliable
one from this paper if it is reinterpreted as a linearly extrapolated value
of E, - E, from the temperature of measurement to absolute zero (AEO(Tm)),
Only if the gold acceptor remains a fixed distance from the conduction band
edge as temperature varies will the experimental wvalue be valid at all
temperatures - see section 4.52.3. The value of EA,_ EV is unreliable
because the temperature dependence of the capture cross section for holes
at the gold acceptor is ignored and the value of ED - E, is unreliable
because of the incorrect interpretation of a field dependence of the hole

emission rate from ED.
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Szh et al. also comment on the degeneracies of the gold levels
having fitted their energy level data back into equations 4.50 and 4.51.
A similar comment to that made about Bruckner (1971) applies here - a

discussion may be found in section 4.6.

Tasch and Sah (1970) used the impurity photovoltaic effect in
p-i-n silicon junctions to obtain thermal and optical emission rates of
holes and electrons from the gold acceptor level (p = p-type, i = intrimnsic
and o = n~type). The results of thermal emission rates were treated in
the same way as Sah et al, (1969) by fitting them to equation 4.52.
The comments already made regarding the capture cross section temperature
dependerces apply equally to these results. Tasch and Sah also measure the
effect of high electric fields (> 10é v, cmﬂi} on the thermal emission rates
and find only a small effect, contrary to their predictions and the earlier
predictions of Sah et al. (1969). The observed small dependence is
explained in terms of the influence of excited quantum states of the gold
acceptor but, as already stated, Braun and Grimmeiss (1973) have indicated
incomplete formulation in the analysis. The presence of excited states
of the gold acceptor level would lead to a temperature dependent
degeneracy, see section 4.2. The reliable result for EC - EA from this
paper is 545.48 * 1.36 meV provided, once again, it is interpreted as a

linearly extrapolated value from the temperature of measurement to absolute

Zero.

Parrillo and Johmson (1972) proposed that the gold energy levels
varied inm proportion to the silicon energy band gap with temperature.
This proposal was made on the basis of experimental measurements of the hole
and electron emission probabilities from the gold acceptor level.
Parrillo and Johnson recognised the importance of including the temperature
dependences of the hole and electron capture cross sections in calculating
the activation energy of the gold acceptor (see equation 4.28A4) from
measurements governed by eguations 4.50 and 4.51. Using results due to
Bemski {1958) that oy {(capture cross section for electroms at the gold

. o .
acceptor) varies as T and that cp (capture cross section for holes at the

gold acceptor) varies as T~4, the linearly extrapolated absolute zero values
of E, - E, and E, ~ E_ vere obtained by plotting emission probabilities

against inverse temperature. Using a similar expression to equation 4.28A
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and their proposed model of the temperature variation of the gold acceptor
level, Parrillo and Johmnson were able to fit equations 4.50 and 4.51 to
their measured values of e and ep with a degeneracy factor of 3/2 for

the gold acceptor level (taken from Bullis and Streiter, 1968).

Comparison of Parrillo and Johnson's experimental data with other authors'
shows considerable disagreement. At 300°K, for example, although Sah et

- al. (1969), Tasch and Sah (1970), Engstrom and Grimmeiss(1975)all agree with
Parrillo and Johnson that the emission probability of electrons from the
gold acceptor is about 103. secnl, the value obtained by Parrillo and Johnson
for the emission probability of holes from the gold acceptor is at least an
order of magnitude smaller than those given by the other authors (viz.,
12.seca1 compared with 102, 102 and 1.2 x 102. sec_l). Their proposal

for the temperature dependence of the gold acceptor in the range 0°K

to 300°K has also been disproved recently (see section 4.53.3) by Engstrom
and Grimmeiss (1974). Parrillo and Johnson, in their analysis, recognise
that the slope of the curve of emission probability against inverse temp~—
erature yields a linearly extrapolated absolute zero value of the

activation energy, but observe - incorrectly - that this value is
independent of the temperature of measurement Tm. It has been shown earlier
(section 4.52.2, figure 4.11 and equation 4.38 for Parrillo and Johnson's
model) that the value of AEO(Tm) does depend on T . Parrillo and Johnson's
error arises from their assumption that the linear approximation to

AE(T) (equation 4.25) is valid for all temperatures, whereas it is only
valid for a small range around each Tm. Equations 4.50 and 4.51 are quoted
incorrectly, the degeneracy factors are both reciprocated in Parrillo

and Johnson's paper. The temperature dependence of dn,(To) is generally

accepted to be correct, however the quoted temperature dependence of Gp

(T“4 from: Bemski, 1958; Tasch and Sah, 1970; and Parrillo and Johnson)
has been questioned by Engstrom and Grimmeiss who argue that the correct

dependence is T_z (see chapter 5 and also later in this section).

t is apparent that the measurements made by Parrillo and Johnson
have led them, probably incorrectly, to a model of the variation of the gold
energy levels with temperature. However, they were the first authors to

show that ignoring the possible temperature variation of the gold levels
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and ignoring the temperature dependences of the capture cross sections,
makes a significant difference to the activation energies inferred from the

experimental results.

Pals (1974), in studies of the properties of deep levels due to
several different impurities in silicon, has published values for the
activation energies of both deep gold energy levels. Pals'! technique
(see appendix F ) is used to measure the emission probabilities of
~electrons from the gold acceptor and holes from the gold domor. In both
cases the temperature dependences of the capture cross sections are not
included in the S.R.H. equations. The two capture cross sections concerned
are both for capture at neutral trapping centres and therefore are
generally considered to be temperature independent: Thus the energy levels
obtained by Pals are probably reliable if interpreted as linearly
extraponlated absolute zerc values. The values are: EC - EA = 0.56 eV

and ED - EV = 0,346 eV.

Rassing and Lenz (1974 1 and ii) describe measurements of capture
and emission rates at the gold acceptor energy level. A value of 0.25 eV
for E, -E is obtained from the temperature dependence of the electron

A
emission time comstant. No details of corrections for temperature

dependences are given.

Senechal and Basinski (1968), in measurements of the capacitance of
gold doped silicon p-n junctions, inferred on activation energy for the
gold acceptor level Ec - EA of 0.545 + 0.005 eV. The result was obtained
from the slope of the time constant associated with the capacitance
variation of the junction plotted against reciprocal temperature. .

Nb corrections for the temperature dependences of capture cross sections,

densities of states and thermal velocities were made.

Engstrom and Grimmeiss (1975), with measurements of the thermal
emission rates of electrons and holes from the gold acceptor level, have
presented values for the linearly extrapolated absoclute zero values of
E - EA and EA - Ev’ The fact that the results are iinearly extrapolated

c
absolute zero values and not activation energies at any temperature is
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discussed and comparisons made with the values ob:ained by other

authors (all reviewed in this section). The comparisons, however, are
incomplete. It has been shown here that most of the authors who have
reported results of emission rate measurements have not included the correct
temperature dependences in their results; before any valid comparison can
be made, the results must be reanalysed. Engstrom and Grimmeiss do not

| attempt a reanalysis so their comparisons are not really valid. A
reanalysis and complete comparison is given in section 5.53.4. Engstrom
and CGrimmeiss assume that the capture cross section for electrons at the
neutral acceptor is not temperature dependent and they resolve the problem
of the temperature dependence of the capture cross section for holes at
the negative acceptor by carrying out approﬁriate measurements (see

chapter 5). Contrary to the results of Bamski (13958) and Tasch et al (1970),

. . -2.0 % 0.
they find that the temperature dependence of c? i3 T 2.0£0 1, and not
T_4a The accuracy of the linearly extrapolated absolute zero values for
E, - E, and B, - E obtained is strengthened by the fact that their sum

is almost exactly equal to the value of the linearly extrapolated absolute
zero band gap from their temperature of measurement (see figure 4.8). Imn
their measurements, Engstrom and Grimmeiss do not note any electric field
dependence of capture cross sections for the field strengthsvused in

their experiments on p-n junctions. Their results are{?c - Eé} (Tm)=
' 0

0.553 eV and [EA - Evj (T_) = 0.641 eV, (sum = 1.196 eV).
0

These results are considered by this author to be the most accurately obtained
values for the gold energy level positions linearly extrapolated from

Tm to absoclute zero.

4.53.3 Single temperature measurements and temperature dependence

of gold energy levels

Newman (1954), in an attempt to confirm the presence of a gold

donor level located 0.33 eV above Ev’ the valence band edge (originally
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reported by Taft and Horn, 1954), carried out measurements of the
" photoconductive response of p—type silicon doped with gold at 20°K,

77°K and 195°%K. The results showed a distinct rise in photoconductivity
for incident photons above energies of about 0.33 eV, thus confirming

the presence of a hole trap energy level 0.33 eV above Ev' On closer
examination, their results show a threshold shift to slightly lower
energies at the higher temperatures. Wong and Penchina (1975), in a
reanalysis of Newman's original data, show that this shift to lower energies
is accurately predicted if it is assumed that the gold acceptor level moves
towards the valence band edge by the same amount as the silicon energy band gap
shrinks over the temperature range. Their conclusion is that the gold
donor level remains a fixed distance from the conduction band edge as
temperature varies. Figure 4.13(a) shows Newman's original figure and
figure 4.13(b) shows how the results overlap after normalization to the
same signal strength and shifting to the left by the amount that the
silicon energy band gap has shrunk at the appropriate temperature. Wong
and Penchina conclude that the gold donor level remains fixed 0.84 eV
below the conduction band edge as temperature varies. This conclusion is
-supported, as indicated earlier, by a reinterpretation of the results

of Bruckner for ED - Ev (which appeared to become smaller at higher
temperatures) and was also reached from calculations of resistivity

in gold doped silicon carried out in this work (see Chapter 7)

before the publication of Wong and Penchina's paper.

Badalov (1970), in similar experiments to those of Newman, ‘
illustrates the photoconductive response of n—~type gold doped silicon. The
threshold of photoresponse, although indicative of the gold donor 0.54 eV
below EC, does not have a sharp edge and therefore does not allow an

accurate measurement of Ec - EA'

Engstrom and Grimmeiss (1974), in measurements of optical emission
rates from the gold acceptor as a function of temperature, show that, in
the temperature range 90°K to 242°K, the gold acceptor level probably
remains a fixed distance from the conduction band edge. The
measurements of Ec - EA are constant over the temperature range whereas
the measurements of EA - Ev closely follow the shape of the variation of

the silicon energy band gap with temperature measured by Bludau et al.
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(1974). This conclusion is, once again, confirmed in this work for
calculations of resistivity as a function of temperature (Chapter 7)
and calculations of solubility of gold in heavily doped n-type silicon

(Cﬁapter 6) following those of Brown et al, (1975).

Braun and Grimmeiss (1974}, in a study of photon energy
thresholds for electron and hole emission from both gold levels at §OOK,
méasure threshold energies of: 0.555 eV for EC - EA; 0.61 eV for Eé - Ev;
0.75 to 0.83 eV for Ec - ED and 0.345 eV for Eg - Ev. The sum of the two
threshold energies of one of the levels should equal the silicon energy

band gap of 1.166 eV at 90°K (Bludau et.al., 1975), as illustrated in

figure 4.14.

The sum <Ec - EA) + <EA - EV} = Eg is 1.165, which is very close to the
expected value at 90°K. The sum (EC - ED) + (ED - Ev> ranges from

1.095 to 1.175 eV because of the uncertainty in E, -~ Ej. However, if

E, - E, (= Eg} is taken as 1.166 eV and Ey - E_, for which only one value

of 0.345 eV is given, the resultant Ec - ED is 0.821, which is fairly

close to the value predicted by Wong and Penchina, (0.84 eV - constant as

temperature varies).

4.53.4 Reanalysis and comparison of energy level measurements

Three problems arising from energy level measurements in the literature
have been highlighted. Firstly, many of the meastrements have been
incorrectly interpreted as being the actual gold energy levels at any
temperature, whereas it has been shown that the result usually obtained is
the emergy level linearly extrapolated from the temperature of measurement
to absclute zero. Secondly, a number of the results reported have not been
analysed correctly; temperature dependences of various factors,
particularly capture cross sections, have frequently not been considered.
Thirdly, use of the results in predicting other erergy level dependent
properties has frequently been made without any comsideration of the

variation of the gold energy level positions with temperature.



T'he results of Engstrom and Grimmeiss (1974) and Newman (1954)
~ the latter reanalysed by Wong and Penchina (1975) - show that for
temperatures up to BOOOK5 both deep gold energy levels are fixed to the

conduction band edge.

Ia this section, a reanalysis of data from the literature sources
already reviewed is presented. Reference to the equations presented in
sections 4.52.1 and 4.52.2 are made. The linearly extrapolated
absolute zero values of the gold emergy levels (in general AEO(Tm)) will

each be denoted thus:

Data which had been presented as 1n(F) against 'I‘“1 {equation 4.27)
was reanalysed using equation 4.28A, with appropriate values of ¢
and T s tfiobtain AEO(Tm). Data which had been presented as 1n(FT )
against T = did not require reanalysis, the slopes obtained were
reinterpreted as linearly extrapolated absolute zero values
(AEO(Tm)). Data for which some of the temperature dependences had been
corrected for and others had not (eg. Sah et al., 1969 and Tasch et al.,
1970} was also reanalysed with equation 4.28A, where the factor r
accounted for the temperature dependences not already included. The
value of Tm, the effective temperature of measurement, was obtained from

equation 4.45 using values of T and T . from the original data.
max min ‘

The results of this reanalysis are displayed in table 4.3. The
temperature dependences corrected for in the original publications and
those corrected for here are listed in separate columns.

s . 3/2

Hall coefficient measurements were corrected for the T

dependence of the density of states (see equation 4.20), the density

of states in one of the bands being given by, (Nichols and Vernon, 1966):
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Addit{onal
Type Gold Tempervature {Temperature N Authors MZ‘(T YooV

Authoyp ot Level Dependences Nependences Tm K Result ru‘lcnq‘ntml herve { Fnergy level position at }()(IOK

Moasurement! Investigated{Corrected Corrected oV (sce col.3 for asauming both levels fixed to
for here AE) Ee (34

Hall effect (tcA- EA)on - Nc 261 0.56 0.53 F.C - I“A = 0,53

Hall effect (}IA - Ev)on - Nv 261 ) 0.66 0.62 EC - EA « 0,53

Colling Hall effect (}‘.D - F.v)a’l‘m - Nv 209 0.37 0.34 EC - }'D = 0.84

(1957) s . .

Resistivity (hc - l:A)oTm - Nc' vy 233 0.54 0.56 FC - EA = (.56
Resistivity (b.A - Ev)on - Nv' up 250 0.59% 0.61 EC - EA = 0,58
Resistivity (ED - Ev)on - Nv' up 198 0.33 0.34 EC - ED = 0.85

- - 2 - - =
Hall effect (ED Ev)on Nv 202 0.3609 Ec ED 0.8293
Hall effect (ED - Ev)on N, - 221 0.3620 - EC - ED = 0.8310

Thurber Hall effect (hD - Ev)on Nv - 197 0.3613 - EC - ED = 0.8281

et als .

(1973) Hall effect (Ec Ev)on }sc 274 0.5373 - EC - EA = 0,5373
[Resistivity (ED - Ev)on - Nv'up 171 0.3469 0,3587 EC - ED = 0,8267
Resistivity (ED - F'v)on - Nv,up 184 0.3438 0.3565 Ec - ED = 0.8310
Resistivity (ED - Ev)on - Nv,up 171 0.3528 0.3646 Ec - ED = 00,8207

-2 : .
Sah et Emission (E, —E) T N,V T " for ¢ 263 0.5898 0.634 E_ - E, = 0.56
al. rates A vio'm v th c A

(1969) (EC - EA)GTm Nc, Vth - - 0.547 EC - ‘EA = 0,547

Tasch P

et al. f::z:ss.mn ¢ EA)on Nc, th - - 0.5455 - Ec - EA = (,5455

(1970) g =T

Engstrom | Emission {E EDNT N,V - 247 0.533 - E -E, = 0.553

et al. rates ¢ Aom ¢ th < A

(197%) o = 1°

- - 5 - - =
(EA Ev)on Nv, vth 43 0.641 Ec EA 0.555
- T—?.O
(E ~EDT N,V - 329 0.49 - E - E, = 0.49

Parrillo | Emission ¢ Ao'm ¢’ th © 4

et al. rates - 70

(1972) ®

(EA - Ev)on Nv’ Vth - 332 0.72 - Ec B - 0.488
G = T-A.O
Pals Capture (B -EJ)T IN,V - - 0.56 - E ~-E, = 0,56
(1974) | rates ¢ Alorm e’ th ¢ A
Table 4.3.
Re-analysis of Energy Level Measurements
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The small temperature dependences of mg or mg {the electron and hole

effective masses) were ignored (Barber, 1967).

Resistivity measurements were corrected for the temperature
dependence of the density of states and also for the temperature
dependence of mobility (see equatiom 4.21). Smith (1964) gives values
for the temperature dependences of electron and hole conductivity
mobilities of T_Z'B and T—2'3 respectively. The overall temperature
dependences used for resistivity measurements (r in equation 4.284) were

T—I.O and T"O.S in n-type and p-type silicon respectively-

Emission probability measurements were corrected for the T”B/Z
temperature dependence of the density of states and the TI/Z
temperature dependence of carrier thermal velocity (see section 4.53.2).
The temperature dependence of the cross section for electron capture at
the goidacceptor(vno) was taken as T° (Bemski, 1958; Engstrom and
Grimmeiss, 1974 and others) and for hole capture at the gold acceptor
(o ) was taken as T-Z’O. This latter value is due to Engstrom and
Grimmeiss, 1974. The previously accepted value of T‘é due to Bemski (1958)
was also tried but, as will be shown, the results obtained suggest that
T“Z'O is probably correct. The value given by Bemski for the temperature
&ependence of the capture cross section for holes at the gold donor of
T~2'5 was also used but not with any great confidence in the light of

Engstrom et al's., disagreement with Bemski's other result.

Where results are given of both (EC - EA)O Tm and (EA - Ev)oim

for the gold acceptor, provided the value of Tm is roughly the same for
both measurements, the sum of the two results should equal the linearly
extrapolated band gap from Tm to absolute zero, Ego(Tm) - gee figure 4.8,

If this result is indeed obtained, it is a fairly good indicator to the
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Author o EgO(Tm) Sum of linearly extrapolated energy- levels eV
Collins et al. 261 1.99 (E E) T +(, -E) T =1.22
(1957) Ao "m A vio m
— _ -2
Sah et al. 263 1.2 (EC EA)O Tm‘+ (EA Ev)o Tm = 1.181 for Gp a T
(1969) -
=1.23 for o o T
P
' _ -2
Tasch et al. 239 1.1%6 (EC EA)O Tm + (EA - EV)o Tm = 1,174 for Op a T
(1970) -4
=1.22 foroc o T
p
. B -2
Engstrom 245 1.197 (£ EA)O Tm + (EA Ev)o Tm = 1,194 for opa T
et al.
(1975)
Parrillo et al.| 330 1.21 (E -E) T +# (@€, -E) T =1.21 for oo T *
d Ao "m A vio m p
(1972) -2
= 1.153 for opa T
Table 4.4 Extrapolated absolute zero energy level values which

should add up to Ego (Tm)




accuracy of the individual values of (Ec - EA)O Tm and

(EA - Ev)o Tm’

E - E T + (B, -LF ) T = ( -E = L eee LG54
(“c PA)o lm (EA "vo rm <rc I‘v)o Tm Igo(Tm) A5

Tabple 4.4 1lists the results for which this should occur. The

&

values for <EA - E) Tm were recalculated from the results of Sah et al.,

“v’o
(1969) and Tasch et al., (1970) using both of the proposed temperature
. -2.0 . . A0
dependences for Op s viz,, T {(Engstrom and Grimmeiss) and T

{Bemski). Clearly if it is assumed that the measurements are accurate
-2.0 _. . . ; . . .
the value of T gives a sum which is closer to the expected value 1in

both cases.

In Engstrom and Grimmeiss's own paper, they contrast the values
obtained from equation 4.54 when applied to the results of previous
authors. Consequently Sah et al's., and Tasch et al's., results apparently
fail to satisfy equation 4.54 and disagree markedly with those of Engstrom
and Grimmeiss. Had Engstrom and Grimmeiss first noted that the other
results had not been corrected for the temperature dependence of the hole
capture cross section, O_ , and then corrected for it with their own

2.0 7,
s the agreement would, as shown here, have been

proposed value of T
better than they indicated, (the sums for Sah et al's., uncorrected data

was 1.136 eV and for Tasch et al's., was 1.133 eV).

The results obtained by Parrillo and Johnson are also shown in
5 . ) s b0
tables 4.3 and 4.4. With a temperature dependence cf T for Up s
the result for equation 4.54 with their values is close to the expected
E (T ), however the individual values of (E - E ) T and
go c Ao m
(EA - E )O Tm are quite different from other reported values. When the
v

o

temperature dependence of 9% proposed by Engstrom and Grimmeiss is used in a
reanalysis of Parrillo and Johnson's data, the value obtained for

E (T ) is incorrect.
go m
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4,54,  Summary and Conclusion

A thorough reconsideration and, where appropriate, reanalysis
of the large number of reported measurements of the gold deep level
positions and their temperature dependences has been carried out. The
generally accepted values of EC - EA = 0,54 eV and ED - EV = (0,35 eV

at all temperatures have been shown to be very approximate only.

The results indicate that the gold deep acceptor energy level
remaine a constant distance from the conduction band edge as temperature
varies. The value of E, - E, =0.553 eV given by Engstrom and Grimmeissg
is probably the most religble. The evidence points to the gold donor
energy level also remaining a fixed distance from the conduction band edge
as temperature varies, with Ec - Ey = 0.84 + 0.05 eV, At 0%k this
gives a value of EB - Ev = 0.33 eV and at 300°K it gives a value of
0.284 eV which is very different from the previously accepted value of

0.35 ev,

These deep energy levels due to gold are plotted as a function of
temperature between 0°K and 300%K in figure 4.15 using values of Eg(T)

taken from Bludau et al., (1974).

4,6 Degeneracies of Gold Energy Levels in Silicom

The concepts of degeneracy and degeneracy factors which were
introduced and defined in section 4.2 may be extended to impurities, such
as gold, which introduce more than one energy level into the silicon energy
band gap. There is a degeneracy factor ga associated with the gold acceptor

level and a degeneracy factor &p associated with the gold donor level.

Several different sets of degeneracy factors for the deep
gold energy levels have been suggested inm the literature. Some of these
reported values arise from occupancy probability considerations and others

from experimental evidence.
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4.61  Degeneracy Values Reported in the Literature

Bullis (1966) and Bullis and Strieter (1968) discuss two modelg
for gold in silicon and derive two different sets of degeneracy factors.
There are some inconsistencies between the two models and between the
two papers, which have given rise to confusion in many subsequent works.

The twc models proposed are:

i) Gold is monovalent in silicon. In the neutral state
a substitutional gold atom, which would normally take
part in four covalent bonds with the nearest neighbour
silicon atoms, has only one valence electron. Loss of
this electron results in a positive gold ion (ionized
donor) and capture of another electron results in a

negative gold ion (ionized acceptor).

ii) Gold is trivalent in silicon. In the neutral state, a
substitutional gold atom has three valence electrons
taking part in covalent bonds with silicon atoms. Loss
of an electron and capture of an electron once again

constitute donor and acceptor behaviour respectively.

A simple count of the number of ways that the electrons may
distribute themselves amongst the available states for these models
should give rise to the degeneracies of each charge state, and hence
the degeneracy factors gA and gpe Bullis obtains degeneracy factors
of gA = 2 and &y = %-for the trivalent model. These arise, by
considering that an electron of either spin may leave to form a
positive gold ion but that the captured electron forming a negative
gold ion must be of the correct spin, in much the same way as simple
donors and acceptors were considered in section 4.2. This consideration
does not satisfy the definitions of degeneracy and degeneracy factor

given in section 4.2. The ratios of the number of ways of
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distributing electrons in the various empty and filled conditions
should have been obtained, (see section 4.,62). TFor the monovalent
model however Bullis does count up the number of ways of distributing
electrons amongst the various available states and obtains degeneracy

factors of -2 =2 ]
By 3 and gD =7 These latter degeneracy factors were

used almost exclusively in subsequent publicationsuntil Bruckner (1971)
broposed a value of &y = %E end Brown et al., {(1.975) used degeneracy

factors obtained correctly for the trivalent mode.. Brown et al's.,
values of gy = 4 and gB = 3/2 will be derived in section 4.62. The
inconsistency between the Bullis 1966 paper and the Bullis and Streiter
1968 paper is that from precisely the same considerations in each, the
former gives values of gy = 2 §nd 2/3 for the two gold valency models

. . . 3 . . .
whereas the latter gives gy = %-ana 7 This reciprocation of the

original values does not agree with the definition of degemeracy factor
given in section 4.2 and is iliustrativé of the confusion that has arisen
in the past. The reciprocated values are found in a number of other
papers, notably Boltaks et al., (1960) and Parrilic and Johason (1972)

in which it is never quite clear which number (gA or g;§ ig being used

for the degeneracy factor,

The experimental values which have been reported for degeneracy
factors all arise from measurements of gold energy levels described in
section 4.53. These values, which are summarized in table 4.5, were
obtained by substituting the expérimentai values of enargy level
positions back into the expressions describing the measured quantity
(see equations 4.16, 4.18 and 4.19.) and using the degeneracy factor as
an adjustable parameter. Since in all of these cases, except Engstrom
and Grimmeiss (1975), the energy levels were incorrectly interpreted and
no allowance was made for their temperature dependences, the value of
degeneracy factor obtained includes not only the true degeneracy factor

 but also all of the temperature dependences and errors (see equation 4.10).

4,62 Degeneracies of the Gold Energy Levels from Theoretical

Considerations

The degeneracies of each charge state may be obtained for the two

models of substitutional gold bonding in silicon which have been mentioned
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Table 4.5. Gold degeneracy factors suggested in the literature.

Ly

% = 2 - 2
Bullis (1966) : gy = 2, gp = i or gy = /3, gy =
Sah et al. (1969) : 8y = 11.5 or g, = 22.6.
Sah et al. (1969) : from data of Fairfield and Gokhale (1965) gy = 51. |

_Bruckner (1971) = 16,

&p
Parrillo and Johnson (1972) : 8y = 3/2.

Thurber et al. (1973) : gp = 16 or gy = 8.

Engstrom et al. (1973): gy = 3.2,

MONOVALENT TRIVALENT
excluding including excluding including
split-off split—off split-off split~off
hand band band band

Ba &p Ea & Ea &p & %p
2 1 4 3 4 3 6 5
/3 /4 /3 /4 /2 /2

Table 4.6. Degeneracy factors for gold levels

derived in this section



{monovalent and trivalent). If gx, g and g+ are the numbers of ways
that electrons may be described in the meutral, negative and positive
charge states respectively; the degeneracy factor for the gold acceptor
is By = gx/g_ (ratio of no., ways empty to no., ways filled) and the
degeneracy factor for the gold domor is gp = g+/gx (again the ratio of

no., ways empty to no., ways filled).

In obtaining the three degeneracies, the way in which electrons

are distributed amongst the available valence band states must be

considered.

In a perfect silicon lattice, each silicon atom is covalently
bonded to four nearest neighbour silicon atoms. Each band comprises two
electrons of opposite spins which are shared between the two atoms
concernad. A given atom, therefore, has eight electrons participating
in the covalent bonds around it, four of which it has contributed itself
and four of which are contributed, one from each, by the surrounding
silicon atoms. A substitutional impurity replacing a silicon atom in
the lattice is generally considered to participate in this tetrahedral
bonding. The number of electrons provided to the bonds by the impurity
atom depends, at any instant, on its valency and charge state. For example,
a monovalent substitutional impurity will, in its neutral state, contribute
one electron to the covalent bonds, it may gain up to three more
electrons (acceptor action) or lose the one electron (domor action).
Thus the monovalent impurity may be either singly donor ionized or
singly acceptor ionized, doubly acceptor ionized or triply acceptor
ionized. A similar consideration may be given to substitutional
impurities with different valencies. The possibility of being more
than singly ionized does not necessary imply that this state of affairs
will occur. In the case of a group III shallow acceptor impurity, the
single acceptor action is observed but the multi-charge donor action
is not since a very large amount of energy would be needed to brezk
the other bonds. Some deep level impurities however, do indeed

offer more than one charge state, gold in silicon offers two
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(positive and negative) and in germanium it offers four (single donor,
single acceptor, double acceptor and triple acceptor). Clearly the
arrangement of the electrons around the deep multi-level impurities is
such that the energy required to break the bonds falls within the

silicon energy band gap, (see section 4.63).

In order to predict the degeneracies of the various charge
conditions of the substitutional impurity, the way in which the bonding
and valence electrons are distributed amongst the silicon energy bands
must be considered. Band structures of semiconductors have been the
subject of many theoretical studies and silicon has received much attention
with the result that the form of its energy bands is well known,

{(Phillips, 1973; Cohen et al., 1966; Kane, 1956, and many others).

A unit (primitive) cell of the silicon lattice contains eight
valence electrons {4 covalent bonds) unless thermal excitation has removed
one or more of them to the conduction band. In order to accommodate these
électrans there are four valence bands which may each be occupied by two
electrous of opposing spins, i.e. each band is doubly degenerate. There
are two bands coincident at k = O with the highest energy. The next
lowest band is split off from these by spin orbit coupling (Phillips, 1973,
page 111) and lies below them by about 0.035 eV (McKelvey, 1966, page 299).

The last band lies considerably lower in energy.

Teitler and Wallis (1960) presented a model for the occupancy of the
valence bands in germanium. This model was used by Shtivel’man (1974)
to calculate the degeneracies of the charge states of gold in germanium
and extended by Brown (1976) to calculate the degeneracies of the charge
states of trivalent gold in silicon. Brown used the Teitler and Wallis
scheme because the valence bands of silicon are qualitatively similar to

those of germanium. This model will be comsidered in a little more detail

here.

The Teitler and Wallis model proposes that the substitutional

impurity be imagined as a box which may contain as many as eight electrons
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or as few as four depending on the valency and charge state of the
impurity. It is assumed that the eight possible electrons are split up
between the four bands. Two electrons paired ir some sense are described

in terms of the lowest band and are at the lowest energy of the eight
electrons, Two electrons paired in some sense sre described in terms of the
next highest (split-off) band and are at a somewhat higher energy. There
may be as many as four electrons or as few as nc electrons described in
terms of the two highest energy valence bands. Since these two highest
bands are coincident and are degenerate at k = O, it is assumed that all of
the electrons present at these levels have the same energy. If the

impurity in the box is a substitutional gold atom and it is monovalent,

the number of electrons in the two highest bands when the gold atom is
neutral will be one. When the gold atom is in the negative (ionized
acceptor) charge state there will be two electrons and in the positive
(ionized domor) charge state there will be mone. If the gold atom is
trivalent, there will be three electrons present in the two highest

bands for the neutral state, four for the negative state and two for the
positive state. The degeneracies of the charge states may be obtained

from the number of ways of distributing the electrons between the two

bands thus:

i)  Monovalent substitutional gold:

The number of electrons in the two highest bands are

represented schematically in figure 4.16:

FIG 4.16
(::) Aux, neutral, degeneracy gx.
(::)“' Au , negative, degeneracy g .
+ ‘s +
(::) Au', positive, degeneracy g .
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These electrons are distributed amongst four possible states
{2 bands each with 2 spins). The number of ways of distributing one

electron amongst the four states (the degemeracy of the neutral state)

ige

¥
x 4 = 4 ve. 4.55

since the number of ways of distributing n indistinguishable objects

amongst r receptacles is given by:

? ,
Z- ... 4.56

! (n - 1)1

Similarly, the degeneracies of the negative and positive charge

states are:

- il 4.5

& =~ wa-nr - ° e 827
and,

+ 4t -

g - O. (4 _0)3 = 1 P 4-58

The degeneracy factors for the two gold levels are obtained from

the original definition (section 4.2). For the gold acceptor level:

x 2
g, = &= = = = = ve. 4.59
g 3
and for the gold donor level:
+ L :
g, = & = = oo 460
g* 4

ii) Trivalent substitutional gold:

The number of electrons in the two highest bands are

represented in figure 4.17%
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ETG &.17

RS X
<::> Aux, neutral, degeneracy g .

“‘(::)"‘ Au—, negative, degeneracy g—.

+ .. +
“‘(::) Au , positive, degeneracy g .

The degeneracies arising from the distribution of these electrons

amongst the four states in the highest two bands are:

x 4% _

g - 31 <4 — 3):‘ = 4 ¢« 66 4.61

- 41 _

g = 45 (Z{- - 4): = 1 o6 4-62

4%

g+ = 23 (4 — 2)2 = 6 ® o 4.63
which give rise to the degeneracy fdctors:

gy = 4 ceo 4,64
and - 2 4.65

gD 2 ¢ 6@ “

The former set of degeneracy factors (gA = %3 gy = %0 is that

proposed by Bullis for monovalent substitutional gold in silicon and the latter
sat is the correct version used by Brown et al., for trivalent gold in

silicon (gy = 4 gy = %0.
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There has been no attempt in the literature to identify which
set of degeneracy factors are correct. O'Shaughnessy et al., (1974)
used a model of monovalent gold with its energy levels varying in
proportion to the silicon energy band gap with temperature to explain
measurements of the enhanced solubility of gold in heavily doped n—type
silicon. Brown et al., (1975) used a model of trivalent gold with its
energy levels both a constant distance from the conduction band edge as
temperature varies to explain measurements of the enhanced solubility of
gold in heavily doped p-type silicon. In this work (chapter 6) it will
be shown that under the conditions of the two experiments (temperature,
dopant concentrations etec.) neither model is distinguishable from the other.
In chapter 7, calculations of resistivity in gold doped silicon at 300°K,
using the corrected energy levels derived inm section 4.53, various sets of
values for g and gp and each of the gold energy level temperature variation
models, are presented. light differences between the two models
mentioned above are shown by these calculations. The results tend to
support the trivalent gold model {(Brown et al.,) if the gold energy levels
are fixed to the conduction band edge as temperature varies. This result
is further supported by the conclusions drawn by Engstrom and Grimmeiss
(1974) and Wong and Penchina (1975) that both gold energy levels do remain

a constant distance from the conduction band edge for low temperatures

(< 300°K).

In addition to the two degeneracy models cescribed above, a third
model, proposed here, must be considered. The degeneracy factors already
derived from the Teitler and Wallis model are obtzined by distributing the
electrons which take part in the electrical behaviour of the substitutional
gold atom between the two highest energy valence bands. The four electrons
occupying the other two valence bands are considered to be of sufficiently
low energies to preclude their interactioﬁ. The split-off band in
germanium is 0.28 eV below the two highest valence bands but in silicon it
is only 0.035 eV below. Compared with the ionization energies of the
gold levels relative to the two highest valence bands (=0.35 eV and
=20.58 eV), the spin orbit splitting in silicon is very small and it is

conceivable that the split-off band is involved in the ionization behaviour
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of the gold atoms. If this is the case, the distribution of the

electrons will be different. Once again there will be two electrons in

the lowest valence band but now there may be as many as six or as few as
two electrons distributed between the split—off and the two highest

valence bands. For monovalent gold in silicon the degeneracies obtained

if the split-off band has a probability of interaction (i.e. taking part

in the ionization processes) equal to that of the two highest bands

are: gx = 20 (3 electrons amongst 6 states), g* = 15 (4 electrons amongst
6 states) and g+ = 15 (2 electrons amongst 6 states). The resultant
degeneracy factors are By = %- and &y = 3/4. For trivglent gold in

silicon the same conditions result in 8y = 6 and gy = 5. The real
situation, if the split—off band does indeed contribute to the degeneracies
of the levels, would probably be even more complex as it is unlikely

that the split—-off band has a probability of interaction which is equal

to that of the higher bands since it is slightly lower in energy. The
examples above, however, do show that the possible interaction of the
split-off band does modify the degeneracies considerably. If the split-—
off band is assigned some lower probability for interaction during ionization
processes; degeneracy factors between those given immediately above and

those obtained by ignoring the split-off band will be obtained.

Table 4.6 summarizes the degeneracy factors derived and discussed
in this section. The degeneracy factors which include an effect due to
the split—off band have not been considered before but will be compared
with other reported values in the calculations presented in chapter 7,
where it is shown that the trivalent model including the split-off band
coupled with the gold energy levels fixed to the conduction band edge
gives much better results than the monovalent model including the split-
off band. It is not possible, however, to distinguish the trivalent

degeneracies including the split-off band from those which exclude it.

Whether gold is monovalent or trivalent in silicon is open to
some discussion and has not received a great deal of attention in the
literature. From the basic arrangement of electrons around the gold atom,
one might expect it to be monovalent since the outermost electron shell

(the P-shell) contains one 6s electron only. The remaining unsatisfied
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bonds after single acceptor iomization lead onme ©o question why there
are not more charge states apparent by analogy with gold in germanium
which may be singly, doubly or triply acceptor ionised (Sze and Irvin,
1968). The monovalent bonding arrangement (figure 4.16) would certainly
seem to lend itself to such behaviour. The trivalent bonding arrange-
ment seems a little more consistent from this point of view, (although
one could ask, in this case, why there are not more donor iconized states!).
Consideration of how this bonding arrangement arises — if there 1s only
one outer electron on the gold atom - tends to support the trivalent
model. Haldane and Anderson (1976) modelled the multiple charge states
which arise from transition metal impurities in semiconductors. They
show that in order to give rise to closely spaced energy levels with
different charge states, all of the electrons must occupy the same

sub-shell of the metal atom - if not, the closeness of the ionization
energies of for example the gold levels cannot be easily explained. 1In
order for this to occur, the bonding arrangement is suggested to involve
hybridization of the orbitals. This could occur for gold.if, as -
suggested by Haldane et al., the bonding electrons which are derived
from the d sub-shell of the O-shell, are promoted to form 's-p' hybrid
orbitals. The occupation of the d-states varies as electrons are
accepted or donated. This model could give rise to trivalent gold in
silicon, but it must be stressed that this is speculative as no

satisfactory theory has yet been published.

The strength of the model, as used here, lies in its ability
to predict the solubility and conductivity properties of gold in silicon
when coupled with the gold energy level temperature variations measured

by Engstrom et al, (1974) and Newman (1954).
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5. GENERATION-RECOMBINATION PROPERTIES OF GOLD IN SILICON

A detailed discussion of this topic is outside the intended scope
of this thesis, however a brief review of the available literature is
given below since the prime use of gold as a minority carrier lifetime
killer is dependent on an understanding of the parameters of recombination
processes at the gold energy levels. The basic Shockley-Read-Hall processes
which are assumed to govern the behaviour of generation—recembination

centres are described in chapter 4 and appendix L.

Gold acts as an efficient recombination centre in both n-type and
prtype silicon due to its ability to behave as a deep donor or deep
acceptor in silicon. When minority carrier lifetime killing is desired,
gold is generally added in smaller quantities than the shallow level
dopant concentration (otherwise the material would be compensated -
see chapter 7). In n-type silicon, with the shallow donor concentration
Nd considerably greater than the gold concentration NAu’ the Fermi~level
will be close to the shallow levels and in equilibrium the gold atoms
will be predominantly ionised as acceptors and therefore be hegatively
charged. This negatively charged centre has a large capture cross-section
for minority carrier holes and, if they are present in excess, will capture
them readily. As soon as the gold centre has trapped a minority carrier
hole and become neutral, an electron drops from the conduction band to
reionise it (for n—-type material with NdisNAu and low level injection of
holes, the electron concentration, n, is high and this latter process
will be extremely rapid - see appendix D equation D1). In this way
recombination of the excess minority carrier holes occurs. The process
in p-type material, where the shallow acceptor concentration Néﬁ>Nﬁn, is
similar. The gold levels are predominantly ionised as donors in equilibrium

and present a large capture cross section for minority carrier electroms.

The parameter of interest to the device designer is the minority
carrier lifetime ¥. This is a measure of the mean time between generation
and recombination of a minority carrier (Grove, 1967, p 120 £f£). 1In cases
involving recombination of injected excess minori:y carriers (for low
level injection) the net recombination rate per unit volume is given by

a simple relationship which states that it is proportional to the excess
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minority carrier concentration. The lifetime ¥, is related to the capture
process by ;
T = 1 5.1

I vth Nt

for electrons in p-type silicon, and

T = ....——-—1.__.... 5.2

for heles in n—type silicon. g, and Gp are the capture cross—sections of
the recombination centre for electrons and holes respectively, Vtﬁ is the
thermal velocity of the carriers (see appendix D} and Nt is the density
of recombination centres. For the case considered here, Nt is equal to
the density of gold acceptors in n—-type silicon end the density of gold
donors in p—-type silicon. 1In ofder to be able to predict the minority
carrier lifetime in a given sample, the capture cross section and the
recombination centre density mneed to be known. The thermal velocity,

vth =  3kT/m, where m is the carrier effective mass.

Measurements of minority carrier lifetime in gold doped structures
have been carried out by many authors. Few, however, have attewpted
to relate them to the basic parameter of the capture process, viz. the
capture cross section o. (The four possible capture cross sections for
gold in silicon have been described in chapter 4). The main problem
arising from trying to establish the relationship between T and 0 is the
measurement of the recombination centre density in the region in which

the phenomena are taking place.

5.1 Measurements of capture cross sections

Values of the capture cross sections of the gold levels were obtained
by Bemski (1958) from measurements of the lifetimz of excess minority
carriers in p-type and n—type gold doped silicon. Measurements were
carried out over a range of temperatures to yield data for the temperature
dependences of the capture cross sections for electrons and holes at the
gold acceptor and of electrons at the gold domor. Bemski's data, which

related 7t to o by equations 5.1 and 5.2, must be treated with caution
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for two reasons. The first concerns the measurement of gold recombination
centre densities, These were obtained by measuring the change in
conductivity of uniformly doped n-type and p~type silicon doped with gold
from the melt. The measurements of 1 , however, were carried dut in éiade
‘junction regions the fabrication of which could have had a dramatic effect
on the gold distribution (see chapters 6 and 8) making inference of 0 very
dubious. It is also curious that Bemski reports a very close correlation
between the gold concentration measured by the conductivity change with
that measured by neutron activation. Many authors (e.g. Thurber et al,
1973) have noted consistent differences between total and electrically
active gold concentrations. The second reason for suspecting the accuracy
of Bemski's results is due to the fact that many of the measurements were
made under conditions of high level injection of carriers. Under such
conditions capture processes via both gold levels may occur rather than,
as assumed, ounly via the gold level which would have been operative under

low level injection conditions. Bemski's results, at 300K, are as

follows:
Hole capture cross section at the gold accepter = 1 x 10“15 cmz,
temperature dependence : T-zée
Electron capture cross section at the gold acceptor =5 x 10_16 cmz,
temperature independent.
Electron capture cross gection at the gold donor = 3,5 x 10~15cm2,

temperature dependence : ‘I'-Z'S'
Hole capture cross section at the gold donor }'10_16cm2‘n0

temperature dependence measured.

Davis (1959) measured lifetimes in gold doped silicon at 77°K; these
results are not particularly applicsble to temperazures of interest and did

not agree at all well with values measured by other authors.

Fairfield and Gokhale (1965) measured the four capture probabilities

(= ox vth) by the photoconductivity decay method and the diode reverse

recovery method. The former method gave rise to lifetimes obtained under

low-level conditions which were related to the capture probabilities
through equations 5.1 and 5.2. Gold recombination centre densities were
measured by the change in conductivity, radiotracer experiments and by
The

neutron activation;; caution must be exercised with the results.
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samples were prepared by diffusing gold into single crystals of silicon

so large discrepancies in gold concentration‘(&ne to other dopants)

are not expected and these results are certainly more relisble than

those of Bemski. The diode recovery measurements were obtained on p%n

alloyed diodes fabricated on n-type gold doped silicon. Measured minority
carrier lifetimes are plotted as a function of gold concentration although

it is not stated whether the gold concentrations, which were obtained

by diffusion, were corrected for the probable occurrence of the surface
"tip~up' in the gold concentration profiles (see chapter 3). TFairfield

and Gokhale's data, multiplied by a carrier thermal velocity of AJIO7 atoms/sec

at 300°K yields the following results:

Hole capture cross section at the gold acceptor = 1,15 x 10“1&cm2
Electron capture cross section at the pld acceptor = 1.65 x Iﬁﬁiacmz
Electron capture cross section at the gold donor = 6.3 % iﬁ“zscmz
Hole capture cross section at the gold donor = 2.4 x 10-15cm2

Considering all of the possible sources of errors, it is surprising
perhaps that, with the exception of hole capture cross section at the
gold acceptor, those values agree so well with thouse of Bemski. These

data are probably more reliable.

More recent publications have reported capture cross sections obtained
from measurements of the capture and emission rates of the gold levels.
The basiz of the emission techniques is described in appendix F and
equations 4.50 and 4.51, however the inference of capture cross sections

and their temperature dependences requires gome comment.

Equations 4.50 and 4.51 relate the capture cross section to the

emission rates directly. One of these equations (4.51) is repeated

below for ease of reference :

e, - E, |
=g 1 c_ V., B e Y Al
® "B %p Ven v &P TTRT
T Ey - Eé_}
= . 5.3
AT exp o "
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As already described in chapter 4, the temperature dependences of
all of the factors im this equation must be known (given by the exponent r)
to obtain an activation energy for the gold acceptor level. In addition
the temperature dependence of EV - EA must be known in order to obtain 3@
at any temperature. If the temperature dependences of Gp and EA are known,

then a value of cp may be calculated if g4 is also known.

Engstrom and Grimmeiss (1975) considered the temperature dependence
of the hole capture cross section at the gold acceptor level (the electron
capture cross section being assumed to be temperature independent - see
4.53.2). Using equation 5.2, the Einstein relationship (Grove, 1967, pll3)

-,

and the expression for hole diffusion length ip = ‘fb , the hole capture

T
P P
cross section was expressed as :
kKT ¢
0" = -——-————-——2——— So&
P ‘ 2
qvth Nt Lp
The mobility of holes @? is caused by two scattering mechanisms,

lattice scattering e and ionised impurity scattering, Moo such that

1 L 55

Using recently reported values of np @8 a function of temperature and
¢caleulated values of He {see section 7.3.2), Engstrom et al. obtained the
temperature variation of y_ in the range 150 - 250°K. Measurements of hole
diffusion length as a function of temperature were made to give the final

result (from equation 5.4) that :

¢ = CT
P

& @ & & & “4‘
where C is a constant. This disagrees with Bemski's value of T

The hole capture cross section was then measured from equation 5.4 using
a value for the gold acceptor concentration Nt. It was not stated how this
concentration was measured. The value obtained for the capture cross section
for holes at the gold acceptor was 1 x 30“1 cmz {assuming VthA’i0~7 cm/s)
at 300°K, which is very close to the value obtained by Fairfield and Gokhale
(1965). Subsitutiom of this value in the emission rate equation (equation
5.3) yieldsd a value for the gold acceptor level degeneracy (assuming that

Ec - EA was constant as temperature varied) of 8y = 3.2 ; this is close to
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the trivalent bonding model value of 8y = 4, The value of g,was used

to calculate an electron capture cross section of the gold acceptor level
of 2 x 10—15 cmz. This value does not agree well with that of Fairfield
et 314{1965}, however the uncertainties in the measurements of gold

acceptor concentrations may well explain the differences.

Pals (1974) measured capture rates of electrons at the gold acceptor
level and of holes at the gold donor level, both of which are expected
to be temperature independent. The capture cross sections obtained were

-16 -15
1.3 x 10 fo

holes at the gold donor level. These values agree well with those of

for electrons at the gold acceptar level and 1.6 x 10 r

Fairfield and Gokhale.

5.2 Cencluding Comments

Although there is consensus within an order of magnitude for the
gold level capture cross sections, many uncertainties suggest that further
measurements would be valuable. Recently developed techniques (Herman,
and Sgh, 1972 ; Sah, 1976 ; Brotherton, 1976 and Pals, 1974) should
allow measuvements of the gold 'trap' density and the emission rates of
electrons and holes to be obtained with much greater sccuracy. The
trap density {gold donor or gold acceptor) is obtainable by comparing
gold-doped with non gold-doped control samples using the method of
Herman et al.; the gold doped samples can then be used foremission rate
measurenments. The technique described by Brotherton allows the gold
concentration to be obtained without the need for a control sample thereby
eliminating possible errors. A combination of this measurement and an
emission rate measurement, such as that described by Pals (1974) should
enable the capture cross sections of majority carriers to be obtained
(i.e, electrons at the gold acceptor in n—~type material and holes at the
gold donor in p-type material) although ome of the techniques described

by Sah et al,{1970) would have to be employed to obtain minority carrier

capture cross sectioms ; this latter parameter being the most important

. for low level injection conditions.



6. THE SOLUBILITY AND GETTERING OF CGOLD IN SILICON

6.1 Introduction

The solubility and gettering behaviour of gold in doped silicon are
closely related phenomena. Heavily doped and crystalographically disordered
areas of a silicon sample may have a dramatic effect on the local solubility
limit of gold. This “solubility effect™ and the gettering of gold into

such ereas may be explained by similar mechanisms.

In the literature, it has been reported that the solubility limit of
gold at a given temperature is very much higher in heavily doped n-type
silicen than in lightly doped or intrinsic silicon, (Cagnina, 1969;
0'Shaughnessy et al., 1974; Chou et al, 1975; see 6.3). Dorward and
Kirkaldy (1969) demonstrated that the gold solubility in heavily boron
doped silicon was actually lower than in intrinsic silicon; however,
recent experiments carried ocut by M. Brown (1976) and reported by Brown
et al., (1975) show a small gold solubility enhancement in silicon doped
with 9 x 1019 atoms/cc. of boron. Precipitation of gold has been observed
by Seidel , Meek and Cullis (1975), in regions of silicon which have been
crystalographically damaged by ion-implantation. Measurements of the
gettering effects of heavily phosphorous doped and ion-implanted regions
of silicon wafers have also been extensively reported, (Lambert and
Reese, 1968; Nakamura et al., 1968; Meek et al, 1975; Seidel et al, 1975;
Sigmon et al, 1976; Murarka, 1976; - see.6.5). '

In this chapter, the mechanisms which are belisved to cause the enhanced
solubility of gold in silicon, and their relationship to the gettering
effect, will be discussed. Both experimental and theoretical results
which are described in the literature will be reassessed since, in many
cases, errors and approximations have led to erroneous conclusioms.

A new model to elucidate the nature of the phosphorous gettering process

is proposed in section 6.5.

6.2 Solubility enhancement through interaction of gold and other dopants

The equilibrium solubility of one species in another is generally
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constrained by comsiderations of atomic size ratios, valency differences
and crystal structures of the species (Van Vliack, ‘1970, pp 149-160).

In a semiconductor, there are additional constraints due to the presence
of other dopants. The effects which are to be considered here are the

so~called "fermi~level solubility enhancement' effect, the lon-pairing

effect and the formation of gold-impurity complexes. In addition some

consideration is given to non-equilibrium effects which probably contribute

to many of the results presented in the literature.

6.2.1 The fermi-level effect

The position of the Fermi-level in a silicon gsample may have a dramatic
effect on the equilibrium solubility of a charged species at a given
tempersture. This phenomenon has been treated in detall by Reiss et al,

(1956), Shockley and Moll (1960) and Hall and Racette (1964).

For substitutional gold atoms diffused to saturation in intrinsic
silicon at a given temperature, the total amount of gold will be made up
of neutral, positively ionized and negatively ionized atoms

TOT + e -

N = J
Nau Naw * Nau * Nyy 6.1

in equilibrium, the ratio of charged to neutral gold atoms, neglecting

degeneracy, is given by :

Ay Au

i

+ x - gE - E ng A}
N : N, ¢ N - ettt c 1 s i .
N NAu exp L T ) 1 ¢ exp {——Eﬁr~j 6.2

where EA and ED are the energy levels of the gold acceptor and donor levels
respectively and Ep is the position of the Fermi level. As shown in
chapter 4, consideration of impurity level spin degeneracy affects the

probability of occupancy of the various states such that equation 6.2

becomes :

r i r 7

+ - B - | - F
N, NX i N, = glex §§zl~fﬁif g e |£ i |
e * NAn C NAu B E®P \TRr ) &8 B €x g
L A L ¥
i T r 1
I E_ - E | ; E,. - E |

=g, ex | QKT S kT = | 6.4

| .j ggi_ .
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+ % - . . .
where g , g and g are the degeneracies of the varicus charge states

and &y and g, are the degeneracy factors defined in 4.2,

10T
The equilibrium gold concentration, NAU , becomes
+ - x | (B, - Eg | . (B, - Eg —Z?}
N .+ N + N = N g. exp| ——r— | + 1+ —exp |
Au Au Au Au D | T N T xT j

Neglecting effects due to the silicon surfaces, in saturation the
distribution of neutral atoms is uniform and in thermal equilibrium with
gold on the exterior of the crystal. This is so since in equilibrium there
is no driving force (such as a concentration gradient) on a neutral gold
atom which can cause it to move. If the position of the Fermi level
relative to the impurity energy levels varies for some reason (such as
the introduction of a heavily doped regian) the density of neutral gold,

N*  is unaffected ; however, in accordance with equation 6.4, the ratio

Au
of ionized gold to neutral gold changes since (ED - E?) and {EF - EA)

by

change. Hence, N;iT s given by equation 6.5 will change.

In intrinsic silicom at a given temperature let Ep = En; aggfthe
substitutional gold concentration at the solubility limit be N, 1.
Similarly, in extrinsic silicon at the same temperature, let E? = EFex
and the subsitutional gold concentration at the solubility limit be
NigT (ex). The total change in solubility, or the solubility "enhancement"”
due to the Fermi level shift from EFi to E. _ may be defined as the ratio:

10T (ex)

using equation 6.5 :

. z E_-E
TOT substitutlonal? . [ ( D Fex| 1 e
NAu (ex) _ lgold solubility  _ Nau L+ 8p &*P kT J A *P
TOT . B enhancement J B x rep - FFi7 . 1,
NA& (1) Nau [1 + g exp K—-E%~——-j 2, xp
- _ -‘g?
Eex Eﬁ§}
fp———t 6.6
. kT JJ
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The solubility enhancement can be calculated from this expression if
the positions of the gold energy levels and their degeneracies are
accurately known and if the values of EFi and EF>x’ at the diffusion

2

temperature, are also known.

A gimilar Fermi level solubility effect may occur for interstitial

gold atoms in the silicon lattice if they behave as a shallow donor impurity

{this possibility has been discussed in chapter 4). In this case, the
ionized interstitial donor concentration is : (from equation 4.3)
N‘TOT N‘TOT
+ 1ni int
. = ——— = 6.7
int 1+4& e Ey—= Ep § F
g ©*P L KT j
Now,
TOT *
N, N. . .
int - ing” Nlnt 6.8

X . . . . . . .
where Nint ig the fraction of neutral interstitial gold (unionized donors},

hence

6.9

The interstitial gold solubility enhancement in extrinsic (heavily

doped)} silicon is, therefore :

-1
: 3
. TOT . interstitial N = gi _—
N,7T {ex) I int F
-int . &old solubility  _ L ex | 6.10
TOT ., enhancement r -1 ’
N, (i) e 1?
int N, I - =
int rﬁ
L
where F is given by :
E. - E_. |
1 13 Di .
F=1+ = exp 1_._.__~_.*.J 6.11
8; L ¥ ]
If § is a shallow donor level close to the silicon conduction band

“pi
edge, the interstitial gold solubility enhancement may be considerable

in heavily doped p-type silicon because EFex igs close to the valence band

87



edge. This possibility has not been considered by Brown et al, (1975)
although it could be the dominant mechanism in their experiments on boron

doped silicon.

Obviocusly, the Fermi level solubility emhancement effect only occurs
if EFex moves appreciably from its intrinsic position, EFi’ at the
temperature of interest. At tempera tures of 100¢°C and above, the intrinsic
carrier concentration, n., is quite high ( >1018 carriers/ecc); any extrinsic
doping will have to be to a higher concentration than ng before the Fermi
level will move from the imtrinsic pasitioh. Thus at normal diffusion
téemperatures >900°¢C) solubility enhancement of gold would only be
expected in silicon which has been very heavily doped with a shallow level
species. Under such conditions, there are comsiderable difficulties in
evaluating equations 6.5 and 6.11. Not only are there uncertainties
in the positions of the deep gold emergy levels but there are also

complications in evaluating EFex' This problem is considered in detail

in section 6.4.

6.2.2 Ion-pairing of gold with other dopants in silicon

The ion-pairing phenomenon may occur when, at the diffusion temperature,
two impurities of opposite charge are attracted together by forces,
generally coulombic, so as to minimise the free energy of the system.

Once paired, the two ions are comsidered to take little further part in
diffusion processes since the ion-pair is much less mcbile than the

separate ionized atoms.

-

Reiss et al, (1956) consider ion—-pairing in terms of a reaction :

pt + AT — (DA) 6.12

e

= . . e . - . . e .
where D 1is an ionized donor, A 1is an ionized acceptor and DA is the

neutral ion-pair. Application of the law of mass—action for a fixed

“

number of ionized donors and accep®wrs to this reaction gives :

N, =K (T - N, - N 6.13
DA ( D ’qﬁﬁ—) ( A DA) Cseq,:ﬁu'ssdfa!.-)
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where K is the pairing constant, which is independent of the doping

concentrations but dependent on temperature,

To illustrate ¢he way in which the ion-pairiag effect leads to a
solubility enhancement the specific case of silicon, heavily doped with
shallow donors (e.g. phosphoﬁfs) will be considered. The expected
pairing reaction is between. negatively charged gold aeceptor
ions, N, 3 and positively charged shallow donor ions NE+' 1t has been
shown by'a number of authors, notably Cagnina {(1969) and O'Shaughnessy

et al, (1974), that at the goid solubility limit in extrinsic, n-type
ToT

silicon, Niu >> Ny despite the Fermi-level and ion—-pairing effects.
it follows that the number of ion-pairs, ﬁpairs’ is very much smaller
. o .
than the number of shallow donors: N_ ., << N_.. Similarly N_ ., << N
palirs D pairs D

since in this situation most or all of the shllow dopant atoms are

A 4 k] & + & L & o 3
ionized (sece sectiom 6.4). NB , in equation 6.13, is therefore unaffected
by the formation of ion-pairs. Consequently, the electron concentration,

n (which in this heavily doped example ig>> n;) is also unaffected and

the position of the Fermi-level, E?ex is not altered. The density of
ionized gold acceptors, N, is determined by the position of E and
au solution Fex

is therefore maintained at the value predicted byJequation 6.5. As

a result, the formation of ion-pairs increases the gold solubility

such that

TOT [+ X -

}\T { = N 4 '3 @
LR“ {ex) LNAH + NAu + NA;} + Npalrs 6.14

{I')eﬁsity determined ’»Density determined
by { + by

L Epex LY J jbequatlon 6.13 ]

The pairing reaction between substitutional gold ions and shaliow
donor ions may be described using equation 6.12 thus
- +
N . = 6.15
pairs KNAu‘ ND .

. PR . . . - ..
Since N_ >> N a given value of N; defines §§d {through fixing the
: At

D pairs’
electron concentration n and hence E } and therefore N_ . .
Fex pairs
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%z a given shallow donor density (ﬁg) the Fermi-level {EFex) may be

determined (see section 6.4) and the density Nﬁg inferred from equation 6.5 :

I 7
E - E, |
.~ X 1 Fex Al
Vo = Nawe LT i_ kT 6.16

X . s . - s
N&u , as explained in 6.2.1, depends on tempsrature nﬁf:?, at the
solubility limit, and is the same in intrinsic and in extrinsic silicon.

From equation 6.1, therefore

x _ (TOT

2\iAu T TAu

. . T e
@ =Ny, G =N @) 6.17

where (i) denotes the densities of the species in intrinsic silicon at

the temperature of interest.

Using the Shockley-Last relationship expressed in equation 6.2

(£ - 8. TE_, - E,]
N o WTOT gy o X . D__Fi| _ . x 1 |TFi A
Au Au Au &p ©FP | KT | As g, #P l. KT |
6.18
Substitution of 6.18 and 6.16 into 6.15 yields
r -
0T . + 1 Fpex ™ Ea
NAu {iy. K. i\éa Py exp |=w T
N . = _EA. e . 6.19
pairs Fre. = E,. . [E,. — E, |
1+g exp% D Fij 1 exp} i A
p Pl TRT | T g LT R

The enhanced solubility due to both the ion-pairing and Fermi-level

effects may be written from equation 6.14 :

- N . 1
NOT ey = N0 (1), (A(Equaticﬁ 6.6) + (—BELES ) 6.20
Au Au ! TOT .
L Ny, &
which, using equation 6.19, gives
[E - E,]
k. 80 L e | Fex |
NiiT {ex) f Dea L kT B
T = E(Equaticn 6.6y + QED - EF:% 1 fEFi - EA |
N 1 ' 1+ e ——l+ = ex |
o @ L &p P é W |ty TPLT T
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The magnitude of the ion-pairing effect is very dependent on the value
of K, the pairing constant between the two species in question. Evaluation

of K is considered in section 6.2.2.1.

In gold-doped silicon, enkanced solubility is generally cbserved oqb
in regions of very heavy shallow~level doping. For example, the very
small enhancement of gold solubility observed in p-type silicon by Brown
et al, (1975), was for a boron concentration of 3 x 1019 atomg/cec. In
phosphorous and arsenic doped silicon the enhaned solubility effects noted
by a number of authors were for shallow dopant concentrations in excess
of 101§ atoms/cc. At phosphorous concentrations greater than 5 x 1019
atoms/cc, the gold solubility enhancement becomes very large indeed -
much larger than predicted by the Fermi-level effect alome. It is to
explain results in this concentration range that the ion—-pairing reaction

has been employed.

Joshi and Dash (1966), Lambert and Reese (1968), Cagnina (1969) and
Chon and Gibbons (1975) have all used expressions derived from the Reiss
et al (1956) theory, to predict the magnitude of the ion-pairing effect
on gold in phosphorous or arsenic doped silicon. The results of Reiss et al,
are not directly applicable to the examples in question. Although the mass
action principle , whiéh was used in their paper, is certainly applicable,
the expression for the number of ion-pairs which was derived by Reiss et al.,
assumed that non—degenerate conditions prevailed in the semiconductor.
That is to say, the majority carrier concentration was considered to be
much smaller than the density of available states in the majority carrier
band, (n<<NC or p<<Nv}. This allowed certain well-known approximations
to be implicit in the equation for Npairg' In silicon, in the temperature
range of interest (900 - 130000), the density o¢f available quantum
states is about 5 x lolg/cc. 1f the doping level of phosphorous (which
is the most common example) is greater than this value, the silicon can
no longer be considered non—degenerate and the expressions obtained by
Reiss et al., do not apply. Since enhanced solubility of gold is
observeqj?% degenerate silicon, use of the Reiss et al., expressions by
the authors cited sbove is not strictly correct. Equation 6.19 was '

derived without making non—degenerate approximations. As long as K and
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EFex are known for the case in question, the number of ion—pairs may be
calculated. Unfortunately, EFex is influenced by a number of ill-understood
phenomena which occur at heavy doping levels ; however, calculations

which are certainly more realistic than those available in the literature

will be presented in section 6.4.

The Reiss et al. expression for n-type silicon doped with gold is
briefly derived below in order to illustrate the way in which Npairs is
affected by the non~degenerate assumptions. The law of mass action is

again used to describe the pairing reaction (see equation 6.15)

- +
Npairs = K [%Au (ex% ND 6.22

where NA;(ex) is the concentration of negatively charged gold ions
in extrinsic silicon. Under non-degenerate conditions the following

equations are applicable (Grove 1967 p.99 £f)
E - E..
Fex Fi
n =n, exp [:——-——-1-&—-———] 6.23
2
pn = n, 6.24

Under intrinsic conditions (EF = EFi)’ equation 6.5 gives :

E,. = E
b4 .y 1 ¥i A
NAu : NAu(l) = 1 : ZA° exp {:———iﬁ?—o} 6.25
and under extrinsic conditions (B, = E_ )
F Fex
E - E
X,y o7 . L Fex A
NAu : NAu (ex) 1: A exp [’ T 6.26
Thus _
gé&fiil = exp [EEEE;:_EE%J  6.27
N3 i) kT

Substituting for the right hand side of this equation from equation 6.23 :

N, .
N,© (ex) = [.ﬁﬂ;ﬁ&ilun 6.28

Au
n.
i
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Therefore the pairing reaction becomes :

+ - .
K ND { NAu (1% "
= 6.29

“pairs ny

Since ND>> NAu’ the condition of charge balance is :

n = ND+ +p 6.30
From equation 6.24
nz =a N +n 2 6.31
D i
and:
Ni; + \/(Ni;)z + fﬁmg
n o= 5 6.32

The number of ion-palrs may now be written :

+ -1 N; * /(N;}z * lmiz
N, = KN_. . IN iy . 6.33
pairs D Au L Zni j
This, or a similar expression, was used by Joshi and Dash (1966),
Lambert and Reese (1968), Cagnina (1969) and Chon and Gibbons {(1975).
Comparison of equations 6.33 and 6.19 indicate that, if non-degenerate
assumptions are incorrectly made, the number of ion—-pairs increases in
the manner :
+.2
N . .34
Npalrsa (ND ) 6
since Nﬁézb N;u (i). If the approximations are not made :
E - E
+ Fex A
. 6.35
x:“pa‘irs; o Npyo exp [ KT
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A comparison of the value of Npairs obtained by each of these methods

is given in section 6.4.

The possibility of ion-pairing between interstitial gold and
substitutional acceptors should also be comnsidered if interstitial gold
does indeed behave as a shallow donor at the diffusion temperature. In
the next section, however, it is shown that the ion-pairing constant, K,
for this case is likely to be very small. Consequently the Fermi-level
effect on interstitial gold donors in heavily doped p-type silicom is

expected to be the dominant reaction.

6.2.2,7 The ion=-pairing constant

The ion-pairing constant, X, in equation 6.13, has been considered
theoretically in two ways. In their initial formulation of the ion-pairing
effect, Reiss et al, (1956) modelled the pairing of ionized acceptor and
ionized donor atoms by considering the host lattice (in this case silicon)
to be a dielectric continuum, or fluid, in which the ions interacted
solely through coulombic forces. The pairing constant was derived by
evaluating the probability that a positive ion was situated within a
sphere of radius 'a' centred at a given negative ion, where ‘a' was the
nearest neighbour distance of atoms in the lattice. Although the model
seems to be a simple one, Wiley (1971) has pointed out that difficulties
arise in solving the integral equation which results from it. In addition,
ignoring the discrete nature of the host lattice means that a most
important quantity required for evaluating ion-pairing effects - the
concentration of nearest neighbour pairs in the lattice - is not included

in the model.

Wiley (1971), using an approach based on work by Lidiard (1954),
considers the way in which the interacting ions arrange themselves in order
to minimise the free energy of the system. The approach is much more
realistic and it will be used in a following section to calculate the
ion-pairing constant. Derivation of the expression for the pairing constant
is presented here for the case of gold acceptor -~ shallow donor pairs

since Wiley's consideration, which is for zinc-oxygen pairs in gallium
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phosphide, differs slightly.

A thermodynamic relationship for the free energy of the system is used

(the Gibbs Free Energy equation ) :
F=E-T18 6.36

where E is the internal energy of the system, F is the free energy available
for reactions, T is the temperature and S is the configurational entropy

or "disorder" of the system. TS is given by : (Dekker, 1952, p531)
TS = kT In W 6.37

where W is the number of distinguishable ways of constructing the system.

The discrete nature of the silicon host lattice is introduced through W.

The internal energy, E, of the system is due to the formation of
coulomb bonded nearest neighbour pairs (e.g. Au- P+ pairs) ; other
interactions between unpaired ions are considered not to contribute to
this energy if the number of pairs, P, is significant.

-Pez
aﬂgogsia

E = 6.38

where gsi is the dielectric constant of the host (silicon) lattice and

*a' 1s the nearest-neighbour separation.

The entropy term may be obtained by evaluating W. If there are N

. . + . . -
lattice sites, ND ionised domnors, NA ionised acceptors, P donor—acceptor
palrs and Z nearest-neighbour lattice-sites to a given lattice site, then

W is given by _ —

| p-1
o 22 ][ v-2s) 7
=0

(N - 2P)!
T Ty T oyt - ¥
(N—ND N, ).(ND P).(NA P).

P!

6.39

It is assumed, in this equation, that unionised gold and phosphorus

atoms "look like" silicon atoms if they are on a nearest neighbour site to
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an ionised atom. The possible coulomb repulsion between ionised gold
donors and ionised shallow donors on nearest neighbour sites is not
included since, in the presence of a large shallow donor concentration,
most gold atoms will be in the ionised acceptor state. The first term

in equation 6.39 is the number of ways of forming the pairs and the second

term is the number of ways of filling the remaining lattice sites.

Substituting 6.39 into 6.37 and 6.36, and setting §§-= 0 results in

the minimum free energy condition.

Using Stirling's approximation :
InN! = NInN-X 6.40

and making the approximation that N>»S (typically N = 1022 and S = 1018},
dr
g .

when Fil =

L = Loexp (—2 ) 6.41
o, TPy (v, =P 4TTe, €, akT

This equation may be rearranged to resemble the mass action relationship

expressed in equation 6.13 :

2
PN, =% exp (——— ) y"-R),T-P) 6.42
4YTE € .akT
o si
thus the pairing constant, K, is given by :
2
K =:ZN- exp (— ) 6.43
4T ¢ . akT
o“si

In silicon, Z, the number of "nearest neighbours" is equal to 4,

(tetrahedral bonding).

Three effects other than coulomb binding may contribute to the energy
of the ion-pair. First, the ions may not behave as point charges (equation
6.38). Inclusion of the possible multiple interactioms that this implies
would be very complex and would probably not affect the outcome greatly since
the coulomb term is expected to dominate the difference between paired and
unpaired nearest neighbours. Secondly, covalent bond formation may
contribute to the problem by enhancing or inhibiting pair formation. This

is unlikely to have any large effect however, since the classical picture
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of donor atoms in silicon predicts that the bonding electrons assume
the configuration appropriate to silicon, with the ‘'extra' electron in
a bound state with a small binding energy (at a large radius) or in

the conduction band (ionised). Because of this, covalent bonding is
unlikely since there is no way for an atom to distinguish whether its
nearest neighbour is an unionised phosphorus atom or a silicon atom.
The third consideration is that of the ions interacting via their
strain fields as well as via their coulombic fields. If one species has
a much smaller ionic radius than the host lattice atoms and the other
species has a much larger radius, the lattice strain would be minimised
if the two ions occupied adjacent lattice sites. In the case of gold
“and phosphorus, this effect may be important since phosphorus atoms are
smaller than silicon atoms and gold atoms are larger. The result would

be an increase in the magnitude of K, the pairing constant.

A similar treatment may be given to the possibility of an ion-pairing
reaction between a substitutional ion and an interstitial ion. Such a
reaction might be of importance in gold diffused silicon which is heavily
doped with shallow acceptors if interstitial gold atoms are shallow donors.
In this case, the number of ways, W, of constructing the system will be
different. If the acceptor ion is substitutional and the donor ion is
the interstitial, there are Zi equivalent positions that the donor may
occupy to be paired with the substitutional acceptor {analogous to Z
nearest neighbours in the substitutional-substitutional case). If there
are N. sites in the lattice which may be occupied by an interstitial ion,

then :

P~-1
P ' N, - P)!
Wz T @) | BBl 5 ( L 6. 44
{ - t RN _ ] - ¥
P!

N and P have the same meanings as before. The first term is the number
of ways of forming the pairs, the second term is the number of ways of
filling the remaining lattice sites and the third term is the number of
ways that the remaining donors may be placed in interstitial sites.
Substituting 6.44 into 6.37 and 6.36, using 6.40 and setting %§-= 0,

results in :
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Z. 2

e
exp ( @ﬂfogsiakT ) 6.45

Ki=ﬁi-
where Ki is the appropriate pairing constant. Meek and Seidel (1975)

have considered the probability of this pairing reaction and conclude

that Z, the number of equivalent ''mearest neighbour" positions available
to the interstitial donor when forming a pair with a substitutional
acceptor, is likely to be the same as for the paziring reaction between

two substitutional ions (i.e. Z = 4 in silicon) because of the bond
symmetry. However, the number, Ni’ of interstitial positions is likely

to be very large indeed since the diamond lattice of silicon is very open.
Andersen et al., (1971), have shown experimentally that Ni =6 x N. Thus
the value of K, is probably small and pairing between an interstitial

ion and a substitutional ion is likely to be a small effect - almost
certainly masked by the Fermi-level effect. Calculated wvalues of K and

K. and the resultant N__._  are given in section 6.4.

pairs

6.2.3 Gold Precipitation and Impurity Complexing

The solubility enhancement effects deseribed above result in gold
remaining on substitutional lattice sites or residing in the lattice
interstices. A number of workers, however, have reported precipitates
and aggregates of gold in heavily doped areas or on crystal defects.

Such effects can apparently contribute to the "enhancement" of the
solubility of gold although they are usually indicative of an excessive
rather than equilibrium amount of gold. The "apparent contribution"
arises from the radio-tracer measurement technique normally employed

in gold solubility experiments. Use of this method yields the total

gold solubility (as a number of 'counts') but can not distiﬁguish between
~electrically active, electrically inactive, substitutional, interstitial
or precipitated gold. The more subtle method of Rutherford backscattering
(Buck et al, 1972) may be used to identify the position of gold atoms
relative to the silicon lattice matrix, although severe limitations are
imposed by its sensitivity. A brief review of the precipitation effects

reported in the literature is given below:

Wilcox, La Chapelle and Forbes (1964), in studies of gold in heavily
doped layers, noted that the diffusion of gold through nt (phosphorus doped)
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layers was retarded whilst the solubility after "equilibration" was increased.
Formation of a gold phosphide (Au2P3) compound was suggested as a possible

cause of these two effects.

Fairfield and Schwuttke (1966) made X-ray topography studies of
device structures both before and after gold diffusions. Precipitates
were observed in the n' phosphorus doped regions after gold diffusion,
Studies as a function of depth indicated that these precipitate were
confined to a region above the phosphorus junction. Beneath the junction
a depletion of gold was seen when the results were compared to regions
which had not been phosphorus diffused. The observed precipitate were
suggested to be some kind of gold-phosphorus~silicon complex or precipitate.
Joshi and Dash (1966), who worked for the same crganisation as Fairfield
and Schwuttke, observed similar precipitates in the T.E.M. Studies were
made through gold doped, p-~type, silicon wafers which were first phosphorus
diffused on both sides to form shallow junctions. Precipitates were
observed in the phosphorus diffused areas and at both of the wafer surfaces
although the elemental gold source was only applied to ome side of the

wafer. The precipitates were suggested to be gcld-phosphorus complexes.

Wolley and Stickler (1967) also studied and tried to identify
precipitates in gold diffused wafers which were uniformly phosphorus
- or boron doped, or which had shallow a¥ phosphorus—~diffused layers.
An interesting feature of their work is that the gold source was not
an elemental layer applied to the wafer surface. The diffusions were
carried out by the sealed capsule technique using gold chloride (AuClB}“
as the source. Precipitates were once again observed in the T.E.M. In
all of the samples gold was found to have precipitated in small quantities
at or near dislocations, loop type defects and the silicon-silicon dioxide
interface. In one phosphorus doped sample, a large precipitate was
identified as gold phosphide (Au2P3} by comparing the electron diffraction
pattern observed from the precipitates with that observed om gold phosphide
samples prepared in the laboratory. The precipitates in other wafers were
too small for diffraction patterns to be obtained. In the phosphorus
diffused (gettered) wafers ~ where a solid P,Q source of phosphorus
was used - small precipitates were seen as well as decorated dislocation
networks generated during the gettering step. It was suggested that

most of the gold had precipitated onto the dislocations rather than
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_ reacting directly with the phosphorus.

More recent studies by Meek, Seidel and Cullis (1975) and Cullis (1974),
using T.E.M. and Rutherford backscattering techrniques, have also yielded
a little information about precipitates in gold-doped shallow diffused
layers. The presence of precipitates in phosphorus diffused layers was
indicated by the backstattered counts in the chennelling direction. Large
precipitates in boron diffused areas were identified as being "mainly
gold" which was thought to have aggregated as a result of supersaturation
during thecooling of the samples. Seidel, Meek and Cullis (1975) also
observaed gold precipitates in areas of ion-implanted damage in gold-doped
silicon wafers. These results are considered later. Chou and Gibbons
- (1975) also carried out Rutherford backscattering studies of gold doping
in phosphorus diffused layers. Backscattered counts in the channelling
direction were, once again, attributed to the probable presence of

precipitates,

From the lack of precise numbers it is not possible to determine
whether gold precipitation contributes to solubility enhancement. However,
in this work, the effect is not considered in detail since the more
important features of gold solubility enhancement are shown to be

explained without further reference to precipitation.

6.3 Gold Solubility Measurements from the Literature

Before making any assessment of the large numnber of results available
in the literature, a distinction must be made between equilibrium and
non-equilibrium conditions. Unfortunately, this has not always been done
in the past and a number of the authors cited in 6.23 have only used
the equilibrium theories of Fermi-level solubility enhancement and
ion~pairing to explain their results of gold concentration in diffused
layers. 1In general, gold solubility inferred from any of the experiments
carried out on gold interaction with diffused and ion-implanted layers
could be non-equilibrium and although the Fermi-level and ion-pairing
effects may be linked with - and used to explain - the segregation of gold
into such layers, the observed results may not safely be used as
indications of the equilibrium solubility of gold. In cases where

diffused layers have been saturated with gold, the gold concentration can
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be much higher than the expected equilibrium solubility limit. This is
probably due to excesseg of other point and line defects which react with
the gold atoms. Such phenomena are discussed in more detail in section

6.5 which deals with the segregation of gold into heavily doped areas,

In this section, the equilibrium gold solubility results are distinguished
from the non-equilibrium ones. There are, in fact, very few measurements
which may be taken as a true indication of the equilibrium solubility of
gold in intrinsic or heavily doped silicon. Even these must be interpreted
with some care since the results obtained may reflect poor experimental
procedures. In addition, there are still unresolved problems relating
to the ratio of interstitial to substitutional gold atoms, which ought
to be considered in radio~tracer experiments which cannot distinguish
between gold atoms of various charge states residing in various lattice
locations. Amongst the few theoretical considerations of gold solubility
phenomena there are inconsistencies and disagreements. In the section
following this,  (6.4), an attempt is made to explain how different theories

can apparently each give the "right answer" for different experiments.

True "equilibrium" measurements of gold solubility have been
attempted by the following authors : Collins, Carlson and Gallagher (1957);
Struthers (1956 and 1957); Boltaks, Kulikov and Malkovich (1960); Sprokel
and Fairfield (1965); Bullis and Streiter (1968) ; Dorward and Kirkaldy
(1963 znd 1969) ; Cagnina (1969); Yoshida and Saito (1970); Huntley and
Willoughby (1973); O'Shaughnessey, Barber, Thompson and Heasell (1974);
and Brown, Jones and Willoughby (1975). Measurements of saturated gold
concentrations in shallow phosphorus and boron diffused layers have been
presented by Wilcox, La Chapelle and Forbes (1964); Joshi and Dash (1966);
Chou and Gibbons (1975); and Meek, Seidel and Cullis (1975). 1Imn éddition
there are approximately twenty papers concerning gold in diffused layers
which are not listed here since the gold concentrations were not saturated -

these results are reviewed in section 6.5.

The first list of papers will be considered here.
Since, as has been discussed in chapter 3, the diffusion of gold into
thin wafers results in a U-shaped depth profile - indicative of some non-

equilibrium effect at the surface - care must be exercised so that when
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carrying out gold solubility experiments by diffusion to saturation, the
non~equilibrium areas near the surface are not included. In early
measurements of gold solubility, it is very unlikely that this was done.
The results by Struthers, Collins et al, and Boltaks et al., for intrinsic
silicon, which are shown in figure 6.1, fall into this category and,
therefore, must only be taken as indicative of the trend in gold solubility
in intrinsic silicon. There is some doubt as to whether some authors
(including those just cited) ensured that the sdmples had been diffused

for long enough for equilibration to have occurred. Points in Figure 6.1
due to Sprokel and Fairfield (1965) and Yoshida and Saito (1970) fall

into this category.

Data for gold solubility in intrinsic silicon which should be more
reliable is shown in figure 6.2. These points, due to Cagnina (1969),
O'Shaughnessey et al. (1974), and Brown et al. (1975), are to be
discussed in detail since these authors have also carried out measurements
of gold solubility in extrinsic silicon. It is reasonable to assume that
these results reflect values of the solid solubility of the substitutional
gold species in intrinsic silicon by inference from the results of

Wilcox and La Chapelle (1964) which are discussed in chapter 3.

Adamic and McNamara (1964) showed that gold was more soluble in
heavily doped n-type regions of device structures, but not in heavily
doped p-type regions. Subsequently several authors presented results
showing the higher solubility of gold in phosphorus diffused layers of
silicon. Joshi and Dash (1966) observed higher gold concentrations
in phosphorus diffused layers and invoked the "Fermi-level" and "ion-
pairing" effects as probable causes. The first attempt to measure the
actual increase in the equilibrium solubility of gold in low resistivity
silicon was made by Bullis and Streiter (1968). Gold was diffused to
saturation in arsenic doped wafers of 0.2 - 0.3 lcm and 4 - 6 Jficm.

The diffused gold was then neutron activated and the total gold
concentrations in the wafers were measured after removal of 10sm of
silicon from each face. It is more than likely that removal of only
10pm of silicon was not enough to get rid of the surface tip-up regions
and for this reason these results, which show a large scatter, can not
be considered accurate. Bullis and Streiter did not cbserve any higher
gold solubility in the more heavily arsenic doped wafers; however,

at concentrations of ND =3 x 1016 atoms/c.c., (= 0.2dlcm.), solubility
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enhancement would not be expected because at the diffusion temperatures
( 1000°C) the samples would be intrinsic (ni> 1018 carriers/cc

1016 carriers/cc).

Cagnina (1969) made a more careful study of the solubility of gold
by diffusion into lightly doped and heavily phosphorus and arsenic
doped silicon wafers. In these experiments, after gold equilibration,
6Qum of silicon was removed from each face of the wafers which were also
subjected to boiling in a special solutiom to dissolve surface plated
gold. The removal of Gme of silicon is probably adequate since gold
profiles presented in chapter 9 of this work indicate that the tip-up
region is usually within )Sme of the surface (radio-tracer prqfiles
obtained by Huntley and Willoughby - chapter 3 ~ show similar results).
The dissolution of surface gold has proved to be a problem in radio-
tracer studies of gold diffusion because a substantial amount of the
gold removed into solution by chemically etching a layer of silicon
can be plated back on to the wafer surface and cause a spuriously high
gold concentration to be measured in the remainder of the wafer. The
result of Cagnina's experiments at 1100°C and 1000°C are shown in
figure 6.3, It is interesting to note that phosphorus and arsenic

doping yield a different gold solubility.

Dorward and Kirkaldy (1968) measured the solubility of gold in

~ intrinmsic (2000£f2cm) silicon wafers. In the experimental details there
is no evidence that the surface tip-up region was removed before the
gold concentrations were measured by neutron activation. Thus, these
results must be treated with some caution. The values for gold
solubility in intrinsic silicon are also included in figure 6.1. A
second paper by Dorward and Kirkaldy in 1969 reported a measurement of
gold solubility at 1000°C in silicon doped with 1 x 1012 atoms/cc

of boron. Comparison of this result with .that obtained in intrimsic
silicon indicated that the solubility had &ecreased'by 407 'as a result
of the heavy doping. A rough calculation based on the Fermi-level
effect was used to show that this result was not unreasonable - a fact
disputed by Brown et al. (1975), who measured small gold solubility

'~ enhancements in heavily boron-doped silicon wafers (9 x 10%? atoms/cc

boron) over a range of temperatures. It will be shown in the next
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section, that both solubility enhancement in silicon doped with 9 x 10
atoms/cc of boron and solubility reduction in silicon doped with 1 x 10
atoms/cc of boron are not inconsistent in terms of the Fermi-level effect,
however the magnitude of Dorward and Kirkaldy's result is'greater than
would be expected and is probably due to incomplete equilibration. Brown
et al. noted that the time taken for equilibration in heavily boron doped
silicon was much loﬁger than for equilibration in intrinsic silicon. A
similar observation was made by Cagnina (1969) in his work on heavily doped

n-type silicon.

0'Shaughnessey et al. (1974) and Brown et al. (1975 mentiomed above)
have carried out the most reliable measurements of gold solubility in
heavily doped n-type and p-type silicon respectively. However, there are
a number of aspects of both works which are open to some discussion. These
will be dealt with here since they have a bearing on the theoretical results

presented in the next section.

The results, obtained by O'Shaughnessey et al. of gold solubility in
heavily doped silicon wafers, are shown in figures 6.4 and 6.5. The first
of the diagrams illustrates the absolute values of solubility in lightly
doped (5.5 x 1014 phosphorus atoms/cc) and heavily doped (4 x 1019
phosphorus atoms/cc¢) wafers, and the second diagram shows the solubility
enhancement factor as defined in section 6.2.1. The line plotted in this
latter diagram is the calculated value obtained by O'Shaughnessey et al.
using a model of monovalent gold energy levels the positions of which vary
in proportion to the variation of the silicon energy band-gap with temperature
(see section 4.3.2). The effects of the temperature variation and
degeneracies of the gold energy levels are discussed in the next section.

The position of the Fermi-level in the heavily doped wafers at the diffusion
temperature was calculated using a band model which made allowances for
heavy doping effects such as impurity banding and band—-edge taling - these
effects are also considered briefly in the next section. It is worth

noting that O'Shaughnessey et al. took care to avoid another cause of
inaccuracy in gold solubility measurements -~ namely the loss of gold from
the bulk of the silicon wafer during cooling from the equilibration
temperature. As shown in figure 6.1, the gold solubility becomes lower

as temperature becomes lower. This suggests that, since gold is a very fast
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diffuser (see chapter 3 ), appreciable redistritution of gold between the
bulk and surface of a thin silicon wafer may occur during cooling. To
avoid this equilibration was carried out in a nigrogen ambient and the
samples were then oxidised in-situ to form 1000 A of silicon dioxide
before removing them from the furnace. O'Shaughnessey et al. have shown
in another paper (O'Shaughnessey, Barber and Heasell, 1976) that this has
the effects

(a) of removing excess gold from the silicon surface and -

(t) of preventing out-diffusion of gold from the silicon bulk.
" Care was also taken to ensure that equilibration had indeed occurred by

measuring the gold concentration as a function of diffusion time.

The main criticism of O'Shaughnessey et al's analysis of their results,
is their rejection of the possible occurrence of ion-pairing. In both
the data shown in figure 6.5 and in measurements of gold solubility
enhancement in a shallow phosphorus diffused layer with & mean phosphorus
concentration of 5 x 1020 atoms/cc, a difference between the predicted
and the measured enhancement factor was noted. The measured values were
consistently higher. Measurements of the effect of gold on the resistivity
of silicon initially doped with 5 x 1014 and 4.5 x 1015 atoms/cc of
phosphorus were shown to “agree” (although not very well!) with theoretical
results of Thurber et al. (1973). This was taken as an indication that
ion-pairing and compound formation could be ruled out ; however, the
phosphorus concentrations in these samples were much too low for the
ion-pairing effect to be significant (5 orders of magnitude too low!)
and discrepancies in the work of Thurber et al. (which are pointed out
in their paper) were ignored by O'Shaughnessey et al. (see chapter 7 for a
detailed consideration of the effect of gold on the resistivity in silicon).
In the next section it is shown that ion-pairing is, in fact, .
dominant in the result of the shallow phosphorus diffuéed layer and not
insignificant at 4 x 101g atoms/cc of phosphorus.

The results of Brown et al. (1975), for p-type silicon doped with 1 x 1015

and 9 x 1019 atoms/cc of boron are shown in figures 6.6 and 6.7. The solid
line drawn through the results in figure 6.7 is taken from Brown et al's
calculated values of solubility enhancement using a model of trivalent gold with

energy levels remaining a fixed distance from the conducted band edge as
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temperature varies. This degeneracy model, propssed by Brown et al.,

is the one favoured by this author in the light of a comparison of theoretical
results presented in this and the next chapter. The Fermi-level in Brown

et al's calculations was obtained graphically from values of the Fermi-
integral {Blakemore, 1962) without making allowances for heavy doping effects,
although this point is made in their paper. Once again very careful
experimental procedures were used to ensure equilibration and the samples
were quenched after anmnealing to prevent out-diffusion of gold. Measurements
of the gold profiles through the wafers were made to avoid inclusion of

the surface tip-up region in the final results. The theoretical solubility
enhancement calculated by Brown et al., was obtained by assuming that the
only interaction between gold and borom was via the Fermi-level effect.
Ion-pairing was ruled out by & rough calculation based on Cagnina'’s values

of the pairing constant between phosphorus and gold. In fact, the gold-
boron pairing constant is larger than the gold phosphorus one (see sectionm
6.4) sc in this case Brown et al's result was fortuitous. The reason for
gold-boron pairing being a small effect is shown in section 6.4 to be due

to the small relative densities of positively ionised gold atoms to
negatively charged boron atoms. The factor which was ignored but which

could be dominant in the results is the Fermi~level solubility enhancement
effect on interstitial gold atoms if they behave as shallow donors.

The possibility of this has been discussed in section 4.4.2 where the

strong evidence for positively charged_interatitial gold obtained by

Boltaks et al (1961) was mentiomed. It is paradoxical that Brown et al.

used this very possibility to explain why the rate of change of gold
concentration was slower in heavily boron-doped silicon than in intrinsic
silicon and yet ignored it in their solubility enhancement theory.

Calculations presented in section 6.4 include this possible effect.

Comparison of O'Shaughnessey et al's, and Brown et al's results for
intrinsic silicon (in figure 6.2) indicates that, despite the care taken
to ensure total equilibration of the samples with gold, undersaturation

in the former results may have occurred.

6.4 Calculations of Gold Solubility Enhancement

In this section, the models for gold solubility enhancement, which were
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developed in 6.1 are evaluated for heavily doped p-type and n-type silicon.

The solubility enhancement of gold in heavily phosphorus doped silicon is

considered in the greatest detail since the development of a model which

predicts the gettering effect of shallow phosphorus diffused layers is one

of the prime objects of this work.

Solution of equations 6.6, 6.10, 6.21, 6.23, 6.43 and 6.45 requires
knowledge of several parameters inm silicon at the diffusion temperature.
These are ! the positions of the Fermi level in intrinsic and extrimsic
silicon, the magnitude of the ion pairing constant between gold and the

dopant of interest and the gold energy level positions and degeneracies.

6.4.1 The Fermi level in intrinsic silicon at high temperatures

In intrinsic non-degenerate silicon, the Fermi level is given by :
(Blakemore ,1962, p §5)

‘AR
+ kT In v}

.

Bpy = N

c

have the previously defined meanings. Nv

where the symbols and NC are

given by: (Blakemore p 79) -
Ezwmh xkr| 32
=2 !
Z 3/2
jiy) kT
~ e
N, = 2 hz

where o, and m are the density of states effective masses of holes and

electrons in the appropriate energy bands.

Equation 6.47 becomes : - 3/4
. %5- + kT In féi
Fi m§J

“If, at the diffusion temperature ni<:&c and Nv, the position of EFi
may be calculated if Eg’ w and m, are known. The condition ni<:Nc and
Nv, which ensures that the silicon is nondegenerate, is fulfilled below

1400°K (see figure 6.8).

107

6.47

6.48

6.49

5550



The value of the silicon energy band gap mav be obtained by
extrapolation of the data of MacFarlane et al, (1.958), who indicate that
the variation of Eg with temperature is linear above 300°K (see section

4.3.1) and obeys the relationship :

Eg(T) = 1.205 - 2.8 x 10 7.1 6.51

The behaviocur of o, and m = as T varies is only tabulated up to
600°K. Stradling and Zhukov (1966), Ulkhanov and Mal'stev (1964) and
Barber (1967) found that m, and m bokh increase with temperature up to
this limit., No data are available for higher temperatures, however
Barber (1967) suggests that for higher temperatures Nv and Nc are
inversely proportional to the energy band gap Eg. Using this assumption,
and the values of Eg, m, and m_ at 300°K (1.121 eV, 1.18m0 and 0.81 m,

respectively, where m = electron rest mass)

— 2/3 2/3
1 ~} _ 11.4369
me(T) Ki-m —} .mo = m ] .mo 6.52

— "?2/3 ?‘ '} 2/3
@ = 1 ; _lo.8172 653
M 2° “Eg (D) _j ‘o, {‘EgZT$ ni ‘T y

The accuracy of this approximation may be tested by calculating the
intrinsic carrier concentration, n;, and comparing the result with
measurad values of n, from Morin and Maita (1954). This has been dome
by Jain and Overstraeten {1974) and the result, which indicates good
agreement, is shown in figure 6.9. Equation 6.50 may be evaluated using

6.52 and 6.53.

6.4.2 The Fermi-level in extrinsic silicon at high temperatures

The Fermi level in extrinsic silicon may be obtained by solution of

the charge balance equation for the system :

N.© 6.55

7~=
n + kA p + D

(This method is used and discussed fully in chapter 7). For nondegenerate
situations Boltzmann statistics are used so that

(E, -E)
- F c 6.56
n Nc exp T
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In the examples of interest here, solubility enhancement of gold is only
observed in very heavily doped layers. In such situatioms the doping
concentration is close to or greater than the density of available quantum
states and Boltzmann statistics may not be used. Equation 6.56 assumes the
form cbtained when Fermi~Dirac statistics are used :

(€ - E)
“”‘Nca}g"“‘“ﬁ““ ' 6.57

where}f% ig the Fermi integral of order }. (When EF - Eé2>kTs the

Fermi integraljf%(?) approximates to the Boltzmarm form : exp (9)). Bullis
(1966) and Brown et al, (1975) used this equation to obtain the extrinsic
Fermi level for calculations of gold solubility enhancement. Other authors
(Joshi and Dash, 1966; Dorwark and Kirkaldy, 196%; Cagnina, 1969 ; Chou

and Gibbons, 1975) have only used the Boltzmann approximation.

Unfortunately the situation for heavy doping is further complicated
by a departure of the energy dependence of Nc or NV, from the normal E%
relationship (Nichole and Vernon, p 77). This makes direct use of
equation 6,57 invalid. At high impurity concentrations, interactions
between ionised impurity atoms (NB+ or N&~} and free carriers (n or p)
can change the crystal properties. The result is a deformation of the
majority carrier band-edge known as ‘band-edge tailing'. This effect

ig illustrated schematically in figure 6.10.

normal parabolic

E a
band.

~etail’

~shallow
level.

Figure 6.10. Conduction band edge tailing at high doping concentrations
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ir addition to this effect, coulombic interaction between the ionised
dopant atoms alsé becomes significant, resulting in the discrete impurity
energy levels splitting into a coOatinuous impurity band. Kleppinger and
Lindbolm (1971) in calculations of this effect have shown that in heavily
phosphorus doped silicon the impurity band merges with the conduction
band. As a result the ionisation energy of the phosphorus atoms is

reduced to zero.

The band edge tailing and impurity banding effects have been considered
in detail by Kane (1963), Bonch-Bruyevich (1966) and Fistul (1969). Jain
and Overstraeten (1974) have calculated the position of the Fermi level
in phosphorus doped silicon in the temperature range 900 - 1200°C, using
Kane's equation for band edge tailing and an expression due to Morgan
(1965) for the density of states in the impurity band. It is particularly
interesting to note thétg even at extremely high phosphorus concentrations
(1022 atoms/cc), the predicted Fermi level still lies within the silicon
energy band gap whereas equation 6.57 predicts & value which lies above

the conduction band edge.

In calculations of the solubility of gold ir heavily phosphorus doped
silicon presented here, the Fermi level values predicted by Jain and

OWerstraeten are used.

6.4.3 Evaluation of the ion-pairing constant %% .

The ion-pairing constants in silicon between gold and phosphorus,

gold and arsenic and gold and boron have been evaluated using equation

6.43.

The nearest neighbour distance, a, was taken to be the sum of the
atomic radii of the paired atoms; values given by Wolf (1969) and Van
Vechten and Phillips (1970) were used. The value of N, the density of
lattice sites is equal to 5 x 1022/cc at 300°K and an allowance for
thermal expansion was made using a volume expansion coefficient of

6.99 x 10-6 per degree centigrade (Wolf, 1969).

The dielectric constant, esi’ presents a problem since the validity
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of using the macroscopic value to describe the microscopic interacticn
between two ions on nearest neighbour lattice sites is questionable.
Srinivasan (1969) has calculated the microscopic dielectric constant
in silicon and shows that it reaches its macroscopic value within one
nearest-neighbour distance. On the basis of this result, the
macroscopic value ( 831 = 11.7) has been used, although the effect of
reducing it, which is also illustrated, can be large since it appears
inside an expongntial in equation 6.43. Values of K? obtained with
€5 = 11.7 for the gold-phosphorus pairing reaction result in a much
better fit to experimental data than those obtained using a smaller

£ 51 and hence a larger Kp.

The values of K? obtained using various parameters are summarised

in table 6.1:

Ateomic - -3
Pairing Radii Temperature g . K c¢m
1 o 21 v
ons [o]
A K .
-+ -21
Au + P Au = 1.5 1273 11.7 5,762 % 10
P= 1,128 1373 11.7 | 4.225 x 10”2}
1473 11.7 | 3.232 x 1072
1273 8.0 | 3.0x 10 %
- 4 -21
AT+ A Au = 1.5 1273 11.7 | 5.304 x 10
A, = 1.18 1373 11.7 | 3.669 x 10721
1473 11.7 | 2.834 x 10”2
At 4+ BT Au = 1.5 1273 11.7 | 9 x 10721
B = 0.88

Table 6.1 Ion Pairing Constants in Silicon

The difference in pairing constant between gold and phosphorus and

gold and arsenic goes some way to explaining the differenmce in Cagnina's
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(1969) measurements of gold solubility in phosphorus and arsenic doped
gilicon (see figure 6.3). The pairing constant between positively charged
gold and negatively charged boron I8 much larger than that between
negatively charged gold and positively charged phosphorus; however,

for the same boron or phosphorus concentration Nﬁgggwfv and the overall

effect between gold and boron is negligible (ses figurg 6.26 ).

6.4.4 Remarks on published solubility enhancement calculations

Most theoretical treatments of the solubility enhancement of gold'in
heavily doped silicon have either incorrectly used non~degenerate
assumptions (see 6.2.2) or have not included the band tailing and impurity
- banding effects in obtaining EFex' The notable exceptions are O'Shaughnessey
et al. (1975) and Meek and Seidel (1975). The former authors, whose
work has already been reviewed in 6.3, only calculated the gold solubility
enhancement for a phosphrous concentration of 4 x 1019 atoms/cc with one
gold enmergy level and degeneracy model : they gave no details of the values
or the method used to calculate EFex' Ion~pairing was ruled out despite the

theoretical values falling short of the measured values (see figure 6.5).

Meek and Seidel, using a Mass Action approach to the Fermi level and
ion-pairing effects, employed the electron and hole activity coefficients
predicted by Hwang and Brews (1971) which included band tailing and
impurity banding effects. Meek and Seidel's model, however, is open
to considerable criticism since it was assumed that all of the gold was
negatively charged at the diffusion temperature - even in heavily doped
p~type silicon where gold would be expected to be predominantly ionised
as a donor. No details of the gold energy levels are given either.

The assumption that all gold was negatively charged was made because
in Meek and Seidel's calculations, when all of the charge states of gold
were allowed, a considerable solubility enhancement in p~type (boron

doped) silicon was predicted despite experimental evidence to the contrary.

The factor which was not appreciated by any of the authors cited, is
the sensitivity of the predicted enhancements both to the position of
the Fermi-level in the heavily doped material and more especially to

the positions and degeneracies of the gold energy levels at the diffusion
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temperature. If all of the gold charge states are included, it is still
possible to predict experimentally observed gold solubility enhancements
providing the "correct” gold energy levels and degeneracies are used.
Valid comparison of the various gold emergy level models can only be made

if the Fermi level, E ox® is identical in each case. In order to

compare the effects og ihe various gold energy level and degeneracy models
without any constraint due to the actual position of EFek’ the results

of the Fermi-level-solubility-~enhancement calculations are initially
presented as a function of the Fermi level position. E?ex will, of
course, range from close to the valence band edge in he;vily doped p~type

silicon to the conduction band edge in heavily doped n-type silicon.

Ion pairing effects, which require values of EFex and the corresponding
ionised shallow dopant density (equation 6.19) may also be compared

provided the same values are used in each case.
The Fermi-level solubility enhancement results are presented first
and only those models which do not actually contradict experimental

evidence are subsequently used in the ion pairing calculations.

6.4.5 "Fermi level effect' solubility enhancement

The gold energy level and degeneracy models which are to be considered
have been described in chapter 4. It is assumad here that the gold
energy levels remain discrete and that the energy level temperature
dependence models may be extrapolated to elevated temperatures. The
positions of each gold level may be separately considered to remain
fixed to Ec’ fixzed to EV, or to vary in proportion to Eg as temperature
varies, It is not necessary to carry out calculations for every possible
combination of these models, since in heavily doped n-type material the
solubility enhancement is virtuglly unaffected by small variations in the
position of the gold donor level and in heavily doped p~type material
the solubility enhancement is virtually unaffected by small variations
in the position of the gold acceptor level. In heavily doped n—type
material the same solubility enhancement would be obtained if both gold

levels are fixed to Ec or if only the gold acceptor is fixed to Ec‘
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The calculations have been carried out for the following models of

tem?eraiuré dependence :

A : Both gold levels vary in proportion to Eg(T)
B : Both gold levels are fixed to Ec

C : Both gold levels ars fixed to E_.

Combinations such as one level obeying mocel A and the other level

obeying model B may be inferred from these results.

Zach of the models was additionally subdivided by considering the
various degeneracy factors which could be associated with each gold
energy level (chapter 4). These are :

(1) Gold monovalent : gy = 2/3, gy = 1/4
(2) Gold monovalent with split—off valence band included
in obtaining degeneracies : gy = 4/3, &p= 3/4
(3) Gold trivalent : gy = 4 8p= 3/2
(4) Gold trivalent with split~off band included :
gy = 6, gy = 5/2.
The gold energy levels for each model were extrapolated from the 0°k

values given by Engstrom and Grimmeiss (1975) and Wong and Penchina (1975) -

see chapter 4,

In the results presented in figures 6.11 to 6.17, the models and
degeneracies are designated by the identifying numbers given above (e.g.
Al = both gold levels vary in proportion to Eg{T), degeneracies : 8 = 273,

gy = 1/4).

The figures illustrate the Fermi level solubility enhancement effects

for these models as follows :

Fig 6.11 Al, 2, 3, 4. 1273%K
Fig 6.12 Bl, 2, 3, 4. 1273%K
Fig 6.13 Al, 2, 3, 4 1373%K
Fig 6.14 Bl, 2, 3, 4 1373%
Fig 6.15 Al, 2, 3, 4, 1473%
Fig 6.16  BI, 2, 3. 4. 14 73°K
Fig 6.17 C1, 2, 3, 4. 1273%K
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The cross over point of the curves in each figure occurs at the
intrinsic Fermi level position for that temperature. There is no
solubility enhancement, of course, for the intrimsic case. The zero
of the energy scale is at the valence band edge and the position of the

conduction band edge, Ec, is marked on each diagram.

Comparison of figures 6.11, 6.12, and 6.17, in the light of the
well documented experimental results, allows certain of the models
to be rejected. The relevant experimental information is : significant
gold solubility enhancement occurs in uniformly, heavily doped n-type
silicon ; very large solubility enhancements are noted in shallow diffused,
highly doped phosphorus layers ; only a very small solubility enhancement
has been observed in uniformly heavily doped »-type silicon and in some
experiments a solubility depression has been measured. The models which
can be rejected immediately since they predict large solubility
enhancements in p-type silicon are : A3 and A4, C1, C2, C3 and C4.
Models Bl and B2 can also be rejected since they predict a very large
solubility depression in heavily doped p~type silicon, which although
in accord with the results of Dorward and Kirkaldy (1969) are contrary

to the more reliable results of Brown et al.

Figure 6.18 compares models Al and B3 since they are the ones used
by O’Shaughnessey et al.and Brown et al.respectively. It is particularly
interesting to note that these two models precict an almost identical
solubility enhancement at every position of EFex although neither author
realised this because they had obtained EFex with different models.
Figure 6.19 illustrates the Fermi level sclubility enhancement
of interstitial gold if it behaves as a shallow donor at the diffusion
temperature, The precise position of the shallow energy level is not a
critical parameter in this calculation provided it is close to EC,
is close to Ev‘(p-type

Quite large enhancements are predicted when EFex

silicon). An accurate calculation of the enhancement expected for
silicon doped with 9 x 1019 boron atoms/cc (as used by Brown et al)
requires knowledge of EFex at this doping conczuntration. No values
are available in the literature, however an approximate calculation

based on a value of EFex inferred from the results of Jain and Overstraeten
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(1974) for phosphorus doped silicon may be made. The ratio of inter=-
stitial to substituional gold at the solubility limit was taken from

the data of Wilcox et al,(1964) - see chapter 3. Figure 6.20 illustrates
the overall Fermi-level solubility enhancement due to both interstitial and
substitutional gold compared to the results of Brown et al. (Model B3

was used for the substitutional gold species). A surprisingly close

fit between the calculated and observed results is obtained considering
the way in which EFex was determined., If interstitial gold is a shallow
donor, then it is almost certainly the main czuse of the solubility
enhancement observed by Brown et al. A boron-gold pairing effect which
could add to this enhancement is shown in figure 6.26 to be negligible.
An attempt to solve the problem of which gold species is responsible

for the observed enhancement in boron doped silicon is described in

chapter 8.

6.4,5 TIon-Pairing Calculations

Using values of the Fermi level which were calculated by Jain and
Overstraeten (1974) the ion pairing effect on gold solubility has been
detsrmined. The values obtained at 1273°K due to pairing between gold
and phosphorus are shown in figures 6.21 and 6.22. The solubility
enhancement is plotted against the ionised phosphorus concentration
for models Al, 2, 3, and 4 in figure 6.21 and for models Bl, 2, 3, and
4 in figure 6.22, (Models A3 and 4 and Bl and 2 have already been
rejected but are included here for comparison). The trends illustrated
at this temperature are applicable to other diffusion temperatures
of interest. It should be noted that Np+ = Ngketgl]when the iﬁpurity

band merges with E_.

If gold is monovalent with its energy levels varying in proportion
to Eg(?}, the enhancement due to ion-pairing is only slightly higher
than if the trivalent model with the gold enerzy levels fixed to Ec
is used. As there is only a small difference between these models,
in both the Fermi~level and ion-pairing effects, model B3 only is used

in the results which follow.

Figure 6.23 illustrates the effects of varving the pairing constant g%
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at 1273% using model B3. Curve number 3 on tais figure is for the

same pairing constant used in figures 6,21 and 6.22.

Figure 6.24 contrasts the predicted solubility enhancement obtained
in this work with that obtained using equation 6.33 where non-degenerate
assumptions were made ; the predicted emhancement, at high phosphorus

concéntrations is much higher in this case.

Figure 6.25 compares the ion pairing enhancement in phosphorus doped
and argenic doped silicon. The predicted enhancement due to arsenic
is 807 of that due to phosphorus whereas Cagnina (1969) measured an
enhancement 607 of that due to phosphorus; a small error in %% could
easily explain the difference between the value calculated here and the

value measured by Cagnina.

Figure 6.26 illustrates the predicted ion-pairing effect in boron doped
silicon. Despite the higher value of the gold-boron pairing constant the
predicted effect is insignificant even at the solid solubility limit of
boron in silicon (4 x 1020 atoms/cc, Trumbore 1960). The gold solubility
enhancement in boron doped silicon which is shown in figure 6.20 will

not be affected by ion pairing.

6.4.7 Total solubility enhancement in phosphorus doped silicon

The total gold solubility enhancement factor in heavily phosphorus
doped silicon is illustrated for three different temperatuges in
figures 6,27, 6.28 and 6.29, In all cases the model used is that of
trivalent gold with its energy levels fixzed to Ec {(Model B3). [Results
obtained with models Al, A2 and B4 are not substantially different.
Experimental results obtained by Cagnina (1969) and O'Shaughnessey et al.
(1975) in uniformly phosphorus doped wafers in the range 1 x 1019 to
1020 phosphorus atoms/ce are also plotted on these diagrams. A very close
correspondence between the measured and predicted values is apparent.
The other experimental values, which were obtained in shallow diffused

phosphorus regions, will be discussed later.

These figures also indicate the solubility enhancement due to the Fermi

level effect alone. Ion pairing can be seen to be the dominant reaction,
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even at fairly low solubility enhancements. The total enhancement that
would be predicted if the pairing constant between phosphorus and gold were
¥5x 10ﬁ20 cmf3 is shown on figure 4.27. A much higher overall
solubility enhancement, which does not fit the measured results on
uniformly doped silicon, is obtained. The results from phosphorus

diffused layers do lie close to this line, however it will be shown in

a following section that these enhancements are probably dominated by

a further effect, (see 6.5.2. ff).

Comparison of figures 6.27, 6.28 and 6.29 shows that the solubility
enhancement for a given phosphorus concentration is much greater at the
lower temperatures, Figure 6.30 illustrates the actual gold concentrations
at the solubility limit as a function of phosphorus conceantration at
various temperatures. The gold solubilities in intrinsic silicon were
taken from the data of Brown et al.(1975). Despite the greater
enhancement at lower temperatures the overall solubility is similar

because of the lower intrinsic solubility at lower temperatures.

It should be pointed out that by careful choice of the positions of
the gold energy levels, their degemeracies and the ion pairing constant,
almost any model could be made to fit the experimental results. The
fact that there is good experimental eviderice at lower temperatures for
the gold energy levels being fixed to Ec, coupled with the fact that
the trivalent degeneracies also provide a good fit to the resistivity
data presented in chapter 7, must lend strong weight to the model used

here.

6.5 .Getteringﬁof Cold

The greatly increased solubility of gold in phosphorus doped or
crystallographically damaged areas of silicon results in a redistribution
of gold present in a wafer when such a region is introduced. The
phenomenon, whereby an impurity such as gold may become trapped in a
localised area of a wafer, is known as gettering. As gold is a very
effective recombinatiofr~centre in both n-type and p-type silicon, keeping

- its concentration to a-minimum is very important for devices where high

118



minority carrier lifetime is desired. In this application, gettering
techniques applied on the opposite side of a silicon wafer to the active
devices are of the greatest technological importance. Paradoxically,

the gettering effect presents serious problems to the manufacturers of
fast switching and power devices where gold, deliberately added as a
minority carrier lifetime "killer", is undesirably segregated into heavily
doped n-type regions of the devices. A better understanding of the

gettering effect would clearly be of benefit in both cases.

The three techniques which have been reported for gettering are :
phosphorus diffusion, ion~implantation damage or mechanical damage
all applied to the Mmck surface of the silicon wafer. It is proposed to
consider the phosphrous diffusion gettering effect in some detail here
since it is felt that this process offers the most reproducible and
effective removal of accidental gold contamination. In addition,it is
the unwanted effect of phosphorus gettering that

generally results in difficulties when deliberate gold doping of devices

is required.

Gold is not the only undesirable lifetime killer found in silicon
wafers ; copper, iron, nickel, cobalt, and platinum are also a problem.
Gold, however, is by far the most ubiquitous contaminant, especially
in high temperature furnace tubes where, unlike other metals, it does
not oxidise and become ‘harmless’'. Any gettering process must be aimed

particularly at the removal of gold.

There is a large amowt of data on gettering available in the
literature. It is not proposed to review these papers in very great
detail, rather an attempt is made to elucidate the phosphorus gettering
process by considering aspects of the mechanism which have been ignored
in previous works. Experimental results which are presented in chapter 8
of this thesis confirm the more important aspects of the dynamics of the
model described here. It will become clear from this model, that by
understanding what happens during the gettering process - rather than

just obtaining the desired result empirically - more efficient use may

be made of it,
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6.5.1 Brief review of literature on gettering

Reports of gold gettering effects may be divided into two categories.,
Those which measure gettering of deliberately contaminated wafers which
contain a large amount of gold and those which only measure gettering
of very small quantities of gold more typical of unwanted contamination
levels., The latter type of measurement presents problems of experimental
technique because detection of gold cpncentrations of the order of 1012
atoms/cc is necessary. Neutron activation analysis offers the only
reliable method for doing this provided large enough sample volumes can
be cbtained. Experiments which require detection of deliberately added
gold may be carried out with radio-tracer gold isotopes or, at gold
concentrations above 1017 atoms/ce, Rutherford backscattering may be
used. The effect of gold on the resistivity of lightly doped silicon
may also be employed to detect its presence ; this has been done by
Brotherton and Rogers (1972) and in this work using the spreading

resistance technique (see Appendix A).

The relevant references, together with brief details of the order of
magnitude of the gold concentration, the gettering techniques and the
gold measurement technique are given in table 6.2. Brief comments

indicating the main results are also made.

Comparison of some of the early results on gettering due to the
deposition of phosphorus and boron glass layers on the silicon surface
indicates a certain amount of disagreement over what is actually
responsible for the gettering effect. For example Adamic and McNamara
(1964) showed that most of the gettered gold resided in the phosphorus
doped layer in the silicon wafer, whereas Lambert and Reese (1968)
found significant quantities of gold in the phosphorus doped glass.
Similarly Nakamura et al,(1968) found gold in the phogphorus glass
and very large amounts of gold in boron glass layers when gettering
with boron was attempted. More recent neutron activation results
presented by Murarka (1976) show that the phosphorus glass has no effect
and that gettering is solely carried out in the phosphorus diffused
layer. Meek and Seidel (1973) and Meek, Seidel and Cullis (1975)

also showed that the phosphorus glass was not responsible for gettering.
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Authors

Amount of
gold

contamination

Cettering
Techniques

Heasurement
Technique

Comments

Adamic et all
(1963)

Deliberate gold
doping

Oxidation of silicon
surface

Radiotracer Au.

Au found piled up at Si - 510, interface.
SiO2 found to be a good mask against Ay,

Adamic et al.
(1964)

Deliberate gold
doping

Boron glass.
Phosphorus glass.

Radiotracer Au.

Boron glass gettering: Au found at glass-Si
interface.

Phosphorus glass gettering:Most Au found in P~
doped layer in Si.

Joshi et al. | Deliberate gold Phosphorus Radiotracer Au. High concentrations of Au found in P~diffused
(1966) doping Diffusion layers.

Lambert Low level of gold | Phosphorus Neutron :; fogndfxx Ptgla;s as welltP-dxff:sed éayeré

et al. contamination diffusion activation sa:u; ° o ; zn gtass ¥ery1 :Tpeia Zri egen ent.

(1968) ( 1013 a/ce) ples cooled extremely slowly (see text).

Nzkamura et

Deliberate gold

Phosphorus glass.

Radiotracer Au.

Phosphorus glass gettering: some Au in glass,
most in P~diffused layer. Boron glass gettering:

al, (1968} doping Boron glass, . .
Damage (lapping), DBOZ Au in B gla?s. .
Brotherton Deliberate gold Phosphorus emitter Spreading Large gettering effect due to phosphorus diffusicn
et al. (1972) doping diffusion in n.p.n. resistance noted ~ not well quantified.
structure. measurements,
Buck et al. | Deliberate gold Ion implantation Rutherford back~ | Ion implantation damage found to getter efficiently
(1972 & 1973) doping damage scattering (RBS) Getgering rate dependent on Aui diffusion rate at
900°C.
Seidel et al|] Deliberate gold Ion implantation RBS High concentrations of Au 6~1019 afec) found in
(1973) doping damage damaged layers,
Diode reverse Gold accumulated in phosphorus layer - suggested
Mielke Deliberate gold Phosphorus recovery 4 pt. to be caused by Au~P compound formation. Results
(1v75) doping diffusion probe resistivity; difficult to interpret.
Neutron activatio
Chou et al. | Deliberate gold Phosphorus RBS High concentrations of Au found in P-diffused
(1975) doping diffusion layers. 907 on substitutional lattice sites.
. Boron - very little gettering.
1
¥?§§5§t al, gzliierate gold g??;ﬁg?;ﬁ: and Boron RBS Phosphorus - high concentrations of substitutionsl
: ping Au in layers; no Au detected in P-glass.
. . . . Comparison of efficiency of I.I.damage gettering
§§;§§; et al geliberate gold ;ggalzpi:nt:;;o:or s RBS (caused by various ions) with phosphorus diffusion
oping amage v& phosphoru gettering. Phosphorus diffusion gettering equal to
diffusion ¥
or better than damape from most ions,
"Process induced" Some Au in spun-on P-glass,most in P-diffused
Lisiak et al§ Deliberate gold gettering, phosphorus | Neutron layer. No B gettering but 'significant’ accumulai-
(1976} doping and boron from spin-on| activation ion of Au at glass~Si interface.

films

0,Shaughnes-
sey er al.
(1976)

Au depositied on
surface

Redistribution of
surface Au during
oxidation +P-glass

Radiotracer Au

Growing oxide rejects surface Au to the oxide
surface, .°. oxide makes good mask. Phosphorus
glass does not getter Au but P-diffused layer does

Gettering depends on residual ion implantaticn

Sigmon et ald Deliberate gold Ion implantation RBS damage. Effectiveness varies on wafers of diffgreﬁa
(19763 doping damage orientation and can be lost during post-gettering
heat treatments.
Moderate gold : : i .
. . : . No Au in P glass. Effective gettering of Au into

M?;;;:; con;;mln?21on Phosphorus diffusion Netzroz.on P-diffused layer. Very significant furnace

(10°°=10"" a/ce) activati contamination.
Erown Deliberate gold Phosphorus diffusion Radiotracer Au Some Au found at glass~Si interface, large amounts
(1976) doping of Au in P-diffused layers.

Table 6.2,

Review of literature on gettering




0'Shaughnessey et al,(1976) found no significant increase in gold solubility
in phosphorus glass compgred with silicon dioxide whiech they showed to be

a very effective mask against gold diffusion. It is likely that this sort
of effect, and the measurements of significant quantities of gold at the

Si -~ Siﬁz interface (Willoughby and Brown, 1973), are mainly due to
redistribution of gold during cooling of the samples from the diffusion
temperature - Lambert and Reese used a very slow cocling cycle indeed

(60°C per hour). The discovery of extremely large (817 of the total)
amounts of gold in the glass of 'boron glass gettered" wafers, by Nakamura
et al, may reflect the fact that, since any solubility enhancement in the
boron diffused layers would be interstitial gold which is very mobile, large
scale rejection to the surface could easily occur in a very .short period

during cooling.

From these results the clearest conclusion is that a reproducible
gettering effect due to the introduction of a shallow phosphorus diffused
layer does occur. This reproducibility, and the ability of a phosphorus
layer to retain its gold solubility enhancement - and therefore gettering -
properties during subsequent processing are the most important aspects of
the phenomenon. In their comparison of phosphorus diffusion gettering and
ion~implantation gettering, Seidel et al,(1975) showed that ion implantation
damage can, in some instances, be a more effective process than phosphorus
gettering. The gettering efficiency of the implanted damage is closely
related to the amount of residual damage after the mwst-implantation anneal.
It is this 'annealing out' of implantation damage that presents the most
serious drawback to the techmique. Sigmon et al,(1976) show that the
residual implantation damage can vary considerably om silicon wafers of
different orientations. The residual disorder also depends strongly on

the thermal history of a given sample during and after the implantation.

For the conventional application of a gettering cycle at the very end
of the device process, such limitatioms are slight, however it is argued
here that the correct time in the processing schedule for gettering is as
early as possible. Ideally a high concentration phosphorus gettering
layer should be the very first process applied to the back of a silicon

wafer while the front surface is protected by a low temperature deposited

oxide.
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6.5.2 Phosphorus Diffusion Gettering Model

In almost all of the publications listed in table 6.2, the observed
phosphorus gettering effects have only been explained - if at all - by
invoking enhanced solubility due to precipitation, compound formation,
the Fermi level effect or ion pairing. Although these effects undoubtedly
may and do contribute to the enhanced solubility of gold in the phosphorus
rich layers (although the first two effects are minimal -~ see 6.2.3.), the
gettering phenomenon requires several processes, each of which may be the
rate limiting step, to occur. These are :

(a) Dissolution of gold atoms from éhe sites occupied before

gettering.

(b) Transport of gold atoms to the gettering layer.

{(c) Reaction of the gold atoms with the gettering agent.

If each of these processes is fully understcod, it may be possible te

apply the phosphorus gettering process to better advantage.

Process (a) will not be considered in detail here since it depends
very much on what the site occupied by the gold before gettering is, and
the activation energy required to remove a gold atam from that site. For
gold atoms residing on substitutional lattice sites, process (a) is shown
experiments described in chapter 8 not to be rate limiting ; in the case
of gold precipitates on lattice defects, the kinetics of dissolution are
likely to be complex. In this discussion, the reasonable assumption that
procesz (a) is very rapid will be made. (If gettering is applied in the
manner suggested in this chapter, the likelihood of process induced
defects becoming decorated with gold atoms should be greatly reduced).

Process (b), transport of gold to the gettering layer, may be
considered in terms of the gold diffusion process already described in
chapter 3. The main flux of diffusing gld is carried by the interstitial
species ; to all intents and purposes substitutional gold may be considere
to be immobile. Therefore process (b) will only be efficient if the gold

diffusing species is interstitial.
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Process (c), the reaction of gold atoms with the gettering agent
must also be fast. Indeed for very efficient gettering this process
should be fast enough for (b) to be the rate limiting step. That is,
gold should be gettered into the layer as fast as it can arrive and the

layer should appear to be an infinite sink for gold.

The only reported attempt to identify the rate of a gettering process
was by Buck et al. (1972 and 1973) who identified the gold interstitial
diffusion rate as the rate limiting process for ion implantation damage
gettering. The reaction which gave rise to this rapid gettering was not

considered.

In this thesis, experiments reported in chapter 8 show that phosphorus
diffusion gettering is also rate limited by the diffusion of interstitial
gold. This implies that reaction (c) is very rapid inside the phosphorus

diffused layer.

It is a common opinion that the gettering process in the phosphorus
layer is similar to that in an ion implanted laver - namely : precipitation
of gold onto lattice damage induced by the phosphorus diffusion. If this
were the case, one would not expect to find gold atoms within the gettering
layer residing on substitutional lattice sites and similarly one would
not expect to observe significant gettering in a phosphorus diffused
layer which had not given rise to diffusion induced damage. Seidel and
Meek (1973), Chou and Gibbons (1975) and this work, chapter 8, show that
most of the gold within a phosphorus getteved layer is on substitutional
lattice sites (identified using channelled Rutherford backscattering).

In addition the gettering experiments describe& in this thesis are

carried out on phosphorus diffused layers which exhibit lietle damage

disorder.

Although lattice damage may contribute a small effect to phosphorus
diffusion gettering, the main mechanism is, as shown in previous sectioms,
ion pziring between phosphorus and gold ions. Such a reaction requires a
negatively charged gold ion to reside on an adjacent substitutional
lattice site to a positively charged phosphorus ion. As the flux of gold

arriving in the phogphorus layer is interstitial, two reactions must occur ;
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firstly the interstitial gold atom must react with a vacancy in the lattice
to become substitutional and secondly the substitutional gold atom (which
will probably be negatively ionised) must diffuse to a substitutional

site edjacent to a phosphorus ion. The first reaction (Aui + V-@*Aﬁg) is
shown by Huntley (1972) and in chapter 8 of this work to be very fast
indeed providing there are vacancies available ~ close to the wafer surface
this should be the case. The second reaction, however, can not be expected
to occur rapidly at all becaum of the relative immobility of the

substitutional gold species.

Overall, therefore, the phosphorus-gold pairing reaction which is the
dominant cause of enhanced gold solubility, would not appear to be the
fast reaction required for efficient gettering because of the slow
substitutional gold diffusion rate. However, the phosphorus layer

'undoubtedly getters efficiently.

The mechanism proposed here to explain the rapidity of the phosphorus
gettering process, is that the phosphorus atoms are generally on nearest
neighbour sites to lattice vacancies. This means that, when an interstitial
gold atom which enters the gettering layer reacts with a lattice vacancy,
the condition for ion~pairing is immediately satisfied. If the phosphorus-—
vacancy pair does exist in large comcentrations, then the gettering process

will be limited simply by the rate at which gold can diffuse to the

gettering layer.

The phosphorus-vacancy pair is by no means a new concept, indeed it has
received much attention in the literature. The E-centre, as it is
generally known, was shown to exist by Watkins and Corbett (1964) and is
thought to be responsible for anomalies associated with high concentration
phosphorus diffusions. Figure 6.31 (a) illustrates the shape of a typical
high concentration phosphorus diffusion profile in which a kink followed
by a rapidly diffusing tail is observed, Figure 6.31 (b) illustrates
the phenomenon of "base push-out” or "emitter dip'" in which enhanced
diffusion of the p-type base dopant under a phosphorus emitter in an

n-p-n transistor structure occurs.

Schwettman and Kendall (1972) have proposed that phosphorus diffusion
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occurs mainly in the form of E-centres and that the kink in the diffusion
profile is due to a difference in diffusivity between the two charge
states of the E-centre as it passes the point where the Fermi-level
corresponds to the E-centre energy level. (The E~centre is thought. to

be an acceptor 0.4 eV below EC).

Peart and Newman (1972) suggest that the phosphorus diffusion tail is
caused by the break-up of E-centres. This is attributed, once again,
to diffusing E-centres crossing the point at which the Fermi-level
corresponds to the E-centre level ; when this occurs, the chlange in charge

state makes the E~centre unstable.

Jones (1974) in a study of the push—-out effect, has considered the
E-centre break-up model in some detail since the excess vacancies so
produced may be the cause of enhanced diffusivity of the base dopant
under the phosphorus emitter. Using the assumption that the base dopant
(boren or gallium in Jones' study) diffuses by a simple vacancy mechanism,
push-out is considered in terms of an enhanced diffusivity due to a
vacancy excess. A diffusion enhancement factor, X, is estimated from
experimental results of push-out. For the simple vacancy diffusion
mechanism, X = V/V%, where V is the enhanced vacancy concentration in
the base region and V* is the normal equilibrium vacancy concentration.
X is calculated on the basis of E~centre break-up within the emitter
region, giving rise to an enhanced vacancy concentration V in the base
region. The conclusions reached are that the E-centre model may indeed
explain the push-out effect if most phosphorus diffuses in E-centre form
and most of the E-centres break-up beyond the position of the kink in

the phosphorus profile.

Lee (1974) compares values of )X obtained from push—out experiments
with values obtained when analysing kimked phosphorus profiles. A close

link between the two phenomena is established since the values of X

are almost equal in each case.
If E-centres give rise to an excess of vacancies upon breaking up,

the number of vacancies within the part of the phosphorus profile which

contzins the E-centres must be above the equilibrium vacancy concentration
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(Normal equilibrium number of vacancies ¢ E centres). This suggests
that, if the E-centre is the cause of the rapidgettering of gold on to
substitutional, phosphorus — nearest - neighbour sites, a further
enhancement of the gold solubility due to the vacancy excess may occur.
The experimentally determined values of X = V/V*, may be used to obtain

a measure of this additional gold solubility enhancement. The extra
effect on gold solubility will be incorporated intc the prewiously
developed model of solubility enhancement ; firstly however, some possible
consequences of attributing the phosphorus—-gold interaction to the same
mechanism as the cause of the phosphorus kinked profile and base push-out

effects will be considered.

For a situation in which gold is diffused to saturation in the phodphorus
layer (i.e. in a gettering situation with an infinite source of gold) the
E-centres would be largely replaced by phosphorus - gold ion-pairs, thus
preventing formation of the kinked part of the phosphorus profile and also
preventing the vacancy excess which leads to push-out. In chapter 8§
regults of an investigation of the effect of gold on these two phenomena are
reportgd. It is shown that both push-out and the enhanced part of the
phosphorus diffusion profile are inhibited when gold is simultaneously
diffused with the phosphorus. This provides strong evidence in support

of the model proposed here.

Having identified the diffusion of interstitial gold to be the rate
limiting step in the gettering process, further implications of the very
high rate of the reaction Aui + E-centre ¥ (Au F)Pair within the phosphorus
layer may be considered. Since substitutional gold is virtually immobile
(especially when ion-paired as most of it will be) once gold has been
gettered into the phosphorus layer it should remain there during any
subsequent processing nﬁlesé it is at a higher temperature than the
gettering treatment. (In this case it is possible, though not certain,
that thermal energy may be enough to break the Au-P pairs). Also, any
gold interstitial atom which diffuses into the gettering layer will tend
to be 'frozen-in' because of the rapidity of the gettering action and the
subsequent immobility of the gettered gold. A phosphorus layer diffused
into the back of a silicon wafer at the start of processing should have a

two-fold effect, firstly it will getter any gold already present in the
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wafer or any gold subsequently entering and secondly it will provide an
effective barrier against contamination entering through the back of the
wafer. This latter effect could conceivably be a serious source of
contemination when, during normal photo-mechanical-etching stages, the

oxide mask on the back of a wafer is inevitably removed when etching
diffusion windows in the front. The ability of a phosphorus diffused
layer to act as a barrier against gold diffusion has also been investigated.

No penztration of the layer was detected until it had been saturated with

gold (see chapter 8).

6.5.3 Prediction of gold solubility enhancement in a shallow diffused

phosphorus laver in silicon

In order to predict the total gettering effect of a phosphorus diffused
layer, the additional gold solubility enhancement due to the vacancy excess
must be comsidered. The preceding theory comsidered an equilibrium situation
only. Addition of a vacancy enhancement factor, it must be emphasised,
involves non~equilibrium effects which would be very difficult to model
accurately since little reliable data concerning point defects close to the
gsilicon surface is available. The solubility enhancement already predicted
(see figures 6.27 - 6.29) may be used as a measure of the minimum gettering
effect of the phosphorus layer. The additional enhancement factor which is
to be estimated here should indicate a wmore vrealistic g@ttering effect,
although precipitation on lattice defects at very high phosphorus
concentrations could well enhance the apparent gold solubility still further.

The additional solubility enhancement factor due to excess vacancies
will be assumed to apply equally to all substitutional gold atoms whether
they are ion paired or not. (This point is further discussed in appendix G).

The total solubility enhancement at any point in a phosphorus diffused layer,

with a given vacancy excess will be given by :

Total solubility Equilibrium solubility x I
Enhancement enhancement V&
- Equilibrium solubilicy x :X: 6.58
enhancement
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Vacancies exhibit acceptor behaviour in silicon (Kendall et al. (1969))
and it is arguable that if interstitial gold atoms are positively charged
they will react preferentially with negatively charged vacancies (i.e.
ionised acceptors). Provided, however, the excess vacancy charge states
are in the same ratio as in equilibrium, which is a reasonable assumption,
the enhancement effect will be the same., That is, if V=V + v* and
VE = yxT 4 VX,

X = L - oLy 6.59

B % &
v v v

Values of X are taken from data available in the literature as
follows : Jomes (1974 and 1976), push-out data ; Lee (1974), kinked
profiles and push-out data ; Hu and Yeh (1969), push out data. (The values
presented by Lee, from analysis of kinked phosphorus diffusion profiles,
are the result of a review of a large amount of data available in the
literature before 1974). Lee also measured the dependence of push-out
on the phosphorus emitter surface concentration Cg. The result was a
marked dependence of X on Cg at 95000. Results from Hu and Yeh’for
two difference surface concentrations at 1000°C indicate a similar
deperdence. Jones' push-out data were all obtained for phosphorus
emitter surface concentrations which were at the solubility limit for
phosphorus in silicen (O 1021 atoms/ce), as were the values of X calculated

by Lee from kinked phosphorus profiles.

In order to infer values of X over the concentration range of major
interest here, (1020~— 2 x 1021 atoms/cc phorphorus) it is assumed that
varies linearly with phosphorus surface concentration. Such a relationship
was proposed by Hu and Yeh in an "approximate theory of emitter push"
(1969) where it was assumed that the excess vacancies were generated by
the clinmb of dislocatioms induced by the phosphorus diffusion. Although
E-centre break-up is favoured here as the cause of the vacancy excess,

Jones has shown that a similar dependence of X on C, could result from

it.

Assuming that, at all temperatures in the rarmge 950°C to 1200°C,

the phosphorus solubility limit is 2 x 1021 atoms/cc (see profiles in Lee,
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Surface leasured Au| Required Actual
Authors Diffusion Conditions Concentrations Solubility Value Value
: after gettering/cafnhancement of X of X
Meek et al. |Au equilibrated 11002C u=1.5x 10%° 600 7 9
(1975) P diffused 1000°C b,y 1020
. o _ 20
Chou et al. P diffused 1100°C = 3,5 x 1018 150 10 9
(1975) Au diffused 1100°C fAu = 7.1 x 10
Joshi et al. 4P diffused 1150°¢ fp = 10°1 80 . )
(1966) Au diffused 1000°¢ fu = 2 x 108
. o o~ 21
Brown (1976) P diffused 1050 Cc I P 1018 L 200-400 3-6 5
Au  5x107-10
. )
Adamic et al. P diffused IIOOOC Au not saturated - - -
(1964) 1.JAu diffused 1100°C
(15 mins only)
Au equilibrated 1000°C | Au = 1018
91 150 3 4
" , [P diffused 1070°c | P = 10°
P diffused 1050°%C |P = 4 x 10%° o5 , )
This work Au diffused 1000°C | Au = 2.9x10"°

Table 6.3,

Gold sclubility enhancement in shallow, high concentration phosphorus

diffused lavers.




1974), and using the linear relationship between CS and X, the vacancy
enhancement factor as a function of phosphorus surface concentration

has been plotted in figure 6.32 for temperatures of 950°C, 1000°C, XOSOOC,
1100°C and 12000C, Also shown are the measured values from push~out data,
due to Lee (1974) at 950°C, Hu and Yeh (1969) at 1000°C and Jones (1976)

at 1050°C.  The values of}(_predicted in this flgure are well within a

factor of two of the measured ones.

A brief comparison with gold solubility data available in the literature
is givén in table 6.3. These are all experiments in which a large amount
of gold was diffused into a silicon wafer which either already had a
phosphorus gettering layer at one surface or which was subjected to a
gettering treatment after gold diffusion. The gold concentrations are
those measured at the surface. The predicted, equilibrium enhancement
effects are obtained from figures 6.27, 6.28 and 6.29. The predicted value
of 7L(figure 6.32) for the phosphorus surface concentration givem in each
reference igs compared to the measured ‘extra' enhancement . In most cases
the agreement is well within a factor of two,which is better than the
uncertainty in the values of intrinsic gold solubility from which the
actual enhancement wag calculated (see figure 6.2). The predicted
enhancement for the data of Chou and Gibboms (1975) is somevwhat low compared
to their experimental values, however for the phosphorus diffusion
conditions described, a surface concentration of only 3.5 x 1026 atoms/cc
seems rather low compared to values obtained, under similar conditions, in
gettering experiments carried out by this author (Unter, 1977). If the
phosphorus surface concentration had been close to 1021 atoms/cc, the

predicted and required values of X would both ¥ 3.

6.5.4 Prediction of the gettering effect for removal of contamination

Using the predictions of the model described above, it is possible to
predict the gettering effect of a given phosphorus diffused layer with
reasonable accuracy. Important factors of the model which determine this
gatteriag effect are :

(1) Gold diffuses into the gettering layer as an interstitial species.

(2) The reaction rate of interstitial gold with the gettering agent is

very high - high encugh to make D the rate limiting step.
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(3) Essentially all of the gold within the gettering layer is
on subastitutional lattice sites.
(4) The gettering effect in the phosphorus diffused layer is
attributed to the reaction of gold atoms with E-centres which
are present in significantly larger quantities than the normal

equilibrium vacancy concentration.

From these effects and experimental data presented in chapter 8, it
appears that the gettering layer behaves as an infinite sink for gold
diffusing from the bulk of the wafer as an interstitial species. Data
available in the literature (Lambert and Reese, 1968; Murarka, 1976)
also indicates that this is so. If the actual capacity of the gettering
layer for gold is estimated, the expected reduction in a known 'bulk'

gold concentration can be calculated.

Estimation of the capacity of a phosphorus layer is described below
and illustrated in figure 6.33. First, the phosphorus diffusion profile
resulting from the gettering step is plotted. 1t may either be measured
by one of the comventional profiling techniques (spreading resistance,
see appendix A ; incremental sheet resistance, see appendix B ; radio-
tracers, see for example Chou et al.l975) or it may be assumsd that the
profile cbeys the complementary error functiom {erfe¢) shape predicted
by standard diffusion theory (Grove, 1967, p 41) for diffusion from an
infinite source. 1In this case the sheet resistance, RSH’ of the layer
(see gppendix B) is measured, the depth of the ?refiie, xj, is then
measured (normally by junction staining - see chapter 8) the product
RSH'xj yields the average resistivity of the layer,?. This value may be
related to the‘sarface concentration, Cs’ of the phosphorus diffused layer
using Irvims curves of C, vs# for erfe distributions (Irvin, J.C., 1962).
Once Cs is known, the depth profile may be plotted using the relationship

Cix,t) = C erf g 6.60

2Jbe
where x is the depth, t the diffusion time and D the diffusion coefficient

of phosphorus at the chosen temperature. The saturation gold profile

corresponding to this phosphorus diffusion may mow be plotted using data
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from figure 6.30, but with each gold concentration multiplied by the
value of X corresponding to the phosphorus surface concentration. (Only
the gold profile in the region Np)’ n. is of interest since below n, no
gold solubility emhancement is seen). In the ¢xample in figure 6.32,
thg phosphorus diffusion has a surface concentration of Cg = 1 x 1021
atoms/cc which, at the chosen temperature of 1000°¢ gives X. = 9, A quick
graphical imtegration of the saturation gold profile yields the gold
capacity of the phosphorus layer, which in this example is 8.5 x 1014
atoms/amz or, an average concentration of 6.5 x 1018 gold atoms/cc within

the layer at saturation.

It is highly unlikely that the gettering layer vemains an infinite
sink for gold at all times until it is saturated, however experiments (see
chapter 8) indicate that it certainly appears to be an infinite sink until
gold has reached half of the saturation level. To make a conservative
estimate of the getterimg layer capacity, it may be assumed that it will
act as an infinite sink until filled to 10%of its capacity. This means
17 13 atoms/cmz.

an average concentration of gbout 7 x 107 atoms/cc or 8.5 x 10

This amount of gold distributed through a wafer of typical thickness

350 microns would give an average concentration of 3 x 1015 atoms/cc.
Thus it appears that the phbaphorus layer depicted in figure 6.32 is
capable of completely removing all of the zold from s wafer which is
grossly contaminated - even when its capacity is underestimated by a
factor of ten. It should be pointed out that the example shown in figure
6.32 is not a typical "quick getter" profile, it is in fact quite deep
and would have required 60 miné diffusion at 1%0000, however its

apparent large capacity for gold should not be iznored.

In addition to estimating the capacity of the gettering layer, omne must
also consider the dynamics of the situation since the rate limiting
step is the diffusion of interstitial gold. A simple model will serve

to give a first order idea of the time required for gettering.

Fick's first law of diffusion states that the flux, F, of a diffusing
species is given by :

aC
Fa= 3'5%# 6.61
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where D is the diffusion coefficient and dC/dx is the concentration
gradient. Consideration of the relationship between the flux and the
rate of change of concentration with time (Grove, 1967, p 42) yields

the well known ‘diffusion equation' :
2

ac Dd™C
T C T 6.62
dx

The solution to this equation for diffusion from an infinite source
is the compleﬁentary error function profile expressed in equation 6.60.
This dopant distribution will change from the erfc shape to a linear
distribution when the diffusion length, L = 2./Tt, is greater than the
thickness of the sample. At 100006, the diffusion coefficient, Di’ of
interstitial gold is - 8 x 10_6 cmzlsecond {(Wilecox et al. 1964). 1In a
35§pm thick silicon wafer, the time required for L to be greater than the
wafer thickness is ¥ 40 seconds. Thus, if a wafer originally contaminated
with NO gold atoms/cc is being gettered at 1000°C, after one minute the gold
distribution will approximately be a linear fall from No to zero atoms/cc
across the wafer thickness (assuming that the gettering layer is an

infinite sink). This situation is shown schematically below :

initial situation
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The situation, as time progresses, may be modelled as shown below,

with the time taken to reach the distribution shown in figure 6.34 neglected:

Concné z
) . infinite
N“**O 7 sink
T ““‘H c fig 6.35
N \\ \ # '
L e
Oé’ [ %

The concentration gradient, dC/dx, at any tims ¢ is given by N/1. The flux
into the infinite sink is given by the rate at which the area under the

concentration distribution line shrinks. Equation 6.61 may be expressed :

/

wDdC 4 T ]
F= 3% o LiL-N]

5

_d 1?4
dt (2~ dx 6.63

this differential equation may be solved by letting y = dC/dx; then equation

6.63 becomes : 9
1° d
=Dy = 5 -&—Ey 6.64
rearranging and integrating :
o o
y 2
1 ,
-2Dt daC
o s k=3 e~ 6-66
7=, QXP{: 1;] dx
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Y, is given by dC/dx at t = O (boundary condition)., Therefore the flux

F flowing into the infinite sink is :

N r
Fa=-D-—2> exp 2Dt 6.67
1 12

2 .
The flux has a time constant of ( éﬁ ) (for F = k exp o = % V.

In the example being considered here, at 1000°C in a BSQA;m thick wafer
the time constant is 77 seconds. If the getterimg layer is applied to the

back surface of the wafer and a reduction in gold contamination of 103

i5 20

atoms/cc at the front surface is required (e.g. from 10~ to 107 atoms/ce),

then dC/dx (= N/1) must also decrease by 103, Therefore, from equation 6.66,
the gettering time is approximately ten minutes if a couple of minutes are

allowed for the 'tramsient' during which the distribution shown in figure

6.34 is achieved.

The above analysis does make one assumption which, if grossly incorrect,
could modify the results considerably. It was assumed that the gettering
layer provided an infinite sink at the very outset of the gettering process
whereas in reality at ¢ = O there is no phosphorus present! If the flux
of phosphorus atoms entering the layer is comparable to or higher than the
rate of arrival of gold, the analysis will still give a close idea of the time
required to schieve the desired effect. The higher the original gold
contamination level the more likely it is that the gettering effect will
be limited by the phosphorus diffusion because, from equation 6.67, it can be
seen that the gold flux entering the infinite sink is proportional to Ncll.

A simple calculation shows that the phosphorus layer quickly becomes an
infinite sink for the highest gold contamination likely :

Assuming that the phosphorus diffusion profile is a complementary
erﬁar function, integration of equation 6.60 yields the total number of

atoms per unit area in the phosphorus layer after time t. (Gro#e, 1967).

Q(e) = V%Jfﬁ c

8

= /Dt Cs 6.68

The distribution may be closely approximated as a triangular diffusion

profile of height C8 and base .(= diffusion depth) =2/Dt. (Hote : Grove
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gives a&s the approximation Q(t) - | Jﬁ%,cgg however 2/ = 1.13 so the
approximation used here is better), The slope of the triangular profile
may be used in equation 6.61 to give the flux of phosphorus atoms entering

the silicon after time ¢ :

=D C
-
2/Dt

If the phosphorus surface concentration is 1021 atoms/cc, then at 1000°C

the flux is : 3.5 x iolé/J”E atoms per second. After 5 minutes (300s) the
13

F = 6e69

phosphorus flux is 2 x 107~ atoms per second. Sclution of equation 6.67
after the same time gives the flux of gold atoms into the gettering layer
as : {4.5 x 10°°, NO.} atoms/second for thg.BS?fam thick wafer. Clearly
even if the original gold concentration is at the intrimsic solubility
limit {r¢1616 atoms/cec), the flux of phosphorus ig much greater than that
of gold after only five minutes. Thus, at the mest, five ménutes must be
added to the original estimate of the gettering time. It is stressed
that this situation may not be the same at other temperatures (see

gection 9.3).

6.5.5 External contamination during gettering

Contamination of the sample with gold from external sources during
the gettering process must also be considered. Thig effect is particularly
well demonstrated in measurements of gettering mede by Murarka (1976).
Neutron activation analysis was used to measure.the initial gold contamination
in wafers cut from ten different silicon crystals. In each case a wafer cut
from an adjscent position was subjected to a short phosphorus gettering
treatment at 1000°C. The total gold concentrations and the gold
concentrations after removal of the phosphorus diffused layérs were then
measured. In nine of the ten samples, the total gold concentration had
risen noticeably. The worst case was a rise frow an original level of
1.4 x 1614 to a final level of 6.6 x 10lé gold atoms/cc, implying
contamination up to 5 x 1014.atoms per cc in only thirty minutes. The
extra contamination had, however, been confined to the phorphorus diffused

layer. An average reduction in the bulk concentration by a factor of

fifty was noted,

&

Three interesting points come out of these measurements :
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(1) The proposal made earlier, (see section 6.52) that a phosphorus
layer should make an effective barrier against external contamination
(due to the high gold interstitial-p gold= phosphorus pair reaction rate)

is supported.

(2) The phosphorus gettering layer does behave as an infinite sink for
gold at concentrations well above the sotubility limit of gold in
intrinsic silicon. (Murarka does not indicate what the thickness of his
samples is. If it is assumed that they are more than average thickness,
say 500pm, the gold concentration in the gettering iayer of four of his

samples is well over 1017 atoms/ccl'

(3) Perhaps the most disturbing feature of these results is that they
indicate gross contamination from the furnace in which the gettering was

carried out.

It has been shown recently in the silicon device fabrication facility
at Southampton University, and by other workers {Declerck et al., 1976),
that cleaning furnaces with HC1 gas provides an excellent means of reducing
Vheavy metal contamination from them. Results briefly reported in chapter 8
of this thesis show that wafers which are thermally oxidised in an HC1-
cleaned furnace are actually degraded by a subsequent phosphorus getter

in a non-HC1 cleaned furnace tube.

6.5.6 Prediction of gettering effect during;deliberéteAgpld doping

The situation where a device is to be deliberately gold doped but
suffers from unwanted "gettering" due to the presence of high concentration
phosphorus diffusions is much simpler to model. A gold source (infinite)
is applied to one face of aywafer, the opposite face of which has a high
concentration phosphorus diffusion in it. Assuming, once again, that
the gettering process is gold interstitial diffusion rate limited and that
the phosphorus layer acts as an infinite sink until it is almost saturated,

equation 6.61 may be expressed quite gimply as :

. 6.70

_-pdc _ Pi(€)

Fe 5 = — 1

for 2{Dt> 1 (as described in 6.5.4). C; is the interstitial gold solubility
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limit. (If an infinite gold source is applied to ome face of the wafer
then the concentration of the diffusing species will be at its solubility

limit at that point).

G, the total amount of gold gettered in time t, may be obtained
by integrating the flux over the time interval :
t

D.C,
G = ~//'F dt = == .t 6.71
1

0

One may therefore obtain the gettering rate as :

¢ D;%

T= atoms/cmz/second 6.72
1

Using the method previously described for calculating the capacity
of the phosphorus diffused layer, the time takenm to saturate it may

easily be calculated.

For example, at IOOOOC, Di = 8 x 10“6 cmz/seccnd and Ci (Wilcox et

al, 1964) = 5 x 104 atoms/cc. For a 350 micron thick wafer, the

gettering vate is : 1.14 x 10i1 atoms per cm2 per second. The capacity
of the example used in figure 6.33 is 8.5 x 101q atoms/cmz, which would

take = 125 minutes to saturate,

6.5.7 Additional Comments on the "E-Centre" gettering model

The extra solubility enhancement of gold in phosphorus diffused
layers has been explained here in terms of a model in which gold atous
react with excess vacancies while they are in E-centre form and thus
become ion-paired with phosphorus atoms. This reaction has also been
used, qualitatively, to explain why the gettering reactions : Aui + V‘%Aus
and Aus— + P T%&(AuP) are so fast. This latter effect is a new proposal,
indeed an interaction between gold atoms and E~centres hag never been
suggested in the literature to the best of this author's knowledge. Meek
and Seidel (1975) have suggested that a vacancy excess - attributed to
the climb of phosphorus diffusion induced dislocations ~ may explain the
additional gold solubility enhancement. No convincing qualitative results

are given, This model, which is the only reasonable alternative proposal,
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is rejected here for the following reasons :

(1) Extra gold solubility enhancement is observed, in this work, for
phosphorus layers which do not have dislocations associated with them.

(2) The phosphorus kinked profile and base push-out effect, which may
both be attributed to excess vacancies are alsc seen in samples which

do not contain phosphorus induced dislocations. The only viable
alternative model is one involving the diffusicn of phosphorus as an
E-centre (Jones 1974). In this work, the agent which causes kinked
phosphorus profiles and the push-out effect is strongly linked with the
agent responsible for gold interaction with the phosphorus layer (see
chapter 8).

(3) The simple excess vacancy model (whether it be caused by dislocations
or not) does not explain the rapidity of the gettering reaction. Indeed,
it is generally considered that a vacancy in silicon has a very high
diffusion coefficient, in which case one would not necessarily expect the
excess vacancy effects to be confined to the phosphorus diffused region.
On the other hand, while in the form of an E-centre, the excess

vacancies are confined to the phosphorus diffused layer as is the gettering

effect.

6.6 Conclusion

It has been shown, in this chapter, that the equilibrium solubility
of gold in heavily doped silicon can be explained in terms of two effects:
the Fermi level effect and ion-pairing. It has been demonstrated that
measured values of enhanced gold solubility in p~type and n—type silicon
can be accurately predicted by these theories using gold energy levels,
energy level temperature dependences and degeneracy factors which were
chosen as the most reliable from a reconsideration of a large amount of
published data in chapter 4. No special assumptions involving a change
in the basic properties of gold as an amphoteric, deep level impurity

at high temperatures have been necessary to make the theory 'fit' the

results.

The interaction of gold with gettering layers has been considered.
The gettering reaction between gold and shallow phosphorus diffused

layers has been considered in some detail. A new model for the gold-
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phosphorus interaction has been proposed and has been shown to explain
data available in the literature and in this work with very good
accuracy considering the lack of experimental values for the vacancy

enhancement factor upon which the predictions depend.

A detailed consideration of the dynamics of the phosphorus gettering
process indicates that it is rate limited by the diffusion of
interstitial gold at 1000°C since the phosphorus diffused layer acts as
an infinite sink. Simple models enabling the predictien of gettering
effects in situations where gold removal is desired and in situations
whare deliberate gold doping is desired have been developed. These

should be applicable at all diffusion temperatures.

Propoéals for the better use of phosphorus gettering have been made.
Of particular importance is the ability of the phosphorus layer to
halt contamination from external sources which enter through the back
of the silicon wafer. It is recommended that phosphorus gettering should
be carried out as early as possible in a device processing schedule.
A sink for unwanted gold contamination entering the front of the wafer
will be provided at all times as well as a barrier at the back of the
wafer. The gettering model developed in 6.5 should enable a given
gettering schedule to be optimised and to be predictable within
reasonable limits. In connection with the problem of external contamination
of wafers from furnace tubes, results reviewed here as well as those
presented in chapter 8 indicate that some attention should be given to

decontaminating furnace tubes - perhaps with the use of HCl gas.
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7. THE EFFECT OF GOLD ON THE RESISTIVITY OF DOPED SILICON AT ROOM
TEMPERATURE

7.1 Introduction

The effect of gold on the room temperature (298°K) resistivity of
silicon already doped with a shallow donor or acceptor is to be considered.
It will be seen that for gold to affect the resistivity of either type
of silicon appfeciably, its concentration must be comparable with, or
greater than, the concentration of shallow dopant. The solubility limit
of gold in silicon is generally between 1016 and 1017 atoms/cc and so
concentration of shallow dopants up to 1017 atoms/cc will be considered.
At room temperature silicon doped with 1017 atoms/cc of shallow dopant
is non-degenerate and, therefore, the non-degenerate approximations to
the Fermi function may be used for all of the cases to be considered

(see section 6.4).

In the n-type silicon the Fermi-level is well above mid-gap (the
actual position depending on the concentration of shallow donors ‘Nd),
If a small amount of gold is added (NAu< Nd) the gold acceptor levels
will be ionized immediately and the number of free majority carriers
(electrons) in the conduction band reduced accordingly. When the gold
concentration becomes comparable with the shallow donor concentration
(NAu= Nd) there is a sharp increase in the resistivity because of
compensation by the gold acceptor energy level. The Fermi-level moves
towards mid-gap and further addition of gold results in holes becoming
the majority carriers as more electrons taken from the valence band
fill the gold acceptor levels ; this makes the silicon high-resistivity
p-type. When gold is the dominant impurity (NA85 Nd) the position of the
Fermi-level is determined by the gold concentration and the relative
occupancy of the gold levels. The gold-coupled shallow acceptor level,
reported by Bruckner (1971) and discussed in section 4.4, is only
significant when the gold concentration is greater than 4 x 101 atoms/cc,
and will have the effect of making the silicon lower resistivity p-type

at gold concentrations greater than this value.

In p-type silicon, the process is similar to that described above,
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due to interaction between gold atoms ionized as donors and the shallow
acceptor levels. The increase in resistivity, however, is monotomic

and more gradual than in n-type silicon. Conversion to n-type silicon
does not occur because the gold donor is further from the middle of the
silicon energy band gap than the gold acceptor and the Fermi~-level stays
between the valgnce band edge and the intrinsic position. Once again,
the effect of the gold coupled shallow acceptor level, at high gold
concentrations, is to reduce the resistivity and make the silicon more

strongly p-type.

7.2 Measurements of resistivity as a function of gold concentration

reported in the literature

There is a lack of reliable data on the effect of gold on the
resistivity of silicon although several sets of measurements have been
reported by : Boltaks, Kulikov, and Malkovich, 1960; Wilcox, La Chapelle
and Forbes, 1964 ; Bullis and Streiter, 1968 ; Thurber, Lewis and Bullis,
1973, These authors have also carried out theoretical analyses but only
Thurber et al. have had any success in predicting the experimental da¢a.
None of the theoretical treatments, with the possible exception of that
due to Thurber et al., are adequate and it is for this reason that a
reanalysis is carried out here using models for gold energy levels and

degeneracies which have already been developed in chapter 4.

Experimental measurements of the effect of gold on resistivity
in silicon are subject to similar problems to those already described
for gold solubility measurements. The experiments basically involve
measurement of the initial resistivity of a silicon wafer. This is
followed by diffusion of gold - usually from an evaporated elemental
- source - at a high temperature after which the final resistivity and
gold concentration are measured. The concentration of gold is obtained
either by neutron activation analysis (Thurber et al. and Bullis and
Streiter) or by use of radio-tracer gold (Boltaks, et al., and Wilcox
et al). In all cases the surface "tip-up' region must be excluded
from the gold 'count' to ensure that the gold distribution throughout
the sample is uniform. There is no evidence that Boltaks et al. removed

any of the surface layers before measuring the resistivity or gold



concentration in their samples. Wilcox et al. and Bullis and Streiter
only removed thin ( ~10um) layers from their samples which, as shown in
experimental results in the literature and in this work, is not enough
to avoid the 'tip-up' region. Thurber et al. in a comprehensive set of
experiments, removed 125um thick layers from each face of their silicon
wafers before measuring gold concentrations and resistivities (samples
thus prepared were also used for Hall effect measurements described

in chapter 4). These results are probably the most reliable and have
been used, in this chapter, as the data to which the theoretical curves
are to be fitted. As will be seen, there are still some problems in
fitting the theoretical calculations to the measured values. The gold
concentration data does, of course, include all electrically-active

and electrically-inactive gold atoms. There still remains a need for
a technique which yields, unambiguously, the electrically-active gold

concentration

7.3 Theoretical calculations of resistivity as a function of gold

concentration at room temperature

Theoretical calculations of resistivity as a function of gold
concentration have been carried out, as mentioned above, by several authors.
As the approximations and data used in each of the references cited are
open to some doubt the calculations have been carried out in this work
using more recent data for gold energy levels etc., and for various models
of gold energy level variations with temperature and gold degeneracies.

(See chapter 4).

The position of the Fermi~level is first calculated by solving the
charge balance equation (at room temperature) and from this the number of

free carriers and hence the resistivity are obtained.

The charge balance equation for this problem is :

- - - + +
n+ N, + NA + NG = p + Nd + ND 7.1
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where :

n = electron density
N; = jonized shallow acceptor density
N, = density of negatively iomized gold (filled acceptors)
NE = density of negatively ionized gold~coupled shallow
acceptors.,
p = hole density
+

Nd ionized shallow donor density

B

fi

density of positively ionized gold (empty donors).

The electron density, n, is obtained from : (Nichols and Vernon 1966).

- v 7.2
n =N .exp |—m— .

where the symbols have the same meanings as in previous chapters. If EFi

is the Fermi energy in intrinsic material

G -
SN e Bpy ~ Eg {EF Bpi -
n ¢ S*P TXT exp R :

now, in intrinsic material, where n, is the intrinsic electron (or hole)

concentration :

EFi ) Ec
n, = Nc exp T 7.4
Therefore,
n = n, exp EF _ EFJ 7.5
1 L kT ‘
Similarly, the hole concentration, p, is given by :
C e Epy = Fp 2.6
P =0 O IR |

In intrinsic material, n = p = n;, thus Ep; may be obtained by

equating equation 7.2 with the corresponding expression for the hole

concentration, p, in intrinsic material. This results in :

E 4+ E N
- ¢ v kT v
EFi {%——§~—;} + R 1n Cﬁ:) 7.7
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Nv and Nc have been defined in equations 6.48 and 6.49, and Ec + Ev = Eg

the silicon energy band gap. Equation 7.7, may be rewritten in terms of

the density of states effective masses for holes and electrons m and m, ¢

E
_ g, X Th
EFi 5 + A 1n (mé) 7.8

The ionized shallow acceptor and donor densities respectively are :

Na = TR 7.9
1 +¢g exp F
a kT
N
N * = d 7.10
d E. ~E
1+ E- exp ~E————é—
84 kT

where : Na = total number of shallow acceptors, &, = degeneracy factor for
shallow acceptors, Nd = total number of shallow donors and 84 = degeneracy

factor for shallow donors (see equatiomns 4.11, 4.12).

Similarly, the ionized gold-coupled shallow acceptor density is

N
N, = ¢ 7.11

1+ gz exp 4%

The densities of ionized gold acceptors and donors may not be obtained
from the simple Fermi probability function in the way that Na_ and Nd+ have.
A gold atom may exist in one of three charge states but its existence
as, say an ionized donor, precludes it from being in either of the other
states at the same time, viz., as a neutral atom or as an ionized acceptor.
Expressions for the densities of ionized gold acceptors and donors have
been derived in this work, from the Shockley-Last (1937) statistics of
the charge distribution on a localized flaw in a semiconductor (see

appendix E) and are :

N .
N, = Au 7.12

A - T o
s ‘D~ Ep
L+ g exP[t RT ]}‘_ 1 + g, exp t "7 _}]
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and N
+ Au
ND - E - E ‘\ E — E 7;13
1+g-1exp F D 1+g-1exp F A
D kT A kT
L L L L

where : NAu = total gold concentration, EA = gold acceptor energy level,

Bp= gold acceptor degeneracy, ED = gold donor energy level and
gy = gold donor degeneracy.

The charge balance equation (7.1) is solved by iteration with a
digital computer to obtain a self consistent value for the Fermi-level,
Ep, to a specified accuracy. The values of n and p (7.5 and 7.6) are
obtained and used to calculate the resistivity (o) from :

-1
p = q.n.un + q.P. Up 7.14

where : g = the electromnic charge, = electron mobility and
Up = hole mobility.

The mobilities [ and up are calculated within the computer program
by evaluating the contributions of the two dominant scattering mechanisms
which are acting on the carriers. These are lattice scattering due to
phonons (thermal vibrations) which interrupt the periodicity of the
lattice and thereby impede the motion of carriers, and ionized impurity
scattering whereby an ionized donor or acceptor atom may deflect a
moving electron or hole with an electrostatic interaction. There is a
third scattering mechanism relating to the interactions of carriers
with neutral impurity atoms which is neglected here since most of the
impurities are ionized. The scattering contributions are summed reciprocally
to give :

1 L + L 7.15

utotal u1attice qunized
impurity

The values used in this equation are discussed in section 7.32.
The calculations are carried out for a given n-type or p-type doping

. . . . 13
concentration and a series of gold concentrations ranging from 10°~ atoms/cc

17 . e s .
to 107" atoms/cc. The resulting curves of resistivity as a function of
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gold concentration for various starting materials are plotted out by

the computer "Calcomp" peripheral.

The program (see appendix H) used to perform this calculation was
written in such a way as to allow variation of almost all of the parameters
involved, e.g. energy levels, degeneracies, silicon energy band gap,

temperature, etc.

The value of n., the intrinsic carrier concentration, is important
in determining the value of the Fermi-level during the iterative part
of the program and subsequently the number of free carriers used to obtain
the resistivity (see equations 7.5, 7.6 and 7.14). The value of EFi
obtained from equation 7.8 also makes a significant contribution to the
final value of the Fermi level and depends on the energy band gap of
silicon and the density of states effective meases of electrons and
holes (me and mh). These parameters and the methods used to calculate
mobility will be discussed in more detail since the values used have

an important bearing on the final results.

/.3.1 The intrinsic concentration, n.

Using equation 7.2 and the corresponding equation relating n, to

Nv and the position of E_. relative to Ev’ one may obtain the relationship :

Fi
~E
- } G ]
ni = (NVNC) exp -Q-E-f 7-:._6
At room temperature (2980K), with an energy gap of 1.24eV (Bludau et al,
1974), this expression gives n, = 5.4 % 109 cm_3. The measured value

at 298°K reported by Morin and Maita (1954) is 1.18 x 1010 cm_3 and is

the generally accepted value (Grove, 1967). However, as pointed out

by Barber (1966) this value is probably unreliable as the measurements
were made on silicon which was not very pure by today's standards, in
fact it was suspected to contain enough oxygen to form p-n junctions.
Barber (1966) considers more reliable data for n. above 350K attributed
to Putley and Mitchell (1958) and extrapolates their measurements to
lower temperatures by considering the temperature dependence of electron

and hole density of states effective masses. The uncertainty in Barber's

146



values is estimated to be less than 157 and he gives n, = 9.6 x 109 cm-’3

at 298°K. This value, which is used here, is justified by the calculated
values of maximum resistivity in n~type gold doped silicon which depend
strongly on it and which agree well with the measurements of Thurber

et al.(1973).
7.3.2 Mobility

The mobility of a carrier (electron or hole) is derived from the mean
time between collisions which scatter the carrier. This may be visualised
with a simple explanation : under the influence of an electric field , e,
the acceleration of, say, an electron, is given by Newton's second law of

"motion ¢

[+ S .12 7;17

where m* is the conductivity effective mass of the electron. If the mean
time interval between collisions is <t> , then the average drift velocity
of the electrons is :
= 9€ <t> 18
Varift T 2m* 7

and the quantity (q <r> /2m*) is defined as the mobility of electrons,
u.

n

The time interval between collisions is determined by the mechanisms

already mentioned, the probability of a collision taking place in unit

. 1 . .
time, — , being the sum of the probabilities due to the scattering

mechanisms; this leads to equation 7.15 :

T Tiattice T jonized H HL HT
impurity

Footnote. A more rigorous analysis, such as that given by, Nichols and
Vernon (1966)pll2, yields the result that vap fr = qE/2m ( <IZ> ) where <t
and <t> are the mean square time and mean time of flight f&tween collisions.
It is shown that <t2> = 2<¢> , which results in Up = q <> [m¥
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The wvalues of “L for electrons and holes used in this work are taken

from well accepted measurements of drift mobilities in very low-doped

silicon (where u_is negligible). These measurements, made by Ludwig

I
and Watters (1956), yield the following room temperature values :
1350 + 100 cmz/volt.sec.

480 + 15 cm2/volt.sec.

[

oL

H
pL
The ionized impurity scattering contribution to mobility must be calculated

[

and

for each solution of the charge balance equation however, since the number

of ionized impurities, N._, is the sum :

I
N. =N +N_+N_+N.T+n 7.19

which is different for each value of Nd’ Na or NAu’
The problem of the scattering of carriers in the Coulomb field of an
ionized impurity atom has been discussed in terms of classical mechanics
and wave mechanics - however both methods give the same result (R.A.Smith,
1964, pl48). A simple model of the Coulomb field of the ionized impurity
does not adequately describe the scattering of carriers in a real crystal.
This is due to the modification of the Coulomb field of one ionized
impurity centre by neighbouring ones and, in addition, the presence of
large numbers of free carriers which may ''screen' the ionized impurity.
Two approaches to the problem of modifying the Coulomb field have been
made ; these are due to Conwell and Weisskopf (1950) and Brooks (1955)
and Hefring (1954). These latter two authors arrived, independently, at
the same result. The Conwell-Weisskopf formula is obtained by considering
that each ionized impurity scatters independently, with its ''scattering
cross~section' arbitrarily cut off at a distance from the ion which is

equal to half of the distance between neighbouring impurities, i.e. if

r, = the effective radius beyond which the ion ceases to be effective
and NI is the density of immurities:
-3
= <20
(2r ) N, 7

The approach made by Brooks and Herring was a quantum mechanical
one which takes account both of the screening of the Coulomb field of
the ionized impurity centres by the free holes and electrons and the
modification of the average carrier density in the neighbourhood of a

charged centre. The Brooks-Herring formula yields similar results to the
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Conwell-Weisskopf formula when the density of conduction electrons

in n-type silicon (or holes in p-type silicon) is similar to the number
of ionized impurities. However, the two formulae give quite different
results when the conduction electron (or hole) density is appreciably
less than the ionized impurity density, n<< NI' In this case, the
mobility given by the Brooks-Herring formula is less than that given

by the Conwell-Weisskopf formula for the same value of N, - this is
because n does not appear explicitly in the Conwell-Weisskopf formula

as it is assumed to be equal to N The reason for the decrease in

I°
mobility lies in the fact that the "screening" effect of the free carriers

is reduced when their density, n, is reduced.

In the problem to be solved in this work, when the gold concentration
becomes larger than the shallow dopant concentration, the total number
of ionized impurities is much greater than the electron (or hole)
concentration since the electrons (or holes) distribute themselves
between the gold and shallow levels rather than occupying the conduction
(or valence) bands. This fulfils the condition in the Brooks-Herring
formula where NI>> n and for this reason mobilities have been calculated
using the Brooks-Herring expression :

7/2 , 3/2
2 (4me)® (kT)
uI = =373 ) 7 7.21

b
T  (m) q3 Ny {}n [} + ?] - T:?}

where:

d 2
em (kT)
n‘tz q2

b= 2,
T

= dielectric constant of silicon
= Boltzmann's constant

o
= temperature, K

= conductivity effective mass of carriers (electrons or holes)
number of ionized impurities per unit volume (eqn. 7.19)
= Planck's constant ¥ 2y

= electronic charge

B FoZog AR
i

= number of free carriers per unit volume (electrons or holes)
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7.3.3 Effective Mass

The effective mass of an electron (or hole) arises from the quantum
theory which describes the motior of electrons in a periodic lattice.
Its definition comes from calculation of the rate of change of crystal
momentum of an electron in a periodic lattice ; it is the proportionality
factor 1linking force and acceleration (as in Newton's law of motion :
force = mass x acceleration). For the 'ideal' one dimensional case,
the effective mass, m*, is given by the well known expression (see for
example, McKelvey, 1966 p219) :

* 2 dZE '
m =Hh" =5 7,22
dk

where E is the energy of the electron.

In a real situation this equation may be extended to three dimensions
quite easily (McKelvey, p 237) and the effective mass becomes a tensor
which takes account of the fact that the E(k) relatiomship (k = wave
number, which is closely linked to crystal momentum since h.k has dimensions
of momentum) may not be the same in all directions. A different effective

mass is required to describe motion in each direction.

A detailed consideration of the effective mass tensor in calculating
the conductivity of a semiconductor (see equation 7.18) is given by
McKelvey, p 302 and a 'conductivity effective mass’ for isotropic
conductivity is defined. When occupancies of the valence and conduction
bands (equation 7.2) are considered, however, summation of the directional
components of effective mass to give a value which describes the density
of states of the band (equations 6.48 and 6.49) yields the 'density of

states equivalent effective mass' which is not the same as the conductivity

effective mass.

This difference has not been appreciated by many authors. In the
calculations carried out here, density of states effective masses of
m, = 1.18m. and m = 0.81 m (Barber, 1968) are used to calculate the
position of EFi in equation 7.8 ; conductivity effective masses of

m, = 0.27 m and m = 0.38 m. (Bullis, 1966 and Barber, 1968) are employed
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in the solution of the Brooks-Herring expression - equation 7.21.

7.4 Results of the Calculations

Solutions of the charge balance equation, with the parameters described
above, were obtained for a large number of different gold energy level
positions. For clarity (and brevity) only a small number of examples which
illustrate the important aspects of the calculations are included here.

In all cases the calculated values are compared with the experimental
data kindly provided by Dr. W. R. Thurber (Thurber et al. 1973). The
silicon starting resistivities in the calculations are the same as
those used in the experimental data so that a direct comparison between

them may be made.

The precise positions of the shallow energy levels and their
degeneracies have little effect on the calculated curves since the Fermi
level is almost always far enough away from them to ensure that they
are essentially all ionized. The values used were : shallow acceptor
level 0.045 eV above Ev, g, = 4.0 ; shallow donor level 0.044 eV below
Ec’ 8q = 0.5. The gold-coupled shallow acceptor was assigned an energy
level of 0.033 eV above Qjand a degeneracy of 4.0 ; its density was
varied as (NAu>3 with a concentration of 4.5 x lOls/cc at a gold

concentration of 1 x 1O]f7 atoms/cc (Thurber et al. 1973).

The calculations were carried out for the five energy level
temperature dependence models suggested in chapter 4, viz:

both energy levels fixed to Ec’ Model C

both energy levels fixed to Ev’ Model V

each energy level fixed to opposite band edge, Model O

each energy level fixed to nearest band edge, Model N

both energy levels vary in proportion to Eg(T), Model P

Models N and O gave poor results overall and are not considered
further. Each of the other models was assessed using a number of sets
of degeneracy factors for the gold levels including those suggested

by various authors in the literature :

151



Degeneracy Set 8 8y Comment

1 1 1 No degeneracy

2 0.125 16 , Bruckner (1971)

3 0.125 8 Thurber et al. (1973)

4 4 1.5 Trivalent:Brown et a1{1975)

5 6 2.5 Trivalent:including split

off band

6 0.666 0.25 Monovalent:Bullis (1966)

7 1.333 0.75 Monovalent including split
' off band

Three pairs of gold energy levels were used for each model. These were
chosen to represent the range of values reported in the literature with the
centre value that is given by the measurements of Engstrom and Grimmeiss
(1975) for the gold acceptor level and Wong and Penchina (1975) for the
gold donor level (asterisked in the list). For each model the absolute
zero values were corrected to 300°K values using the appropriate temperature

variation (see chapter 4)

Model EC—EA(eV) ED—EV(eV)
Cl 0.53 0.275
C2#% 0.553 0.284
C3 0.56 0.3
Vi 0.45 0.343
V2% 0.48 0.35
V3 0.49 0.365
Pl 0.49 0.32
P2* 0.52 0.33
P3 0.53 0.35

In the calculations the starting material resistivities listed below

were employed; the symbols correspond to the measured data of Thurber et al.
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Conductivity Type Resistivity {cm Symbol
n 0.3 O
n 1.0 &
n 5.3 +
n 75 X
n 380 03
n 2300 4
P 0.076 X
P 0.53 Z
P 1.1 Y
p 11 p=¢
P 20 ¥
p 93 X
P 280 |
p 1100 XX

7.4.1 N-type silicon starting material results

In all of the n-type theoretical curves the sharp rise in resistivity
is predicted at NAu = Nd, however in every case the measured value of NAu
at the sharp rise is NAu'* ZNd. Variation in energy level position or
degeneracy has no effect on this and it remains the biggest uncertainty
in achieving a satisfactory fit between the predicted and measured data.
There are three possible explanations of this anomaly : a systematic
error has been made in the neutron activation measurements of gold
concentration ; the measured gold concentration contains a significant
proportion of non electrically active gold atoms - such as gold interstitials;
or, as suggested by Kendall and De Vries (1969), two substitutional gold
atoms on adjacent lattice sites are required to provide one electrtcally
active centre. The first possibility is unlikely especially as the 'factor
of two' anomaly has been observed by other workers (Bullis and Strieter,
1968). The second possibility is the most likely in view of the lack of
data on the relative concentrations of Aus,and Au;; although the Kendall
et al. suggestion cannot be wholly discounted. The success of gold diffusion
and solubility theories which assume a single substitutional gold atom per
active site must support the interstitial gold explanazion. For this reason

the best fit calculations are taken to be those which parallel the measured
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values rather than those which do fit at high resistivities and not at low

ones (as in the calculations of Thurber et al.).

The effect of varying the degeneracy factor for given gold energy
level positions is illustrated in figures 7.1, 7.2 and 7.3 for 1 cm n-type
silicon and models C2, V2 and P2. Clearly variation of degeneracy or energy
level position does not affect the position of the sharp rise in resistivity
or the maximum value. This latter point is not surprising since examination
of equation 7.1 shows that the maximum resistivity occurs when the silicon
is effectively intrinsic, i.e. when EF = EFi’ and depends on n. and EFi
only. Bullis (1966) incorrectly states that the maximum value of
resistivity (as the n-type silicon™ p-type) is affected by the degeneracies

and positions of the gold levels.

The best overall fit between theoretical and measured data - allowing
a factor of two at all gold concentrations — occurs for model C2 with
degeneracy set 5 (model C2-5), i.e. both gold energy levels fixed to Ec
(as measured by Engstrom and Grimeiss, 1975; and Wong and Penchina, 1975)
coupled with degeneracy factors obtained in this work where it is assumed
that gold is trivalent in silicon with the 'split-off' valance band included
in assessing the degeneracies of the various occupancy conditions (gA = 6,
&p 2.5). The next best fit occurs for model C2 with degeneracy set 4
(model C2-4) (Brown et al. 1975). A reasonable but not as good fit occurs
for the models in which gold is momovalent with energy levels fixed to
E,» i.e. model V2-6. Model Cl-4 gives an almost identical result to the
best fit curves obtained with C2-5, however from the discussions of chapter 4,
the energy level positions in model C2 are considered to be more accurate
and hence C2-5 is the favoured model. Calculations for the monovalent
model in which the gold energy levels varychg(T) do not give good fits
(i.e. models P1, P2 and P3-6).

It is apparent, from figures 7.1 - 7.3, that many of the sets of
degeneracies give completely wrongly shaped curves for some of the models.
It is particularly interesting that sets 2 and 3 which were used by
Thurber et al. (1973) to give good predictions in their calculations do
not give correctly shaped curves for any of the models here. The reason

for this is not known since it has proved impossible to reproduce Thurber
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et al's. results in this work. Figures 7.4 to 7.8 illustrate some of the
results obtained using all of the resistivity data. At gold concentrations
above 4 x 1016 the predicted values tend to be dominated by the gold-
coupled shallow acceptor and are, therefore, subject to some uncertainty
since its density relative to the total gold concentration has not

really been measured satisfactorily. It should also be noted that the
shapes of the predicted curves beyond the maximum resistivity are more
dependent on the gold donor level (since the material is then p-type)
whereas on the left of the peak the curve is almost solely dependent on
the gold acceptor energy level. The models illustrated are as follows:
figure 7.4 : C2-5 ; figure 7.5 : C2-4 ; figure 7.6 : Cl-4 ; figure 7.7
V2-6 and figure 7.8 : P2-6. (That model C2-5 gives the best fit is

more easily seen in figure 7.17 where the assumption that only half of

the gold is electrically active has been made in the calculation).

7.4.2 P-type silicon starting material

The p-type calculations are more difficult to fit to the measured
data. This is apparent from figures 7.9, 7.10 and 7.11 where the effect
of degeneracy on the predicted values for 1l.18lcm p-type, gold doped,
silicon starting material is shown. Varying the energy level or
degeneracy factor is seen to affect the whole range of the curve. A
second problem is that Thurber et al. (1973) expressed some doubt as
to the validity of the measurements on higher resistivity material in
which it was suspected that compensation from some donor—type dopant,

other than gold, had occurred.

Including the factor—of-two correction for probable inactive gold,
the best fits to the p—type gold doped silicon resistivity measurements
occur for models : C2-5, C3-4 and V2-6. Of these, model C2-5 is also the
best fit to the n-type gold doped silicon resistivity data and V2-6 is
also a good fit; C3-4 is a poor fit. The monovalent models with energy
levels varying in proportion to Eg(T) do not give good fits to the p-type
data. Figure 7.12 - 7. illustrates some of these p—type gold doped
silicon resistivity results as follows: figure 7.12: C2-5 ; figure 7.13:
C3-4; figure 7.14 : V2-6; figure 7.15: P2-6; figure 7.16: V1i-4 (example

of a poor-fit calculation).
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7.4.3 Conclusion

The best theoretical fit to the measured values of the effect of gold
on silicon resistivity are obtained for a gold energy level model in which
the gold is trivalent with energy levels which remain fixed to the
conduction band edge as temperature varies ; EC - EA = 0,553 eV and
Ec - EV = 0.84 eV. The degeneracy factors gy = 6 and &y = 2.5 are obtained
by including the split off valence band as well as the two double degenerate
valence bands in assessing the degeneracies of the various charge states.
Degeneracy factors of 4 and 1.5 also give quite a good fit (trivalent
excluding split—-off band). It is necessary, however, to make the assumption
that approximately half of the gold atoms measured by neutron activation
are not electrically active. Figures 7.17 and 7.18 show resistivity versus
gold concentration plots of the best-fit gold model (C2-5) for n-type and
p~type silicon in which it has beern assumed, in the calculation, that half
of the gold is inactive. A direct comparison between the predicted and
measured values should be made. There are still anomalies in the results
which are probably connected with the uncertainty in the measurements of
the high resistivity p~type samples and in the concentrations assumed

for the gold coupled shallow acceptor level.

In chapter 6 it was shown that the gold model which has provided the
best theoretical fit to the measured data here, also gives an excellent
fit to the solubility enhancement measurements. The monovalent model in
which the gold energy level positions varied in proportion to Eg(T)
also gave a good fit to the solubility enhancement problem, however it does
not fit the resistivity data as well as the trivalent model. . Overall,
therefore, the evidence provided by using the gold models discussed in
chapter 4 tends to support the trivalent bonding configuration with energy
levels fixed to Ec as temperature varies. It is stressed again, however,
that it is possible to use any energy level with an appropriate degeneracy
factor to give the same answers since they are inseparable (see equation

4,10).

7.5 The shallow interstitial gold domnor

The possibility of interstitial gold behaving as a shallow donor has

already been discussed in chapters 4 and 6. Calculations of the effect of
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such an energy level on resistivity show clearly that, even if interstitial
gold is a shallow donor at diffusion temperatures, it certainly is not
at room temperature. Figures 7.19 and 7.20 illustrate the effect that
it would have assuming that Aui = AuS x 0.1. If half of the gold were

interstitial the result would be even worse!
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8. EXPERIMENTAL TECHNIQUES AND RESULTS

In this chapter the experimental techniques which have been employed
in the study of gold diffusions in silicon wafers are described. The
results from a number of experiments designed to investigate different
aspects of the diffusion of gold in silicon in the presence and in the
absence of shallow phosphorus diffusions are then described. Finally some
results taken from a recent study of oxidation induced defects are used

to illustrate the problem of furnace contamination. A discussion of the

 implications of the various results is given in chapter 9.

8.1 Gold Diffusion Profiling

Diffusion profiles are generally measured using radio-tracer gold or by
neutron activation (Brown et al., 1975; Murarka, 1976). These methods,
although accurate, are time consuming and expensive. In this work, the
spreading resistance technique has been used to measure diffusion profiles
of electrically active gold. This method has previously been reported for
gold vs depth profiles in silicon by Brotherton and Rogers (1972). The gold
distribution profile is inferred, reasonably accurately, from measurements
of the variation in resistivity as a function of depth in gold doped and
corresponding non-gold-doped-control silicon samples. The effect of gold
on resistivity, which was discussed in chapter 7, is used to obtain the
gold concentrations which are attributed entirely to the substitutional
gold species because,as already shown, the interstitial species cannot be

electrically active at low temperatures.@ee15)

In order to measure the slowly varying resistivity depth profiles which
result from the experiments carried out here, a technique with high spatial
resolution was required. Spreading resistance measurements (Mazur and
Dickey, 1966) should provide such resolution, however in order to realise
the potential of the technique a long period was spent developing a depth-
profiling method which combined high spatial resolution and high reproducibility.
The spreading resistance technique and the development work carried out on
it are detailed in appendix A of this thesis. TFor the present it is merely

necessary to accept that spreading resistance, Rs’ which is directly related
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to resistivity, may be measured in a localised volume of gilicon around

a metal-probe to silicon contact. The size of this volume, which defines
the spatial resolution of the measurement, is closely related to the area
of the probe-silicon contact. Two probes have been used in the experiments
described here: the first yielded measurements which were reliable provided
there were no abrupt changes in resistivity within a 50um depth beneath

the probe; the second, smaller probe gave reliable information provided
there were no sudden changes within a 10um depth beneath the probe. The
effect of sampling the resistivity of the silicon over a volume of size
defined by ﬁhese depths is one of slight smearing—out of sharp variations.
It is possible to make mathematical corrections for such fluctuations
however in this work it has not been found necessary since the qualitative
conclusions drawn from the results are unaffected - where appropriate the

effect that making the corrections would have is indicated.

Spreading resistance values as a function of depth were obtained by
polishing a shallow angle bevel through the samples to expose the areas
of interest on a greatly magnified horizontal scale (see figure Al in
appendix A). The techniques for producing the bevel and measuring the

depths of the readings are described in appendix A.

In order to obtain gold diffusion profiles, every gold diffusion was
accompanied by control pieces cut from the same silicon wafer. The control
pieces were subjected to the same processing treatments as the gold doped
samples except at gold diffusion stage where they were given a similar
heat treatment in a difference furnace. In cases where gold and phosphorus

were both diffused into a wafer four quarters were processed separately :

(1) Phosphorus and gold diffused.

(2) Phosphorus diffused only + heat treatments to simulate Au diffusion.
(3) Gold diffused only + heat treatments
(4) All heat treatments only.

Comparison of (1) and (2) enables the gold profile in (1) to be
obtained and comparison of (3) and (4) enables the gold profile in (3)

to be obtained.
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8.1.1 Inference of gold concentration from resistivity change

The effect of gold on the resistivity of silicon has been described

in detail in chapter 7. In this work the problem of main interest is

the effect of shallow phosphorus diffused layers on the distribution of
gold in the rest of a silicon wafer. The gold concentration in the
shallow phosphorus diffused layers could noc be detected by resistivity
change since it never reaches a high enough concentration to alter the
number of carriers significantly. In the bulk of the substrates, which
were 10-200 c¢m p-type wafers, the presence of gold in densities greater
than 1014 atoms/cc causes a rise in the resistivity. Comparison of the
resistivity depth profile of the non-gold-doped control sample with that
from the corresponding gold doped sample should allow the level of gold
contamination to be calculated. It has not proved possible to predict the
experimentally observed effect of gold on resistivity in p-type silicon with
great accuracy so the experimental data rather than theoretical predictions
are used to convert resistivity change to gold Eoncentradop. Here the
experimental results reported by Thurber et al, (1973) were used. Although
an uncertainty of a factor of two exists in the absolute values of gold
concentrations thus inferred, relative values of gold concentration should
be comparable with much greater accuracy. Because of this uncertainty,
values of spreading resistance versus depth have only been converted

to gold concentration when really necessary. Where such a conversion

does not affect the qualitative conclusions being drawn from the data

the results are plotted in the form of the raw data, namely spreading

resistance versus depth or in the form of resistivity versus depth.

Resistivity versus gold concentration data - as shown in chapter 7 ~—
was kindly provided by Dr. W. R. Thurber of the National Bureau of
Standards, New York. In order to interpolate the relationship between
resistivity and gold concentration for any starting material resistivity,
the following exercise was carried out. The data was first plotted as
shown in chapter 7, i.e. resistivity versus NAu for the experimental
starting resistivities. Smooth lines were drawn through the data points
and a plot of resistivity versus the background doping level with gold
concentration as a parameter was made up. This is shown in figure B8.1.

These plots allowed a curve of resistivity versus NAu to be drawn up for
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any chosen background doping level. An example is shown in figure 8.2,
Gold concentration versus depth profiles were obtained in the following
manner:

(1) The spreading resistance versus depth data was plotted out.

(2) This data was converted from spreading resistance to resistivity
versus depth and then smoothed.

(3) The average resistivity of the non-gold doped control sample
was converted to carrier concentration using empirical curves
due to Irvin  (1962).

(4) A curve of resistivity versus NAu (eg figure 8.2) was drawn up
for this carrier concentration using figure 8.1.

(5) The gold concentration at any depth for the gold doped samples

was obtained using this calibration curve.

8.1.2 Errors

The main sources of error in the gold diffusion profiles presented
later in this chapter arise from the conversion of resistivity to gold
concentration (see above) and from limitations of the spatial resolution
of the spreading resistance equipment. This latter effect is discussed
where appropriate in the results. The former effect is mainly due to the
uncertainty in the data used to convert resistivity to gold concentration
rather than in measuring the resistivities since it is shown in appendix A,
that the spreading resistance equipment used here has a reproducibility
better than 27. It is not possible - or meaningful =~ to quantify this
error in conversion from p to NAu since it should always be the same.
This implies that although the absolute values of NAu may be in error
by up to a factor of two, the same factor applies to every measurement
making comparisons between measurements valid to a much greater accuracy.
The graphical conversion is probably subject to an error of + 5% giving
an overall error bar of + 10% except in regions where the resistivity

variation with depth is very rapid or abrupt.

8.2 Shallow Diffusion Profile Measurements

Dopant—depth profiles of the shallow phosphorus diffused layers
were obtained from measurements of resistivity versus depth made by the

spreading resistance method or by the incremental sheet resistance method.
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These techniques and the analysis used to convert the measurements to

dopant concentrations are described in appendices A and B.

8.3 Junction Depth Measurements

The measurements of junction depths were carried out by conventional
staining techniques (Burger and Donovan, 1967). Shallow diffused n-p
junctions were exposed by making a shallowbevel or a cylindrical groove
in the silicon surface so as to expose the layers of interest; the bevelled
and grooved surfaces were polished with 0.5 micron diamond paste. The p-
type regions were stained with an HF/HNO3 stain made by adding 3 drops of
concentrated HNO3 to 25 cc of 487 HF. Once these regions had been stained
the depths of the junctions were measured using a Watson interferometer

under sodium light illumination. (A = 5908 Ry.

Junction depths on samples with polished bevels which had been used
for spreading resistance measurements were stained with a solution comprising
a few crystals of copper sulphate dissolved in a small quantity of very
dilute HF. This stain plates copper all over the exposed silicon but the
plating occurs much more rapidly on n-type layers allowing them to be
identified within a few seconds. For some unknown reason the HF/HNO3

stain did not work on these polished bevels.

8.4 Rutherford Backscattering Measurements

Rutherford backscattering (RBS) measurements of the concentration and
lattice location of gold in heavily phosphorus doped silicon were kindly

"carried out by Dr. P. L. F, Hemment of the University of Surrey.

The RBS technique, which is described very briefly below, has been

reviewed as a method for chemical analysis by Buck and Wheatly (1972).

The silicon sample of interest is bombarded with a collimated beam of
1.5 MeV He+ ions in an evacuated system. The sample, or target, is
aligned in a random crystal direction relative to the beam. Upon collision
with the target, the He+ ions are backscattered, collected and counted. The

energy of a backscattered ion may be related to the mass of the impurity with
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which it has collided or its depth within the target specimen. For a given
impurity causing backscattering, ions will be collected over a range of
energies with the maximum energy corresponding to scattering from atoms

of the impurity which lie closest to the surface. The number of backscattered
ions of a given energy,collected for a given period,may be related to the

density of the target impurity corresponding to that -energy.

The energy range is divided into channels of 8.0 KeV and the collection
system produces an output indicating the yield of backscattered iodns in

each channel or energy range increment.

If the example of gold in silicon is considered, the ratio of the
density of gold atoms to silicon atoms may be obtained for a given dose
of He' ions. If the channels corresponding to scattering from the silicon
surface layers and scattering from gold atoms in the silicon surface
layers have yields of %Si and YAu’ then the densities of silicon and gold

are related in the following manner:

N, i N, = o AU 8.1
si Si Au

where ZSi and Z . 2Tre the atomic numbers of silicon and gold respectively.

A
The density of gold close to the silicon surface is given by :
Y... 2
Si Au
N =N,. ( =———) 8,2
Au Si YAu' Zsi

where, at 300°K, NSi =5 x 1022 atoms/cc. The detectability limit for gold
is about 1017 atoms/cc which means that gold concentrations must be above

the solubility limit in intrinsic silicon before they are detectable.

This limitation prevents use of the RBS technique for most gold concentration
measurements, however it provides an ideal method for obtaining gold

concentrations in heavily phosphorus doped layers.

Figure 8.3 is a calibration chart for the RBS system used for
measurements in this work. The energy for backscattered ions from the
silicon surface is approximately 0.88 MeV; any impurity (such as carbon)

with a lower mass will be masked by the silicon depth spectrum. Gold at

163



Time <0s Tino = 0s
Va+10V Vs pulae to <10V
COC;TE"“ , Coc &nbi_.
oX @ | C,‘ig,*&f,‘%m?
! i
t
R e Ox T
'? 7 |
electrons i
n%cttémulated i U volume ;
a e - § f H
interface fdgp ; § deplefed of {
' |} majority |
; N-type Si l 2 carriers {
Time >0 Time 20
V=-10V V=-10V
H
:
f i
| e b } coc Eb—
i Ej:aj»E{:“P { £ € geplequitin.d
5 Y + ¥ inversion I FIFFFEFTFATEAFET] T .
1 ’?‘D l? ? % iqyer ‘qf | —lztd (equ:iib.?
| E I o E Generation the interface ) &P
? | o k | centres active 1
| P : ;
SR 2 M N é
i i ;
! i :
i J s

- -

DEEP-DEPLETION—1o—~INVERSION RESPONSE of CAPACITOR

FIGURE 8.4.

TYPICAL CAPACITANCE vs TIME PLOT AFTER A DEPLETING PULSE

2207

2007

1504
CAPCITANCE

pF

1007

507

0 20 40

AMBIENT TEMP: 24°C

At time =0, capacitor pulsed from +10 fo -10V.

100 _TIME, g

300




the surface, as can be seen, scatters ions at about 1.4 MeV. A continuum
of backscattered ions over the energy range 0.88 - 1.4 MeV may be related
to the gold depth distribution or to the presence of significant quantities

of the elements with atomic masses between silicon and gold.

In the above description, it has been assumed that the target sample
was aligned in a random direction to the ion beam, it is possible however,
to channel the ions down interstices in the silicon lattice because
the He® ions are very small compared to gaps in the lattice in certain
crystal directions., If the sample is aligned in a channelling direction
relative to the ion beam, the backscattered count from silicon atoms
and impurity atoms residing on the lattice sites becomes very small}
however, a significant count at a particular energy, indicates impurities
of the atomic mass corresponding to that energy residing in interstitial
or near-interstitial sites. For the same total dose of He ions, the
ratio of the backscattered yield at, say the gold energy, in the random
direction to the yield at the same energy in the channelling direction
indicates the ratio of total gold to interstitial gold. (In order to
expose all of the interstitial sites to a channelled beam, several
channelling orientations must be tried, however in the limited time

available here, it was only feasible to do one channelling experiment).

8.5 Pulsed MOS Capacitor Measurements

A very brief reference to some recent experimental results obtained
by this author in a recent study of oxidation induced defects (Unter et
al, 1977) is made at the end of this chapter. The results illustrate
the effect of furnace contamination during gettering. Since these
results are only briefly mentioned, a short description of the experimental

technique will suffice,

The pulsed capacitor technique (Zerbst, 1966) gives a simple method
of estimating the minority carrier generation rate in a depleted MOS
structure. The measurement, which is summarised diagrammatically in
figure 8.4, involves monitoring the high frequency capacitance of the
MOS. capacitor when it is pulsed from accumulation into deep depletion

in darkness. The high frequency capacitance gives a measure of the width
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of the depletion region which, as shown in the diagram, shrinks to

an equilibrium width while generation centres within its volume are
active. The time taken for the depletion width to relax from deep
depletion to equilibrium (where the surface is inverted) may be related
to the generation rate in the bulk — provided there is negligible
generation at the Si—Si02 interface (Zerbst, 1966; Heiman, 1967). A

typical response is also shown in the figure.

The relationship between the response, or relaxation, time of the
pulsed capacitor and the number of generation centres within the depletion
region is derived in the references given above, the results presented
here are for comparison with each other and therefore are given as

capacitor relaxation times.

8.6 Processing Techniques

The following processing stages were used in the experiments described

here :

(1) Silicon wafer cleaning.

(2) Thermal oxidation.

(3) Phosphorus diffusion.

(4) Epitaxial growth.

(5) Standard photomasking.

(6) Gold deposition and diffusion.

Prior to gold doping, the wafers were handled and processed with
standard equipment available in the Microelectronics facility at Southampton
University. All processing subsequent to gold doping was carried out im
specially segregated furnace tubes and using designated handling equipment.
This was done to avoid contamination of apparatus which would subsequently

be used for handling and processing devices in which long minority carrier

lifetimes were desired.

Processes listed as 1-5 above are standard, well documented techniques.

Wafer cleaning was generally carried out using the so-called 'R-C-A'

clean (Kern et al, 1970) or by boiling wafers in aqua-regia (3 parts HCIL:
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1 part HN03) which is a well known solvent for gold. In the lists of
processing procedures given later in this ehapter, wafer cieaning before

any furnace treatment is implicit.

Thermal oxidations (which were employed to provide masking oxides
both against phosphorus diffusions and against surface diffusion of gold -
Huntley and Willoughby, 1970) were carried out at 1100°C or 1200°C

in a wet oxygen ambient.

Phosphorus diffusions were carried out as a two stage process:
deposition of a phosphorus glass from a POCl3 (OOC) source at 1050°C
(+ IOC) or at 1000°C (+ 1°C) followed by a drive—in in an oxidising
or non-oxidising ambient at another temperature; (precise details are

given with each experiment). The furnaces were 2}'" internal diameter.

Epitaxial layers, which were required for one of the experiments to
be described, were deposited in a vertical, R.F. heated reactor from the

vapour-phase reduction of silicon tetrachloride at 1200°C (Grove, 1967, p8).

Cold diffusions were carried out from an elemental source of high
purity gold (99.9997) which was evaporated onto the silicon wafers from
a molybdenum boat at a pressure of 2 x 10_5 Torr or less. Prior to
evaporation, the silicon surface was dipped in buffered HF to remove any
trace of oxide which might cause non-uniformity of diffusion. The
diffusions,which all took place at 1000°C (+ ZOC), were carried out in
a double walled furnace tube with a nitrogen ambient. OfShaughnessey
et al. (1976) have shown that when gold is diffused in an oxidising
ambient, surface gold is rejected to the top of the oxide layer as it
grows. This eventually leads to a situation in which the gold source

can be severely depleted.

All wafers which had been diffused with gold were quenched from the
furnace temperature to room temperature in less than two seconds. This

was done in an attempt to prevent redistribution of gold during cooling.

8.7 Experiments and Results

The experiments presented below are not in chronological order but have
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been listed in a logical manner. Most of the experiments were carried
out at least twice to ensure that the conclusions drawn were not the

result of a freak occurrence.

For brevity and, it is hoped, clarity, each experiment is listed
as follows:
Object of the experiment
Processing procedures
Measuring procedures

Results and relevant comments.

A discussicn of the implications of these results is then given

in the next chapter.

8.7.1 Phosphorus-gold sequential diffusions at 1000°C

This experiment was designed to assess the effect of a shallow, high
concentration phosphorus diffused layer at the front of a silicon wafer

on the distribution of gold subsequently diffused in from the back.

Material : 10~20 Qem, p-type, (111) silicon wafers 350 microns
thick. This material was designated by the manufacturer as dislocation

and swirl-defect free and was grown by the Float Zone (FZ) technique.

Processing : i Wafer cleaned.
ii TInitial masking oxide; 60 mins wet oxygen, 1100°C.
iii Wafer quartered; quarters numbered 1-4.
iv Oxide removed from fronts of 1 and 2.
v All quarters cleaned.

vi 1 and 2 given 30 mins. phosphorus deposition at

1050°C:
Gas flows : 30 cc/min N, through POClg at 0°c
10 cc/min 02
1 /min N2

3 and 4 given equivalent heat treatment in NZ'
vii 1-4 given 'drive-in' at IOSOOC, 30 mins dry N,

+ 20 mins wet 02.
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viii Oxide removed from backs of 1 and 3.
ix Au evaporated onto BACKS of 1 and 3.
x 1 and 3 annealed at 1000°9C in 'gold' furnace. Dry Nz.

xi 2 and 4 annealed for same time as 1 and 2 in 'control’ furnace.

Five different gold anneal times (steps x and xi) were employed:

Run G51 15 mins Au anneal
Run G52 30 mins Au anneal
Run G53 60 mins Au anneal
Run G54 120 mins Au anneal
Run G55 240 mins Au anneal
Measurements : For each run (G51-55) all four quarters were

resistivity-depth profiled by the spreading resistance technique using
the small, high resolution probe. In addition the phosphorus layer
sheet resistances and junction depths were obtained by grooving and

staining quarters 1 and 2 of each run.

Results: The sheet resistances and junction depths of the P-diffused

layers were almost identical for the five different gold diffusion times.

They were :

Run No. Roy n/g %, pm

651 3.86 + 0.03 3.6 + 0,15
G52 3.98 + 0.03 3.69 + 0.15
G53 3.98 + 0.03 3.47 + 0.15
G54 4.08 + 0,03 3.62 + 0.15
G55 4.1 + 0.03 3.7 + 0.15

It is reasonable to eonclude that the phosphorus layer, which was
originally diffused in at 1050°C, does not redistribute appreciably
during the lower temperature anneals. Only one of the phosphorus dopant-
depth profiles is shown here in figure 8.5 since those obtained from the
other samples are almost identical. One of the phosphorus diffused control

' samples was etched in SECCO etch (Secco d'Aragona, 1972) to see if diffusion
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induced lattice damage could be detected. No features which could be
associated with such damage were visible after etching in one minute

steps for a total of five minutes at room temperature.

The resistivity and dopant depth profiles from the bulk of each wafer
are shown in figures 8.6 - 8.15. Two figures for each run are presented.
The first depicts the resistivity vs depth data obtained from the spreading
resistance measurements on quarters 1 (P + Au), 2(P only), 3(Au only).
Each spreading resistance data point has been converted directly to
resistivity so that the scatter in the values of resistivity reflects
the scatter in the original measurements. (The results for quarter
number 4 are not shown because in all cases they overlap those obtained
from quarter number 2), The second figure for each run is of gold
concentration versus depth for quarters 1 and 3 (gettered and ungettered).
In these, smoothed resistivity data was converted to gold concentration
by the method outlined in section 8.1.1. The detectability limit for
gold contamination is defined by the gold concentration below which there
is no effect on resistivity. The shallow diffused layers are not shown
on these figures so it is stressed that the phosphorus layer is diffused
into the sample surface (left side of the profiles) and the gold source

is applied to the back of the sample (right side of the profiles).

The symbols used in the figures are :

B = quarter no. 1 (P + Au)
® = quarter no.3 (Au)
¥ = quarter no. 2 (No Au)

These results clearly show the gettering effect of the phosphorus
doped layer on the incoming gold. They also show that, after a period
of some time between 60 and 120 minutes, the gettering effect of this

phosphorus layer ceases.

Transport of gold from the source on the wafer back to the wafer front
by surface diffusion was inhibited by the oxide layer, therefore the tip-up
in gold concentration at the face opposite the gold source in the ungettered
samples is considered to be a phenomenon which acts on gold atoms which

have already diffused through the thickness of the wafer. These profiles
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are considered further in section 8.7.5 and in chapter 9.

8.7.2 Gold-phosphorus sequential diffusions at 1060°¢C

This experiment was carried out in order to investigate the gettering
effect of a phosphorus diffused layer on an already established gold
distribution. This does not represent a true gettering situation where
gold removal is the object because, during the phosphorus gettering
diffusion, the gold source was still present on the back of the wafers,
The results will indicate whether the newly diffusing-in phosphorus
layer can getter faster than the gold can diffuse in from the back of

the wafer.

A specially set up phosphorus furnace was used in this experiment

to avoid gold contamination of the standard furnace.

Material : 10-209 em, p~type, (111) silicon wafers
250 microns thick. This material is designated,
by the manufacturer, as dislocation free and was

pulled by the Czochralski (CZ) technique.

Processing : i Wafer cleaned.
ii Initial masking oxide 55 mins, wet oxygen, 1200°C.
iii Wafer quartered; quarters numbered 1-4.
iv Oxide removed from backs of 1 and 2.
v Au evporated onto backs of 1 and Z,
vi 1 and 2 annealed at 1000°C in gold furnace,
60 minutes in dry N, .
vii 3 and 4 given equivalent heat treatment to vi
viii Oxide removed from fronts of 1 and 3.
ix 1 given phosphorus gettering diffusiom in special
furnace at 1000°C. (Different times for each rum).
Gas flows: as step vi in section 8.7.1.
x 3 given sgame treatment as step ix at 1000°C in
standard phosphorus furnace.
xi 2 and 4 given equivalent heat treatments in gold

furnace and control furtnace respectively.
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Results from two different runs are presented here
Gl1 30 mins phosphorus getter, at step ix
Gl2 60 mins phosphorus getter at step ix.

Measurements: The quarters from each run were prepared for spreading
resistance depth profiling. Unfortunately quarter number 3 (P only)
for run Gl2 was broken. The spreading resistance probe used was the larger
one so some smearing of sharp changes in resistivity must be expected in

these results.

Results: Figure 8.16 shows the shallow phosphorus diffusion profile
for run Gll, quarter number 3. The spreading resistance - depth profiles
in quarters 1, 2 and 4 of Gl1 are plotted in figure 8.17. The following

symbols are used :

quarter no. 1 (P+ Au)

@

quarter no. 2 (Au only)

X
[}

quarter no. 3 (P only)

Since the effect of increased gold concentration is to raise the
resistivity and hence the spreading resistance, comparison between the
profiles indicates the relative amounts of gold in the two gold doped
quarters. Despite the presence of an infinite source of gold at the
back of the wafer, the gettering effect of the shallow phosphorus diffused
layer is quite marked, indicating that the rate of gettering is greater
than the rate of diffusion of gold from the gold source. In fact, the
interstitial gold concentration in the vicinity of the phosphorus diffusion
has been depressed far enough below its local equilibrium with substitutional
gold to drive substitutional gold atoms into interstitial sites — hence
the dip in the measured gold profile which is that of substitutional

gola only.

Figure 8.18 shows similar profiles for run G12, where the effect of
gettering for longer is even greater. This indicates that the rate of input
of gettertng centres (phosphorus-vacancy pairs?) at the front of the wafer
is higher than the rate of take up of gold (gold interstitial diffusion

rate limited) by the layer.
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8.7.3 Attempted gettering of a limited amount of gold

In order to study a realistic gettering situation, attempts were
made to getter a fixed total quantity of gold with a shallow phosphorus
diffused layer. This experiment was similar to that described above
except that removal of the gold source before the gettering treatment
was tried. After the gold diffusion (step vi above) the gold source
is a gold-silicon alloy on the back of the wafer. This had to be removed
by a technique which did not cause lattice damage to the back of the wafer
since any such damage would itself getter the gold (Nakamura et al. 1968)

and result in a very uncontrolled experimental situation.

Removal of the gold source was attempted by subjecting the sample
to a silicon etch after masking the front face with Apiezon wax. After
etching, the wax was removed with trichloroethylene and the back of the
wafer was protected against further contamination with a layer of 'spin-on'
silicon oxide (spin-on oxides and doped oxides are commercially available
as diffusion masks and diffusion sources). The silicon etches were based
on mixtures of HF, HNO3 and acetic acid in various proportions. (The
addition of acetic acid to the HF:HNO3 mixture produces an etch which
results in a fairly well polished silicon surface). Amounts of silicon
ranging from 10 to 50um were removed before the wafers were subjected
to a second annealing step to see if the gold source had been removed
efficiently. In almost all cases the anneal resulted in a further
significant rise in resistivity reflecting an increased gold concentration.
This occurred even when the etched wafers were subjected to repeated
boils in aqua regia before application of the spin-on glass to remove
any gold back plated from the etching solution (Brown et al, 1975).
Figure 8.19 illustrates a typical result. The profile of a sample
before etching is compared with the profile of another part of the same
sample after etching and a further 60 minute anneal at 1000°C in dry NZ'
This is one of ten experiments carried out in which the results were

extremely variable.
In view of these difficulties, this experiment was abandoned. A

possible solution would have been to diffuse the gold in from a vapour-

phase source (such as gold chloride in an evacuated sealed capsule -
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Wolley et al, 1967) to prevent formation of gold rich phases at the

wafer surfaces.

8.7.4 Penetration of phosphorus doped layers by gold at 1000°¢C

The diffusion of gold through a heavily phosphorus doped layer was
investigated in this batch of experiments. The structure sketched

below was employed.

evaporated Au source;

15um p-type epitaxial layer

e — . S St ittt et .

p-type Si wafer.

The phosphorus doped region is under an epitaxial layer in much the
same way as buried collector structure in planar bipolar transistors.
The 15 micron epitaxial region was intended as a buffer between the gold
source (which forms a gold-silicon alloy with the silicon surface) and
the phosphorus doped region. Annealing of this structure resulted in
diffusion of gold through the thin epitaxial layer into the phosphorus
doped layer. Subsequent profiling of the wafer bulk by the spreading
resistance technique yielded information about the rate of penetration

of this layer by the gold.

Material : 10-20 Qcem, p-type, (111) silicon wafers 250 microns thick.

This {€2) material is designated by the manufacturer as dislocation free.
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Processing : i Wafer cleaned.
ii Initial masking oxide : 55 mins wet oxidation 1200°%.
iii Wafers halved.
iv Oxide removed from front of only half of each piece
v Phosphorus deposition on both halves (note from iv
that only half of each piece is unmasked). IOSOOC,
30 minutes.
Gas flows: as step vi in section 8.7.1.
vi Phosphorus drive-in : 200 minutes in dry 0, at 1200°¢.
vii All oxide removed from fronts of both halves.
viii Approximately 15 micronms, p—type, epitaxial silicon
grown on the fronts of the wafers.
ix Au evaporated onto front of one half.
x Piece in ix annealed in Au furnace for appropriate
time in dry N2 at 1000°C.
xi Other half given equivalent anneal to x in control

furnace.

Four different anneal times were employed:

Run G21 15 minutes
Run G22 30 minutes
Run G23 60 minutes
Run G24 120 minutes

Measurements: The samples were cut up and profiled by the spreading

resistance technique using the high resclution prcbe.

Results: Figure 8.20 illustrates the spreading resistance versus
depth profile through one of the non gold doped control samples. The rise
in spreading resistance in the epitaxial layer is caused by the proximity
of the p-n junction to the probe (see appendix A) and is an artifact of
the measurement. The very low spreading resistance values obtained in
. the phosphorus doped layers - indicative of heavy doping - are shown
in the inset. The uniform spreading resistance versus depth profile

in the substrate is as expected.

Since the penetration of gold into the substrate is the item of

interest here, the spreading resistance profiles in the substrate alone
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are illustrated in figure 8.21 for the non gold-doped control samples

and for the gold doped samples. Runs G21-24 are all illustrated in

this figure.

It is apparent from these profiles, that penetration of the
phosphorus buried layer is not measurable until approximately 60 minutes
annealing time. For this time (G23) there is evidence of a small amount
of gold close to the phosphorus layer and after 120 minutes gold is
detected throughout the substrate. These results indicate that, either
the gold diffusion rate is significantly slowed down in the phosphorus
layer (as suggested by Lambert and Reese, 1968) or that for a period the
conversion rate of interstitial to substitutional gold is so high that
it effectively prevents any gold frommaching the substrate. This latter
interpretation is favoured since, as will be shown in chapter 9, the phosphorus
layer would be saturated with gold after a period between 30 and 60 minutes
and then present no barrier to interstitially diffusing gold. This appears
to be the case when G23 and G24 are compared since the level of contamination
in G24 is roughly that expected after 60-90 minutes of gold diffusion at
1000°C. 1If the barrier layer were merely slowing the interstitial gold

down, this rate of rise would not be expected.

8.7.5 Comparison of gold diffusion profiles in defect free and mon-defect

free silicon wafers at 1000°C

The diffusion of gold in thin silicon wafers in the absence of shallow
diffused layers has been discussed in chapter 3. There exists some
disagreement about the rate limiting step in the rise of gold concentration
as a function of time. Huntley et al. (1970 and 1973) suggested that there
should be significant differences between gold profiles in dislocation free
wafers and gold profiles in heavily dislocated wafers if the process Aui+V~»Aus
was vacancy (V) supply limited. Experimentally however, much smaller
differences than predicted were observed. Similar results obtained by
Brotherton et al. (1972) led them to suggest that the reaction between Aui
and vacancies was the rate limiting step. Huntley (1972) does suggest,
however, that the dislocation free material may have contained sources
of vacancies (other than dislocations) in the defects known as the swirl

pattern (see chapter 9 for a more detailed discussion of the nature of the
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swirl pattern).

Recently, silicon wafers which are specified as zero-dislocation
and swirl free have become available and in this section a comparison
of profiles obtained in such wafers with profiles obtained in dislocated

wafers is presented.

The gold profiles in the defect free wafers are taken from the
experiments detailed in 8.7.1. (Runs G51~55). The other profiles were
obtained from an old 250 micron thick, FZ, p-type, (111) silicon wafer.
of 10-20R em. This wafer exhibited dislocation etch pits when SIRTL
etched (Sirtl et al. 1962), suggesting a dislocation density of 102~103

per cmz. The wafer was processed in a similar manner to the gold-only

controls of G51-55.

Processing : i Wafer cut into four quarters.
ii Initial masking oxide, 55 mins wet oxygen, 1200°C.
iii Oxide removed from backs of three quarters.
iv Au evaporated onto the backs of these quarters.
v Au anneals at 1000°C in dry N2 for 15 mins, 60 mins,

and 170 mins.

Measurements: These samples were measured by the spreading resistance
technique and the gold profiles inferred from the measurements by comparison
with the resistivity of the fourth quarter of the wafer. The non gold
doped quarter was SIRTL etched. The larger,lower resolution spreading

resistance probe was used for these measurements.

Results: The profiles obtained in this experiment, together with those
obtained on runs G51-55, are shown in figure 8.22. The effect of the lower
resolution spreading resistance probe would be to raise the values of gold
concentration close to the surfaces of the samples; the bulk profiles would
not be affected appreciably. The differences between the two materials
is very marked, and tends to support the Huntley et al,model of vacancy

supply rate limitation. The reasons for this are detailed in chapter 9.
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8.7.6 Rutherford backscattering measurements of gold in shallow phosphorus

diffused layers

RBS measurements were made on the 'phosphorus + gold' doped samples

of runs G51-54 to obtain information about the gold concentration within

the phosphorus doped layers.

The samples were cleaned by removing the surface oxide in buffered
HF and boiling the samples in aqua-regia. The aqua regia boil was
alternated with HF dips five times and after the sixth aqua regia boil
the samples were washed in double distilled water and dried. This
extensive clean was to ensure that any accumulation of gold on the wafer
surface was removed since the RBS technique is very sensitive to surface

contamination.

The spectra obtained are shown as yield versus channel number (-»energy
of backscattered ions) in the following figures :
Figure 8.23: G51, 12.0uC dose. Sample aligned in slightly channeling
direction,
Figure 8.24 : G52, 12.0uC dose. Sample aligned at random
Figure 8.25 : G53, 12.0uC dose. Sample aligned at random
Figure 8.26 : G54, 12.0uC dose. Sample aligned at random
Figure 8.27 : G54, 16uC dose. Sample aligned in <110” channeling direction.

It should be noted that two different scales are used on each of these
diagrams : 500 counts per small division for the silicon part of the
spectrum and 2 counts per small division for the gold part of the spectrum
on 8.23 - 8.26, and 200 counts per small division in the silicon spectrum

on Figure 8.27.

Study of these spectra yields the following information: for G51,
‘the rather curved edge of the silicon spectrum suggests that the sample
. . . . + .
was not aligned in a true random orientation to the He beam. The channeling

so caused is minimal and probably does not affect the results very much.

Comparison of figures 8.23, 24, 25 and 26 shows a steadily increasing

amount of gold close to the surface of the silicon. There is quite a lot

177



SENSIYISED COATINGS LYTD,, COULSDON, SURREY



131

count x10
".-,v...k 25 ..

3

SENSITISED COATINGS LTD., COULSDON, SURREY




3couhts X103

-

~

SENSITISED COATINGS LTD., COULSDON, SURREY



PN
..}’IJ
L
(&)
—— — <{— — | —
S SEDEE SRDRE DA CE SR RS BESEEEER SR
S S S S O T T T T T T )
Q| . o HiE
o Rt Dol REGE Suibl RO S
o -
: X : e N
e O 5 RSN
TS PR : SESTEERERS IR I
SR SEHE NESHH R IR RN
- . X g m EERH e SEREEIN
« o d ] L L \ '
Rt PESRE Ny = - = L L —3,
, 4 N ~ - - o
)

o

SENSITISED COATINGS LTD.,, COULSDON, SURREY



o
U
~!

/57
TSR

&

A

c
&

°

“chann

3

G 24

SENSITISED COATINGS LTD., COULSDON, SURREY



of scatter in the gold counts but the spectra are fairly flat overall,
suggesting that within the depth range resolved (3000 &) the gold
concentration profile is flat., The corresponding phosphorus profile
over the same depth (figure 8.5) is also fatrly flat so this result is

not surprising.

Mean values of the gold yield were taken from the print out corresponding
to these spectra and equation 8.2 was solved to give the following surface

concentrations of gold :

G51 7.7 x 1017 gold atoms/cc (15 mins gold diffusion)
G52 1.6 x 1018 gold atoms/ce (30 mins gold diffusion)
G53 2.2 x 1018 gold atoms/cc (60 mins gold diffusion)
G54 2.9 x 1018 gold atoms/cc (120 mins gold diffusion)

The gold profiles from G54 (figure 8.13) indicate that the phosphorus
layer was probably saturated with gold. Time did not permit an RBS study
of G55, which may have confirmed this. The value of gold concentration
from G54 is used in chapter 6, table 6,3, where the model proposed agrees

well with this measured value.

The channeling spectrum from G54 has two interesting features. The
most important is the amount of interstitial gold. The yield for the
16uC dose of He' is 7, which, when compared to the yield for the 12uC dose
in the random direction, indicates that 807 of the gold measured in the
first 30004 depth of G54 is on substitutional lattice sites. Any definite
conclusion about the significance of this must be made while bearing in
mind that substitutional gold could well move into interstitial sites

during the cooling of the sample.

The second feature of interest is the small peak in the backscattered
spectrum at the position arrowed on figure 8.27. This corresponds to the
presence of chlorine on the surface of the sample. As already stated,
the samples were cleaned by boiling in aqua regia which contatns HCl. The
washing step carried out after cleaning was obviously not adequate to remove

all traces of aqua regla.
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8.7.7 Rutherford backscattering studies in heavily boron doped silicon

In order to try and resolve the question of whether the gold solubility
enhancement observed by Brown et al. (1975) in heavily doped p-type silicon
was due to enhancement of the substitutional species or of the interstitial
species, an RBS study of one of the wafers used in their experiments was
carried out, (This sample was kindly supplied by Dr. M. Brown). The sample
in question was uniformly doped with 9 x 1019 boron atoms/cc and was gold
diffused to saturation at 1573°K. The radiotracer gold saturation concen-
tration measured by Dr. Brown was 1.7 x 1017 atoms/cc. This is close to the
detectability limit for gold in silicon by RBS. A long exposure to the He™
beam at a random sample orientation (3 hours) yielded very few counts
in the gold region of the spectrum. Analysis of the data suggested a gold

concentration of 2.7 x 1017 atoms/cc + 25% or -100%. Since there was such

large uncertainty the channeling experiment was abandoned.

8.7.8 Influence of gold on base push out

It was postulated in chapter 6, that if an 'extra' solubility
enhancement of gold in a phosphorus doped layer is caused by a vacancy
excess, the saturation of the phosphorus layer with gold should "mop-up"
the excess vacancy population through the reaction : Aui + VleuS. Indeed,
it was further proposed that this reaction may in fact be Aui + (E-centre) —¥
AuP. This gettering reaction was linked with the phenomena of base push
out and the phosphorus kinked profile since it has been suggested that they
are attributable to E-centre break-up. If the push-out effect is caused
by a vacancy excess from the phosphorus diffused layer, then simultaneous
diffusion of phosphorus and gold might be expected to reduce the magnitude
of the push~out effect normally caused by the same phosphorus diffusion

in the absence of gold.

Figure 8.28 shows the processing sequence used to test this possibility.

It is also listed below.

Material : n-type, (111), 2~5Qcm dislocation free wafers.
i Wafer clean
ii Boron deposition from boron-nitride planar source

at 960°C in dry N, for 30 mins.
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Measurements

were stained.

iii

iv

vi

vii

viii

ix

Both of

Boron drive in at}zogc 8 mins dry O2
10minsg wet 02.

Wafer halved.

Pattern of 300um wide stripes etched in

oxide on both halves to provide windows for

phosphorus diffusion.

Phosphorus deposition 1050°C, 15 minutes

(Gas flows: see step vi in section 8.7.1)

Phosphorus glass removed from both halves

by dip in buffered HF.

Very thin Au layer evaporated onto front face
of one half.

Au deposited half given 30 mins Au + P drive
in at 1050°C in dry N,.

Non-Au deposited half given similar drive-in.

the samples were grooved and the p-type regions

The results are shown in figure 8.29 where it can be seen

that there are very distinct differences between the samples. <(There 1is

no scale on the photographs because, without knowing the bevel angle it

is meaningless).

There is evidence of push—~out on both samples although the magnitude

is very much less on the Au+P diffused half; In addition the phosphorus

boron junction depth is much smaller in this half. The junction depths

were : (all + 0.04).

Sample P-B jen B-substrate B-substrate Amount cf

P depth (not under P) (under P) push out
No gold 1.8 m 2.1um 2.51um 0.41um
Gold 1.3um 2.0um 2.24¥Vm 0.24Um
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The push-out effect does not appear, from these results, to have
been entirely prevented by the addition of gold to the system, however,
account must be taken of the amount of push~out caused during the
phosphorus deposition stage. A sample was processed in the way described
above up to step vi, The structure was then grooved and stained to
obtain the amount of push-out after deposition only. The results were:

P depth = 1.1um. B (not under P) = 2.0um. B (pushed out) = 2.2%m.
This amount of push-out, 0.29%:m, was the same within experimental error
as the total push out observed for the gold doped drive-in situation.
This indicates that the simultaneous diffusion of gold with the phosphorus

'emitter' diffusion has totally inhibited the push-out effect,

The experiment, which has been repeated a number of times with the
same result, is open to the criticism that placing a gold layer on top
of the phosphorus diffusion could have caused the observed result by
compound formation rather than by inhibiting any vacancy excess. To
investigate whether or not this was so, the whole experiment was repeated
except that, at stage vii the phosphorus glass was not removed. Instead,
the oxide masking layer on the back of the wafer was removed and the gold
-source evaporated onto the back. The drive-in cycle at 1050°C was
repeated as before and the sample was grooved and stained with the
following result : (all + 0.04im).

P depth = 1,5um. B (not under P) = 2.05um. B(pushed out) = 2.361m.
The amount of push out in this case is 0.3um - only slightly more than

the case with gold on the front.

The effect is considered to be the result of an interaction between
diffusing gold and diffusing phosphorus. The slightly larger push out
observed in the latter experiment is not surprising since, compared to
the first experiment, the supply of gold is limited by the rate at

which it can diffuse across the wafer.

The other result of interest in these experiments is the retardation
of the phosphorus-boron junction depth in the gold doped samples. Once
again, less retardation has occurred for the sample with gold on the back.
This retardation,which is almost certainly associated with the inhibition

of push-out, is discussed in chapter 9.

181



8.7.9 The effect of post-oxidation gettering on MOS capacitor

relaxation times

The two results presented here illustrate an effect of gettering
on wafers which, in the absence of the getter, appear to have very low
contamination levels and hence very low leakage currents. In each
sample phosphorus gettering is applied to the back of half of the wafer
only, the other half (which is not separated) receives the same heat
treatment in the same furnace but with an oxide mask on the back as

well as on the front.

Material : 2-5 Qcm, n-type, (100), FZ, 2" diameter wafers.

These wafers are dislocation and swirl free.

Processing : i Wafer cleaned. (R.C.A. clean with electronic
grade chemicals)
ii 'Gate' oxidation in HC1l cleaned furnace tube.
60 mins dry oxidation at 1100°C with 1 or 3%
HC1l in the gas ambient. ,
iii In situ anneal in N, for 15 mins. Wafer cooled
rapidly in Nz.
iv Oxide removed from half of back of wafer-
v Wafer cleaned (R.C.A. clean as in i)
vi Gettering step at 1050°C 10 minutes.
Gas flows: 30 cc/min N, through POCL3 at 30°C
10 cc/min 0,
1 /min N,.
vii  Aluminium evaporation from electron beam system.
viii 90 minute anneal at 420°C in HZ:N2,60:40 mixture.
The aluminium was evaporated through a metal mask to give a matrix
of capacitor dots lmm in diameter, 2 mm apart. The low temperature anneal
at step viii is intended to remove fast surface states from the Si—SiO2
interface (Yeow, Y.T. 1974) and to remove radiation damage induced by

the E-beam evaporation system (Grove, 1967, p 143).

Measurements: Alternate capacitors in two rows across the width of

each wafer were measured in a direction orthogonal to the border between
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the gettered and ungettered halves of the wafer. In this way half of

the capacitors were on the gettered sides of the wafers and half on the

ungettered sides,

Results : Figures 8.30 and 8.31 show results from two wafers
processed in the manner described above. The relaxation times are
plotted as a function of the position of the capacitors across the 2"
diameter wafers. The only difference in processing between the two wafers
is the percentage of HCl gas present in the oxidising ambient - however,
this does not appear to have had an effect. In both cases the gettered
halves of the wafers show distinctly lower relaxation times which may
be attributable to contamination entering through the backs of the wafers
during gettering. Obviously no definite conclusion can be drawn from
this one experiment except ‘perhaps that it is not safe to assume
that phosphorus gettering will always bring about an improvement

when low levels of leakage current are sought,
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9., DISCUSSION OF EXPERIMENTAL RESULTS

In the discussion of the interaction between shallow phosphorus
diffused layers and gold diffusion in silicon wafers (Chapter 6) it
was indicated that certain aspects of the dynamics of the problem needed
clarification as they had not been previously considered in any detail
in the literature. By measuring gold profiles of electrically active
(substitutional) gold in the experiments described in chapter 8, it has
been possible to identify (at 1000°C) that the rate limiting step of
the gettering process is the diffusion rate of interstitial gold (Aui);
it has been shown that the gettering layer behaves as an infinite sink
for gold until it is almost saturated and that the flux of gettering
centres into the wafer is greater than the flux of gold atoms into the
gettering layer, These results all suggest that the simple model of the
gettering process dynamics which was developed in Chapter 6 is indeed
based on valid assumptions ; viz. a gold diffusion rate limited process
in which the gettering layer acts as an infinite sink for gold with the
flux of gettering centres into the gettering layer greater than the

flux of gold into the gettering layer.
These conclusions arise as follows:

9.1 Discussion of results from runs G51 - 55

In the experiments described in 8.7.1, there is an infinite supply
of gold at the back of the wafer and essentially a fixed amount of
phosphorus at the front, The gold diffuses into the wafer as an
interstitial species (assuming, of course, that the dissociative mechanism
is correct). The gold concentration measured in the experiments is
assumed to be substitutional gold only, Aus, - this being the electrically
active species - so before its presence can be detected, an interstitial
gold atom must react with a vacancy. This process has very obviously
occurred in all of the wafers which have received gold diffusions only
since gold is detected throughout all of them with especially high

concentrations close to the wafer front surface.
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In the wafers which had received a phosphorus diffusion prior to gold
diffusion, the gold profile shapes are quite different and for a period
of over 60 minutes no gold is detectable close to the front face of the
wafer. There are two possible explanations of this 'dip' in the gold
profile ; either there are no vacancies available for the reaction
Aui + V*--PAuS or the phosphorus layer is withdrawing gold from the wafer
bulk faster than the gold can diffuse in from the source at the back.
The former possibility is rejected for the following reasons : if a
vacancy depletion had occurred, the only cause would have been the
shallow phosphorus diffusion gettering vacancies from the bulk. Quite
to the contrary however, in almost all of the studies of shallow phosphorus
diffused layers reported in the literature it has been concluded that a
vacancy excess is produced by the layer — not a vacancy depletion (Jones
et al, 1976 ; 1975 and 1974 ; Lee, 1974; Yoshida et al. 1974 ; Lee et al.
1972; Schwettmann et al., 1972; Hu et al. 1969). Additional evidence
against such a possibility is provided by the inhibition of push-out
observed when gold and phosphorus are simultaneously diffused - see 8.7.8.
The conclusion must be that the phosphorus layer is gettering gold faster
than the gold can diffuse to it and, therefore, the gettering process

is gold interstitial diffusion rate limited.

This conclusion is further supported by application of the simple
model described in section 6.5.6. The capacity of the phosphorus
layer for gold may be estimated from figure 8.5. using the method outlined
in 6.5.4, The result is a capacity of 3.5 x 1014 atoms/cm2 for the layer.
Equation 6.72, which represents the gettering rate of the layer while it
is acting as an infinite sink, predicts a gettering rate of 10" atoms/cmz/
second, at 1000°C for a 350pm thick wafer. The values for Di and Ci’
which are 8 x 10”6 cmz/sec and 8 x 1014 atoms/cc, were taken from Wilcox
et al. 1964, If the gettering layer were to behave as an infinite sink
until saturated, the time required for saturation would be 58 minutes.
Bearing in mind that the values of Di and Ci for gold are open to some
doubt and that it is almost certainly incorrect to assume that the layer
is an infinite sink until saturated, this time of 58 minutes is quite
close to the observation that gettering in this experiment ceased

sometime between 60 and 120 minutes,
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Consideration of the values of gold concentration obtained from the R.B.S.
measurements on the phosphorus doped layers of these samples sheds further
light on the gettering rate and the efficiency of the sink. The simple
prediction of equation 6.72 is that the amount of gold gettered, increases
linearly with time. Experimentally, the gold concentration at the

phosphorus layer surface is 7.7 x 1017 atoms/cc after 15 minutes and

1.6 % 1018 atoms/cc after twice the time, thus bearing-out the prediction.
After 60 minutes however, the increase is only to 2.2 x 1018 atoms/cc,
indicating that the sink is no longer as efficient ; however, since the
layer contains almost 75% of its total capacity for gold by this stage

the result is perhaps hardly surprising. Certainly, the phosphorus

layer does appear to be an infinite sink until at least 507 filled.

A further calculation may be carried out on this data using equation
6.72, to see how closely the measured values of gold concentration in
the phosphorus layer compare with the predicted values. Assuming that
at any time, t, the gold profile within the phosphorus layer is the same

shape as the saturated profile c c

(i.e. E%;T [t] = E%ET @aturated] )]
and using the gettering rate of 1011 atoms/cm?/second already calculated,
the gold concentration at the surface after 15 minutes should be 1.2x1018
atoms/cc. This is within a factor of 1.6 of the measured value. Once
again this is considered as a good correlation when the uncertainties
in Di and Ci are considered. Indeed all of the results obtained here
suggest that one or both of these parameters is an overestimate, a
conclusion supported by recent work of Huntley et al.(19731ii).Fitting
the parameters to the results gives a Di'ci product of 2.5 x 109 atoms/cm/

second, compared to 4 x 109 atoms/cm/second from the values of Wilcox

et al, (1964).

The RBS channeling experiment in G54 is another strong indicator
that this gettering process is mainly associated with gold on substitutional
lattice sites. This result is an excellent agreement with others reported
in the literature (Meek et al, 1975 ; Chou et al. 1975) who measured ~907
of the gettered gold to be on substitutional sites in saturated phosphorus

diffused layers.



9.2 Buried "barrier' layer experiments

A predicted consequence of the very high rate of reaction between
diffusing interstitial gold and gettering centres within the phosphorus
diffused layer is that such a layer should act as a barrier to diffusing
gold until its efficiency as a sink fof gold is very much reduced.
Experiments described in 8.7.4 demonstrate that, within the limitations
imposed by being unable to detect gold below densities of 1014 atoms/ce,

this effect is observed.

As pointed out in section 8.7.4, there are two alternative
explanations for the results : either, as suggested above - that the
diffusing species, Aui, is converted to AuS (or AuSP pairs) more
rapidly than it can diffuse through the layer - or that the diffusion
rate of Aui is significantly slowed down in the layer (Lambert and
Reese, 1968). A rough calculation, given below, shows that during the
period for which gold is not detectable in the substrate, the barrier

layer will have become saturated with gold.

The thickness of the buried barrier is 12um and its 'surface’
concentration inferred from the resistivity measurements is roughly
5 % 1020 phosphorus atoms/cc. The capacity of the layer for gold may
be estimated conservatively by assuming the buried layer has a triangular
profile (first order approx. to erfec). This gives a gold capacity of
about 3 x 1015 atoms/cmz. Using equation 6.72 the time required to saturate
the buried layer with Aui diffusing through the 15um epitaxial layer is
® 40 minutes. It appears,therefore, that G23 (60 minutes Au diffusion)
would be expected to be saturated whereas the samples diffused with gold
for a shorter period would not. The observed gold in G23 and G24 suggest
very strongly that the layer is only penetrated when saturated. Before
this occurs, the rate of conversion of gold from Aug to the relatively
immobile gettered state (Aus or AuSP pairs) is high enough to prevent
any interstitial gold from diffusing right through the layer. Once
saturation and hence penetration of the phosphorus doped layer has occurred,
the rate of rise of gold concentration in the bulk is apparently the
same as that observed in the absence of the buried layer (compare figure

8.21 with the ungettered control samples in figures 8.17 and 8.18). This
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behaviour is more consistent with the reaction proposed here than with a

simple slowing down of Aui.

9.3 Gettering of an already established gold concentration

In the model described in chapter 6, it was shown by a brief
calculation, that the diffusing flux of phosphorus from an infinite source
entering a typical “gettering" layer at 1000°C was greater than the
interstitial diffusion rate limited flux of gold entering the layer
across a wafer of typical thickness. The veracity of this is shown in the
results of runs Gll1 and G12 (figures 8.17 and 8.18). Once again, the
gettering rate must be greater tham the gold interstitial diffusion rate
to produce a dip in the gold profile. Indeed in both of these experiments
the take-up of interstitial gold by the phosphorus doped layer reduces
the concentration, Au., in the vicinity of the gettering layer to the
extent that the substitutional gold concentration — already established
prior to gettering - becomes depressed due to the reversal of the reaction
Aui + V—»Aus. Indeed the situation truly becomes one of "dissociative
diffusion" since the substitutional gold atoms dissociate into V + Aui. In
run Gl2, the dip in the substitutional gold concentration extends much
further into the bulk than in Gl1 showing that, rather than becoming
saturated in any way, the phosphorus layer is gettering even more after

60 minutes,

When the gettering layer was limited in runs G51-~55, the volume of
the wafer which was depleted of gold became progressively less as the
phosphorus layer was saturated with gold coming from an infinite source.
On the other hand, in Gll and G12 where both phosphorus and gold are
supplied from infinite sources, the depleted volume becomes larger
showing that the input of gettering centres can more than cope with the
input of gold. It can be seen from equation 6,72 , that if the wafer
is thinner, the gold flux increases, for this reason no generalisation
from the result discussed here can be made. In addition, the calculation
in Chapter 6 was only carried out for the temperature at which these
experiments were done. Examination of the relative temperature variations
of the diffusion coefficients of phosphorus (Sze, 1969, p31) and interstitial
gold (Wilcox et al. 1964) indicate that at lower temperatures the gold flux
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could become greater than that of phosphorus for the same wafer

thickness etc. The unreliability of the gold diffusion data makes an
evaluation of the effect at all temperatures something of an academic
exercise, however the experimental technique developed here should enable
further work - which will hopefully clarify matters - to be carried out

with ease.

This effect is of particular importance in device processing where,
when deliberate gold doping is desiredi '%he gold diffusion from a source
on the back of a wafer is carried out simultaneously with the phosphorus
"emitter' diffusion. Such a process (which economises on furnace steps)
is common and was used for the structure investigated by Brotherton et al.
(1972). 1In high speed bipolar switching devices the lifetime 'killer'’
is required in the base region. The model in Chapter 6 and the result
discussed here show how difficult it may be to achieve this situation
reproducibly - the wafer thickness could well be the parameter which
determines how much gold there finally is! The solution to the problem
would appear to lie in using thin wafers or - more suitably - in ensuring
an adequate supply of gold. Perhaps a good way of doing this would be
to place the gold source on the same side of the wafer as the phosphorus
diffusion. This would have the additional advantage of inhibiting base
push-out (see section 9.4 below) thus enabling better control of the

base width.

9.4 The "push-out” effect experiments

The result obtained in section 8.7.8 is of considerable interest.
As with most diffusion interactions no concrete conclusions can be made
without knowing the precise diffusion mechanism of at least one of the
components. However in this case the evidence for gold diffusing by
the interstitial - substitutional mechanism is very strong (Huntley et al.
1973ii;Wilcox et al.1964) and it is known from this work, as well as
references previously cited, that almost all of the gold atoms in a
saturated phosphorus diffused layer reside on lattice sites. Assuming
that this mechanism is correct and that, from the discussion above, the
reaction rate for Aui + V—vAuS is extremely high in the phosphorus doped

region one may make a number of inferences from the results.
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The push out effect is almost certainly caused by a vacancy excess
generated, in some way, by the phosphorus diffusion. Some or all of these
vacancies are annihilated by reacting with interstitially diffusing gold
(Aui + Vw@AuS) and this reaction takes place within the phosphorus doped
region. If there is an adequate supply of gold the push out effect does
not occur at all and if there is only a limited supply of gold, it is
strongly retarded. Although the push-out effect has been modelled as
a vacancy excess and many of the authors cited here and in 8.7.8. have
suggested the vacancy as its cause, no evidence as direct as the result

presented here has been published.

A retardation of the phosphorus-~boron junction depth was also
observed in these experiments and in the case where the interstitial gold
supply was limited, the retardation was not as great. Lee (1974) has shown
how closely the push-out effect and phosphorus kinked profile are linked
(see Chapter 6) so it is reasonable to comclude that the retardation of
the phosphorus diffusion is, in fact, retardation of the kinked part of
the profile to a degree linked with the observed inhibition of push-out.

Further experiments would be required to confirm this.,

It is considered that this result provides very strong evidence for
the gettering model proposed in Chapter 6. The cause of push-out has
been explained quite well in terms of the E-centre break-up model by
Jones (1974) and more recently by Fair (1977) who also considers the
kinked phosphorus profile. The inhibition of push out and, apparently,
of the phosphorus diffusion profile tail by the interaction of diffusing
gold with the phosphorus layer, links the mechanisms closely, thus
supporting the model, proposed here, that the gettering process involves
interaction of gold with E-centres. The fact that absolutely no push-out
is observed when there is a flux of gold into the phosphorus layer which
can match the flux of gettering centres (i.e. when the gold is on the
wafer front surface) provides good justification for assuming, in equation
6.58 , that the gold solubility will be enhanced by an amount closely
related to the vacancy excess (X). If this were not the case, then

some push—out would still be expected.



The best way to examine this theory would be to vary the flux of
gold entering the phosphorus doped layer by using wafers of differing
thicknesses with the gold source on the opposite face to the phosphorus.
At some wafer thickness between the one used in section 8.7.7 and zero
thickness, the point at which the flux of gold entering the phosphorus
layer is adequate to prevent push-out will be reached. The gold flux
could be measured by Rutherford backscattering or with the aid of
radiotracers and the phosphorus flux could also be measured. Comparison
of these should indicate what proportion of the phosphorus flux is giving

rise to excess vacancies.

The only alternative to the push-out effect being caused by vacancies
seems to involve assuming that gold does not diffuse by the interstitial-
substitutional mechanism. The result that nearly all of the gold within
the phosphorus layer is on substitutional sites, as well as the evidence

described in chapter 3, indicates that this is highly unlikely.

9.5 Gold diffusion profiles in thin silicon wafers

The very marked differences between the gold profiles obtained in
defect free and dislocated thin (250-300um) silicon wafers have not
been observed before although, as discussed in chapter 3, such differences
were predictgd/,by Huntley et al. (1970) on the basis of a gold diffusion
model in which the rate limiting step for the reaction Au, + V‘%AuS was
the vacancy supply. It was assumed that in dislocated silicomn, vacancies
would be supplied by climbing dislocations and that in dislocation free

silicon, vacancies would be supplied by diffusion from the sample surfaces.

Measurements by Huntley et al. (1973L) and by Brotherton et al. (1972)
only yielded small differences between profiles in silicon wafers which
were nominally 'dislocation~free' and in silicon wafers which contained
dislocations. (The former measurements were made by radio-tracer
techniques yielding the total gold concentration ; the latter were made
by the spreading resistance technique yielding the electrically active
gold concentration). These results led Brotherton et al. to conclude that
the concentration of substitutional gold was limited by the rate of the

reaction between interstitial gold and vacancies rather than by the
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vacancy supply, with the qualification that a small but noticeable

effect due to the presence of dislocations had occurred.

Huntley et al. did not favour the reaction rate limited model, and
proposed that their result could possibly be explained by the presence
of vacancy sources other than climbing dislocations in the wafers. These
sources, now generally known as "swirl defects''because of their
distribution in a swirl pattern in silicon wafers, are incorporated into
the silicon during crystal growth. Since the time of Huntley et al's.
work, swirl defects have received increasing attention (Vieweg-Gutberlet,
1973) due to their identification as leakage current sources in silicon
vidicon devices (Shiraki, 1971), p-n junctions (Lesk, 1973) and MOS
devices (Unter et al. 1977). De Kock (1970) suggested that the swirls
were vacancy clusters ; further study (De Kock et al. 1975 ; Petroff et al.
1975) has indicated that the defects are probably microdislocation loops
caused by the condensation of excess point defects (vacancies and silicon
self-interstitials) whilst cooling from the melt during crystal growth.
Techniques for growing silicon free of such defects have been reported
(Herrmann et al. 1975) and it is such recently available material that

was used in G51-55.

The much lower central gold concentrations in these wafers compared
with those obtained on non-defect-free material must constitute strong
evidence for Huntley et al's postulation that the swirl defects in their

samples gave rise to excesses of vacancies.

It is worth noting that Brotherton et al. did consider the possibility
of vacancy supersaturation as a result of swirl defects. Using the
report of Sanders and Dobson (1969) that an oxidising silicon surface
acts as a sink for vacancies, they oxidised dislocation free wafers for
an extended period prior to gold diffusion. This step produced no change
in the observed rate of rise of gold concentration with time. More recent
studies of the mechanism of oxidation has produced much evidence to
suggest that, rather than acting as a sink for vacancies, an oxiding
surface acts as a source of silicon self interstitials (Hu, 1975 and 1974).
Hu (1977) shows that mutual annihilation between self interstitials and
vacancies is unlikely since the activation energy for such a process is

higher than the activation energy of formation of their respective clusters.
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Clearly there is an area for further investigation here since, if
the gold diffusion process is limited by the vacancy supply or by a
combination of vacancy supply and reaction rate, the profiles are not
only bound up with the properties of gold diffusion but also with those

of vacancy diffusion in silicon.

Huntley et al. (1970) predicted that, for defect free material,the
only sources of vacancies are the sample surfaces - which are effectively
an infinite source. The vacancy depth distribution resulting from such a
situation would be a complementary error function profile becoming linear
when the vacancy diffusion length, Z\ISZE, is greater than the wafer
thickness and with a constant surface concentration equal to the equilibrium
' vacancy concentration. If the gold-vacancy reaction rate is high, then
the substitutional gold profile will follow the vacancy profile with a
constant surface concentration equal to the gold solubility limit.
Examination of the profiles shown in figure 8.22 suggests that, although
they do follow a shape close to the expected complementary error function,
the gold surface concentrations rise with time. This rise 13 probably
largely brought about by the limitations of the measurement technique.

As already explained (section 8.1) the spreading resistance reading is
influenced by the resistivity of silicon within a volume beneath the
probes which is defined by the probe-silicon contact area. For a given
value of resistivity at the contact interface the actual measured value
will be lower for a steeper fall in resistivity with depth beneath the
probe (see appendix A for a more detailed discussion of this effect).

In the profiles shown in figure 8.22, the surface concentration of gold

is artificially lower for the shorter diffusion times since the profiles
are steeper. Correction of the profiles for this effect would, therefore,

both raise the surface concentrations and bring them much closer together.

Overall, these profiles do tend to look like the ones predicted by
Huntley et al. (1970) for gold diffusion limited by vacancy diffusion
from the wafer surface and do, therefore, support this model rather than the
gold-vacancy reaction rate limited model. It must be stressed that these
results obtained at 1000°C do not necessarily imply that the same result
would be obtained at any diffusion temperature since the reaction-rate and

vacancy diffusion rate may exhibit widely differing temperature dependences.
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10. SUGGESTIONS FOR FURTHER WORK

The spreading resistance technique has been shown to provide
excellent resolution of gold profiles throughout the bulk of silicon
wafers for gold concentrations above the substrate doping level. The
use of this method could be extended to the study of electrically active
profiles of other deep level dopants which affect the resistivity. Gold
is not the only deep level dopant which has been suggested as a dopant
for extrinsic silicon infra-red detectors; dopants such as indium, sulphur
and platnum have all been proposed but little is known about their diffusion
behaviour. Spreading resistance profiling should provide a quick and
simple means of assessing structures diffused with these dopants if the

lack of resolution below the substrate doping level is not a limitation.

The study of gold profiles in defect free silicon wafers and the
investigation of the gold-phosphorus interaction should be extended
to other temperatures since the dynamics of the processes may be different.
R. B. S. measurements coupled with spreading resistance depth profiling
have been shown to provide an excellent picture of the gold distribution
in the samples used in the experiments described here ; it would be
interesting, however, to use junction transient experiments (see chapters
4, 5 and appendix F) to obtain information about the gold distribution
in the junction regions of the n+p structures studied. A large area
diode with a metal guard ring - no. 211. TU.DL. - has been designed
for this purpose although time did not permit any experiments to be

carried out.

A lack of reliable quantitative data concerning the relative

concentrations of interstitial and substitutional gold has been highlighted

and further work in this area would be of value.

The effect of gold on the anomalous diffusion effects associated
with phosphorus 'emitter—type' diffusions could be studied further.
Possible experiments using silicon wafers of different thicknesses were
described in chapter 9. Phosphorus profiles shodd be measured = by
incremental sheet resistance or a similar technique - to gain a better

idea of whether the gold does affect formation of the 'kink' in the

phosphorus profile.

194



APPENDIX A

THE SPREADING RESISTANCE MEASUREMENT TECHNIQUE

In order to carry out some of the resistivity profiling described
in this thesis a substantial period was spent investigating factors which
affect the resolution, reproducibility and accuracy of spreading resistance
measurements. Most of the results should be applicable to optimising
the performance of any spreading resistance apparatus although & number

of improvements to the particular set-up used in this work are described.

The general properties, usefulness and limitations of the technique
are first reviewed briefly. A detailed consideration of all aspects of
spreading resistance measurements is not made since some are not directly
relevant to the work described here. During the curency of the
investigations described in this appendix the proceedings of the first
'Symposium on Spreading Resistance', organised by the U.S. National
Bureau of Standards, became available. Many of the problems encountered
with the apparatus used here had been encountered by other workers using
different equipment. Comparison with papers from the symposium indicates
that the reproducibility of results obtained here is comparable with or
better than measured by many other workers ; the reason appears to lie
in the sample preparation technique used here. Interested readers are
directed to the published proceedings of the symposium for a detailed
assessment of the state of the art in spreading resistance measurements

(N B.S. special publication 400-10; December 1974).

Al. Spreading Resistance - Introduction

A number of techniques for the measurement of gsilicon resistivity
and resistivity~depth profiles are commonly used, these include four
point probe measurements, junction and MOS capacitance - voltage
techniques, use of mercury probes and optical methods (Runyan, 1975).
Probably the best known and most widely used of these is the four
peint probe sheet resistance measurement technique (Runyan, p.75).

The use of potential probes in this way is direct and easy, however it
has a very limited spatial resolution. That is to say, the sheet
resistance measured in a particular position depends on the average

resistivity of a large volume around and beneath the probes (large
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compared to the contact area). A typical four point probe makes four
small contacts about 0.5 mm arart ; the area around the probes over
which the sheet resistance is averaged is approximately 100 mm2 and in
depth can be up to 0.5 mm depending on the thickness of the sample,

this yields a large sampling volume of 50 mm3.

For the measurement of dopant-depth profiles, use of the four point
probe in conjunction with successive layer removal - knowvn as the
differential sheet resistance technique —~ is well known (Tannenbaum, 1961 ;
Shaw, 1973, p.182 ; Appendix B of this thesis). This method requires
that the resistivity of the layer is uniform for a large distance
surrounding the probes in a plane parallel to the sample surface and
that the removal of a thin layer (generally less than 0.lum) from the
sample surface has a significant effect on the average resistivity
of the whole sample. With a shallow diffused layer where there is an
electrical boundary beneath and close to the probes (i.e. the junction),
this latter requirement is normally met and, provided the sample
satisfies the first constraint of lateral uniformity, the technique may
be employed. If the barrier does not exist, any change in the number of

~carriers caused by removal of a thin layer is probably insignificant
when compared to the total number of carriers in the measurement
sampling volume. Use of the differential technique to measure isotype
epitaxial profiles and to measure resistivity profiles which vary
slowly as a function of position across, or depth through, a sample is
impossible. Indeed this limitation applies to almost all of the other
methods of resistivity measurement which have been mentioned unless

very complicated procedures are employed.

The spreading resistance technique was proposed by Lark - Horowitz
et al (1959) and described for resistivity measurements and depth
profiling by Mazur and Dickey (1963 and 1966), specificélly to overcome
the resolution problems which were described above. It is based on the
well known phenomenon of constriction resistance which occurs at small
'area contacts between conductors (Llewellyn-Jones, 1957 ; Holm, R.A.
1558) . Mazur and Dickey's method involves the placing of a very small
probe as a point contact onto the silicon surface. If a current is

passed through the probe into the silicon almost all of the potential
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drop from probe to silicon occurs within a very small volume around the
probe point ; the V/I quotient is the 'spreading resistance’ which is
related to the resistivity of the silicon if the probe is of negligible
resistivity. The spatial resolution of the measurement is determined

by the small volume around the contact of which the measured resistance
is a weighted average. Various probe configurations which are discussed
in the literature may be used to implement the technique (Mazur and

l Dickey, 1966 ; Schumann and Gardner, 1969). In this work the three-

probe configuration is used ; see section A.3.

Spreading resistance measurements undoubtedly provide the easiest-
to-implement technique for measuring the two types of resistivity
profiles mentioned above (laterally across the silicon surface and
slowly varying depth profiles) and offer the higlest resolution of all
techniques other than recently developed scanning electron microscope
measurements (Kamm et al 1977). The main disadvantages lie in
difficulties encountered with obtaining reproducible measurements (a
problem largely solved here) and in the fact that the measurement is

“destructive because the probes leave a small damaged area on the silicon

surface.

Resistivity versus depth profiles are obtained by making spreading
resistance measurements on a specially prepared specimen. The sample
to be profiled is bevelled at a shallow angle (usually less than 4°
and typically less than lo). The layers to be evaluated are thus
exposed on a greatly magnified horizontal scale and the measurements
may easily be made by probing down the bevel. The scheme is illustrated
in figure Al. In the equipment used in this work, the bevelled sample
is mounted on a X-Y table beneath the probe system. The table is moved

by micrometers calibrated in 2um divisions.

A2. The Spreading Resistance of a Single Probe

The first model of the contact between a probe with an idealised
hemispherical tip and the flat silicon surface was based on the assumption
that the probe retained its shape and pierced the silicon. Subsequently
a consideration of the deformation of both materials suggested that a

more realistic geometry for the contact interface was that of a circular
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disc of radius 'a’ (see ref. 16 of Mazur and Dickey, 1966). This
configuration leads to the following relationship between the current
I, flowing through the probe and the potential drop, V, across the

contact between probe and silicon:

V= 5= Al

where p 1is the resistivity of the uniformly doped silic~n wafer and
the resistivity of the probe is negligible. The measured spreading
resistance, R is apparently related to the resistivity of the
silicon by the very simple formula :
R = B A2
s ba
In reality the contact area is not a flat circular disc at all ;
the real nature of the probe- silicom contact will be considered
shortly but equation A2 may be used to give a good indication of the

spatial resolution of the technique.

Figure A2 shows the potential distribution resulting from the
situation described asbove ; it was obtained by solving Laplace's
equation under appropriate boundary conditions (Gardner et al, 1967 ;
Shaw, 1973, p 188}, As may be seen, practically all of the potential
drop accurs within a distance of a few probe radii from the probe centre.
The spatial resolution of the measurement is defined by this potential
distribution. The spreading resistance reading depends mainly on the
resistivity of the material contained within the hemispherical region
defined by a radius of 3 ~ 4a and is almost independent of what lies

at greater depths.

Typical values for 'a’ reported in the literature are in the range

5 - 10im yielding sampling volumes of less than 1.4 x 10”4 mm3.

Mazur and Dickey showed that the ideal relationship between V and I
predicted by equation Al was not obeyed. However the usefulness of the
technique was not lost since they pointed out that R could be related
to pempirically. A number of uniformly doped silicon wafers of known

‘resistivity were measured by the spreading resistance technique and
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a 'calibration curve' was drawn up to relate any spreading resistance

measurement to a resistivity (see A2.4).

In practice, the non-ideality of the probe tip and its interrelation
with the surface quality of the silicon must be considered before
accurate high resolution measurements can be made. Several factors
concerned with the electrical characteristics are also important and,

along with the calibration curve, are considered first.

A2.1 DNon-ohmic Nature of the Contact

Metal-semiconductor contacts are generally non—ohmic due to the
work function difference between metal and semiconductor. In the case
of the spreading resistance probe on silicon there may be a reverse
biased barrier in series with the spreading resistance or a forward
biased barrier across which excess carriers may be injected thus
reducing the resistivity locally. This problem can be circumvented
by the use of the calibration curve provided it is ensured that the
applied bias is not great enough to disturb the equilibrium situation.
If the applied voltage V is appreciably less than kT/q, this condition
is met. At room temperature, kT/q is approximately 25 mV. The applied
voltage on the apparatus used in this work is maintained below 10 mV,
thus ensuring a near linear I-V characteristic. During the measurements,
this may be tested by reversing the polarity of the applied voltage ;
if the measured spreading resistance does not change then it may be
concluded that the applied voltage is too small to disturb the
equilibrium zero-bias barrier (whether it is foreward or reverse biased).
In practice, this condition has always been met by the equipment used

in this work for the range of resistivities measured.

A2.2 Electric Field at the Contact

Due to the small size of the contact, the electric field in the
spreading resistance region may be high enough to alter the carrier
mobility and thus modify the local resistivity. Mobility in silicon
is independent of electric field below field strengths of about 2 x 103

V/em (Grove, 1967). In the experimental arrangement the potential
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across probe and silicon is always less than 10 mV which ensures

an electric field well below 10° v/cm.

A2.3 Contact Heating

Th.e small contact area of the spreading resistance probe could cause
heating of the silicon at moderate currents : the heat could then cause
a thermoelectric voltage, an alteration of carrier concentration or of
mobility in the silicon. Mazur and Dickev (1966) calculate that the
maximum temperature rise is less than 0.1°C for a probe-silicon voltage
of 15 mV and a contact radius of 4um. This obviously has a negligible

effect since, as discussed in A4.2 and A4.3, drift free readings are

possible.

A2.4 Barriers between Probe and Silicon

The presence of a resistive or insulating barrier layer, such as
silicon dioxide, between the probes and the silicon could affect the
results appreciably. Visual evidence from the damage left on the silicon
surface after measurements shows that any such layer is pierced by the
probe., Measurements are also shown to be reproducible for a given

method of preparing the samples.

A2.41 The Calibration Curve

The calibration curve, which relates the measured spreading
regsistance of a uniformly doped sample to its resistivity, is unique
to a given probe. This is because the contact radius,eai between probe
and silicon depends not only on the tip radius of the probe but also,
as will be shown, on its microscopic roughness, the method of preparing
samples for measurement and the operating parameters of the equipment.
The most uncontrollable of these is the probe tip shape. It has been
found that any change in the tip nature necessitates recalibration of
the equipment. The greatest problem encountered with the equipment used
in this work results from accidental damage to the probe tip when the

probes are not raised correctly before moving the sample.
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In the light of the non-ideality of the relationship between
spreading resistance and resistivity, Mazur and Dickey (1966) proposed
an empirical relationship

Rs(actual) B '%% A3
where the factor k depended on p . This factor included the zero-bias
barrier which could be present and which has already been mentioned
(A2.1). Calibration curves obtained for n-type and p-type material
are different, a result which supports the view of a zero-bias barrier
since the work function difference between probe and n—type or p-type
silicon is not expected to be the same. A more useful way of
describing the Rj: P relationship is :

R

Rs(measured) = gt Rs(actual)

p

R, + =-— A4
"B T Za

where RB depends on p and other factors which are discussed by Fonash

(1974). For the purposes of this work, where the spreading resistance

is only being used as a comparative technique, detailed knowledge of Ry

i8 not necessary since the calibration curve includes it in relating

i . — . s he
Rs(maasured) to p The necessity of distinguishing between t
actual spreading resistance and RB is important when making measurements

of rapidly varying resistivity-depth profiles (see A2.5).

Figure A3 shows the calibration curves obtained for the equipment
used here. They were constructed using a series of n-type and p-type
(111) silicon wafers with resistivities in the range 1m Qem - 100 Qom.
The resistivities were measured by the standard four-point—-probe
method in the centres of the wafers. An average of five readings
close together yields a sheet resistance, RSH’ in ohms per square.

The wafer thicknesses, t, were measured with a micrometer (i Zum in
300um) and the resistivity was obtaied using the relationship = RSH,t
(Grove, 1967). The samples were all large enough to avoid any error

in RSH due to geometrical effects (these can arise if the area of a

201



SPREADING RESISTANCE OHMS

0T

10

10

10

10

Calibration Curve [al

1 1 . ] ] H

153 162 16! 10° 10 10

RESISTIVITY OHM - CM,

FiG. a3{a): Calibration curves for the spreading resistance
apparatus using large probes.

105¢=

10

OHMS

—
Ow

N

SPREADING RESISTANCE
o

—
O

10

Calibration Curve [b]

| i . i

3 2

1672 107" 100 10 10

RESISTIVITY OHM-CM

FIf. A3(b): Calibration curves for the @ggg resistance apparatus
using small probes.

10



wafer is comparable to or smaller than the area over which the four
point probe measurement is averaged — Smits, 1958). Since this
resistivity was a weighted average over the centre portion of the
wafer, a number of spreading resistance measurements, over the same
area, were taken to yield a similarly averaged value. The short term
reproducibility of the sprading resistance 'average' is within 27

on a given wafer although readings taken close together suggest an
absolute reproducibility better than this. The reproducibility of

the four point probe measurements is ha 47. The ultimate accuracy of
the Rs~¢ p conversion is limited by the resistivity measurement of the

calibration samples.

Figures A3 (a) and (b) are two calibration curves obtained with
two different probes. The first was a probe used in the condition in
which it was received from the manufacturer - i.e. a tungsten carbide
needle with a ground tip of 25 m radius. The calibration curve for
n-type silicon is not linear. Any long term shift in calibration
(due to probe damage etc.) necessitated a co>mplete, time consuming
recalibration of the apparatus. The second diagram is a calibration
curve for a probe with a much smaller tip radius (see A5). For this
probe both n-type and p-type silicon gave straight line relationships
between RS and p . In this case it was found that long term shifts
in calibration were always parallel to the 'original' curve within
the accuracy of the measurements. This fortunate result enables
recalibration to be carried out with a minimum number of measurements.

Changes in calibration are usually distinct rather than gradual and
may generally be attributed to a specific event such as moving the
silicon specimen without raising the probes. Occasional checking
of the calibration with one of the test wafers allows changes to be

identified and the necessary shift in the calilration curve to be made.

A2.5 Spreading Resistance Measurements on Non—Uniformly Doped Silicon

The calibration procedure described above is carried out on nominally
uniformly doped samples. If the sample resistivity varies significantly

within the probe "sampling volume" (as occurs when measuring shallow
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dopant profiles) a direct conversion of spreading resistance to
resistivity, using the calibration curve, may not be eflfected; the
measured spreading resistance 1s a weighted average over the material
present in the sampling volume. Various models for correcting spreading
resistance values for the variation of resistivity within the sampling
volume have been proposed and a number of them appear in the proceedings
of the symposium already referencel ; others are due to : Schumann and
Gardner, 1969, i and ii ; Yeh and Kokhani, 1969 ; liu, 1972 ;

Gutal and Vicsek, 1975 ; Choo, Leong and Kuan, 1976 ; Kudoh, Uda,
Ikushima and Kamoshida, 1976 ; Hendrickson, 1975.

The problem involved in producing any correction routine is one of
the exact modelling of the nature of the probe contact with the silicon
surface. Most of the treatments assume that the flat circular disc
model is correct. The potential distribution is tlen determined by
considering the non-uniform profile of interest to be a multi-layered
structure as indicated in figure A4, the layer thicknesses are determined
by the depth increments between successive measurements. The resultant
routines for carrying out corrections to the raw spreading resistance
data are very complex and usually involve large amounts of computer

C.P.U. time.

For the profiles presented in this work, it has not been found
necessary to use one of the correction routines. The measurements of
prime interest are in regions of silicon samples where the resistivity
is generally a slowly varying quantity compared to the sampling depth
of the probe ; see chapter 8. For this reason an accurate correction
routine was not considered necessary for the gold profiles obtained
in the bulk of the silicon wafers. In all cases where the gold
distribution close to the boundary formed by the wafer back surface
was required, the problem of having to correct the data for the
proximity of the back surface was circumvented by bevelling and
measuring two pieces of each sample, one from the front and one from
the back. In this way none of the measurements were taken within a
‘probe sampling depth' of an electrical boundary. The nearest
allowable point of approach to a boundary may easily be found by carrying
out depth profiles of uniformly doped control samples ; this measurement

also gives an indication of the actual sampling depth of a probe.
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For the measurements of very shallow phosphorus diffused layers
(i.e. much shallower than the probe sampling depth) an approximation
suggested by a qualitative consideration of thk current flow from the
probe in such a shallow layer was used . This approximation, as will
be shown, allowed surprisingly accurate profiles to be obtained from
raw spreading resistance data when compared to profiles of similar
layers made by the differential sheet resistance method. The advantages
of realising the phosphorus profiles from the spreading resistance
data, without lengthy correction procedures were two-fold; first a
considerable time saving is achieved since the incremental sheet
resistance method is very slow and secondly a much better resolution
of the phosphorus profile (or for that matter any shallow profile)

was obtained through taking more measurements closer together.

A2.5.1 Simplified correction procedure for spreading resistance

measurements on shallow layers

Figure A5 shows the potential distribution and current flow from
the spreading resistance probe in three situations. In (a), measurement
of a 'semi~infinite' sample, such as used for the calibration procedure,
is illustrated. For this case no correction of the spreading resistance
is required. In (b), an insulating layer is present within the probe
sampling depth, the flow of current from the probe is modified srmewhat
and some correction of the spreading resistance data is necessary. For
situation (c), where a very shallow layer (compared to the sampling
depth) is being measured most of the current flow is constrained to be
lateral and practically all of the potential drop is in a lateral
direction. The resistance measured in this situation is clearly related
more closely to the sheet resistance of the layer than to a spreading
resistance. To a reasonable approximation, if a very accurate profile

is not required, the resistance may be related directly to the sheet

resistance, RSH :

= AS
RS kRSH

The constant k may be obtained empirically by measuring the surface
of the sample (i.e. the whole layer) by both methods and equating the
results. The value of k usually comes out to be very close to or

equal to unity. Figure A6 shows two phosphorus profiles obtained
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by spreading resistance (on a bevel) and incremental shecet resistance
(see Appendix 1) for the same sample. The constant k was assumed to
be unity and a common resistance axis is used. The closeness of

the results obtained by the two methods 1s an excellent indicator

of just how good the original approximation is.

Another distinct advantage of spreading resistance profiling
measurements is also apparent on this example. Sheet resistance
measurements above 1k Q per square are difficult to obtain and often
inaccurate due to junction leakage (Runyan 1975, p.79). The ''sheet
resistances" inferred from the spreading resistance data in this
example are reliable to almost 10k per square. It will be shown
later in this appendix, that by improving the probe resolution it

is possible to make spreading resistance measurements of over 1069.

A3. Practical Probe Configurations

Several probe arrangements which are commonly used for making
spreading resistance measurements are illustrated in figure A7. The
first arrangement - a single probe and a broad area contact for the
current return path - is not very versatile since the technique is not
self~contained. The second arrangement, the so~called 'two-probe’
system is used by most workers since it is employed in the commercially
available automatic spreading resistance apparatus designed by the
originator, Mazur. The V/I quotient is the sum of the Spreading
resistances due to each probe as they are effectively in series. This
raises a major problem since not only are two reproducible contacts
required but it is also impossible to separate the contributions of
each to the total measured resistance. If the contact areas are
identical and the silicon resistivity under each is exactly the same,
then the actual spreading resistance under one of the probes is half
of the total - this is the assumption which has to be made although
it is extremely unlikely that cither of these conditions is met. Thus
the two-probe set~up has a built in uncertainty in the validity of
measurements taken with it. This problem is particularly acute when
rapidly varying diffusion profiles on a bevelled structure are to be
measured. If the spreading resistances due to each probe are to be

equal the probes must be at exactly the same depth below the sample
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surface on the bevel. Complicated procedures for lining the probes

up parallel to the bevel edge have been reported (e.g. Mayer et al, 1374).

These problems are eliminated by using the three probe arrangement
which is also illustrated in figure A7. The third probe is used to
measure the potential difference between the silicon wafer and one of
the other probes designated as the 'critical' or measuring probe. The
current flow through the critical probe is also measured, as shown, and
the V/I quotient is the spreading resistance of the critical probe only.
The properties of the non-critical probes are not important since one
provides a means of reasuring tlie wafer potential and the other provides
a return path for the current. When measurements are made on a bevel
accurate lining-up of the probes parallel to the bevel edge is not
necessary. In practice it has been found that rough alignment by eve
is adequate. A difference between profiles made on the same sample
has only been observed when gross misalignments relative to the bevel

edge have occurred.

In the experimental apparatus used here, the power supply is a
simple 10mV constant voltage source. The current is measured with a
Keithley 610C electrometer and the voltage is measured with a Solartron
A200 digital voltmeter with an input impedance greater than 10 Oﬂ ;

this ensures that the current drawn by the voltage measuring probe is

negligible,

The equipment is manually operated and has received a number of
modifications as a result of experiments carried out during this work.
With the small diameter critical probe already mentioned, spreading
resistances of greater than 10652may be measured. To avoid effects
due to photo-generated carriers in high resistivity samples the

measurements are carried out in darkness.

A4, Factors Affecting the Resolution and Reproducibility of Spreading

Resistance Measurements

A4,1 The Probe Contact Area

If valid comparisons between spreading resistance measurements on
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experimental and calibration samples are to be made, the contact made

by the probes must be identical in all cases. Maintaining the
reproducibility of the contact area, as already mentioned, has been a
major problem. Other workers have experienced similar difficulties

and the generally accepted way of overcoming them is to subject the

probes to a "run-in" procedure. This involves carrying out a large

number ( >1000) of measurement cycles on a lapped silicon surface (Dickey,
1974). It is believed that such a treatment applied to different probes
wears them down to a similar geometry. This type of treatment is, of
course, a necessity for spreading resistance equipment employed as an
in-line parameter checking facility where speed of measurement can be
weighed against the ultimate resolution of the equipment. In this work,
probes produced by the "run~in' were rejected for two reasons. Tirst,
the run-in period on the manually operated equipment was prohibitively
time-consuming (=16 hours of continuous operation!). Secondly, and
more importantly, the "run-in' results in probes which are certainly
similar to each other but at the expense of the tip-radius (figure A8)
which becomes blunter. Since the high spatial resolution which results
from small tipped probes was desired, ''run-in" probes were not used.
Careful operation of the apparatus on polished (rathér than lapped)

samples has been found to give a reproducible contact pattern for long

periods.

The true nature of the probe-silicon contact was investigated by
observing the damage left on the silicon surface after measurement. These
observations were made by optical microscopy using Nomarski interference
contrast. A short (5 second) SIRTL etch (Sirtl et al, 1961), made the
probe damage, or footprint, more easily visible. Figure A9 shows
examples of footprints produced by the probes supplied with the apparatus.
The contact pattern is more a cluster of small penetrations of the
silicon surface than a 'flat circular disc’'. The reproducibility of
the contact may be seen by comparing successive footprints of a given
.probe; the large differences which may occur between two diffeient

probes are also apparent.
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Fig A9 Spreading Resistance Probe
Footprints.



Reproducibility of the actual spreading resistance measurement
could not be assessed directly since the damage made by lowering the
probe once changes the surface topograhy enough to affect the reading
if the probe is relowered over the same area. Reproducibility was checked
by making measurements as close together as possible ( “20;m) - some
tolerance in the results must be allowed for small spatial variations

in the sample resistivity.

Factors which can affect the reprocucibility of the contact area
and hence the nmeasurements, were investigated in order to optimise

operation of the equipment. These factors are :

Sample preparation prior to measurement
Probe loading
Probe descent rate

Mechanical rigidity of the equipment

Prior to the publication of the spreading resistance symposium
proceedings, it appeared that the generally accepted method of
producing a bevel for spreading resistance vs depth profiles was to
lap the silicon surface and subsequently etch it briefly in an HNOB:HF
solution (e.g. Mazur and Dickey, 1966 ; Brotherton and Rogers, 1972}.
Calibration samples were prepared in the same way. Initial studies
using such a surface preparation gave results which suffered from
random scatter. Readings taken close together
could differ by up to 207 without observable trends, suggesting that the
scatter was 'noise' rather than a true variation in sample resistivity.
A polishing technique was developed to overcome this problem. The
experiments and results are described in a publication which is included

as the next section of this appendix.

Experiments on probe loading and descent rate were carried out on
the first set of large tipped probes (2Qim tip radius, tungsten carbide
needles). When the smaller tipped probes were installed (see A5),
results inferred from the behaviour of the larger probes, appropriately
scaled down, were used to optimise the operation of the equipment once

more. The comprehensive results obtained with the larger probes are
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summarised in section A4.3 and a brief description of modifications

necessitated by the use of the smaller probes is then given.

A4.2 Surface Preparation

(See publication printed on subseguent pages).

A.4.2 Additional comments on Surface Preparation

The ageing effect which is described in the paper is shown in
figure AlO. In this example an attempt was being made to obtain a
resistivity profile as a function of position across the wafer. Two
tracks, 100um apart, were made ; the trends of the resistivity
fluctuations are the same in both but an overall rise due to the
ageing effect may mlso be seen. Changes in spreading resistance values

of 1007 or more have been observed.

Although the bake at 150°C did not entirely eliminate the ageing
for the larger tipped probes, it has been found that the smaller tipped
probes give stable measurements for many hours. At the time that
the probes were changed, the oven used for the bake was also changed;
it is not clear if the increased period of stability was due to the
different probes or was connected with the actual temperature control
in the oven during the bake. It is now only necessary to carry out
the bake procedure for 15 - 20 minutes to ensure a surface which remains

stable for at least one day.
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The use of the spreading resistance technique to obtain quantitative measurements of
the local resistivity of semiconductors, particularly silicon, has developed rapidly
during the past ten years. The technique is based on the measurement of the con-
striction resistance® of a small area (~ 50 um?2) metal-to-semiconductor pressure
contact.

Samples of unknown resistivity are evaluated by comparing spreading resistance
measurements taken on them with calibration curves produced by making spreading
resistance measurements on “"calibration samples’ of known resistivity.

This technique and the problems associated with its use have been discussed
thoroughly at a Symposium on Spreading Resistance held by the National Bureau of
Standards in June, 19742. Some of the major problems arise in the preparation of
samples for measurement and the reproducibility of the technique used. Dopant
concentration versus depth profiles in silicon are obtained by bevelling diffused
samples at a shallow angle and probing down the bevel with spreading resistance
equipment. This requires that the spreading resistance reading for a given resistivity
on the calibration sampie is the same as the spreading resistance reading for the
same resistivity on the prepared bevel. This can only be achieved if it is ensured that
the condition of the silicon surfaces for both the calibration sample and the bevelled

sample are the same and reproducible so that the probes make an identical repro-

ducible contact pattern on both.

1. Experimental results and discussion

Experiments have been carried out with various methods
of bevel preparation on both N- and P-type silicon over
a range of resistivities 0-01 Gem to 100 Qcm. Spreading
resistance readings were obtained with an ‘“Epiprobe”
three probe apparatusi using tungsten carbide probes
loaded with 30 grams; measurements of voltage and
current were made with a Keithley 610C electrometer
and a Keithley 602 electrometer respectively.

Initially, polished slices (as received from various
manufacturers) were used, however difficulties were
encountered in obtaining a comparable surface when
the samples were bevelled and polished with various
grades of diamond paste. This difference was shown by
a change of up to 209 in the spreading resistance reading
when probing on the top surface and then on the diamond
polished bevel of a uniformly doped silicon slice. (This
effect has been noted by other workersd) A further
undesirable effect with the polished samples was a steady
increase in the value of spreading resistance with time,
starting within a few minutes of spinning the sample dry

after cleaning and continuing for a period of forty-eight
hours or so. This “ageing” process has also been noted
by other workers2,  see {@ A.Jo.

As a result of this, experiments were carried out on
lapped silicon surfaces as described by other authors*.5.
Lapping was carried out on uniformly (10%, of mean
resistivity) doped silicon samples with 40 pm particle
size carborundum, 13 wm alumina and % pm alumina.
All samples were cleaned ultrasonically to remove
lapping debris. Spreading resistance measurements
exhibited 4309, scatter and were not very reproducible
with the 40 pm and 13 pm lapping materials. The { pm
alumina lapped surfaces gave reduced scatter but proved
to be extremely difficult to reproduce, meaning that from
slice to slice and even from one area of a slice to another
the probe contact area was varying.

Figure 1 shows a spreading resistance profile across a
nominally 10-20 Qcm silicon slice lapped with 13 pm
alumina, the scatter is + 309, of the mean value.

Talysurf plots of the 13 pm alumina lapped samples
were made to obtain a clearer picture of the nature of

tElectronics Department, Southampton University.

1Manufactured by Jandell Engineering Limited, England.

MICROELECTRONICS, Vol. 6 Nec. 4 1975 Mackintosh Publications Ltd., Luton, 17



A new surface preparation and bevelling technique continued from page 17
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lapped with 13 pm particle size alumina.

the surface, these are shown in Fig. 2. As may be seen,
many of the pits made by the alumina are comparable
in size with the probe tip (the area of contact has a radius
of about 10 zm) and so on a microscopic scale the probes
are literally “climbing up and down hills”, this makes
the probe contact area variable and the depth of a par-
ticular measurement uncertain.

An investigation of the reproducibility and scatter on
the polished surfaces showed that the scatter in the

readings would be well within the doping fluctuations
expected for the silicon samples if the ageing process
could be eliminated. Thus, subsequent experiments were
directed to the elimination of this ageing and improve-
ment of the polishing process used to bevel the diffused
samples.

Various cleaning procedures were tried with N- and
P-type silicon slices to see if the ageing was associated
with them. The slices were boiled for 15 minutes in

TP MADEIN ENGIAND 7T T T T

o r s e

I LN
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Fig. 2 Talysurf profile of silicon slice prepared as in Fig. 1.
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concentrated nitric acid, rinsed in double distilled water
and spun dry, and measurements were then made back
and forth across the slice surface over a period of several
hours, (No two measurements can be made on exactly
the same spot as the probes damage the silicon surface.)
The sample was then dipped in buffered HF to remove
any oxide, rinsed, dried and measured in the same way.
The third procedure tried was a sulphuric acid: hydrogen
peroxide *‘bomb” treatment for ten minutes after a
buffered HF dip, followed by rinsing and spinning dry.
The ageing was most rapid on the slice which had been
dipped in buffered HF, and slowest, but still too rapid,
on the slice cleaned with the “bomb’ treatment,

The rapidity of the ageing process was also seen to be
very dependent on the relative humidity of the ambient
air; it was slower during dry weather. For this reason
it was decided to try *“drying” the silicon slices by baking
them after the “bomb” clean. Subsequent to a one hour
bake at 150°C in air the samples showed no ageing for a
period of 35 minutes in ambients of average relative
humidity (509,). The spreading resistance equipment
was then housed in a box with a desiccant to keep it
dry and protect it from draughts and sudden fluctuations
in temperature and relative humidity; this extended the
period of reliable stability to over one hour. After this
period a reclean and rebake was found to bring the mea-
sured spreading resistance back to within 1% of its

original value. Figure 3 shows a spreading resistance

profile after this preparation across a 10-20 Qcm slice
from the same batch as that in Fig. 1. On this sample,
the fluctuations seen are reproducible to within 1%, if
measurements are repeated close to the original ones;
this indicates that the fluctuations are due to real fluctua-
tions in resistivity rather than to scatter in the measure-
ments.

Having reduced the ageing of the polished surfaces,

to an acceptable degree, the variation in spreading

resistance in going from an already polished top surface
to a polished bevel was investigated. Careful examination

resistance profile across

a polished

of the diamond polished silicon surface, especially after
a short etch, showed that the surface was covered with
fine scratches. To overcome this a chem-mechanical
polish such as that used by silicon manufacturers to
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Fig. 4 Spreading resistance profiles of two phosphorus
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5 mins deposition, 35 mins drive-in in nitrogen).
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A new surface preparation and bevelling technique continued from page 19

polish the silicon top surfaces was used. The samples
were mounted on a simple bevelling jig made of stainless
steel to the required angle (1°). The bevel was first ground
with 40um particle size carborundum suspended in water,
ultrasonically cleaned to remove lapping debris, partly
polished with 1 pum alumina suspended in water and
ultrasonically cleaned again. It was then polished in a
bowl polisher on a Corfam pad with a steady flow of
Lustrox 1000 polish washing over it*. The result after
fifteen minutes of polishing was a scratch free polished
bevel, visually indistinguishable from the top surface
of the silicon. After washing, cleaning and baking as
described above, uniformly doped slices returned the
same spreading resistance values on the polished bevel
as on the original top surface to within 19 (i.e., well
within the doping fluctuations expected in the slices).

The requirements of a stable surface for the calibration
samples and the ability to reproduce this surface on
shallow angle bevels have thus been achieved for both
N- and P-type silicon over the range 0.01 Qcm to
100 Qcm, and accurately reproducible diffusion profiles
have been obtained.

Figure 4 shows uncorrected spreading resistance
versus depth profiles for two phosphorus diffused silicon
samples which were diffused together but bevelled and
profiled separately. The depth measurements were ob-
tained by interference microscopy.

*Lustrox is a chem-mechanical silicon polish and is a trademark
of the Tizon Chemical Corporation, Flemington, N.J., U.S.A.

20

2. Conclusion

By an investigation of polishing, cleaning and baking
processes it has been possible to significantly reduce two
of the most serious problems of spreading resistance
measurements on silicon. These are the production of a
reproducible bevel which is indistinguishable electrically
and visually from the calibration slice top surfaces and
the “ageing” of the results. This has enabled a reproduci-
bility of + 19, to be achieved when making such measure-
ments on both N- and P-type silicon in the range
0-01 Qcm to 100 Qcm.
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A4.3 Probe Loading and Descent Rate Effects

On the apparatus used (the "Epi-probe" supplied by Jandel
Engineering‘Ltd. UK) the loading arrangement for each probe comprises
a calibrated spring operating through a lever arrangement. This is
sketched in figure All. Also shown is the adjustable air dash-pot
which controls the lowering rate. The system has been arranged so
that the probes lower and make contact with the silicon surface under
their own weight plus that of the probe support (~ 12/3 grams) ; after
contact has been made with the sample surface the loading arms are
brought to bear on the tops of the probes as shown. The initial probe
load settings were 60 grams (recommended by T. L. Rogers - see
Brotherton and Rogers, 1972). Current and voltage measurements
were made and it was found that there was appreciable drift of both
over a period after lowering the probes. This drift was measured as
a function of time for various probe loadings : results are shown in
figure Al2. These experiments were carried out on n-type and p—type
silicon wafers in the resistivity range 1-20Q2 cm). Also shown is the
reproducibility of results after the drift had stabilised. 1In this
figure, probe 1 is the critical measuring probe, probe 2 is the current
return path and probe 3 is the voltage measuring probe. (The lines

joining the experimental points have no significance).

Similar experiments on drift as a function of probe descent time

are shown in figure Al3 for the optimum probe loadings.

The operating parameters which gave the least drift and best
reproducibility were : probe 1 = 30 g, probe 2=30g, probe 3 = 60g,

lowering time = 20 seconds, readings taken after 25 secs.

It is suggested that the drift effects noted when changing the
loadings and descent rates, may be due to microcracking of the silicon
surface beneath the probes. Runyan (1965) shows that silicon with a
chipped surface (a possible result of a high descent rate) is much
more likely to crack under a given stress than silicon with a perfect

surface.
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The reproducibility of the probe contact patterns on a microscopic
scale is clearly evident in figure Al4 which shows two different foot
prints on different samples from the same probe. These photographs

were taken in theScanning electron - microscope.

AL .4 Mechanical Vibration

During all measurements the equipment has been found to be very
sensitive to mechanical vibrations. To minimise this the apparatus has
been mounted on impact absorbing rubber on a sturdy bench. It is
only necessary, however, for someone to slam a door in the viscinity

to upset a reading which may be in progress.

A5, Production of Smaller Probes

The spatial resolution of the spreading resistance measurements
is most dependent on the radius of contact between probe and silicon.
In order to increase the resolution of the equipment used here some
probes were modified to give a much smaller tip radius. This should
not only enhance the spatial resolution but should also allow
measurementS to be made much closer together without the probe

footprints overlapping.

electrolyte:
20g NH,CI

A
75g (CHOH.COOH), 0 -12V supply.
20g NaOH + =
40g NQZCOB

5g NaNOQO

2
11 HZO probe_,

felPt. cathode

FIG A 15: Probe sharpening by electrolysis.
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Sharpening of the probes was achieved by clectrolysis, as shown
in figure Al5. The electrolyte was based on a solution used by
Lehtinen (1968) to thin tungsten carbide to electron transparency for
use in the TEM. A ten second electrolysis resulted in the probe tip
shown, compared to a new 25um tip radius probe, in figure Al6. The
tip radius is less than 5um. Results from this sharpening procedure
were erratic and of four probes, two became much sharper and twohbecame
much blunter. The two sharp probes are still in operation in the
equipment and although the initial tips appeared — from measured
values of spreading resistance - to wear somewhat, their performance

after several months of use has become very stable and reproducible.

The smaller probes are much more sensitive to variations in loading
and lowering and several modifications to the equipment have been

necessary.

A5.1 Loading of Smaller Probes

A scaling down of the optimum loading on the large probes indicated
that the small probes should be loaded with about 5 grams. Several
unforeseen problems were encountered with the loading and probe
guidance systems of the apparatus. A "hi-fi' stylus balance was used

to measure the loading effects accurately to within 0.1 grams.

The first problem resulted from the spring and lever arrangement
used to load the probes. This is shown again in figure Al17 (a) with
some of the important dimensions. It can be seen that lowering and
raising the probes actually results in a small extension and contraction
of the spring. At high spring loads this was insignificant but at
low loads the difference in probe height between the top and the bottom
of a bevel resulted in a 2.5% change in loading with a consequent
variation of 107 or more in the probe calibration. This problem was
solved by replucing the spring with a piece of nylon cord and a brass
weight as shown in Al7 (b). This system gives a load which is
independent of probe height and provides a force of 4} grams in total

at the probe tip.
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FIG. A19: Probe footprints obtained with smaller probes.



The second problem involved the detailed design of the system
used to constrain the probe carrier and guidance frames. This is
shown schematically in figure Al18. The centre probe was designated
by the manufacturer as the critical probe. The two springs S1 and SZ
which intentionally pull laterally and in opposite directions also
provide a small upward force when the probes are lowered. The
magnitude of this upward component was found to be surpriéingly large
(= 3 grams) when the probes were fully lowered. The right—hand probe
is constrained by the lateral force on it exerted by S2 via the central
support frame. Measurements showed that even when the central probe
was raised relative to the right hand probe, friction was too small
to move the right hand probe or reduce its loading. The right hand
probe position was chosen for the small critical probe and the other
two probes were loaded enough to overcome the upward forces. The
loadings now in use are : 60 grams for the vdtage probe, 10 grams
(nominal with the spring) for the centre probe and 4} grams for the

spreading resistance critical probe.

Figure Al19 illustrates the probe footprints from the critical probe.

The sample has been lightly etched to make the mark visible.

A5.2 Results with the Smaller Probe

The unexpected advantage of linearisation of the calilration curve
has already been mentioned. The increase in resolution is indicated
by the ability to approach to within 10um of a totally insulating
barrier on a nominally uniformly doped wafer before any effect on the
readings is noted. This suggests a contact radius of about 2um and a

consequent sarmpling depth of 8um or so.

On very shallow bevels through n-p junctions, it is possible to make
reproducible measurements of the order 1O6Q . This implies that the
smaller probes are able to make useful measurements of silicon with
resistivity greater than 1k Q cm. In comparison with the four point
probe this is a significant advantage since difficulty is almost always
experienced with sheet resistance measurements greater than 1k@ per

square, implying a resistivity limit of 5008 cm.
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FIG., A20: C(Cross section through a typicel pelished bevel.



The increased resolution coupled with the high reproducibility
that results from the bevelling technique described in A4.2 is
shown, in chapter 8 of this thesis, to allow observation of features
of gold profiles that are either lost in the 'noise' due to lapping
damage or that vary spatially within the greater sampling depth of

the larger probe.

A6. Bevelling and Depth Measurement Technique

The bevelling technique developed for this work has already been
described in the publication presented in section A4.2. Figure A20
shows a cross—section through a typical bevel obtained by this method.
The bevel does not make a sharp angle with the sample top surface but
curves away until it reaches the required angle. In this work bevels
of 1° and 4° have been used for gold bulk profiles. For shallow
‘diffused layer profiles a shallow slope would normally be employed,
however the rounding of the bevel top has the useful side-effect of
magnifying the area in which the shallow diffused layers are situated.
The rounded bevel edge would present problems if used with a two-probe
spreading resistance apparatus because of difficulties in lininp the

probes up parallel to an ill-defined edge.

Depth measurements were obtained by two methods. For accurate
determination of the depth of each reading, the probe marks on the
bevel were observed directly in a microscope employing a beam splitting,
Watson interferometer and a sodium lamp source. The interference
fringes obtained with sodium light are spaced at .2940u m intervals.

" It was found that accurate measurements to within a quarter of a fringe

or better could be made.

The second depth measurement technique involved the use of the
Talysurf equipment which was employed to assess the surface quality
of lapped silicon in section A4.2. A profile of the bevel was obtained
and the depths of the spreading resistance measurements inferred by
superimposing the horizontal increments of the spreading resistance
measurements on the horizontal scale of the Talysurf plot. One

difficulty associated with this method is the lack of a fiducial mark on
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both Talysurf profile and spreading resistance horizontal scale. TFor
samples with shallow junctions, the position of the junction on the
bevel was obtained by staining the p-~type side with a solution containing
dilute hydrofluoric acid and coprer sulphate and then measuring the
junction depth with the interferometer. The spreading resistance
measurement closest to the junction was then lined up with this depth
value on the Talysurf profile. For other samples the depths of a few
spreading resistance footprints close to the top of the bevel were
obtained with the interferometer; the Talysurf profile and horizontal
spreading resistance scale were then lined up as before. Checking

of one or two profiles with the more lengthy interference fringes
method indicates that the depths on bulk profiles are accurate to

within about 5pm.

Figure A21 illustrates a typical Talysurf profile of a hevel

with the measurement depths marked on it.

A7. Conclusion

Development of a new sample preparation and bevelling technique,
coupled with optimisation of the operation of the spreading resistance
apparatus, has enabled measurements to be made with high reproducibility.
The resolution of the technique has been greatly improved by implementing
measurements with smaller probes at lower pressures. Examples of

'

- . I3 o 4 ¥
measurements obtained are given in chapter 8. A very simple "correction

routine for spreading resistance measurements on shallow diffused layers

has been described.

This technique has also been used successfully in assessment of
variations in resistivity across the surfacc of silicon wafers. Large
fluctuations of resistivity on a microscopic scale present problems
in the manufacture of large area power devices with deeply diffused
junctions. Figure A22 shows two examples. One is a normal Czochralski
grown phosphorus doped silicon wafer which exhibits large periodic
variations in resistivity, these can result in ragged junctions. The
other profile is of a wafer from a crystal grown by the float zone technique
with a very low doping level. Doping is carried out by subjécting the
silicon crystal to a neutron flux which trans-mutates some of the
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silicon atoms so that they assume the nature of shallow donors. The
result is a very uniform dopant distribution across the wafers cut from
the crystal. Neutron-transmutation doping will almost certainly become
a major technique in the production ol homogeneouslv doped silicon
crystal since, with the advent of LSI and VLSI circuits, the need

for such crystals will become uniwersal. Consequently a high resolution

technique for their evaluation will also be required.
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APPENDTIX B

[

Electrically Active Dopant Profiles by Incr.mental Sheet Resistance

Measurements

A few profiles for this work were ohtained using the incremental
sheet resistance technique, This method is well documented in the
literature and is only described very briefly here since the same
analysis was used to convert spreading resistance versus depth

measurements on shallow layers to doping concentration versus depth.

As already mentioned in Appendix A, the sheet resistance measurement
is carried out using a four-point—probe (Valdes, 1954; Smits, 1958).
The sheet resistance of the layer is related to the avemge conductivity,

o , of the layer by

where x. is the depth below the surface of the insulating barrier

(junctibn).

For a diffused layer, where the actual conductivity varies with

depth, the average conductivityxof the layer may be written

1
o = L que dx B2
X.
iJ o
where ¢ is the electronic charge, p is a carrier mebility typical of
the layer and c is the density of carriers. From equation Bl therefore :
X, X,
1 ] 3
= . == = = B
oxJ P quc dx o(x) dx
0 ¢

where Ogp = the sheet conductivity of the layer ( = §l~ ) and quc is

the conductivity o(x) of an incremental layer at deptng.

If thin layers are successively removed from the sample surface,
and measurements of the sheet resistance are made — or if measurements
of R down a bevel through the layer are made, the general form of

SH
equation B3 is :
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X,
J
g SH(X) = uy g (x) dx B4
- ,

where x is the depth of the ‘new' surface below the original surface.
From this equation by differentiation :
chH(x)

In = o(xj) - 0 (%) B5

at the junction (x = x.) the conductivity is zero since the junction is

an insulator, therefore

fligl{._(.x‘)__ = —Q'(x)
dx
or
Rt N
dx P
Thus the slope at x of a plot of RQH (the measured quantity) versus

depth, yields the resistivity at the depth x.

Generally, the data obtained ranges over several orders of magnitude
(typically 10 to 1000 ohms per square) and it is more convenient to
plot the values logarithmically. 1In this case a relationship between

resistivity and the slope of log (RSP) at x is desired.

Since
d log _(x) 1
L. S = e B7
dx X In a
and
d d 1
- . O = — (0 o e e B8
dx 1053 SH dx ( SH(X)) o qH(x)ln a
d d 1
— = e— ) e BG
ax %) ax () ) |
Substituting in B6
d
- - d_ B10
o (x) ooy ) gz (n OSH(X))

The desired relationship is between R%H andp (x). Since
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1
Tn® = R )

SH
then :
-1 1 d 1
® (x)) = = e | (Ip o) Bl1
Rey (x) dx Bop ()
Now,
In ( 1 = In (1) - In R_ (%)
RSH(X) SH
= - In RSH(x)
: -1 1 d
s v (ﬁ(X)) m) o “&; in (RS (X)) B12
SH
Converting to logarithms of base 10,
RSH(X) 1og10e
B13

p(x) =
3
ax 19810 (Rgy(x))

The resistivity P (x) may be related to dopant density with Irvin's
empirical curves of resistivity versus impurity concentration (Irvin,

1961).

The sheet resistance versus depth distributions were determined
with a special four probe head (Fell Manufacturing Company) after
removal of successive layers of silicon. The Fell head has special
light (60 gram) probe loadings to minimise damage causedto the siligfn

surface.

The silicon layer removal was effected with a silicon etch containing
997 HNO3 and 17 HF. Depths were measured by masking one edge of the
sample with Apiezon wax before each etch so that a series of steps were
formed. Depths were measured by the interference microscopy technique

described in A6.

When profiles of RSH versus depth were inferred from spreading

resistance data, they were also analysed using equation B3.
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The slopes were measured by eye fram the plots of log an versus
depth. A computer program was developed to convert the raw sheet
resistance against depth cdata to impurity concentration profiles,

however it was found to be quicker to do the analysis by hand !

220



APPENDIX C. Statistics of Partially Compensated Gold Doped Silicon

The experimental determinations of the gold energy levels by Collins
et al. (1957), Bruckner (1971) and Thurber et al. (1973) which were
described in chapter 4, all involve achieving conditions in the silicon
which ensure that the dominant temperature dependent factor in the change
balance equation (7.1) is an exponential which involves the energy of only
a single impurity level. A single example here will serve to illustrate
how the energy levels were determined. It is necessary to carry the
experiments out at low enough temperatures to ensure that the gold energy
levels behave independently ; i.e. they are many kT apart. In n-type
silicon, therefore, all of the gold centres may be considered as acceptors
unless NAu>>Nd.

Consider the situation where the sample contains a density NAu of
gold acceptors and a density Nd of shallow donors such that NAu> Nd and,
therefore, the material is partially compensated. This arises because
electrons from the donor 'drop' into the acceptor levels and only Nd-Ngum
electrons are available for distribution between the donor level and

the conduction band. It is assumed that all of the shallow donors are

ionised.

The electron concentration {(using nondegenerate approximations)

is given by equation 7.2
E - E
n =N exp -l £ Cl
c kT
and the density of ionised gold acceptors is given by the Fermi
probability function (equation 4.11)
N, .

Au L o EA—EF
By O¥PI YT
An expression for the density of neutral gold acceptor centres may also

be written :

N
X _ Au
Naw = E,-E €3
1+ l-exp -~ 2 F
g kT
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- - X
where NAu = NAu + NAu C4

Electron summation gives :
n+ N = N C5

since in this situation all of the shallow donors will be ionised -

see chapter 7.

A little algebraic manipulation of these expressions may be used to
obtain the desired relationship linking the carrier concentration to the

position of the gold acceptof level.

oN ©
The ratio ~ is given by :
NA
E,-E
o A F
n-Npy n'NAu{; * 8 exp [ T }}
— = T co
N 1 A F
A E*g“?['ﬁfﬂ-%u

1 ExEp
dividing throughout by E-.exp.[; T ], gives

I FIPP [ S | | P [ Wl
o g exp KT 8 €XP | T 7

AU EA - EF
i} Lreex = g

]

E, - E
n,g exp [-iijgf;EJ C8

Substituting for n from equation Cl :

o
nN E -E
A c A
=g, - Tl c
N g’Nc €Xp [ kT ] ’
A
using equations C4 and C5 :
RNy, = n = Ny Do N ex [i’ Ee ~ EAj} c1o
n o+ N g ¥ exp KT
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The compensation conditions and low temperature are chosen so that

Ir<Nd and n<< NAu - Nd’ which yields the desired relationship
N E ~E
_ d _ c A
“"T“"—"ﬁ""'che"P[ KT ] c11
Au d

Similar derivations may be carried out for compensation conditions
in which the other energy levels of interest are dominant. The expressions

used by the authors cited above may all be obtained in this way.
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APPENDIX D : Equilibrium Statistics of Recombination and Generation

through a Deep Trap

The transitions of carriers between the conduction and valence bands
via an intermediate 'trap' energy level were depicted in figure 4.12.
The theory of recombination-generation processes via such traps has been
dealt with in detail by Hall (1952) and Shockley and Read (1952). The
basic equations governing the emission processes via such traps were

quoted in Chapter 4 (equations 4.50 aad 4.51) and are derived here.

With reference to figure 4.12, the four processes are considered
individually. The rate of the electron capture process (a) should be
proportional to the concentration, n, of free electrons in the conduction band
and’ also to the concentration of traps which are not already occupied
by electrons. If the concentration of traps is Nt pegxn?, then the
number which are unoccupied is given by equation 4.3 as : Nt(l - F(E));
where F(E) is the Fermi probability function (equation 4.9). If Et is
the trap energy level and EF is the Fermi level; then the rate of process

(a) is given by :

r an Nt (1 - F(E)) D1

The constant of proportionality, which must have dimensions of n?/second,

is defined as the product Vt , where Vt is the thermal velocity of the

o
h™n h
carriers ( = 3 /kT/m) and a, is the capture cross section of the trap for
electrons. This quantity may be interpreted as a measure of how close the
electron must come to the trap in order to be captured. As one might

expect, the magnitude of 9 is generally of the order of atomic dimensions

¢ 10796,

D1 may be written :
= - D2
r Vth g n Nt (1 - F(E))
The emission process, (b), may be considered much more simply since
the emission rate will be proportional to the concentration of centres which
are occupied by electrons: Nt.F(E). The constant of proportionality is

defined as the emission probability e so that:

T, = e, Nt.F(E) D3

224



One would expect e, to depend on the density of unoccupied states
in the conduction band and on the location of the trap level since the
closer it is to E_ the higher the probability of emission; it will be

shown below, that this is indeed correct.

By analogy to process (a), the capture rate of holes, proceés (c)
is given by :
= . D4
r, Vthcp P Nt F(E)

and by analogy with (b), the rate of process (d) is given by:

rg=e N, (1 - F(E)) D5

Once again, it is expected that ep is related in some way to the
density of centres not occupied by holes in the valence band and the location

of the trap relative to the valence band.

In equilibrium -~ i.e. with no external generation of carriers - the
rates of the two processes describing transitions from a particular band

m i.e. = .
ust be equal, i.e r, =T,

Equating D2 and D3 and using the relationship for the electron

concentration in equilibrium (equation 7.2)
E -E
c F
= - f——_— D6
n Nc exp [ T >
and equation 4.1 for F(E), the following relationship is obtained :

E - %
c t
= -l v D7
en = 8¢ Vep Tn No XP [k’r ]

It is seen that, as expected, e, is related to the density of states
NC and the trap level relative to EC; 8¢ is the degeneracy factor of the

trap.

One may similarly obtain an expression for e, by equating T and 1t

1

Et } Ev
= .V | —— D8
ep g, th Gp Nv exp ®T

Equations D7 and D8 are those used in chapter 4.
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APPENDIX E. Statistics of Occupancy for the Gold Energy Levels

In situations where the gold energy levels interact (e.g. in Chapter 7)
the simple occupancies of the levels predicted by the Fermi probability
function (equation 4.1) must be modified to take into account the possibility
of a given impurity centre being occupied in more than one way. (i.e. gold
can be an acceptor or a donor). Shockley and Last (1957) have developed
a general theory of the relative occupancies of the states of an impurity
which gives rise to a number of energy levels in a semiconductor energy
band gap. The relative probabilities of different charge conditions on
the impurity are obtained by finding the charge distribution that maximises
the probability. The resulting relationship for the relative concentrations

of two adjacent charge states (i.e. differing by one increment of charge)

is given by :

N._ g._ E, - E
where Nj = density of impurities in charge state j
Nj-l = density of impurities in charge state j-1
gj = degeneracy of the jth charge state
EF = the Fermi energy
E = the energy required to convert the impurity from the jth

state to the j-lth state ‘of charge

Substitutional gold may exist in any of three charge states, +1, O and
-1 electronic charges. The energy required to go from the acceptor ionised
state to the neutral state is EA and that required to go from the neutral
state to the donor ionised state is Ep. If there are N gold acceptors,
Nx neutral gold atoms and N gold donors, then, taking the neutral

situation as the energy zero :

+ X - +

+ % - . .
where g , g and g are the degeneracies of the appropriate charge states.

From this expression the following relationship is obtained:

+ -
N N = N¥ E3

oo D Ep -1 (B " Ep
8p ®XP 37 8y EXPITTLT
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+

X
where By §: and gy = (see chapter 4).

mxlm

The total gold concentration is made up of these three charge states
giving :
N 4N+ N =N E4
Au
To obtain the proportion of total gold which is in the positive charge
state the above relationships are used as follows:

- + X
- - - E5
N N N N

. . . + - .
therefore, from E3 substituting in terms of N for N and N* we obtain:

N -1 r Ryl
- EF} © |8 ®FP |TET

ol 0 E
8p ©XP| %7

4+
+ N
Ny, - N - =, E6
e
rearranging :
- Ep ~ By .
g, exp|—
. KT 1
Npu = N E-E, *l# B - g E7
&p exp[ KT ] &p exp[ KT :}
_ _
therefore -1
E_ - E E_ - E
+ -1 F D -1 F~ A
. 1{% - m“gA erp [t H £

This expression, and a similar one for N , were used in the solution of the

charge balance equation in Chapter 7.
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APPENDIX F : Determination of Thermal and Optical Emission Rates of Deep

Level Impurities

Determinations of the emission and capture rates of the gold acceptor
and donor levels have been reviewed in Chapter 4 for cases where their
temperature dependences have been used to obtain the activation energies
of the gold levels. In this appendix a brief summary of the background to
the techniques is given. This appendix is based on work described by
C. T. Sah in numerous papers. A good review of all of the techniques

pioneered by the group working with Sah may be found in Sah (1976).

The basic S-R-H emission and capture processes have been discussed in
Appendix D and Chapter 4. The carrier generation-recombination-trapping
processes at imperfection centres, such as gold, can be characterized by
six parameters:

¢y the electron capture probability
e, the electron emission probability

E the electron energy change during the transition.

A similar set of three parameters, cp, ep and Ep characterize the

hole transitions. The six parameters were characterized in appendix D.

A very simple consideration of these processes will illustrate the
basis of the techniques. If, by some means, a pfoportion of the traps
are filled with electrons (process (a)) and the material subsequently
depleted of free carriers, the only occurrence observed will be the
emptying of the traps via process (b). The rate of this emptying process
will depend on, o, the number of traps filled and e, the emission rate
(see appendix D). A rate equation may be written :

dnT _
R L Fl
The solution of this indicates that the rate of emission of electrons
from the traps will be exponential with a time constant 1/en. If the
conditions described above can be set up, the measurement of this time
constant allows the emission rate to be obtained without .the necessity of
knowing the trap concentration. These conditions are easily arranged in
p-n junctions, Schottky barrier diodes and MIS capacitors. A number of

techniques based on this simple effect have been described by Sah et al. (1270j.
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The chosen device structure, which is doped with the impurity of interest,
is operated in such a way as to fill the traps with the carrier of which the
emission rate is required. The structure is then depleted of free carriers
by reverse biasing in the case of junctions or switching into depletion in
the case of MIS structures. The transient caused by the emission process
is measured by monitoring the high frequency capacitance of the structure
(which is proportional to the depletion width) or by monitoring the
transient current flow. One of the techniques is described briefly below

in order to illustrate the modus operandi.

Fl. Dark Capacitance Transient

The sequence of events in the dark capacitance transient experiment
is shown in figure F1.. A Schottky barrier diode (on n-type silicon) or
a p+—n junction diode is illustrated. In the first stage (Fi(a)) the
diode is zero biased and the genmeration-recombination-trapping centres
are filled with electrons. The diode is then switched into reverse bias
(VR)-
immediately swept away by the electric field to leave a depletion region

The free carriers (electrons) on the 'n' side of the junction are

(F1 (b)). The transit time for this process is very small : 10_12 seconds.
The situation described earlier has now beeh achieved, i.e. there are no
free carriers. Trapped electrons are now emitted from the g-r—t centres
with a time constant defined as above. This rate may range from a few
thousand per second to a few per hour depending on the temperature and
thermal activation energy. When the trapped electrons are excited into

the conduction band they are immediately swept out of the depletion region
(fig. F1 (c)). (If the trap is one which can trap both electrons and
holes, then holes would be released and swept out of the depletion region
in the opposite direction, for simplicity it is assumed that the electron
trapping and emission process is dominant). If an electron is released

and swept out of the space charge region in this manner, the net space
charge within the region is increased. This increase reduces the width

of the space charge layer and hence increases the space charge high
frequency capacitance. The time constant of the capacitance increase
will, therefore, yield the time constant of the emission process which is
the reciprocal of the electron thermal emission rate. A typical capacitanc

transient is shown in figure F1 (d).
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This measurement yields the kinetics of trapped majority carriers
at traps whose energy levels are located in the majority carrier half
of the band gap. Care must be taken in such measurements to ensure that
high electric fields in the depletion region are not enhancing the emission
rate although deliberate application of high fields does allow the emission

rate field dependence to be observed.

The other techniques used by various authors mentioned in Chapter 4

are all based on this method.
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APPENDIX G. Solubility Enhancement Caused by Excess Vacancies

The assumption embodied in equation 6.58, that any solubility
enhancement caused by excess vacancies affects all gold atoms, appears
to contradict the previous statement that, at the solubility Ilimit,
the neutral gold concentration, Aﬁ, is invariant (section 6.2.1). Taking

this into account, however, has a negligible effect on the final result.

The model proposed in chapter 6 — that all of this 'extra' enhancement
. . - _+ . . . ..
is in the form of (Au.P )pairs - implies that all of the additional gold

atoms are negatively charged. The total amount of gold may be written as

Au(total) = A% + AU + (AGTX Gl

where Au includes the Fermi-level enhancement and ion-pairing equilibrium
effects. In very heavily-doped n-type silicon most of the gold is
negatively charged (the Fermi level is close to Ec) and any contributious
to the total concentration from Al and Au' will be negligible, i.e. in the

absence of the vacancy enhancement effect

_ . + TOT Fermi Ton
Au >>Au” + Au = Au (intrinsic), |Level + Pairing G2
Effect Effec

and in the presence of the excess vacancy effect, we may write (as in

equation 6.58)

Total gold concentration = (Au )X=
Fermi Ton TOT 1
= |(Level + Pairing).Au (intrinsic) X G3
Effect Effect J

The only problem is knowing whether Au ions do occupy all of the
excess vacancies - this is established experimentally by the 'push-out'
experiments described in chapter 8 and is supported by the success of

this theory (see table 6.3).
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