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ABSTRACT

Manganese silicide formation, by thermal reaction of Mn/Si
thin film couples, has been systematically studied. Mn films (300
nm thick) were deposited onto <100> oriented single crystal Si
substrates by thermal evaporation under a vacuum of 2 x 10-6 Torr.
The as-deposited samples were annealed in a guartz tube furnace
with flowing nitrogen at 380 to 570°C for different periods. The
samples were examined by transmission electron microscopy (TEM),
scanning transmissicn electron microscopy (with energy dispersive
x-ray spectroscopy), and x-ray diffraction.

Three phases, i.e. Mn3Si, MnsSi3, and MnSi, were formed
through a layered growth process during low temperature annealing
(380 to 430°C). The formation sequence for these silicides was
Mn3Si, MnSi, and then MnsSi3. The unusual phenomena of coexistence
¢f these three phases and simultaneous growth of two phases (MnSi
anl MnsSi3) were also observed. It was found that diffusion fluxes
¢! %n and Si in the silicides decreased with increasing annealing
tirna, but the Mn flux decreased much faster than that of Si. These
results, suggested a model for manganese silicide formation which
could explain the formation sequence and the unusual phenomena
quite well.

Two phases, i.e. MnSi and MnSiy .73, were formed during high
temperature annealing (485 to 570°C). MnSij.73 formed by an island
growth process and this could be well explained by nucleation
contrelled theory.

iv



A band gap value for MnSiy 73 was optically determined using a
spectrophotometer and a sample with a single MnSiy 73 layer on a Si
substrate. The determined value was between 0.78 and 0.83 eV.
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Chapter 1. INTRODUCTION

Manganese silicides, like most silicides, were ini.tially
investigated as refractory materials [1-5]. The documented
results, from earlier studies, included the thermodynamic
properties [1, 5] and crystallographic data for these silicides [1, 3,
4]. About twenty years ago, the tremendous potential of transition
metal silicides in electronic applications was discovered. Since
then transition metal-silicon thin film systems have been
investigated extensively, with emphasis placed on the utilization of
metal silicides in integrated circuit applications, such as contacts,
interconnects, gates, etc.

The properties of manganese silicides have been examined as
well, although somewhat less extensively than other silicides [6-
15]. A unique property of one of the manganese silicides, i.e.
MnSii.73, discovered in the mid 1970's, is that it is a semiconductor
[11, 12, 15]. Initially, the main consideration for the application of
MnSii{.73 was aimed at its large thermoelectric power [11, 12].
Initial measurements of the band gap were inconclusive, indicating a
value ranging from 0.4-0.9 eV [11, 12, 15]. The most recent band gap
measurements were made in 1987, by Bost and Mahan [16], using
samples with polycrystalline MnSiy.73 films on Si subsirates. Their
results showed that this material had a direct band gap with a value
of 0.68 eV. If MnSiy .73 is indeed a direct band gap semiconductor
and if it can be epitaxially grown on Si, then it has promise for Si
compatible optoelectronic applications such as components in optic
fibre links and infrared detector arrays [16]). Thus, it is meaningful
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to try and grow MnSiy 73 epitaxially on Si and to determine its band
gap energy.

In order to obtain epitaxial MnSii.73 on Si, a comprehensive
inderstanding of the formation processes and growth kinetics for
manganese silicides is necessary. Unfortunately, very little in this
area i3 known at this time. The only documented systematic
investigation of manganese silicide formation, using thin film
cnuples, is that reported by Eizenberg and Tu [6]. They observed that
two phases, MnSi and MnSiy 73, were formed. MnSi growth started at
4000°C and followed a layered growth process, while MnSiq.73 began
. to nucleate only at temperatures higher than 5000C forming through
an island growth process [6]. Because the techniques, i.e. x-ray
diffraction and Rutherford backscattering (XRD and RBS), for
Eizenberg and Tu's kinetic study have an in-depth resolution of 10 to
20 nm, some phases with thicknesses less than the resolution may
not have been detected. As a result, there still is uncertainty
concerning the formation process and the growth kinetics.
Recently, a powerful analytical tool, cross-sectional transmission
electron microscopy (TEM), which makes the identification of phases
as thin as 1 to 2 nm possible, has been developed for thin film
reaction studies. Thus far, this technique has proven to be
successful in studying silicide formation processes and kinetics.
Cross-sectional TEM can, therefore, be applied to the study of
manganese silicide formation.

The objectives of this thesis are summarized below:

1) To use cross-sectional TEM, combined with x-ray
diffraction, to monitor closely the growth process of manganese
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silicides and to determine the formation sequence for these
silicides.

2) To explore the mechanism of manganese silicide formation.

3) To grow single layer MnSiy 73 films on Si and determine the
band gap value by optical property measurement, to confirm the
semiconducting behaviour of MnSiq 73.

The main body of the thesis begins with a comprehensive
literature review, which includes a brief summary of the properties
and structures of manganese silicides and a comprehensive survey
of published experimental results and theories of silicide formation
in various transition metal/Si thin film couple systems. The
experimental section outlines procedures used to deposit Mn on Si,
react Mn with Si and characterize the reaction products. The
results obtained are then discussed, with models proposed to

explain the growth processes.



Chapter 2. LITERATURE REVIEW
2.1. Overview of Research on Transition Metal Silicides

During the last two decades, transition metal silicides have
attracted tremendous interest and attentio: from scientists around
the world. Some of these silicides have been widely used in very
large scale integrated circuit (VLS!) technology because they have
many advantages over other materials, and because they are
caompatible with existing Si integrated circuit technology. Many
papers have been contributed to this area. These investigations can
be grouped into the following major categorias:

a) Studies aimed at understanding the physical properties of
the silicides in terms of the electronic and crystal structure of the
elements and compounds [1, 2, 17].

b) Studies aimed at understanding the kinetics and mechanicms
of silicide formation [1, 2, 18-27].

c) Studies of silicides as Schottky barriers and ohmic contacts
[1, 2, 6,28].

d) Studies of silicides as low-resistivity metallizations for
gates and interconnects [1, 2, 29-33).

e) Studies of potential applications of semicondusting
silicides in optoelectronic devices [16, 34-36).

The transition metal silicide family is listed in Table 2-1.
Among them, Si-rich silicides ars mainly of interest. This is
because most of the silicides which have been used in VLSI circuits
and will probably be used in other electronic devices are formed by
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reacting a thin metal fiilm with silicon substrates. At present
device processing temperatures, Si-rich silicides are the most
stable silicides. In Table 2-2, these silicides are listed in three
groups, depending on their general properties and applications. The
three groups are noble metal silicides, refractory metal silicides,
and semiconducting silicides, respectively.

Of these three groups, the first two have been extensively
investigated. Silicides in the first group have been used to make
both ohmic and Schottky barrier contacts, while silicides in second
group, such as TiSiz, TaSiz, and WSiz etc., have been used to make
gate metallizations and interconnects in VLS| circuits. On the other
hand, research on the applications of the semiconducting silicides is
stili very limited. Very little is known about the physical
properties and the formation kinetics of these silicides (points a)
and b) above). Recently, several papers [16, 34-36] concerning
semiconducting silicides have been published. These semiconducting
silicides are reportad to be direct band gap semiconductors, making
them attractive for optoelectronic applications as well as being
compatible with existing Si integrated circuit technology.
Therefore, these materials are very promising for applications in
new optoelectronic devices.

Semiconducting manganese silicide i.e., MnSiy.73, is the topic
t. s investigation. Very little information about this silicide is
ava.. hYle and studies concerning the kinetics and mechanisms of
manganese silicide formations have yet to be done, hence the rest of
the literature review will concentrate on the following:



1) The crystal structures and properties of manganese
silicides.

2) The kinetics and mechanisms of transition metal silicide
formation.

2.2. Crystal Structures and Properties of Manganese
Silicides

2.2.1. Crystal Structures of Mangnese Silicides

A binary phase diagram of the Mn-Si system [7] is shown in Fig.
2-1. The stable manganese silicides are all shown, i.e., MngSi,
MngSi2, Mn3Si, MnsSi2, MnsSi3, MnSi, and Mn{1Siig (i.e. MnSiy_73).
Table 2-3 lists known crystallographic data for these silicides.

MnSi{,73 has a quite complicated structure. So far, it has been
reported as Mn4Si7(8], Mn11Si1g [3], Mn15Si2¢ [4], and Mn27Sis7 [9).
According to Ye and Amelinckx [10], this is because the material is a
one-dimensional doubly periodic crystal, i.e. a crystal in which the
sublattices of the two constituents have different periods along one
common direction while the other two lattice parameters are equal.
The manganese atoms form a p-tin like arrangement with a
tetragonal subcell (a=0.552 nm; cMmn=0.437 nm) (Fig. 2-2a). The
silicon atomis adopt a double helical arrangement (Fig. 2-2b), with a
period equal to the pitch of this helix, i.e. csi=4cmn, filling the
interstices left in the Mn sublattice. The resuiting, approximately

rationalized, c-period is the smallest common multiple of cmn and



csi- At the present time, what causes the changes in cymnp or csj is

still unknown.

2.2.2. Electrical Properties of Manganese Silicides

The electrical properties of some manganese silicides have
been investigated by different groups [1, 6, 11-15]. The Schottky
barrier height, ¢Bo, for MnSi and MnSii.73 on n-type silicon
substrates have been determined [6, 14], and are listed in Table 2-4.

Electrical resistivities of manganese silicides at room
temperature are listed in Table 2-5. From this table, it can be seen
that although other manganese silicides show a metallic nature,
MnSiy.73 may have a semiconductor nature. This semiconductor
nature of MnSii1.73 has been established by past investigations [11-
13, 15] of the electrical transport properties of both bulk and thin
film samples. Fig. 2-3 shows the electrical resistivity p as a
function of temperature for a thin film MnSij 73 sample, which was
reported by Krontiras et al [13]. The electron and hole concentratior::
(n, p) and Hall coefficient (R4) for MnSiy 73 in the intrinsic re::on
have been reported by different groups (Table 2-6).

According to Krontiras et al [13], the elsctron to hole rnobility
ratio of MnSiy.73 is about 0.36. This indicates that MnSiq.73 is a p-

type semiconductor.



2.23. Band Gap Energy of MnSij 73

The band gap energy of Mn3ij.73 can be evaluated from
experimental data using the following formula:

P = po exp(- Z_Ekgf) (2-1);

where p is the electrical resistivity of this material, Po is a
preexponential constant, Eg is the band gap energy, k is Boltzmann's
constant, and T is the temperature. By this mathod, Nishida [12],
Kawasumi and. Sakata [11], and Samsonov [i5] calculated the band
gap value for bulk samples, and their values were 0.4, 0.703, and 0.2
eV respectively. Krontiras et al [13] have also evaluated band gap
values of 0.45 and 0.42 eV from both resistivity and Hall effect
data. Recently, Bost and Mahan [16] have determined a band gap
value of 0.68 eV by optical measurement. These authors [16] also
pointed out that it was quite likely that MnSiy .73 has a direct band

gap.

2.2.4. Thermodynamic Properties of Manganese Silicides

Available thermodynamic data for manganese silicides are
listed in Table 2-7 [5].



2.3. Kinetics and Mechanisms of Formation for Transition
Metal Silicides

2.3.1. General Character of Transition Metal Silicide Formation

Transition metal silicides are usually formed by reacting thin
metal films with Si substrates [1, 2, 18, 20, 22-26). This
configuration, with a several hundred nm thick metal film on a Si
substrate, could be considered as a thin film binary diffusion couple
[25, 37). It has been found that there are significant differences in
silicide formations between thin-film couples and bulk couples
(both componentis thicker than 1mm). Three important features of
silicide formations in thin-film couples are single phase growth,
special formation sequence, and very low reaction temperatures

[22]. These features will be discussed below.

2.3.1.1. Single Phase Growth in Thin-Film Couples

As is well known, in a bulk couple, all the phases predicted by
the equilibrium phase diagram will be observed to grow
simultaneously, apart from some exceptional absences of individual
compounds [38-41]. However, in a thin film couple, these phases
tend to form sequentially, i.e. they grow one by one, instead of
several or all of them growing together as in bulk couples.
Moreover, some phases which can be observed in bulk couples do not
show up in thin film couples [22, 25, 37, 42-44]. Because of
different growth behaviour, the growth process in a bulk couple is
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referred.to as multiple phase growth and the growth process in a
thin-film couple is called single phase growth [22, 25].

One typical example for single phase growth is the reaction of
thin-film Ni with a Si substrate. According to experimental
observations [20, 22, 25, 42, 43] (Fig. 2-4a), the first phase formed
between the metal and Si is Ni2Si. Ni2Si grows ustil all the Ni is
exhausted. The second phase, NiSi, begins to form and grow by
comsuc:ixg  NigSi, until all the NisSi completely disappears. The
last phase, NiSiy, is formed at even higher temperatures. The binary
phase diagram for the Ni-Si system is shown in Fig. 2-4b.
Comparing Fig. 2-4a with Fig. 2-4b, it is evident that one phase, i.e.
NigSi2, which exhibits the most extensive growth in bulk couples
[43, 45], is absent.

There have been some doubts about the validity of single phase
growth. These doubts have arisen because most of the thin-film
single phase growth studies have been performed by XRD and RBS.
Both techniques have an in-depth resolution of 10 to 20 nm. These
techniqu>s would not be able to resolve phases with layer
th"  ~sses less than 10 nm. For this reason, cross-sectional TEM
tec. ve been applied to the study of the layered morphology
of ss»  °  und their planar interfaces (for example, CrSiz [46, 47]
and Rho. [48]). Furthermore, high resolution electron microscopy
(with 0.3 nm resolution) has also been used in the observation of
NiSi2/Si, NiSi/Si, and Pd2Si/Si interfaces (NiSi2, NiSi, and Pd2Si
were epitaxially grown on Si substrates) [43, 49, 50]. No other
phases were found at these interfaces. Therefore, it is believed that
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sing'e phase growth is a general nature of silicide formation in

thin-film couples.
2.3.1.2. Formation Sequence of Silicides in Thin-Film Couples

It has been found that the growth of silicides in thin-film
couples follows special fcrmation sequences, which depend on the
type of silicides and the relsvant amount of the two components in
the thin-film couples ([1, 20, 22, 24, 25]. Table 2-8 lists
documented formation sequences far each family of transition metal
. silicides. The results in Table 2-8a have been obtained from the
configuration of diffusion couples with thin metal films on silicon
substrates and the results in Table 2-8b have been obtained from
diffusion couples with thin Si films on metal substrates. For each
family, the silicides are listed in order of their appearance during

the annealing process, as indicated by the formation temperatures.
2.3.1.3. Silicide Formation Temperatures

A remarkable discovery from the studies of silicide
formations in thin-film couples is that many silicides were
observed to form at very low temperatures. From Table 2-8, Ni»Si,
Pd2Si, and Pt2Si can be formed at temperatures as low as 100 to
2000°C. Furthermore, when very clean substrates (such as cleaved
Si) and ultra high vacuum (UHV) are used during metal film
deposition, silicide formation can occur at room temperature during

the deposition process. This phenomenon has been reported for Pd-
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Si [51], Ti-Si and Sc-Si [52] as well as other systems, and it has
been widely accepted [17, 53]. Obviously, these reaction
temperatures are much lower than those cbserved in bulk couples.
This is, according to Tu [22], due to the cleanliness of the interface
between thin films and substrates and highly defective
microstructures in thin-film couples.

Giudice et al [52] have detected silicide formation during the
deposition of metal at room temperature. It is interesting that
muitiple phase growth was found in this investigation. Fig. 2-5
shows these results. When the deposited Ti layer has a thickness
less than or equal to one monolayer, a Si-rich phase grows. When the
deposited and reacted overlayer is between one to four monolayers,
TiSi is formed until the thickncss of the overlayer reaches 11
monolayers. Following this, a TiSix (5 < x < 15%) solid solution
phase begins to grow and this final phase yields a metal overlayer.
A similar result for the Sc-Si reaction at room temperature is also

shown in Fig. 2-5.

2.3.2. Other Experimental Phenomena Related to Transition Metal
Silicide Formation

In order to understand the reaction process of silicide

formations better, some important experimental phenomena are

briefly described below.
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2.3.2.1. Competitive Growth

Fig. 2-6 shows schematically an experiment [25, 44] in which a
thin Co layer was deposited onto a CoSi layer, previously formed on
a Si substrate. When the specimen was annealed at 4600C, it was
found that a Co2Si layer began to grow between the Co layer and the
CoSi layer and that the existing CoSi layer, instead of growing,
began to shrink. Upon further annealing, the growth of Co02Si
dominated at the expense of CoSi and Co. Finally, CoSi vanished
leaving a Si/C028i/Co structure (Fig. 2-6). Then, with continued
annealing, Co03Si grew until all the Co was consumed. CoSi then
reappeared between Si and Co2Si, and CoSi grew by consuming Co2Si
and Si. The same phenomena were also observed when Co was
replaced with Ni or Pt [24, 54].

This experiment is significant because it comfirms that single
layer growth of silicides in thin film couples is a competitive
process. In this process, when a new phase starts to nucleate and
grow, a phase that had already nucleated and grown could decrease
in size and even disappear due to kinetic conditions. Thus, it is
possible during initial stages of single phase growth for more than
one phase to nucleate, however, only the kinetically preferred phase
will grow. The kinetic conditions, suggested by Tu [25}, include the
diffusivities of the moving species in both phases and an interfacial

reaction barrier (see section 2.3.4.3).
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2.3.2.2. Silicide Formation in Lateral Diffusion Couples

Thin-film lateral diffusion couples have been investigated {45]
in order to explore the difference in phase sequence behavior in
thin-film and bulk planar couples. In this experiment, a Si film, 50
nm thick, was deposited onto a AloO3 substrate, followed by
deposition of a 120 nm thick Ni island (400 x 400 um2). The
samples were subjected to a preanneal and then were heat treated
at different temperatures (400 to 800°C) for different periods. Fig.
2-7 shows a cross-section of this ccriiiguration from one of the
annealed samples. It can be seen that at the beginning of the
reaction, only one phase, i.e. Ni2Si, was formed and that other
phases did not show up until a critical thickness of Ni2Si was
reached. This experiment successfully demonstrated that both thin-
film couples and bulk couples would only have one phase form at the
beginning of the reaction and that the first phase formed in both
configurations may be same. Moreover, this experiment
demonstrated that the difference in formation sequence, after the
first phase is formed, is produced by the source limitation of one
cemponent in the couple. If the source of one component is not
enough for the first phase to grow over its critical thickness, a
single phase growth sequence will oceur. This can be confirmed by
an experiment with a thick metal film on a Si substrate [24]). Fig. 2-
8 shows the results of these experiments with Co and Rh films on
Si. It is clear that three phases are present. Moreover, Co and Rh
behave differently. With Co, CoSi grows on silicon, while for Rh,
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Rh2Si grows on the metal side. This is because for Co the metal is
major diffuser, but for Rh the silicon is the major diffuser.
According to Oftaviani [24], the Co film should be a few hundred

nanometers thick in order to obtain such an effect.

2.3.2.3. Diffusion in Thin-Film Couples

Because of the difficulties in determining the concentration
and hence the concentration gradient in thin-film couples, most of
the experimental studies of diffusion in this area are limited to
identification of the major diffusers [1, 20, 23, 24, 55-61]. These
studies are very important in explaining the complicated phenomena
in thin-film metal-silicon reactions. For instance, in the example
of the simultaneous growth of two phases described above, the
second phase that formed is CoSi in Co-Si system but Rh3Si2 in Rh-
Si system. This difference is due to Co being the major diffuser in
the former case, whereas Si is the major diffuser in the latter case.

The major diffusers in most transition metal silicides are
well documented. Table 2-9 shows a summary of major diffusers
determined from marker experiments [1, 20, 23, 24, 55-61]. It is
notable, according to this table, that in V3Si, Coz8i, Ni2Si, Pt2Si,
Ru2Sis, Os2Si3, RhsSis, and most of the disilicides (with the
exception of NiSi2 and CoSi2), the majority atoms are the most
mobile. This phenomenon is called, by some authors [23, 62}, an
*orderedd CuzAu effect”. According to these authors [23], the
majority atoms constitute a continuous network on which a vacancy

can easily migrate. Conversely, the motion of minority atoms
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requires either the coexistance of two vacancies (minority and
majority) or a local destruction of the crystalline lattice. In either
case the motion of the minority atoms will be characterized by an
activation energy considerably larger than that for the majority
atoms.

For monosilicides, such as NiSi, CoSi, PtSi, FeSi, IrSi, etc.,
there is no general rule for majcr diffusers. Even the silicides
which are isostructural compounds may have different moving
species. As an example, NiSi, CoSi, FeSi, and ItSi all have the FeSi-
B20 structure, but, from Table 9, metal atoms are the moving

species in NiSi while Si is the major diffuser in FeSi, IrSi, and CoSi.

2.3.2.4. Impurity Effects .

Impurities are usually introduced for various reasons, such as
impurities incorporated in the thin metal film during deposition,
impurities implanted into substrates, and impurities diffusing into
the thin film from the annealing environment.

The existence of impurities will have very importait eifects
on the silicide formation process. It has been found that impurities
can greatly decrease the diffusivity of the moving speciss. For
instance, when a Pt-Si couple was annealed in a UHV system, the
diffusion coefficient of Pt was about one order of magnitude higher
than that for a Pt-Si couple annealed in the usual condition [20]. In
another experiment with a Ni-Si thin-film couple, it was suggested
that oxygen diffused through the Ni film to the silicide/metal
interface and prevented Ni transport [20]. Unfortunately, the reason
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for the decrease or the inhibition of metallic atom diffusion is still
not clear. Further investigation is required.

What is more important about the impurity effects is how the
changes in diffusivities of the moving species will affect the
silicide formation sequence. Fig. 2-9 shows schematically the
experimental results for Pt (Fig. 2-9a) and Mo (Fig. 2-9b)
intentionally doped with oxygen. PtSi forms between Pt2Si and Si in
the presence of unreacted Pt [63], whereas usually it will not begin
to form until all the Pt is consumed. Furthermore, Pt2Si is
consumed by PtSi growth before Pt is exhausted. From Fig. 2-9b, it
can be seen that MosSi3 forms and grows between MoSiz and Mo until
Mo is totally consumed [64]. It is worth noting that Pt is the major
diffuser in Pt-Si couples and Si is the major diffuser in Mo-Si
couples. The diffusivities of both moving species are decreased by
oxygen. By comparing Fig. 2-9 with Fig. 2-8, the difference between
these two types of silicide formation is evident. In Fig. 2-8, tba
diffusion flux of the moving species is changed by thickening of the
silicide layer, whereas the flux change of the moving species is
caused by the impurities (oxygen) in Fig. 2-9. On the other hand, one
can also find the important common feature of both types of silicide
formation, i.e. decreasing flux of the moving species induces the

second phase to formi.

2.3.2.5. Alloy Thin-Film Couples

A de-alloying process in alloy films of Pt with W or Cr has
been reported [65-67]. It is shown schematically in Fig. 2-10. The
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first phase to form is PtSi, instead of Pt2Si which forms in a thin-
film couple with pure Pt film on Si substrate. The growth kinetics
of PtSi is proportional to the square root of time and the activation
energy is around 193 kJ/mol, which is different from that found for
Pt deposited onto silicon. Ottaviani [24] has pointed out that, in
these cases, the release of the platinum atoms from the alloy is the
rate-limiting step. These results imply that the rate for the
diffuser to arrive at the interface may have an important effect on
the formation of the first phase.

2.3.3. Kinetics of Silicide Formation

This topic has been extensively investigated and has been
reviewed by many authors [1, 2, 20, 22-25]. In this section, kinetic
phenomena and the current theories will be briefly reviewed.

Kinetic behaviour is determined by monitoring the silicide
growth process. The most often used techniques in these
investigations are RBS and XRD. The cross-sectional TEM technique
is also adopted to investigate the kinetics. Although this technique
has better in-depth resolution and, therefore, is more accurate and
reliable, it is still not widely used in this area of research due to
the complicated process of specimen preparation.

The kinetics of thin-film silicide formation can be classified
into three types, i.e. diffusion controlled processes, interface
reaction controlled processes, and nucleation controlled procésses.
The first two types of kinetics are used to describe the layered
growth process of silicides. The information for determining these
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two types of kinetics is the thickness change of the growing
silicides with annealing time. The thicknesses are piotted vs. either
the annealing time or the souare root of the annealing time for each
temperature at which the samples are annealed. If a straight line is
obtained from the plot with the thickness vs square root of the
time, this type of growth p:ocess is classified as a diffusion
controlled process. If the experimental data fit a straight line in a
thickness vs time plot, this pracess is named an interface reaction
controlled process [1, 2, 20, 23].

The other type of kinetics is used to explain island growth of
silicides. As is shown in Fig. 2-11, in layered growth processes,
silicides nucleate almost simultaneously at the entire interface
between metal and Si substrate and then grow in one dimension.
However, in an island growth process, silicides nucleate first at
some points of the interface and then grow in three dimensions [6,
23]. Therefore, this-type of kinetics is a nucleation controlied
process. Table 2-10 lists the current kinetic classifications for
various silicide reactions from experimental observations [20, 23].

Each type of kinetics will be discussed below.

2.3.3.1. Diffusion Controlled and Interface Reaction Controlled -

Processes

Gosele and Tu [22, 25, 37] have derived an expression for
diffusion flux involving interface controlled diffusion processes.
The model used by them is illustrated in Fig. 2-12 . Schematic

concentration profiles are shown of an element A across the entire

19



region of diffusion forming the AgB compound, with and without an
interfacial reaction barrier between two saturated A,B and AB
phases. The subscripts a > B > 7 indicate the number of A atoms per
B atom in each phase. In Fig. 2-12, the concentration protile of
component A in the absence of interfacial reaction ba:iiers is

indicated by a dashed line. The concentration of A at the ir'srince
is given by its corresponding equilibrium values CGB?, and C%‘}. In ths

presence of interfacial reaction barriers, the concentration gradient

across the AgB layer is smaller, and the actual concentrations at the
interfaces are Cgq < C'gg and Cgy> C3Y. Gésele and Tu assumed that

the AgB layer may be characterized by an essentially constant
chemical interdiffusion coefficient DB a steady state of diffusion

fluxes, and compound formation only occurring at the interface.

From this model and these assumptions the fluxes of A atoms at
interfaces of a/f and B/y are derived as follows:

A A
dc . dC
== 0 (G e B G

= [%" (CBY ;BCBQ) (2_2)00’

** In the original papers, there is a mistake in this equation, i.e.

«(Cpa — Cpy)
Jp=- D!,’ X .

In order to make sure that the flux direction

is down the concentration gradient, (Cpe - Cpy) has to be changed to
(Cpy~ Cpo)-
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dC dC
in which ( —E)Ba and ( —E)g., are the concentration gradients of A

atoms at interfaces a/p and B/y, respectively. According to Tu [22],
the flux J?, may also be expressed in terms of the reaction constants

kpa and xpy at the two interfaces:

38 = %3a(C% - Cpa) (2-3)
or  Jg=xpy(Cpy— C3Y) (2-4).

By combining Eq. (2-3) and (2-4) into Eq. (2-2), they obtained
the expression for flux J'; as:

eq , eff
acy k%

A
Jg = 2-5);
P71 + xpk§'7Dp) (2-5)

1 1 off . .
where AC q=(c CMand —= —+ — ks is called the effective
BY) g" Kpa KB‘Y B

interfacial reaction barrier for the AgB layer. Inserting Eq. 2-5 into
Eq. 2-6, which represents the rate of the change in the layer

thickness,
dxa _ { 1 + 1 . JA ~y,
= ! (2"b)s
dt=" (6%, - Cpa)  (Cpy-CHY

they obtained the following equation:
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Gg ACSA keff
dxa__ P “p

dt ™ (1 + gk Dg)

(2-7).

Gp is a constant determined by the composition of the three phases
AqB, AgB,and AB, i.e.

1
Gp=0uli +BR2 (g +5os)  (2:8).

Qo is the volume per A or B atom and the Q¢ is assumed to be
constant throughout the sample. A similar equation to Eq. 2-7 has
been derived by other authors [68, 69].

From Eq. 2-7, a changeover thickness )gcan be defined by

Dy

Xq = o (2-9).
p K

It can be seen that the growth kinetics described by Eq. 2-7 are
different below and above the changeover thickness. It follows that

d .
FxstpAcqugﬁ, or xge<t, for xg<< x5 (2-10);
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D

dx B .
‘Jta=GpAcgq;B—,or X<t for xg>> g (2-11).

Eg. 2-10 and 2-11 indicate that the growth process is
interface reaction controlled when xpg << ’ﬁ;' whereas the growth

process is diffusion-controlled when xp >> "3 According to this

theory, whenever planar growth of a compound takes place, it should
pass through two stages. Initially, growth will follow interface

controlled kinetics. After the layer has grown so that the condition
Xg >> x'; is satisfied, the process will change over to diffusion

controlled growth kinetics. This theory can explain many cases well
where a thickness against time relationship has been experimentally
established, such as WSi2, MoSiz2, and TiSi2 etc. For these silicides,
when bulk diffusion couples are used, the growth kinetics is
diffusion controlled [1]. But, when thin-film couples are used, in
most observed cases, the processes for the growth of WSi2, MoSiz,
and TaSiz etc. are interface controlied (Table 2-10, [20, 23]). The
implication is that the thicknesses of the silicide layers obtained in
thin film couples are smaller than the changeover thicknesses for
these silicides.

On the other hand, this theory also has some problems. First of

all, the theory does not describe the growth behaviour when xp is
close to )% Another problem is that the physical meaning of the

term, "effective interface barrier”, is still not very clear. A further
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definition needs to be given to the term. Recently, from
investigations of WSip, it has been found that the so called
interface barrier for WSiz formation is in fact an oxide layer which
prevents Si atoms from penetrating the interface and therefore
delays the WSiz reaction [70-72]. It is also reported that the
formation of this oxide layer may be thermodynamically driven and
that the layer can even appear at the original clean interface after
W film deposition, if the diffusion of oxygen in the metal film is
rapid enough [71]. After special techniques, such as ion beam mixing
and rapid thermal annealing, are used to break down the oxide layer
already formed, the growth of WSio is found to follow diffusion
controlled kinetic behaviour [71-73]. -

The other problem is that all the silicides, listed in the column
of  diffusion controlled kinetics in Tabie 2-10, are not reported to
show any interface reaction centrolled behaviour. Considering the
limitation of the in-depth resolution of RBS and XRD, which were

used for most kinetics investigations, it could be said that if there
exists any changeover thickness XB for all these silicides, then it

must be less than 20 nm (the limit of resolution).

The questions arising from these problems are:

1) What is the interface barrier?

2) Is the interface barrier characteristic of the interface
reaction during solid compound formation or does the barrier only
arise from the impurity effects caused by specimen preparation and
the annealing environment?

More studies need to be conducted to answer these questions.
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2.3.3.2. Nucleation Controlled Processes

Nucleation controlled processes for silicide formation have
been reviewed by d'Heurle and Gas [23]. They use classical
nucleation theory to discuss the phenomena encountered in thin film
reactions. According to the classical theory of nucleation, the

activation energy AG* for a new phase AB forming at an interface
. : (Ac)3 -
between two phases A and B, is proportional to (AG)2 * Ac indicates

the increase in surface energy, because two interfaces A/AB and
AB/B replace the original A/B interface during AB formation; AG is

the change of free energy per unit volume of AB and is given below:
AG =AG¢ - AHg (2-12).

AG¢ is the change in "chemical" free energy per unit volume of AB
due to the formation of the new phase and AH4 is the deformation
energy loss due to the volume change caused by phase
transformation. Therefore, AG* can be written as:

(Ag)3
pp— 2-13).
AG (AGe - AHg)? ( )

According to d'Heurle and Gas [23], in general, when metals and
silicon react with one another to form silicides, the absolute value
of AG's are large and the AG*'s are small. As a result, nucleation is

so easy and rapid that one can not isolate it and observe it
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experimentally. There are, however, two types of silicide reactions
whose nucleation processes are rather slow, so that the growth
processes of these silicides show an island growth behaviour.

One example of these two reactions is rare earth metal (R.E.)-
Si reactions to form silicides with a formula (R.E.)Siy.7 [74, 75]. In
this type of reaction, the silicon atoms are very mobile [76] because
they act like interstitials. The silicon sublattice contains 15%
vacancies, since the structure is that of AB2 but the composition is
R.E.Si1.7. The relatively high mobility of Si atoms allow the growth
of silicides at low temperatures (about 300°C). On the other hand,
the metal atoms in the silicides do not become mobile until
extremely high temperatures, of the order of 1000°C. Therefore,
when the silicides are formed at low temperatures (such as around
3000C), the deformation stress can not be relaxed easily. The resuit
is a large AHq and small | AG¢ - AHq|. Consequently, AG* is large and
the growth of these silicides is nucleation controlled.

The other type of nucleation controlled reaction is observed in
the following silicides: Mn11Si1g [6], NiSiz2 [23]), ZrSiz [23], Rhs4Sis
[77], Rh3Si4 [77], PdSi [23], HfSiz [23], OsSiz2 [23], and IrSiz [23]. In
this case, AG¢ is very small and causes AG* to be so large that the
growth process becomes nucleation controlied. For example, in the
formation of NiSi2 [23], the reaction of Ni with Si results in
diffusion controlled formation of Ni2Si and NiSi at temperatu:as
below 5000C. After total formation of NiSi (no Ni or MNi2Si
remaining), further heating does not cause any other change until
about 800°C. Then, the sudden formation of NiSi2 in isiands is
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observed. The islands spread through the whole thickness of the

films. In this process, the equation for the reaction is
NiSi + Si = NiSi2 (2-14),

because the NiSi layer already exists on the Si substrate. Thus, the

"chemical" free energy change for this reaction, instead of being the
free energy of NiSi2 formation, AGL;Siz, should be the difference

between AGLiSiz and the free energy of NiSi formation, AG;\IiSi' i.e.

AGc=AG,fqi3i2 —AGLiSi. Since these two quantities of free energy of

formation are nearly equal, AG¢ is close to zero. This causes AG* to
be large. At temperature T*, where nucleation occurs, the diffusion
coefficients are quite larye so that growth of the nuclei is
extremely rapid [23].

The theory of nucleation-controlled growth described above
can qualititatively explain island growth in the two types of silicide
formation quite well, although, according to d'Heurle and Gas [23],

more work needs to be done for the model of R.E.Siy .7 formation.
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2.3.4. Theories And Models For Growth Sequence During Silicide
Formation

In this section, several general modeis intended to be
applicable to all transition metal silicides are briefly introduced
and discussed. Since this topic involves some basic diffusion
theories, classical theory governing diffusion reactions in bulk

couples is also reviewed.

2.3.4.1. Kinetics Of Layered Growth In Bulk Couples — Kidson
Approach

Kidson [38] has treated the growth of diffusion layers of
multiple phase systems in binary bulk couples. Fig. 2-13 shows
schematically a profile of the concentration of element A in a bulk
couple and a binary phase diagram of A and B. In Fig. 2-13, B and vy

are two intermediate phases in the system. x,p and xgy indicate the
positions of the interfaces of a/B and B/y, respectively. Cap, Cpas
Cpy, and Cyg are the concentrations of element A at the interfaces.

According to Kidson, the rate of advance of interface Xap is given by

d
(Cop - Cpa) “g22 = Jup ~Jpa (2-15);

where Jqg and Jgy are the fluxes of A at each side of interface Xap,

separately. From Fick's first law,
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aC

Jap=-D(3 )ap (2-16);
aC

Jpa=-D( 5 )pa (2-17).

Since the system under consideration fulfils the conditions

required for the application of the Boltzmann theorem,

oC 1.dC

-a;=~l_ta-)t (2-18),

where l=qx;" and%%: K is a constant. By combining Eq. 2-16, 2-17,

and 2-18 into Eq. 2-15, one obtains

dxgg  (DK)ga = (DK)ag 1

dt — Cop - Cpa Vt (2-19),
or in integrated form
_ A(DK)ga - (DK}ap
XQB =4 CaB _ Cba Vt (2'20).

=Aap\/t

A similar formula for interface xgy can be obtained:

_(DK)yg - (DK)gy
xny— r4 CBY— C"‘3 ‘It (2"21).

= AB‘Y \lt
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Therefore, the thickness of the B phase layer, as a function of
time, is
XB = XBy — Xap
= (Agy - Aap) Vt
= B Vt (2-22).

This is the well known parabolic growth law. This equation
implies that in a multiple phase system, the thickness of any phase,
as a function of time, depends only on the eight parameters (D and K)
within that phase and its two immediately adjacent phases.

Kidson has discussed the physical meaning of By [38]. When Bp
> 0, the rate of formation of the new B phase from the y phase is
larger than the transition of the P phase to the a« phase and
consequently, the thickness of the B increases with time. When Bg <
0, the rate of supply of A element from the o to B phase is so fast
compared to the flow rate in the B phase that a "pile-up" of excess
material occurs resulting in the direct transformation from the a to
vy phase. In this case, no B phase would appear in the diffusion
region. When Bg = 0, the situation is similar to Bg < 0, i.e. again no p
phase appears. Therefore, it is possible for some phases to be
absent from the diffusion region from a kinetic point of view.
Kidson has, however, ruled out these latter two cases, i.e. Bg < 0.
The situation where Bg < 0 would imply an infinite chemical
potential gradient at the a/y interface, which is contrary to the
thermodynamic requirement that the chemical potential (paA) be

continuous and monotonic throughout the bulk couple.
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From results presented in the literature and particularly TEM
observations of the interfaces in thin film couples, it has been
shown that single phase growth is not impossible and is indeed the
nature of siiicide formation in thin film couples. Therefore, the
parabolic growth law itself can not explain the phenomenon of single
phase growth. In addition, Tu [22] also pointed out that, according to
the parabolic law, the growth velocity is inversely proportional to
the layer thickness. Thus, an existing phase can not vanish, since
the velocity will become extremely large as the thickness
approaches zero. But, from experimental observation (see 2.3.2.1.
competitive growth), a phase already formed in a thin-film couple
does vanish under certain conditions. It is obvious that a diffusion-
controlled growth model can not explain the disappearance of
phases, that have already nucleated and grown. As a result, a new
theory has to be developed to explain the striking phenomena of
diffusion reactions in thin-film couples. Any successful theory
should be able, however, to explain the contradiction between the
thermodynamic requirement of continuity of the chemical potential
at the interface and the possible discontinuity of the chemical
potential at the interface where a given phase is missing. From this
literature survey, no theory, applicable to single phase growth, can

explain this phenomenon.
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2.3.4.2. Theory for Predicting the Growth Sequence of Silicide
Formation

Walser and Bene [19] have suggested a rule for predicting the
first phase to nucleate in transition metal silicon couples. The rule
is as follows: “The first compound nucleated in planar binary (thin
film) reaction couples is the most stable congruently melting
compound adjacent to the lowest temperature eutectic on the bulk
equilibrium phase diagram”. This rule is based on the following
facts and inferences.

Fact 1: For solid phase reactions involving silicide formation,
binary couples are formed at temperatures far below the lowest
eutectic and reactions are carried out in isothermal anneals at
subeutectic (T ~71,-TE) temperatures.

Fact 2: Thin-film couples are prepared by evaporation or
sputtering of the metal on a cold substrate of silicon.

Inference 1: The method of preparation of thin-film couples
will result in the interface consisting essentially of a "metallic
glass” with a concentration near the lowest-temperature eutectic in
the binary system.

Inference 2: The nucleation process actually is a process of
atomic rearrangement from liquidiike short-range order (SRO) to
crystalline SRO. Since a higher energy barrier, associated with the
large rearrangement, is required for noncongruent states than for

congruent states at the same concantration, the rurieation process
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would highly favor congruently melting states over noncongruent
states.

Inference 3: [if the concentration fluctuations driving
nucleation are produced by a diffusion mechanism, the first phase
that nucleates would be the congruent phase closest in
concentration to the initial eutectic composition.

This rule appears to work in some cases, but it fails to predict
the right phase for Ti-Si, Mn-Si, Hf-Si, and Mo-Si systems [2].

After examining phase diagrams and sequences of phase
formation in several metal-silicon systems, Tsaur et al. [21]
formulated this rule: “The second phase formed is the compound
with the smallest AT that exists in the phase diagram between the
compositicn of the first phase and the unreacted element”. They
defined AT as the temperature difference between the liquidus curve
and the peritectic (or peritectoid) point for the system under
consideration. In addition to the experimental results, this rule is
based on the following theory. There exists an interface region
batween the silicide and pure element. The interfacial region has a
width estimated to be < 2nm and has a concentration profile with
compositions ranging from the silicide to the pure element.
Nucleation of compounds within this composition range can occur,
but usually only one compound will nucleate and grow to a
measurable amount. That is to say phase nucleation is a competitive
process due to the variation of concentration in the interfacial
region [21]. On the other hand, the larger the AT value for a
peritectic phase, the larger the compositional difference between
the solid peritectic compound and the liquidus phase at the
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peritectic temperature. Therefore, a small difference in
composition between the peritectic and liquid phase at the
peritectic temperature yields a low-energy barrier for nucleation,
because only small compaositional fluctuations are required for
nucleation. This rule for prediction of second phase formation in
thin-film reactions can explain the formation sequences in Pd-Si,
Pt-Si, Ni-Si, Co-Si, and some other systems.

It is noteworthy that both rules, mentioned above emphasize
the effect of nucleation on the phase formation. But, they do not put
much emphasis on the effect of diffusion on the formation sequence.
For example, the first rule, in fact, implies that the phase which
nucleates first is the phase which grows first. This is not true if
the growth process involves diffusion. According to the competitive
growth experiment (see section 2.3.2.1), a phase already nucleated,
instead of continuing to grow, can be consumed by a new growing
phase due to kinetic -conditions such as diffusion. Therefore, in
order to make sure that the phase nucleated first is the one grown
first, this rule requires the "metallic glass®” assumption at the
interface to be valid for the entire first phase formation process.
Again, this situation may not be true because, at the annealing
temperature, the metallic glass is supposed to crystallize and its
composition may be changed by diffusion. In addition, these theories
can not explain why the configuration with an alloyed metal fiim on
a Si substrate can form a different first phase from the usual thin-
film couple (see 2.3.2.5. alloy thin-film couples), and why impurities
can cause multiple phase growth (see 2.3.2.4; impurity effect).
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2.3.4.3. Theory of Single Phase Growth in Thin-Film Couples

This theory was suggested by Gasele and Tu [22, 25, 37]. They
adopted a competitive growth model of two phases in thin-film
couples (as shown in Fig. 2-14). An almost identical model has been
developed by d'Heurle and Gas [23] using a slightly different
mathematical derivation. Because of the similarity of these two
models, one of them, Gosele and Tu's model, is selected to be briefly
reviewed. This model involves both interface reaction controlled

. and diffusion controlled processes. The flux of A atoms into the A,B
phase, J?. is derived in a similar manner to the flux of A atoms into

the AgB phase (Eq. 2-5, Section 2.3.3.1), and can be given by the

following:

eq, eff
ACSHS
= i (2-23).

ef .
(1 + x4k /D)

A
Jy
Ac$q=c§g-c§§ is the difference in the equilibrium concentration of
A atoms in A,B phase, k3" and D, are the effective interfacial

reaction barrier and chemical interdiffusion constant for the AyB

phase, respectively and xy indicates the thickness of AyB phase.
From Eq. 2-23, a changeover thickness x, can be defined for A,B:
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0]
Xy = ;;; (2-24).
Y

According to Gdsele and Tu [37), because of the nature of the
competitive growth, the growth rate of the two phases, B and v,

should be
dxg A A
dt =GﬂJa"G&rJy (2-25),
dx A A
at.= Gy Gpdg (2-26);

where Gg, Gy, Ggy, and G,g are constants determined by the
compositions of the compounds AqB, AgB, AyB, and AsB. Eq. 2-2€ ard
2-26 represent the growth conditions of the AgB and AyB layers. If
%’-‘f > 0, the AgB layer will grow. From Eq. 2-25, this condition can

also be expressed by

=1 (2-27).

C.l(‘_
< ¥l
Vv
2§

i
- -c-;l =r 2-28
J¢ < GW 2 ( ).
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In Eq. 2-27 and 2-28, ry and rz are constants, and it can be proven
that

ro >n (2-29).
Based on these conditions, Gosele and Tu defined a convenient

parameter for single phase growth kinetics, in terms of the flux

ratio, i.e.

(2-30).

.,
i
c
-<L>| >™>

Applying this parameter, r, combined with Eq. 2-10 and 2-11 (see
section 2.3.3.1), they analysed and discussed various possibilities
related to the thin-film diffusion couples as summarized in Table 2-
11 and Fig. 2-15. In their anélysis and explanation of single phase

growth kinetics, the most important point is the critical thickness
of phases (B and y), xg and xﬁ. Below these thicknesses only single

phase (AgB or AyB) growth actually occurs whereas above these
critical values simultaneous growth of two phases must result.
This point has in fact become the basis of all explanations about

these unique phenomena in thin-film reactions. These critica!
values can be derived from Table 2-11 at the conditions r = ry for x‘;

and r = rp for xg.
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eqp*
Gp«,AC7 D?
c
XY= T eqeq (2-31),
GpACy'kp

eqm*

Xf = ————— (2-32)
B eq, eq .
G,ACY kY

From Table 2-11 and Fig. 2-15, it can be seen that single layer
jrowth can be explained as follows. If there is uniimited supply of

A and B, sooner or later, AyB (assuming it forme first) can grow and
exceed xs. At this point, two compounds (AyB and AgB) grow at the

same time. I!f the material supply, for example B, is consumed
before xy> x?,, the thickening process of A,B will stop. After a

short transition period a new steady-state diffusion situation will
develop, which may approximately be described by JQ: 0. Thus, Egq.

2-25 and 2-26 change into

dx A )
Ge=Galp>0 (2-33),
dx

= -Gplf<0 (2-34);

which indicate that the AgB phase will form and grow where:-is the
AyB will shrink. This theory has been used to explain the
competitive growth of Co02Si and CoSi, Ni2Si and NiSi, as well as
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Pt2Si and PtSi. It is successful in proving that an existing phase can
vanish due to kinetic reasons. It can also quantitatively explain
some other cases v i ingle phase growth takes place and is
helpful in understanding the effects of diffusion on the growth
sequence.

There are some problems which can not be explained by this
theory. For example, as Tu [22, 25] pointed out, this theory states
that only the phase with the fastest growth rate can form. This may
not be true. In a Ni-Si lateral diffusion coupie experiment (see
section 2.3.2.2), after NigSi forms the next phase to form is Ni3Sis
and the interface between Ni2Si and NizSiz moves opposite to the Ni
flux. This indicates that JNiasi2 2 JNizsi- From other investigations,
NigSiz has the largest thickness in bulk couples [43, 45], i.e. Ni3Sis
has the fastest growth rate. However, it is not the first phase
appearing in the thin-film couple, and it does not appear in the

single phase formation sequence.

2.3.4.4. Model of Growth Sequence Determined by Interfacial

Compaosition

After examining different models and particular experiments,
Ottaviani [24] suggested another model for the growth sequence in
thin-film reactions. This model assumes that selective growth of a
phase is mainly initiated by an interface composition that is
governed, in turn, by the flux of the various elements to the
interface. This model also suggests that the stabilities of the
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phases influence which compound will be formed, but that not all
possible compounds can grow.

According to this model, if several compounds, such as phases
I, II, and III in Fig. 2-16, are thermodynamically possibie to form at
an interface, and if the composition at the interface is |, only phase
I can be formed. When the composition in the interface is changed to
m, only phase II can be formed. Using this model, Ottaviani [24] has
explained the phenomena of single phase growth in thin-film
couples, multiple phase growth in bulk couples, and multiple phase
growth in thin-fiim couples with impurities. It appears that
Ottaviani's model can explain many of the phenomena invoiving
diffusion reactions in both thin-film couples and bulk couples more
reasonably than other theories. However, this model is still very
qualititative and much more work needs to be done to understand the
physical processes which actually occur during the diffusion
reactions.

The first problem which must be solved concerns the
relationship between the diffusion fluxes and the composition at the
interface, i.e. how the diffusion fluxes govern the composition at the
interface.

The second problem is how much composition change is
required to initialize new phase formation. The diffusion fluxes in
bulk couples wili continuously and gradually change, whereas the
diffusion fluxes in thin-film couples with impurities can change
abruptly and very rapidly. In the former case, the composition at the
interface will change continuously and slowly. But, in the latter
case, the composition will vary suddenly and rapidly. This may be
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the reason that multiple phase growth in bulk couples can only be
seen after long annealing (see section 2.3.2.2) periods at high
temperatures, when each phase is relatively thick. However, in thin
film couples, multiple phase growth can be seen after short
annealing periods at lower temperatures compared with that for
bulk couples, and when each phase has a thickness less than 100nm.
There must, therefore, be some threshold composition change at
which new phase formation is induced.

In this Iitqrature review, a number of general models and
theories for silicide formation in thin-film couples have been
briefly introduced and discussed. One common feature of most of
these theories is that they consider the thin-film reaction as the
initial stage of the diffusion reaction in bulk couples [22-26, 37]. In
thin-film reaction processes involving muitiple phase growth, which
take place before any element (metal or silicon) is exhausted, this
may be true. Otherwise, it is not true. Quite simply, the diffusion
reaction process in a bulk couple is not the same as that in a thin-
film couple. Fig. 2-17 shows the difference using as an example the

Ni-Si couple. Initially, the reaction for both couples will be
2Ni + Si - Ni2Si (2-35),

and Ni should diffuse through the growing new phase, Ni2Si, to
arrive at the interface between Ni2Si and Si. There, the reaction
described by Eq. 2-35 continues. Any further silicide formation will
be different.
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In the buik couple, as soon as Ni2Si exceeds a critical

thickness, a new phase will begin to form according to the following
reactior::

3Ni + 2Si —» NizSi2 (2-36).

In the thin-film coupls, however, as soon as the Ni is
completely consumed, a new phase (for example, Ni3Siz) will start
to form by one of the foliowing reactions:

3Ni2Si + Si —» 2NigSiz (2-37),
2Ni2Si —» NigSiz2 + Ni (2-38).

Which of these actually occurs depends on the standard free energy
AG? of each reaction. Only reactions with AG® < 0 can occur. It is
noteworthy that |AGo| for reaction 3Ni + 2Si - NizSia2 will be much
larger than that for either reaction in the thin-film couple.
Therefore, that NigSiz is absent in thin-film coupies may simply be
because the |AGe| for reaction (Eq. 2-37) or (Ea. 2-38) is too small
to nucleate Ni3Siz at the Ni2Si/Si interface. Thus the next phase
which can form is NiSi. It can only form through one of the
following two reactions because the original Ni film is already

exhuasted.

Ni2Si + Si —» 2NiSi (2-39),
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Ni2Si - NiSi + Ni (2-40a),
Ni + Si — NiSi  (2-40b).

From Fii 2-17a (for bulk diffusion couples), it can be seen
that as long as = .nin second phase layer is formed, the reaction for
the phase adjacent to Si is stil'l occuring between the elements, but
the reactions for the phases separated from Si are all of the
following type described below (this is, of course, assuming that Ni

is the diffusing species):
nNixSiy + MNi = Ninx+mSiny (2-41).

Thus, Ni atoms diffuse through each phase to supply Ni to each
reacting interface. For thin-film couples (Fig. 2-17b), it can be seen
that after a thin NiSi layer is formed, the growth of this layer can
follow different paths. If the formation is through reaction (Eq. 2-
39), the layer should grow towards the surface, i.e. the reacting
interface is located at the Ni2Si/NiSi interface. Si has to diffuse
through the growing layer. If the formation is through reaction (Eq.
2-40), the layer should grow on both sides of itself. Both the
Ni2Si/NiSi and NiSi/Si interfaces are reacting interfaces. Reaction
(Eq. 2-40a) occurs at the Ni2Si/NiSi interface and reaction (Eq. 2-
40b) at the other interface. Ni has to diffuse through the NiSi layer.
Both of the two paths (reaction (Eq. 2-39) or reaction (Eq. 2-40)) are
definitely different from the reaction process in bulk couples.

It is obvious that the reaction process in thin-film couples is

much more dependent on the standard free energy of each reaction
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than is the case in bulk diffusion couples. The standard free energy
for reactions can, in some cases, determine which reaction should
occur and therefore determine the moving species. For example,
during NiSi formation in thin-film couples, which reaction (reaction
(Eq. 2-39) or (Eq. 2-40)) actually occurs will be mainly determined
by the free energy of each reaction and not by the mobility of these
two elements. If AG® for reaction (Eq. 2-39) is less than zero while
AG© for reaction (Eq. 2-40) is iarger than zero, only reaction (Eq. 2-
39) can actually take place and hence Si will be the moving species,
and vice versa. From these inferences, it is possible that some of
the moving species observed in thin-film reactions are not
necessarily the faster diffusers in bulk couples. Unfortunately, the
thermodynamic data are far from complete to calculate the standard
free energies for many metal-Si reactions. Thus, this point of view
can not be directly verified. At least, it is in agreement with the
basic concept of thermodynamics.

Since all the phenomena observed in thin-film metal-Si
reactions can not be explained by the known theories and models, it
is necessary to develop new models based on the difference between
the reactions in bulk couples and in thin-film couples.
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Table 2-1. Tabulation of Transition Metals and Their Silicides [1]

Sc Ti \'A Cr Mpn . . Fe Co Ni Cu

Sc5Si3 TigSi V3Si Cr3Si MngSi Fe3Si Co3Si NigSi CusSi
ScSi TisSi3 V5Siz Cr2Si MngSi2 Fe11Sis 702Si Nizg1Si12Cu31Si
Sc2Si3TisSig V5Sig CrsSiz Mn3Si FeazSi  CoSi NisSi2 CuysSia
G5c3Sis TiSi VgSis Cr3Sia MnsSi2 FesSiz CoSia Ni2Si  CusSi

TiSia VSi2 CrSi MnsSiz FeSi - Ni3Si2
CrSi2 MnSi FeSi2 NiSi
Mn3Sis NiSi2
Mn11Sitg
Mn4Si7
MnSiz
Y Zr Nb Mo Ic Ru Bh Pd Ag.
Ys5Siz Zr4Si NbgSi Mo3Si RuasSi Rh2Si PdsSi
Ys5Siq Zr3Si Nb3SiMosSi3 RusSiz RhsSis PdgSiz
YSi Zra2Si NbsSigMo3Siz Ru4Si3 Ru29Si13Pd4Si
Y3Sis Zr5Si3z NiSi2 MoSis RuSi Rh3Siz Pd3Si
YSi.q1.7Z2r3Si2 Ru2Si3 RhsgSis2PdgSis
YSi2 ZraSi3 RhSi PdaSi
Zr5Sig Rhg4Sis PdSi
ZrgSis Rh3Si4
2rSi Rh2Si3
Z2rSiz RhSia
_la H¢ Ia W Be Qs Ir Pt Au

LasSiz Hf2SiTaq 5SiW3Si Re3Si OsSi 1Ir3Si Pt4Si
LasSigHf5Si3 TazSi WsSiz ResSiz Os2Si3 Ir2Si  Pt3Si
La3SiaHf3Si2 TazSi W3aSia ReSi OsSit.g IraSia PtsSiz
LaSi Hf4Siz Ta2Si WSi2 ReSiz OsSi2 IrSi Pt12Sis

LaSia HfsSig TasSi3 OsSiz.4 1rgSis Pt7Sis
HfSi TaSiz OsSi3 IrgSig Pt2Si
HfSi2 IroSig PteSis

IrSiy.75 PtSi
IrSi2
IrSia
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Table 2-2

Group

near noble
metal
silicides

refractory
metal
silicides

semi-
conductor
silicides

Silicide

CoSia

NiSiy
PdSi
PtSi

TiSip

ZrSip
VSip

NbSiz
TaSip
MoSis
WSip

FeSia
CrSip
MnSiy.73
ReSi) 73
IrSi1.73

p
(nQ-cm)

low,
< 50

low
< 100

high
> 250

Schottky Barrier
Height (eV)

greater than half
the Si band gap

energy, increase
with atomic no.

all have
similar value
around 0.55

various values
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High
Temp.
Stability

good

variable

Si-Rich Silicides and Their Preperties [1, 2, 34, 36]

Applications

Schottky
barrier or ohmic
contacts

1) Schottky
barrier contacts
2) gate
metallization,
interconnects
inVLSI -

promising in
applications such
as laser
detectors, LEDs
fibre cornmuni-
cation devices



Table 2-3 Crystallographic Data for Manganese Silicides [1, 9]

Silicide Crystal Nameof Lattice constant ofunit cell

system  structure a b c B m;* pi**
(nm) (nm) (nm) !
MngSi H Rphase 1.0874 1.9177
MnoSia MngSip 1.3362 1.1645 0.8734 90.53
Mn3Si C BiF3; 0.5722 A 4 2135
MnsSia T MnsSip  0.8910 0.8716 8 1.156
MnsSi3 H MnsSi3  0.6910 0.4814 2 .00
MnSi C FeSi 0.4558 4 4226
MnSii 73 T Mn;1Sij9  0.5518 4.8136 4 0.2729
Mn;sSiz¢  0.5531 6.5311 4
Mny7Sig7  0.5530 11.79 4
MngSi7  0.5525 1.7463 4 0.753

* m; is the rumber of formula units per unit cell

*# p; is the number density of formula units per unit volume (1022/cm3)

Table 2-4 Schottky Barrier Height ¢go for
MnSi and MnSiy 73 on n-type Si

Phases o8B0 Reference
(eV)
MnSi 0.65 [6]
0.76 [14]
MnSit 73 0.67 [6]
0.72 [14]
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Table 2-5

Silicide Resistivities
p (uQ-cm)

160 + 3

257 + 14

259 + 12
220
1073
4550
1080

Mn3Si
MnsSi3
MnSi

MnSiq.73

5480
4100
30500
103000

Temp.

(°K)
293
293
293
RT
293
293
RT
RT
RT
RT

RT
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Ref.

[1]
(1]
(1]
(6]
[1]
[1]
(11]

[11]
[6]
[6]
[6]

Electrical Resistivities of Mangarnese Silicig-+

Remark

thin film, polycrystal

bulk single crystal,
along a axis

bulk single crystal,
along ¢ axis

thin film, polycystal,-

formed at 595°C/20m

thin film, formed at
7000C/30m

thin film, formed at
800°C/30m



Table 2-5  Electrical Resistivities of Manganese Silicides

Silicide Resistivities

p (uQ2-cm)

Mn3Si 160 + 3
MnsSis 257 = 14
MnSi 259 + 12
220
MnSi1.73 1073
4550
1080

5480
4100
30500
103000

(°K)

293
293
293
RT
293
293
RT

RT
RT
RT
RT

Temp.

48

Ref. Remark

[1]

1]

[1]

[6] thin film, polycrystal

(1]

[1]

[11] buik single crystal,
along a axis

[11] bulk single crystal,
along ¢ axis

[6] thin film, polycystal,-

formed at 595°C/20m

[6] thin film, formed at
7000C/30m

[6] thin film, formed at
800°C/30m



Temp.

(°K)
1219

1174
1128

1088
1040

1020

1000
970
964

952

910
848
770
665

Tabie 2-6  Semiconductor Properties of MnSiy 73

o]
(cm-3)
17x1021
13.3
9.39

7.39
6.14

6.92

n RHo
(cm-3) (cm3C-1) (¢

15x1021
11.2
7.3

5.23
4.06

4.84

3.28
2.50
1.96

2.63

1.86
1.5
.0.93
0.73

0.3
0.38
0.59

0.80
0.88

0.88

— -t —d b
rwa

N
N—=woe N

Rie
m3c-1)

0.83

-t ot
W —
D~

1.58
1.7
24
7.4

Remark

Sc along
{100]
Sc, along
[100]
Sc Along
[001]
Pc
Sc along
[001]
Sc along
[100]
Pc
Pc
Sc, along
[001]
Sc, along
[100]
Pc
Tf, Pc
Tf, Pc
Tf, Pc

Ref.
[11]
[11]
[11]

[12]
[11]

[11]

[12]
[12]
[11]-

[11]

[12]
[13]
[13]
[13]

Sc: Single crystal; Pe: Polycrystal; Tf: Thin film. RHo and Ry are

observed and calculated Hall coefficients respectively.
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Teble 2-7a Melting Point or Transformation
Point of Manganess Silicides [5]

S ¢ 2 Melting or Remark
transformation points
(°K)

MngSi 1153 peritectic
MngSi2 1333 .

Mn3Si 1303 incongruent
MnsSi3 1558 congruent

MnSi 1548 congruent
MnSiq.73 1425 peritectic

Table 2-7b Thermodynamic Data of Manganese Silicides [5]

Silicide 0 0
AH¢ AS¢ (J/mcc‘a’l.K)
(kJ/mol.)  (J /mol. °K)
Mn3Si -137.1 - 11.2+£5.98 100.82 + 52.00x10-3T - 14.71x105T-2
MnsSi3  -230.74  +22.4 £11.95 2011 + 54.13x10°3T - 19.56x105T-2
MnSi  -9698 - 4.39+3.01 49.32 + 12.75x103T - 6.40x105T-2
MnSiy73  -75.62 -7.83 71.89 + 4.62x10-3T - 13.04x105T-2
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Table 2-8a Formation Sequence of Transition Metal Silicides With

Metal Fiims On Si Substrates [1, 6, 20, 24]

Near Nobie Metal
Silicides
Silicide Formation Silicide Formation Silicide Formation

Co2Si
CoSi
CoSiz

Ni2Si
NiSi
NiSia
PdaSi
PdSi

PtoSi
PtSi

Temp. (°C)

350-500
375-500
550

200-350
350-750
< 750

100-300
800

200-500
300

Temp. (°C)
FeSi 450-550
FeSi2 550
HfSi 550-700
HfSio 750
IrSi 400-500
IrSiy.v5 500-1200
IrSis 1000
MnSi 400
MnSi2 500
RhS/ 350-425
Rhaglis §25-350
Rh3Si4 g25
TiSi 500
TiSia 600
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Refractory Metal
Silicides

CrSiz

MoSisz

NbSiz

TaSi2

VSia

WSi2

2rSia

Temp. (°C)

400-475

525

650

650

600

550

700



Table 2-8b. Formation Sequence of Transition Metal Silicides
with Si Films on Metal Substrates 1, 20, 24]

Near Noble Metal Refractory Metal
Silicides o Silicides
Silicide Formation Silicide Formation Silicide Formation

Temp. (°C) Temp. (°C) Temp. (°C)
NioSi 200-300 FeSi 450-550
NisSi2 400 Fes3Si
Ni3Si 450
Pd2Si 100-300 RhSi 350-425
Pd3Si 350 RhaSi 400
Pd4Si 400
PdsSi 650

Pt2Si  200-500 )
Pt3Si 400
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Table 2-9. Major Diffusers in Thin Silicide Films
(1,20,23,24,55-61]

Silicide Diffuser Marker Silicide Diffuser Marker

TiSio Si Xe, Si RhSi Si Ar
V3Si Vv Xe Rh4Sis Si d
VSi2 Si Xe, Cc Rh3Si4 Si d
CrSio Si Xe, Si Pd2Si Pd and Si ow
FeSi Si Xe PdSi Pd and Si w
CozSi Co W,Si,Xe TbSiy.7 Si c, Kr, Ar
CoSi Si, Co ErSiy.7 Si c, Kr, Ar
CoSis Si, Co HfSi Si Ar, Zr
Ni2Si Ni Xe, Si TaSiz Si Nb
NiSi Ni Xe WSio Si ¢, Mo, Ge
NiSig Ni Xe Os2Si3 Si c
YSiti.7 Si Tb,Er,Kr IrSi Si Co, Rh
ZrSiz - Si Si IrSiq.75 Si Co, Rh _
NbSi2 Si c,V Pt2Si Pt Si
MoSiz Si c PtSi Pt Si
Rh2Si3 Si w

c: By analogy from isomorphous silicide studied in the same
investigaticn.

d: Deduced from oxidation experiments.
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Table 2-10. Growth Kinetics of Transition

Ditffusion
Controlled

CoaSi
CoSi
FeSi
HfSi
IrSi

IrSiq.75

MnSi

Ni2Si
NiSi

Os2Si3

Pd2Si

Pt2Si
PiSi
RhSi

Ru2Sis

Interfacial
Controlled

CrSi2
MoSi2
NiSi2
TaSiz
TiSi2
VYSia
WSiz

54

Metal Silicides [20, 23]

Nucleation
Controlled

HfSi2
IrSi3
MnSiq.73
NiSi2
OsSi2
PdSi
R.E.Si17
Rh4Sis
Rh3Sis
ZrSiz



Table 2-11. Summary of Goésele and Tu's Analysis
of Growth Kinetics

-8
r—JY

case I
r<ry

case II

rH<r<re

case II1
rp<r

Fig. 2-15a

x5<<)%', xy<<x;

oq, -eff
ACpKs

eq, eff
acyK;

AgB shrinks
A,B grows

AgB and A\B
grow

AgB grows
A,B shrinks

Fig. 2-15b
xB<<)§ . XX,

AC?K;"XY

Q"
AC,'D,

Fig. 2-15¢
XB>>%4y, Xy< <Xy

m .

AC?K?"X;;

ApB shrinks, AB  AgB shrinks, A,B
grows, until ry<r grows, until rysr

ApB and A;B grow AgB and A,B grow

simultaneously
until ro=r

AgB grows,
AyB shrinks,
until r<ro
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simultaneously
until rq=r

ApB grows,
A,B shrinks,
until r<ro



Fig. 2-1 has been removed due to copyright restriction. Please refer
to the literature [7].

Fig. 2-1. Binary Mn-Si phase diagram [7].
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Figs. 2-2 and 2-3 have been removed due to copyright restriction.
Please refer to the literature [4, 13].

Fig. 2-2. Sketch of the Mn and Si atoms within one-half a unit cell
of Mn15Si2g¢ showing stacking of (a) Mn subcells, (b) Si atom pairs
about the central axis, (c) Mn and Si atoms. Solid circles: Mn; open

circles: Si [4].

Fig. 2-3. Plot of resistivity vs temperature for MnSiy 73 [13].
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Figs. 2-4a and 2-4b have been removed due to copyright restriction.
Please refer to the literature [1, 20].

Fig. 2-4a. Schematic of formation sequence of nickel silicides [20].

Fig. 2-4b. Binary Ni-Si phase diagram [1].
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Fig. 2-5 has been removed due to copyright restriction. Please refer
to the literature [52].

Fig. 2-5. Schematic of the coverage evolution of the reacted
overlayer for Ti and Sc metals on Si substrates. The reaction oceurs
during deposition of the metals at room temperature [52]. ML:
monolayer. ®: thickness of the reacted overlayer.
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Fig. 2-6. Schematic view of compstitive growth during cobalit
silicide formation. (a) Co film is deposited on Si substrate. (b) Co
is deposited on CoSi which was formed on Si substrate before the
deposition.
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Figs. 2-7 and 2-8 have been removed due to copyright restriction.
Please refer to the literature [24, 45].

Fig. 2-7. Plot of the length of the individual phases vs annealing
time at 600°C, showing the phase sequence in the lateral diffusion
couples. Two things are noteworthy: 1) In first seven hours, only one
phase (Ni2Si) grows. 2) After Ni3Si2 and NisSi2 formation, Ni2Si
bagins to contract [45].

Fig. 2-8. Schematic view of multiple phase growth in thin film
couples with relatively thick metal films on Si substrates [24].

60



Figs. 2-9a and 2-9b have been removed due to copyright restriction.
Please refer to the literature [:4].

Fig. 2-9a. Effect of an impurity (oxygen) on the formation of
platinum silicide. Oxygen diffuses to PY/Pt2Si interface, which
decreases Pt flux and causes PtSi formation before Pt is completely

consumed [24].

Fig. 2-9b. Effect of oxygen on the formation of molybdenum silicide.
Oxygen at MoSiz/Si interface delays Si diffusion, which induces
MosSiz formation before Mo is totally consumed [24].
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Fig. 2-10 has been removed du: ‘= copyright restriction. Please
refer to the literature [24).

Fig. 2-10. Schematic experimental results of thin film reactions
with alloy films on Si substrates. (a) Pt-Cr alloy film on Si. (b) Pt-
W alloy film on Si [24].
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(b)

Fig. 2-11. Schematic diagram showing different growth processes.
(a) Layered growth (one dimension growth) for diffusion and
interfacial reaction controlled processes. (b) Island growth (three
- dimension growth) for nucleation controlled process.
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Figs. 2-12 has been removed due to copyright restriction. Please
refer to the literature [37].

Fig. 2-12. Tu xnd Godsele’s diffusion model. Schematic of
concentration profiles of A atoms across an AB/AgB/A,B diffusion
couple with or without interfacial reaction barriers [37].
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Fig. 2-13. Schematic binary phase diagram and concentration profile
of element A during the growth of B and y phases in a bulk diffusion
couple.

64



Figs. 2-14 has been removed due to copyright restriction. Please
refer to the literature [37].

Fig. 2-14. Concentration profile of A atoms in Tu and Gésele's
competitive growth model [37].
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Figs. 2-16 has been removed due to copyright restriction. Please
refer to the literature [24).

Fig. 2-16. Schematic thermodynamic expianation for Ottaviani's
model [24].

67



before diffusion

Ni Si

Ni2Si first formed

Ni =t

Si

| KER5

1
Ni2Si

NizSi2 formed by

3Ni+2Si—> NizSi2

)
)
5

Ni —=9ks

Si

7
Ni2Si  NizSi2

NiSi formed by
Ni+Si —> NiSi

Ni

N

i
Ni2Si NizSiz NiSi

Fig. 2-17a.
process in a bulk couple.

Schematic growth
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Fig. 2-17b. Schematic growth in
a thin film ccuple (single layer
growth).
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Chapter 3. EXPERIMENTAL METHODS

3.1. Deposition of Manganese Films

Manganese was deposited onto Si wafers by thermal
evaporation. <100> oriented, single crystal silicon wafers (n-type
with a doping level between 2 x 1015 and 5 x 1015 ¢m-3), obtained
from Alberta Microelectronic Center, and high purity manganese
(99.98%), obtained from Chemonics Ltd., were used to prepare the
samples. The manganese pieces were crushed into smaller pieces (1
to 2 mm) and loaded into a W boat in a deposition chamber. The
silicon wafer was cleaned using buffered hydrofluoric acid (20 part
water to 1 part HF), rinsed by deionized water, and dried with high
purity Ar.  After a Si wvafer was loaded into the deposition chamber,
the chamber was pumped down to a pressure of 2 x 10~6 Torr. The Mn
source was heated, resistively, and evapcrated atoms deposited onto
the Si substrate, as well as the chamber walls. The thickness of the
Mn film was measured using cross-sectional transmission electron
microscopy (TEM) of as deposited specimens. The thickness was
nominally 300nm.

3.2. Annealing Procedure
After Mn deposition, the Si wafers were cleaved along {110}

planes, using a diamond knife, into 1cm x icm pieces and loaded

inclividually into a quartz tube furnace. Annealing was done in
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flowing nitrogen (purified nitrogen, 99.97%) at various

temperétures. The annealing regime is listed in Table 3-1.
3.3. X-Ray Ditfraction Experiments
3.3.1. Equipment

A Rigaku Geigerflex X-ray Diffractometer with a scintillation
counter probe and a graphite single crystal monochromator was used
to identify the phases in the silicide layers and to monitor the
growth of the silicides. A Co target x-ray tube operating at 50 kV
and 20 mA was used. The dat: ::¢:¢ .ucted and recorded by a
Digital PDP 11/23 Plus microcomputer system. The data were
outputted to a plotter attached to the computer system and were
plotted as intensity vs. 20, as shown in Fig. 3-1. The scale of the
intensity axis was set by the maximum peak height; therefore,
intensity information obtained from the plots is expressed in terms

of peak heights.
3.3.2. Phase identification

Phase identification and lattice parameter calculations were
accomplished mainly through data from the JCPDS Powder
Diffraction Files [78]. The x-ray data from reference [6] were also
consulted, due to possible preferred orientations that can be
encountered in thin film thermal reactions. Appendix 1 contains the

diffraction cards relevant to this experiment, as well as a list of
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the three most intense peaks for MnSi and Mny5Sizg from Eizenberg
and Tu’'s results [6].

3.3.3. Monitoring Silicide Growth

The growth of MnSi and Mny5Sizg was monitored by x-ray
diffraction experiments from a set of samples with ditferent
annealing regimes (see Table 3-1). Two additional silicides (Mn3Si
and MnsSi3) were formed during annealing; their growth could not be
monitored by x-ray diffraction methods, however, because some of
_ their diffracted peaks overlapped with those from other phases.
Other peaks were too weak for quantitative analysis.

The change in diffracted intensity of MnSi {210} and Mnys5Sizg
{1 1 30} peaks was monifored. These peaks were chosen because
they were the most or second most intense peaks for each phase and
because they did not overlap with paaks from other phases.

In order to minimize the experimental error, the follow\g was
done:

1) All the samples used for x-ray experiments had the same
dimensions (1cm x 1cm).

2) A standard sample (single crystal silizon) was examined at
the same operating conditions as for all other samples each
experimental day, since the iniensity can change from day to day. A
peak from the (400) plane of the standard sample was recorded each
day.

3) The intensities from MnSi {210} and Mn15Si2s {1 1 30} peaks

were normalized using the following formula:
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| I, xly
qE

(3-1);

Ise
where In is the normalized intensity, |y is the intensity recorded
from MnSi {210} or Mny5Siz¢ {1 1 30} reflections, lsg is the intensity
recorded from the standard sample, i.e. the Si (400) peak at the same
day as I} wac r==rrded, and Ig is one of the lse peaks used to

normalize all tr. . -sity data.

3.4. Transmigsion Electron Microscopy (TEM) and Scanning
Transmission Eleciron Microscopy (STEM)

3.4.1. Specimen Preparation

Irr this experiment, both plan view and cruss-section TEM
specimens were used. A standard procedure for specimen
preparation, including gluing (cross-section specimens only),
grinding, disc-cutting, dimpling;;‘,, and sputtering, was followed. The
procedure is described in Appendix 2 in detail. A Gatan ultrasonic
disc cutter (Model 601), a Gatan dimple grinder (Model 656), and an
ion mill (lon Tech FAB 306A Atom Mill) were used for aisc cutting,
dimpling, and sputtering processas respectively during specimen
preparation.

Plan view and cross-section specimens were examined by TEM
and STEM. The TEMs used in this experiment were a Hitachi H-7000,
with an accelerating voltage of 125 kV and a Philips 400 EM, with an
accelerating voltage of 120 kV. The models of STEM used were a
Hitachi H-600 TEM/STEM equipped with a Be window x-ray detector
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and a VG HB5 dedicated STEM equipped with a Link system
windowless x-ray detector.

The techniques applied to examine the specimens include
bright field imaging, selected area diffraction (SAD), convergent
beam electron diffraction (CBED), and energy dispersive x-ray
spectroscopy (EDX).

3.4.2. Thickness Measuremsnt Using Micrographs

Bright field images were used to examine the structure of
silicide layers formed during the annealing process and to measure
the thickness of these layers. The following method was adopted to
measure the thickness. For each cross-section specimen,
micrographs from three different areas were taken. Layer
thicknesses were measured directly on the negatives with a ruler.
The initial measuring point was selected randomly and every
successive measuring point was chosen at a distance of 10 mm from
the iast point. Each negative was measured twice with different
initial points so that about 30 readings were obtained from each

negative and 90 readings from each specimen. Average layer
thicknesses, T, and standard deviations (o) were evaluated from

these readings (Ti) using the following formulas:

(3'2):
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— (3-3);

where n is the number of readings from one specimen.

3.4.3. Phase identification

Since the grain sizes of all the silicides investigated were
smaller than 1 um and some silicide layers were thinner than 100
nm, different techniques, such as selected area diffraction (SAD),
convergent beam electron diffraction (CBED), and x-ray spectroscopy
(EDX), were combined together to identify the phases.

3.4.3.1. Convergent Beam Electron Diffraction

CBED patterns were obtained from both the H-7000 TEM and the
Philips 400 EM. The second condenser lens apertures used were 150
pm in diameter in both cases, while the smallest incident beam size
obtained was 300 nm in the H-7000 TEM and 40 nm in the Philips
400 respectively. An internal standard calibration method was
adopted to minimize the systematic error. Since the crystal
structure of Si is well known and large thin areas of Si were always
available in cross-section samples, it was very convenient to use Si
as the internal standard sample. Whenever a CBED diffraction
pattern from a silicide was taken, a CBED pattern from Si was
obtained at the same operating condition. The same method was also
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applied to SAD patterns. Therefore, the camera constant could be
exactly determined throughout all the experiments.

The CBED patterns were indexed using the following three
steps [79, 80]:

1) The zero order Laue zone (zolz) was indexec by the same
standard method as that used for indexing SAD patterr.. From this
information, the possible phase from which the CBED pattern was
obtained and the zone axis [uvw] of the pattern was tentatively
determinad.

2) The radius of first order Laue zone (folz) was measured so
that the reciprocal planar spacing (Hm) between the zolz and folz,
along the beam direction [uvw], could be obtained from the following
formulas [79]:

R

G=M_ (3-4),
AG2

Hm=—‘2 (3-5).

G is the radius of the folz in reciprocal space, R is the radius of the
folz recorded on the negative, A is the wavelength of the incident

beam, and L is the camera length in the TEM.
3)The theoretical value of the reciprocal planar spacing was
calculated using the formula below:

1
He=a2u2 1 b2v2 1+ c2w2)1/2 (2-6)
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where a, b, ¢, are the crystal lattice parameters and [uvw]
represents the zone axis determined from the CBED patiern. This
formula was only applicable to cubic, tetragonal, and orthcrhombic
systems. |If the values of lattice parameters and [uvw], determined
from step 1), were inserted into Eq. 3-6, and if the calculated H,

H . .
value was equal to T"l (where n is 1 or some other integer depending

on the crystal structure), the structure of the observed crystal could

be verified.

3.4.3.2. Energy Dispersive X-ray Spectroscopy (EDX)

EDX was applied to analyze the compositions in the
investigated silicide layers. The composition in a given phase can be

determined by the following formula [79]:

Xsi 1si x WMn
Xntn KMn/si _‘—"‘an < Wsi

(3-7),
where Xgi and Xmn are the concentrations (atomic percent) of Si and
Mn, Wsi and Wmp are the atomic weights of Si and Mn, ig; and Imp are
the intensities from Si and Mn in the EDX spectra from the phase of
interest, and Kmn/si is the proportionality constant, often referred
to as the Cliff-Lorimer factor. This factor is independent of
specimen composition and thickness, but dependent on instrumental
conditions [79].

In this experiment, the factor K.g.,.,s' was determined by the
following method. After annealing a sample at 485°C for 30 min., a
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single MnSi layer was formed on the Si substrate. This was verified
by x-ray diffraction from a 1cm x 1cm sample and SAD from a plan
view TEM specimen, which was sputtered until only the MnSi layer
remained. Several x-ray spectra from this sample were recorded.

Xsi.

Assuming Xi =~ 1 and inserting Is; and Imn from the recorded

spectra, values of Kmn/si were calculated. Average Kmn/si values
were obtained as 1.13 + 0.01 and subsequently used for all other
composition analyses.

3.5. Optical Property Measurements

The optical properties of a Mn4Si7 thin film were measured
using a Cary 2300 UV-Visible-NiR Spectrophotometer. A sample
with dimensions 2.5 cm x 2.5 cm was used. The sample was
annealed at 600°C for 90 min. to obtain a single MnSiy 73 layer on a
siticon wafer. The thickness of the MnSiy 73 layer, measured by the
cross-sectional TEM technique, was 550 nm.

The change in both transmission and reflection with
waveiength was measured. The spectrophotometer was operated in
a waveiength scanning mode with an upper wavelength of 2400 nm
and a lower wavelength of 1300 nm. The wavelength interval was 1
nm and the scanning rate was 1.0 nm/sec. The data were collected
and outputted to a microcomputer system attached to the

spectrophotometer.
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Table 3-1. Annealing Regimes

Sample No. Temperatures* Periods
(°C) (Min)
K400-10 380°C 10
K400-40 38G~C 40
K400-60 380¢C 60
K400-120 380°C 120
K400-210 3800(; 210
K425-30 403°C 30
K425-120 403°C 120
K425-185 403°C 185
K450-10 430°C 10
K450-30 430°C 30
K450-60 430°C 60
K500-30 485°C 30
K500-60 485°C 60
K500-90 485°C 90
K500-150 485°C 150
K500-196 485°C 196
K500-256 485°C 256
K550-10 540°C 10
K550-20 540°C 20
K550-30 540°C 30
K585-4 570°C 4
K585-8 570°C 8
K585-16 570°C 16
K600-90 600°C 90

* The temperature error is + 5°C.

78



200335 10/43/88 S= 0.050 T= 1.000 MN/SI (ANNEALED)

‘110 1.907
c 3.434
N
T
S gss
/
s
£
c
666
a4e 2.108
4.0087
222
8.706 5,496 3.990 1.698
7.434 -62 1.663 1.408
0 + +
20.00 30.00 40.00 50.00 60.00 70.00
2 THETA U OF A - GEO

Fig. 3-1. A sampie x-ray diffraction pattern from MnSiy 73 (sample
was annealed at 1000°C for 60 min.)
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Chapter 4. RESULTS

4.1. Interfacial Oxide

Fig. 4-1 shows a cross-section TEM specimen made from the as-
deposited sample. At the interface between the Mn layer and the Si
substrate there is a thin layer (about 10 nm thick). The
microstructure and the composition of this layer have been analyzed
using a plan view TEM specimen. This specimen was prepared using a
4% nitric acid solution to remove manganese and by dimpling and ion
milling from the silicon side. Fig. 4-2 shows the micrograph and
SAD pattern of the thin layer. The diffuse ring patiern from SAD
indicates that the structure of this layer is amorphous. CTomposition
analysis by EDX shows that the layer is silicon oxide.

After annealing, the layer still existed, which could be
confirmed from Figs. 4-3 and 4-4. The specimens shown in these
figures were annealed at 3800C for 10 min. SAD and EDX analysis on
the gian view specimen (Fig. 4-4) indicated that this layer was the
same as that in the as-deposited sample. Fig. 4-5 is a micrograph
from a cross-section specimen annealed at 430°C for 30 min. The
"oxide still exists but it seems to have recrystallized.

Since this oxide layer separates the deposited Mn layer from the
Si substrate before annealing, and since it still exists after
annealing, it can play the role of diffusion marker. From Fig. 4-3, it
is evident that the Mn is the predominant diffuser in both the oxide
layer and the first formed silicide layer (MnaSi).
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4.2. Annealing Reactions
4.2.1. Phase ldentification

Different techniques, such as XRD, SAD, CBED, and EDX, were
combined to identify the phases formed during annealing. The
procedure for phase identification was as follows: First, annealed
samples (1cm x icm pieces) were analyzed by XRD. Both plan view
and cross-section specimens were prepared from these samples and
were examined, in more detail, by TEM and STEM. Fig. 4-6 shows how
phases were identified in a cross-section specimen. For grain A, a
CBED pattern was taken first and then composition information was
collected by EDX.

in this experiment, three phases were identified in low-
temperature (380°C to 4300C) annealed samples, i.e. Mn3Si, MnsSis,
and MnSi. Two phases were identified in high-temperature (485°C to
570°C) annealed samples. They are MnSi and MnSiy 73. Fig. 4-7 shows
typical CBED patterns from all four manganese silicides as well as
the zone axes for these patterns. The results of the composition

analysis are listed in Table 4-1.

4.2.2. Formation Sequence and Growth Kinetics of Silicides ( Low-
Temperature Annealing at 380°C to 430°C)

The changes in thickness of the silicide layers were monitored
by examining cross-section TEM spacimens and XRD. - The
experimental results are listed in Table 4-2 and 4-3, respectively.

e1



Figs. 4-8a, b, ¢, and d are micrographs from samples annealed at
380°C for 10, 40, 60 and 120 minutes, respectively. Fig. 4-9a, b, and
¢ show the micrographs from specimens annealed at 430°C for 10,
30, and 60 minutes, respectively. A schematic summary for the
forma‘ion sequence of the silicides is shown in Fig. 4-10. Mn3Si
forms first at the oxide/Si interface and grows towards the Si
substrate. Next, MnSi forms at the Mn3Si/Si interface and grows
towards the surface (to be shown in Section 4.4.7). At the same
time, the thickness of the Mn3Si layer stops changing. Finally,
MnsSi3 begins to form and grow at the Mn3Si/MnSi interface. MnsSia
grows by consuming Mn3Si while MnSi grows by consuming MnsSi3,
until all the Mn3Gi as well as MnsSiz are exhausted and only MnSi is
left. '

This growth process is unexpected. Thus far, many other types
of silicides have been extensively investigated in the literature.
Most silicide formation processes follow a single layer growth
pattern (see 2.3.1.1). Generally, before the deposited thin metal
layer is completely consumed, only one silicide layer exists and
grows. After the metal is exhausted, a second silicide begins to
grow by consuming the first silicide and so on. Even for a Mn/Si thin
film couple system, the silicide formation process reported by
Eizenberg and Tu [6] is different from the results observed in this
experiment. Aeccording to Eizenberg and Tu [6], only one phase, i.e.
MnSi, was formed by a single layer growth process during annealing
at temperatures between 400 to 500°C. However, in the formation
process of manganese silicide observed in this study, three silicide
layers co-existed before the Mn layer was used up and at least two
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of them grew at the same time. In addition, MnsSig formation
followed MnSi formation, which is also unusual.

There are two possidle explanations for the difference between
the results from this study and those from Eizenberg and Tu [6]. One
is that Mn3Si and MnsSi3 were also present in Eizenberg and Tu’s
samples, but their thicknesses were too small (thinner than 20 nm)
to be detected by RBS and XRD. The other explanation is that these
two formation processes may be different, i.e. they occur through
different mechanisms. No matter which expianaticn above is true,
the formation process of manganese silicides observed in this study
is unusual compared to the single layer growth process for most
other silicides. The reasons and the mecharisms for these
unexpected results will be explained later (see Chapter 5).

In order to determine the kinetics of MnSi growth, the data from
thickness measurements (listed in Table 4-2) were plotted against
the square root of annealing time (Fig. 4-11a). Usually, if linear,
this type of growth process is called diffusion contrelled growth. In
Fig. 4-11b, the same thickness data were plotted against annealing
time. A growth process having this linear relationship implies
interfacial reaction controlled growth. By comparing Fig. 4-11a and
b, one can find that the data fit both curves.

The data from x-ray diffraction were also used to determine the
growth kinetics. These data (in Table 4-3) were plotted as x-ray
intensity versus (annealing time)!/2 and intensity versus annealing
time as well (Fig. 4-12a and b). Aggain, the data fit both types of

curves. A diffusion controlied pracess is more likely because,
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according to experimental observation, MnSi formation has to have
an incubation period (Fig. 4-8 and Fig. 4-10).

The activation energy for this process (diffusion controlled
process) has been estimated from the data of thickness
measurement. The evaiuated activation energy is 124 kJ/mol. Again,
it was found this value was significantly different from that
reported by Eizenberg and Tu [6] (183 kJ/mol). Two factors could be
responsible for this difference. One of them is that the value of 124
kJ/mol was evaluated using the data from only two annealing
temperatures, which could introduce a relatively large error to the
- resulting value. The other factor is that the two studied processes,
which correspond to the different activation energies, may differ
from each other. However, at this time, it is impossible to
determine if the latter case is true, due to the difference in
experimental conditions and the difference in analysis methods

between the two experiments.

4.2.3. Growth Process of MnSiy 73 at High Temperatures (485°C to
5700C)

The growth process for MnSii .73 was also monitored by XRD.
Some of the annealed specimens were also examined by TEM and
STEM. The data from XRD are iisted in Table 4-4. From this tabie, it
is evident that the growth process is different from that of other
manganese silicides appearing at low-temperature annealing. For
example, MnSi{ 73 did not start to form unti! the samples were
annealed at least one hour at 4850C. Furthermore, TEM showed that
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unlike other silicides, MnSii .73 nucleates and grows in islands
instead of a layered yrowth manner. Fig. 4-13 shows evidence of
this different growth process. This micrograph is from a pian view
specimer. annealed at 485°C for 60 minutes. In this specimen, many
islands with big grains were surrounded by larger areas with small
grains. From SAD, CBED, and EDX analysis, it can be determined that
the small grains are MnSi and the large grains are MnSiqy.73. The
growth process of MnSiy.73 can ba shown schematically in Fig. 4-14.
MnSiy 73 nucieated preferentially at some positions on the MnSi/Si
interface, and then grew in three dimensions. As mentioned in
section 2.3.3.2, this type of growth process is nucleation controlled.
The reason that MnSii.73 follows a nucleation controlled process

will be discussed in Chap. 5.

4.3. Saleulation of Thermodynamic Quantities

In u:oer to understand and explain the unusual silicide formation
process, iis» calculation of standard Gibbs free energy, AG9, has been
conducted using the following equations ( for example, the reaction
A+B=AB):

ACp=Ch2-Cp-Cp (4-1),
(o] 0 T
F- ]
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T

AC
AS$=A3298+ TEdT (4-3),

9

o o o
AGt= AHT-TAST (4-4).

CQB is the heat capacity of the product AB; C':, and c‘;’; are the heat

capacities of the reactants, A and B; AH°298 and Asozga are the

standard heat of formation and entropy of formation at 298¢C
respectively; AH‘1’-, AS‘}, and AG9r are the heat of formation, the entropy

of formation, and the standard free energy of formation at
temperature T. Fortunately, the data for AH%QB, AS%QB, and Cp for

Mn3Si, &insSi3, MnSi, MnSiy 7, Si and Mn are available (see Chap. 2 and
[5, 81]). The Aqu values for various reactions, involving these

silicides during 380°C annealing, have been calculated from the
equations above and are listed with their respective reaction
equations in Table 4-5.
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4.4. Diffusion In Manganese Silicides

4.4.1. Determination of Major Diffusers

As mentioned before, the oxide iayer can act as a diffusion
marker (see section 4.1). By comparing Fig. 4-1 with Fig. 4-3, it is
obvious that Mn3Si begins to form at the oxide/Si interface and it
grows towards Si. This indicates that Mn diffusion predominates in
both the oxide and the Mn3Si phase.

By examining carefully the shape of the interfaces between the
silicide phases, one can determine that Si is the major diffuser in
the MnSi phase. Evidence supporting this claim is listed below:

1) The MnSi layer (Fig. 4-15) consists of many small columnar
grains, and an unduiating envelope outlines the interface between
MnSi and Si. At this interface, it is notable that neither growth
protrusions nor columnar growth can be seen, and that the
wavelength of the undulation is longer than the diameters of the
columnar grains. These features were present after annealing at
different temperatures and longer times. Therefore, the growth of
MnSi does not occur at this interface.

2) From Fig. 4-16, it is evident that the shape of the undulation
along the MnSi/Si interface follows virtually the same pattern as
the MnaSi/MnSi interface. According to this Jbservation and (1)
above, it is reasonable to assert that this position of MnSi/Si

interface is the position of the previous Mn3Si/Si boundary.
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3) At the MnSi/Mn3Si interface, many tiny protrusions were
found from MnSi into Mn3Si (Fig. 4-17). This indicates that the MnSi
growth is taking place at this interface and, hence, that Si diffusion
is predominant in MnSi phase.

4) Other indirect support comes from free energy calculations
of MnsSiz formation. Table 4-6 lists possible reactions for MnsSis
formation at the Mn3Si/MnSi interface. Of the reactions, only the
first reaction is thermodynamically allowed. This reaction requires
Si diffusion through MnSi layer. Since the MnsSi3z formation did
occur, and since only the reaction thai is thermodynamically allowed
may actually happen, Si must diffuse through the MnSi laver.

4.4.2. Changes in Diffusion Fluxes

In orcier to have a better understanding of the growth processes
of manganese silicides, the changes in diffusion fluxes have to be
taken into account. Since the most important diffusion takes place
in the region which includes all the silicides formed during
annealing and whose boundaries are the vxide layer and the interface
between silicide and Si, we define this region as diffusion region.
The average diffusion fluxes of Mn and Si into this region can be
estimated by the following method. First, N;, the number of formula
units of the ith silicide layer per unit area (formula units.cm-2), is
estimated by

N;=Tixp; (4-5);
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where Tjindicates the thickness of ith silicide in a given sample,
and p; is the number density, i.e the number of the formula units of
ith silicide in a unit volume (formula units.cm-3). Secondly, the
total atom number of Mn or Si in the diffusicn region can calculated
by

3
Nyn=2 Dyl (4-6),
i=mi

3
Ng=2, m 5N, (4-7);

i=l

where Npmn and Nsi are the total atom numbers of Mn and Si in the
diffusion region (atoms.cm-2), nj yp and nj si are respectively the
atom numbers of Mn and Si in one formula unit of ith silicide. Table
4.7 lists all these calculations for Nj, Nmn, and Ns;.

Thirdly, using these data and considering that Mn is the major
diffuser in Mn3Si but Si predominates in MnSi, the average flux of Mn
atoms into the diffusion region can be evaluated by following

formula:

e Nmn e+1)~ NMaw)
Mn=

(4-8);
1)~ L)

where NMn(k+1) and Nwmn(k) are the total numbers of Mn atoms in the
diffusion region at certain annealing times (see Table 4-7) and
tk+1) and tg indicate the relevant annealing times. Similarly, we

have the following formula for Si:
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— Nsigen-Ng;
Tg=—2fel)  Si) (4-9).
tke1)~ L)

Table 4-8 lists the calculated results for the samples annealed
at 380°C. From these data and Fig. 4-18, it is evident that both Jyn
and Js; decrease, but, JMn decreases faster than Jsi. The change in
the diffusion flux + - have a decisive effect on silicide formation.
This will be disc.. . a Th. 5.

4.5. Determination of Band Gap Value

The configuration for measuring the reflection (R) and
transmission (T) spectra is shown in Fig. 4-19a. It is a MnSi{.73
film of complex refractive index n-ik on a Si substrate of complex
refractive index ng-ikg, surrounded by air of refractive index ng=1.
Reflection and transmission spectra measured from this
configuration using a Cary 2300 UV-Visible-NIR spectrophotometar
are shown in Fig. 4-20a and b, respectively. Theoretically, frecm
these data, the optical constants for MnSiy 73, i.e. refractive index,
n, and extinction coefficient, k, can be calculated. The absorption

coefficient then can be obtained from the following equation

4k
%=

where o is the absorption coefficient and A is the wavelength of

(4-10)

incident light used in the measurement. The band gap was then
determined by plotting a2 vs E (the photon energy corresponding to A)
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and extrapolating the linear section of the plot to the intercept with
the E axis. The value of the interception point, Eg, is the value of the
band gap.

However, for the configuration usad in this experiment, the
effect of multiple irternal reflection on the reflection and
transmission spectra have to be taken into account. Fig. 4-19b
schematically shows this complicated process. The internal
multiie reflections make the exact expressions for transmitted and
reflectesi light intensity from this configuration cumbersome and
difficult to solve. In order to evaluate the optical constants, a
. model and an iterating procedure, developed by Brett [82], were
adopted in this investigation. This model is suitable to a struciure
with an absorbing film on a transparent substrate. Although Si is
transparent in the range of wavelength used, the absorption of the Si
substrate has to be taken into account due to the relatively large
thickness of the substrate. Therefore, a modification was
introduced to Brett's iterative procedure. After this modification,
the equations, which were used in the procedure below, have the

following forms:

T=oxp(- %) expl- A (1-ro)(1-n)(1-1s)  (4-11),

8x

Rt ep(-2e D (1-ro)2r + oXp(- L) (1-r0)2(1-1)2rs]  (4-12),

- 1)2 2

Vo =7
(n +1)2 + k2
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I,=(n-- ns)2 + (k — kg)2
(n + ngj2 + (k + kg)2

(4-14).

T and R are the measured transmission and reflection respectively; n
and k are the refractive index and extinction coefficient of the
MnSiq.73 film; ngand ks are the refractivé index and extinction
coefficient of the Si substrate; A is the wavelength of the incident
light; ro, r, and rs are the reflectivity at each interface indicated in
Fig. 4-19a. Modifications to Eq. 4-11 and Eq. 4-12 from Brett's
model are shown in Appendix 3. Among these variables, T, R, A, d,
and ds can be experimentally determined. ns and ks must be evaluated
using measurements from a bare Si wafer and using the followiﬁg

equations. The derivation of these equations is shown in Appendix
3:

2
2 2 2 2
_ _-(Rs- 2Rs-1-Ty) +W/(Rs- 2Rs-1-Tg) - 4(2- RRs ;)
s 2(2- Ry |
1441y
.= 4-18),
P-4t w1
ke=—og —s=Ts |, 2 (4-17).
2 2 2} 4ndg
Rgs"'rs"rs
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Rs and Ts are the reflection and transmission measured from a bare
Si sample, which is cut from the same wafer as that for a sample
with a MnSiq{ 73 film. After ng and ks are determined, n and k for
MnSii 73 can be determined by ihe following iterative procedure (82]:

1) Measure R, T, and d;

2) Calculate rs from Eq. 4-15 (A is known);

3) Initialize ro = Rand r = 0;

4) Evaluate k using Eq. 4-11;

5) Evaluate ro using Eq. 4-12;

6) Evaluate n using Eq. 4-13 from ro and k;

7) Calculate r using Eq. 4-14 from the new n and k values;

8) Repeat steps 4) through 7).

Convergence to four figure agreement of successive n and k
values was obtained for all the experimental data of R(A), T(A), and A.

The optical constants of MnSiy 73, i.e. k(E) and n(E), in the photon
energy range of E >0.7 eV have been evaluated using this iterative
procedure. The optical constants corresponding to the energy range E
< 0.7 eV can not be evaluated by this method. This is because Brett's
model is valid only for absorbing films (i.e. k for the film is large),
whereaz, {rom Fig. 20, the MnSiqy 73 film is transparent in this
shoton energy range.

The calculated results of k and n are shown in Fig. 4-21a and b,
respectively. From the values of k(E), the absorption coefficient of
MnSiq 73, «, was calculated using Eq. 4-10. A plot with a2 vs photon

h
energy ( E __:_;_3) is shown in Fig. 4-22. In this figure, an extrapolated

straight line was obtained by curve fitting the data represented by
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the closed squares. It can be seen that the data do not follow a
straight line relationship exactly so that the intercepts of the
extrapolated line with the energy axis may be in a range, instead of
one point. Therefore, the value of band gap determined from this
figure is between 0.78 and 0.83 eV. These values are higher than
that was reported by Bost and Mahan [16], but still in the range of
the values calculated by other researchers (0.4-0.9 eV) [11-14].

It has been found, by direct observation of cross-section TEM
specimens, that the thickness of the silicide layer is not uniform
due to the polycrystal growth process. The change in thickness, and
therefore the non-planar nature of the MnSiq 73/Si interface, will
affect optical measurements in this experiment. This may be the

main reason for a poor curve fit in Fig. 4-22.
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Table 4-1. Compositien Analysis of Manganese Silicides

Mn3Si MnsSi3 MnSi MnSiy.73

A\ierage
atomic ratio 0.3310.02 0.60+0.01 1.00+0.01 1.73+0.02
of Si to Mn,

= Xsi
R= X
Average

concentration 0.25+0.01 0.625+0.005 0.50+0.005 0.634+0.005

of Si, Xsi
(at. %)

Average
concentration 0.75+0.01 0.375+0.005 0.50+0.005 0.364+0.005

of Mn, Xmn
(at. %)

Table 4-2. Thickness of Silicides in Samples
Annealed at Low Temperatures

Temperatures Time Mn3Si MnsSi3 MnSi
(°C) (min) (nm) (nm) (nm)
380 £ 5 10 79+8 0 0
40 g5+8 0 39+4
60 76 £ 8 7+1 64 +7
120 46 £ 6 19+ 2 111 £ 13
403 £ 5 30 73+6 22t 4 82 + 10
430 £ 5 10 69 + 8 14 £ 2 727
30 36+4 26 + 4 146 + 13
60 0 0 230 + 22
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Table 4-3. X-Ray Diffracted Intensities from
{200} Reflection of MnSi

Annealing Annealing Time intensity
Temperatuis (min) (peak height)
(°C)

380+ 5 60 443
120 57.4
210 79.0
403 + 5 30 58.0
120 91.3
185 124.4
430 + 5 10 68.5
30 122.6
60 172.6

Table 4-4. X-Ray Diffracted Intensities from
{200)}mnsi and {1 1 30}Mnsi1.73 Reflections

Annealing Annealing XRD Intensities XRD Intensities
Temperature Time From {200}Mnsi From
(°C) (min) {1 1 30}MnSiy.73
485 + 5 10 276
30 276
60 233.4 83.7
90 201.6 98.2
150 131.9 149.9
196 74.5 237.5
256 39.5 271.5
540 £ 5 10 241.5 42.6
20 186 119.3
30 118 182
60 234.6
570 £ 5 5 294.5 51.6
8 164.7 173.6
16 75 244
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Table 4-5. Reaction Equations and Standard Free Energy
for Manganese Silicide Formation (380°C)

Reaction Equations Standard Free Energy
AGo (kJ)
3Mn + Si = Mn3Si - 130.5
Mn + Si = MnSi - 941
-g-Mn + Si= —Mnssla | - 81.8
1 . .
ﬁMn + Si= ﬁMnSHJ - 58.6
. 4. 3 .
Mn3Si + -5'S| = EM"SSB - 16.8
Mn3Si + 2Si = 3MnSi - 151.7
%Mnssis +§Si = 3MnSi - 1348
Mn3Si = 2Mn + MnSi + 364
Mn3Si = —Mn5$|3 +—Mn + 475
Mn3Si + 2MnS| Mn5$|3 + 73.1
Mn3Si + %SI = %Mnssia +%‘M1 + 7.7

Table 4-6. Calculations of Standard Free Energy for MnsSis

Formation
Mn3aSi + '5'S| -Mnssls AGgss =-16.8 kJ
o
Mn3Si +§Si = EMnssis + -2—~h . AGggz=+7.7 ki
Mn3Si + 2MnSi = MnsSi3 AGagg = +73.1 kJ
Mn3Si = —Mnss.a + -3-—M1 AGRg3 = +47.5 kJ
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Table 4-7. The Number of Atoms in Phases
for Samples Annealed at 380°C

Table 4-7a. Annealed for 10 min.

Mn3Si Total
p* (units/cm3) 2.135 x 1022
T (nm) 79
Ni{units/cm?) 1.69 x 1017
Nin (at./cm2) 5.06 x 1017 5.06 x 1017
Ngj (at./cm?) 1.69 x 1017 1.69 x 1017

Table 4-7b. Arnealed for 40min.
Mn3Si MnSi Total

p* (units/cm3)  2.135 x 1022 4.226 x 1022

T (nm) 85.0 39.0
Ni (units/cm2) 1.81 x 1017 1.65 x 1017

Nmn (at./cm2) 5.44 x 1017 1.65 x 1017 7.09 x 1017
Nsi (at./cm?) 1.81 x 1017 1.65 x 1017 3.46 x 1017
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Table 4-7c. Annealed for 60 min.

Mn3Si MnsSis MnSi Total
p* (units/cm3) 2.135 x 1022 1.00 x 1022 4.226 x 1022
T (nm) 76.0 7.0 64.0

Nynit {units/cm2) 1,62 x 1017 7.0 x 1015 2.70 x 1017
Nmn (at./cm2) 4,87 x 107 3.5 x 1016 2.79 x 1017 7.92 x 1017
Nsi (at./cm?2) 1.62 x 1017 2.1 x 1016 2.70 x 1017 4.53 x 1017

Table 4-7d. Annealed for 120 min
Mn3Si MnsSis MnSi Total

p* (units/cm3) 2.135 x 1022 1.00 x 1022 4.226 x 1022

T (nm) 46.0 19.0 111.0
Nunit (units/em2) 9.82 x 1016 1.90 x 1016 4.69 x 1017
Nmn (at./cm2)  2.95 x 1017 9.50 x 1016 4.69 x 1017 8.59 x 1017
Ngi (at./cm?2) 9.82 x 10'8 570 x 106 4.69 x 10'7 6.24 x 1017

* Reference [1]
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Table ..-8. Average Fluxes of Mn and Si in Diffusion Region

Period At

(min.) (s)
0 - 10 600
10 —» 40 1800
40 — 60 1200
60 —» 120 3600

100

JMN
(at./s-cm2)

8.43 x 1014
1.13 x 1014
6.92 x 1013
1.86 x 1013

Jsi
(at./s-cm?2)

9.83 x 1013
8.9 x 1013
475 x 1013



-240 nm

Fig. 4-1. TEM micrograph of a cross-section specimen made from
the as deposited sample.
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Fig. 4-2a. TEM micrograph of a plan view specimen made from the
as-deposited sample (same as the one in Fig. 4-1).

Fig. 4-2b. SAD pattern from the plan view specimen above.
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70 nm

Fig. 4-3. TEM micrograph of a cross-section specimen prepared
from the sample annealed at 380°C for 10 min.
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Oxide

Fig. 4-4. TEM micrograph of a plan view specimen annealed at 380°C
for 10 min.
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Fig. 4-5. TEM micrograph of a cross-section specimen annealed at
4300C for 30 min.
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Fig. 4-6. TEM micrograph, EDX pattern, and CBED pattern, showing
the method used for phase identification in cross-section

specimens.
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Fig. 4-7a. Indexed CBED pattern from Mn3Si. Open circles represent
double diffraction spots. From Table 2-3, Mn3Si has a cubic BiF3
structure and its lattice parameter is a = 0.5722 nm. This CBED
pattern has been indexed as ZA = [322)]. Hc = 0.424 nm! and Hm =
0.408 nm-1. '
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Fig. 4-7b. Indexed CBED pattern from MnsSiz. Open circles indicate
double diffraction. From Table 2-3, MnsSiz has a hexaganol
structure with lattice parameters of a = 0.691 nm and ¢ = 0.481 nm.

This CBED pattern has been indexed as ZA = [2113]. Hg= 1.19 nm-1
and Hp = 1.16 nm-1.
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Fig. 4-7c. Indexed CBED patterns from MnSi. Open circles represent
double diffraction spots. From Table 2-3, MnSi has a cubic FeSi
structure and its lattice parameter is a = 0.4558 nm. This CBED
pattern has been indexed as ZA = [211). Hc= 0.896 nm-1 and Hp =
0.842 nm-1.
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Fig. 4-7d. indexed CBED patterns from MnSi4.73. From section 2.2.
and Table 2-3, different structures for MnSii 73 have been
documented. CBED patterns from the MnSiy.73 examined in this study
can match the structure of Mn4Si7 best. Its lattice parameters are
a = 05525 and ¢ = 1.7465. This CBED pattern has been indexed as ZA

= [301]. H¢= 0.3558 nm-1, and Hp = 0.6813 nm-1 (Hm = 2Hg).

110



Mn3Si

Si

Mn

Mn3Si

k. ~— MnSi

Si

(b)

100 am_

Fig. 4-8a and b. Formation sequence of mangnese silicides at 380°C.
(a) Annealing for 10 min. (b) Annealing for 40 min.
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: Mn3Si
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MnSi

Si

Fig. 4-8c .and d. Formation sequence of manganese silicides at
3800C. (c) Annealing for 60 min. (d) Annealing for 120 min.
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Fig. 4-9. Formation sequence
of manganese silicides at
4300C.
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Si

(a) Annealing for 10 min.
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MnSi

Si
(b) Annealing for 30 min.
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(c) Annealing for 60 min,

113



380°C ANNEALING EX] Mn3Si
B MnSSi3
mm MnSi

omin __40min ___ 60min 120min
(a)

430°C ANNEALING

36nm
26nm

146nm 230nm

10min 30min 60min
(b)

Fig. 4-10. Summary of formation sequence of manganese silicides.
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Fig. 4-12a. Plot of X-ray diffraction intensity from {200} reflection
of MnSi vs. (annealing time)1/2.
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Fig. 4-12b. Plot of x-ray diffraction intensity from {200} reflection
of MnSi vs. annealing time.
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Fig. 4-13. TEM micrograph showing island growth of MnSii.73. The
crystal structure of MnSii. 73 matches best with that of MngSiz.
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Si MnSi

MnSi1 .73
Si
Si
Si MnSi1.73

Fig. 4-14. Schematic process of MnSi{ 73 nucleation
and growth from the interface between Si and MnSi.
MnSiy.73 nucleates at some position on the interface
and then these nuclei grow in three dimensions.
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~ Mn3Si
)
S -— Mni Si3
M MnSi

B

200 nm

Fig. 4-15. Micrograph showing MnSi/Si interface. Neither growth
protrusions nor columnar growth can be seen. The wavelength of
the undulation along the interface is longer than the diameters of
MnSi grains. The specimen is annealed at 430°C for 10 min.
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Mn3Si

MnSi
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Mn
Mn3Si

B MngSi3
| MnSi

Si

Fig. 4-16. Micrographs showing the shapes of interfaces. (a)
Annealing at 380°C for 40 min. (b) Annealing at 380°C for 60 min.
The shape for MnSi/Si interface follows virtually the same pattern
as that of Mn3Si/MnSi interface.
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100 nm

Fig. 4-17. Micrograph showing growth protrusions. The specimen
was annealed at 380°C for 40 min. Arrows indicate positions of the
protrusions at Mn3Si/MnSt interface. The protrusions grow toward
Mn3Si.
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Fig. 4-18. Change in average diffusion fluxes with annealing time.
Both fluxes decrease with time, but Mn flux decreases much faster
than that of Si. :
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Fig. 4-19. (a) Schematic configuration used in optical property
measurements (not to scale). ro, r, and rg are the reflectivities of
interfaces air/MnSit1.73, MnSiq.73/Si, and Si/air, respectively. (b)
Schematic muitiple internal reflections; only first two order
reflections are shown. Solid rays represent the refiections
involving the multiple reflections in MnSiqy.73 film only. Dashed
rays represents the reflections involving the multiple reflections
in both MnSiy.73 and Si.
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Fig. 4-20a. Plot of percent reflectance vs. photon energy.

20
18}
16 |
1a |
12 f
10 |

Percent Transmittance

o N & O

05 06 07 08 09 10
ENERGY (eV)

Fig. 4-20b. Plot of percent transmittance vs. photon energy. Both
transmittance and reflectance were measured from sample with 550
nm MnSiq.73 film on Si substrate (400 pm).
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Chapter 5. DISCUSSION

5.1. Mechanisms Of Manganese Silicide Formation

In order o explain the sequence of manganese silicide formation
during low temperature annealing, a model has been developed. It is
described below:

1) The phase boundary between the growing phase (the product)
and contracting phase (the nonmoving reactant) is assumed to be the
reaction region (Fig. 5-1).

2) The basic physical process for each reaction can be described
as follows: One of the reactants diffuses through the growing phase
to arrive at the reaction region and is considered a moving reactant.
The other reactant (i.e. the element or compound which makes up the
contracting phase) is considered a nonmoving reactant due to its low
diffusivity in the growing phase. [f the moving reactant does not
dissolve in the contracting phase (like the situations met in most
silicide formation reactions), some of the nonmoving reactant has to
dissolve from its own lattice into reaction region. The two
reactants atomically mix together in the reaction region, and then
these atoms are rearranged on the lattice of the growing phase.

3) The composition in the reaction region will determine which
reaction is kinetically preferred, i.e. the reaction, with its ratio of
two reactants closest to that in the reaction region, is kinetically

preferred. For example, in reactions
(1) aA+bB=cC
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and (2) nA+mB=pC.

A is the moving reactant, B is the nonmoving reactant and A does not

dissolve in B. Then the equations can be rewritten as

(1) +B=iC
n
and (2) mA+B=%C,

which explicitly indicate that the ratios of reactants A to B are _aE

for reaction (1) and % for reaction (2). If the composition in the

reaction region is xﬁ = -,% (where Xa and Xg represent the

concentrations of A and B in atomic percent), reaction (2)

kinetically preferred. If 5(% b’ then reaction (1) is preferred.

4) Since the amount of dissolved nonmoving atoms in the
reaction region is limited, the composition in this region would
mainly depend on the diffusivity of the moving reactant. Thus, the
faster the moving reactant diffuses, the higher the concentration of
moving reactant in the reaction region. Consequently, from 3)
above, which reaction will be kinetically preferred is mainly
determined by the diffusion of moving reactant.

5) Because the reaction region is essentially an atomic mixture,

it is reasonable to apply the thermodynamic criterion for a solution

128



reaction to the reaction in this region. The criterion is AG < 0,

where AG is Gibbs free energy. For the reaction %A +B =-§C,
AG = AGP + RTInQ (5-1),
¢
ab
_ e
Q=— (5-2),
a:x aB

where AGO is the standard free energy, R is the gas constant, T is the
temperature, Q is the activity quotient, and aa, ag, and ac are the
activities for each reactant or product, respectively. When reaction
equilibrium is established,

AG =AGO + RTInK=0 (5-3),

where K is the equilibrium constant. Therefore, an alternative
equilibrium criterion is AG® < 0 and

a:x aB
Q
or K < 1 (5-5).
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From Eq. (5-3), (5-4), and (5-5), whether a reaction occurs largely
depends on the activities. According to assumptions 1) and 2), the
reaction region is moving with the growth of the new phase. As soon
as, or while, the product is formed, it is rearranged on the lattice of
the growing phase. As a result, although reactants are in an atomic
mixture, the product is almost in its pure state. For simplicity,
then, the activities of the products for all reactions can be
approximated as one. The activities of the reactants are influenced
by the compositions, the interaction between the components and the
annealing temperatures. Under the experimental conditions in this
investigation, the change in the interaction is mainly decided by the
composition in the reaction region. As a result, the reactant
activities and the reaction direction wjll mostly depend on the

composition in the reaction region. Consequently, whether %< 1 will

mainly depend on the composition in the reaction region, too.

From 4) and 5) above, one can find that, by controlling the
composition in the reaction region, diffusion processes can not only
determine which reaction is kinetically preferred but they aiso have
important effects on the thermodynamic equilibrium of the reaction.

According to the model described above, some combined
criterion are suggested below:

1) If the flux of the moving reactant into the reaction region is
constant, and if only one reaction in this region s
thermodynamically allowed, this reaction will occur until one of the
reactants is completely consumed, or the flux of the moving reactant

is changed significantly.
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2) If the flux of the moving reactant into the reaction region is
kept cdnstant, and if more than one reaction in this region satisfies
the thermodynamic criterion, only the reaction, which can best
respond to the diffusion flux, will actually occur.

3) If the flux of the moving reactant has changed before one
reactant is completely consumed, which has induced a large change
in the composition of the reaction region, and if more than one
reaction is thermodynamically allowed over the large composition
range, the reaction process can be divided into several stages. At
different stages, the reaction that occurs may be different. Which
reaction actually occurs at each stage can be determined by
criterion 1) or 2). In this manner, the reaction sequence can be

determined, too.

5.2. Explanation of The Formation Sequence of Manganese
Silicides (Low Temperature Annealing)

It has been noted, from the investigation of diffusion
phenomena, that the diffusion flux of Mn changed significantly (Fig.
4-18) and hence the composition in the reaction region changed over
a large range. According to criterion 3) described above and
experimental observation, the manganese silicide formation process
can be divided into four stages, i.e. Stage I- Mn3Si Formation, Stage
Il- MnSi Formation, Stage lli- MnsSiz Formation, and Stage V-
Phase Transformation From MnsSi3 to MnSi. The reaction process in
each stage will be explained below, using the suggested model and
criteria.
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Stage I. Mn3Si Formation

At the beginning, Mn diffuses through the oxide layer (Fig. 5-2)
to arrive at the oxide/Si interface. Four reactions are
thermodynamically possible:

(a) 3Mn + Si = Mn33i AGggs = - 130.5 kJ;

(b)  Mn + Si= MnSi AGggs = - 94.1 kJ;
5 1,
(c) 3Mn+Si=3MnsSis  AGgsy = 81.8 kJ;

1 1
(d) 7 3Mn+Si=7MnSit7 AGgsg = - 58.6 kJ.

The following facts are important when considering the
composition in reaction region: |

1) Mn diffuses quite rapidly (see Fig. 4-18). From Table 4-8, the
average flux of Mn at Stage | is 8.43x1014/¢cm?2s.

2) The solubility of Mn in Si is almost zero from the phase
diagram of Mn-Si (Fig. 2-1), so that if the mixing process takes
place, it must depend on the breaking of silicon bonds.

3) From 1) and 2), if one single Si layer, 0.543 nm thick in an
area oft cm2, is released from the Si lattice into the reaction
region, there will be 2.71x10'5 Si atoms/cm? in the region. In only
10 seconds, this region can reach the composition of Mn3Si by Mn
diffusion.

4) It is not easy to break Si bonds, because of their covalent
nafure. Thus, the amount of Si in the reaction region is very .limited
and the concentration of Mn will be much higher than that of Si.
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As a result of these facts, the activity of Mn, amn, in the
reaction region should be close to 1 and must be much larger than

that of Si, agj. The activity quotient for each reaction can be

obtained as:
1
Q=—"— (5-6);
aM,,x as,
1
Q=—— (5-7);
A X Eigj
1
Q= (5-8);
a:mx asi
1
Qy=—— (5-9).
au,.x dsi

Since Qp/Qc=(amn)23 =1, Qu/Qg=(amn)0-7""-7 =1 and Q4/Qp = (amn)? =
1, Qa, Qp, Q¢ and Qq are almost the same. By comparing the
equilibrium constants K; for these four reactions ((a), (b), (c), and
(d)) using the formula AG® = -RTInK, it is evident that at 3800C, Ka>>
Kp > Kc >> Kg. As a result, reaction (a) is thermodynamically
preferred. In addition, reaction (a) has the highest ratio of Mn atoms
to Si atoms, so that of the four possible reactions, only it can best
respond to the Mn flux. According to criterion 2), reaction (a) will
occur in this stage. After Mn3Si is first formed, the Mn continues to
diffuse through the oxide layer and the growing MngSi layer (Fig. 5-
3a). The Mn3Si/Si interface becomes the reaction region.
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Stage Il. MnSi Formation.

At the beginning of this stage (Fig. 5-3a), there still are four
possible reactions ((a), (b), (c) and (d)). However, the average flux of
Mn decreases to 1.13x1014/cm2s, i.e. only about one eighth of that in
stage |I. Since the amount of released Si in the reaction region does
not change, this implies that the concentration of Mn in this region
is decreasing and the concentration of Si is increasing in relative
terms. The activities change accordingly.

From formulas (5-6) and (5-8), one would expect the activity
quotients Qa and Q¢ to increase rapidly with the change in amp and as;.
Eventually the condition will be reached where Qj 2 K3 and Qg 2 K.
Under this condition, reaction (a) and (c) can not occur any more.

According to formulas (5-7) and (5-9), one can expect that Qp
ar 1 Qq will decrease with the change in activities. But, since Kp >>

Kg, and Qp/Qqg = {(amn)-%7/1-7, it can be shown that % is larger than %g

, which indicates that reaction (b) is thermodynamically preferred.
In addition, reaciion (b) has a higher atomic ratio of Mn to Si than
reaction (d). This makes reaction (b) respond to the change in
diffusion flux better than reaction (d). From criterion 2, reaction (b)
will replace reaction (a) in Stage ll. As a resuit, the reaction, Mn +
Si = MnSi, begins.

As soon as the MnSi layer is formed, Si becomes the major
diffuser in MnSi (Fig. 5-3b), which makes the interface region
between Mn3Si and MnSi become the new reaction region. Mn arrives
at this region by diffusing through the Mn3Si layer and Si gets there
by diffusing through the MnSi layer. They meet and react with each
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other in this region. Therefore, the composition in the reaction

region is totally cor‘ % Dby the two diffusion processes.

Stage lll. MnsSiz Formation

During this stage, Jmn, the average flux of Mn continues to
decease so that the flux ratio of Jyn to JSi becomes smaller than 1.
The following facts are important:

1) As Tmn decreases, the activities will change accordingly to
make Qa and Q¢ increése further. Therefore, reactions (a) and (c) are
still not allowed by the thermodynamic criterion. '

2) A flux ratio smaller than 1 will cause the concentration of
the Mn in the reaction region to become smaller than that of Si.
Therefore, not all of the Si atoms transported into this region will
react with the Mn atoms. Some of them are left in this region. They
will diffuse through the reaction region to arrive at the other side of
this region next to the Mn3Si lattice, due to the concentration
gradient between the two sides of this region. There, the Si atoms
build up and thus a new reaction region (second reaction region) is
initialized (Figs. 5-4a and b).

3) There are two reactions in the second reaction region that

are thermodynamically feasible. They are:

(e) Mn3Si+ %Si = %Mnssis AGOgs53 = —16.8 kJ;

(f)  MnaSi+ 2Si = 3MnSi AGO%gs53 = ~157.7 kJ.
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It is obvious that Ki>> Kg, which implies that reaction (f) is
thermodynamically preferred.

4) In the second reaction region, Si is the moving reactant and
the Mn3Si is the nonmoving reactant. Since Si is not soluble in Mn3Si
(from the phase diagram of Mn-Si, see Fig. 2-1), Mn3Si has to be
dissolveri from its own lattice into the reaction region. This,
according to the suggested model, will limit the amount of Mn3Si in
the reaction region. On the other hand, unlike the Mn flux in stage |
and I, the Si flux into the second region is very small at the
beginning and will increase gradually. Here, two values for the ratio

4
of the Si to the Mn3Si are important, i.e. 5 for the reaction (e) and 2

for the reaction (f). Since the concentration of the Si in this region

4
will first increase to a level around 5 and it may take time for Si

diffusion to change the concentration to a level around 2, reaction
(e) is kinetically preferred.

From these facts and criterion 2, reaction (e) should occur. As
soon as MnsSizis formed, it lies between the Mn3Si and MnSi layers
(Fig. 5-4c). The two reaction regions are alsn separated by the
Mns5Siz layer. The Mn continues to diffuse through both Mn3Si and
MnsSiz layers and to react with the Si in first reaction region at the
MnsSi3/MnSi interface. The excess Si, left in reaction region |
after the Mn + Si = MnSi reaction, can diffuse through MnsSi3 into the
second reaction region \ at the MnsSiz/Mn3Si interface. There,
reaction (e) occurs and MnsSiz grows by consuming Mn3Si. This
process in turn keeps the compositionin first reaction region stable,
so that MnSi formation can continue at the MnsSi3/MnSi interface.
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Stage IV. Phase Transformation From MnsSi3 to MnSi

The flux ratio of Imn to Jsi decreases further (see Table 4-8
and Fig. 4-18). As less and less Mn arrives at the first reaction
region at the MnsSia/MnSi interface (Fig. 5-5a), more and more Si
atoms are left in this region after the Mn + Si = MnSi reaction. They
will diffuse through the reaction region to arrive at the other side of
the region next to the MnsSi3 lattice because of the concentration
gradient existing between the two sides of the reaction region.
Some of the Si atoms will continue to diffuse into the second
reaction region to react with Mn3Si. The rest of them will build up
in front of the MnsSi3 layer (Fig. 5-5b). At this time, only one

reaction is both thermodynamically and kinetically allowed, i.e.

(9) %MHSSis +§Si = 3MnSi AGgss = ~134.8 kJ.

From criterion 1, reaction (g), the transformation from the MnsSi3 to
the MnSi, will occur, which coincides with reaction (b) (i.e. Mn + Si
=MnSi) in the same reaction region. At this point, it is seen that the
Mn3Si layer is contracting while the MnsSi3 layer and the MnSi layer
are growing. Actually, the MnsSiz grows by consuming Mn3Si while
MnSi grows by consuming MnsSiz as well as by consuming Mn
transported to the first reaction region. Both reactions are mainly
dependent on Si diffusion. The simultaneo_us growth phenomenon of
two layers is observed because the Mnasi/Mn'ssis interface is
moving faster than thé MnsSi3/MnSi interface.

It is notable that by combining equations for reactions (e) and
(0), one gets the same equation as for reaction (f):
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. ., 4. 3 .
() MnaSi+ gSl = gMnSSI:; AGO%53 =-16.8 kd

3, o . B
+  (9) yﬁnsSaa-»ESmSMnSi AGgsz = —134.8 kJ

(f) Mn3Si+ 2Si= 3MnSi AGO9gs53 = -157.7 kJ

This indicates that reaction (fj can not take place in one step
due to kinetic limitations. Reaction (f) does occur by two
successive steps (reactions {a) and (g)), which are both

thermodynamically allowed and kinetically preferred. This provides
strong support for the suggested model.

5.3. Comparison of Models

In section 2.3.4, four models for silicide formation through
metal/Si thin film reaction were discussed. In this section, the
difference between these models and the model suggested in this
study will be discussed.

According to Walser and Bene’s rule [19], the first phase to form
in the Mn/Si system shouid be MnsSiz. The rule fails because the
experimental resuits show that the first phase is Mn3Si. After the
formation of Mn3Si, the next phase to form, from the model of Tsaur
et al [21], should be MnsSi3 followed by MnSi. This model fails to
predict the right formation sequence for manganese silicides, too.
Therefore, Walser and Bene's ruie as well as Tsaur et al's model, can

not explain the formation process observed in this experimant.
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in both of these models, in fact, the effect of interfacial
composition on the nucleation of new phases has been considerad.
The difference between these two models and the one proposed here
is discussed below In Walser and Bene's model, the interfacial
composition is p. “vi. sly determined by the deposition of metal and
does not change appreciably during the reaction process. In Tsau! et
al's model, the concentrétion profile in the interfacial area does not
change at all. Therefore, a common feature of beth models is that
the effect of diffusion on the interfacial composition and, therefore,
on the nucleation and the growth process is ignored. In this model,
the interfacial composition will determine which reaction is
kinetically preferred and will have an important influence on which
reaction is thermodynamically allowed. On the other hand, the
interfacial composition is mainly governed by diffusion flux of
moving reactant. Thus, the unexpected behavior of manganese
silicide formation can be explained as follows: The Mn flux change
causes a change in the interfacial composition which, according to
the suggested criteria (see section 5.1), “chooses” the next phase to
form and, hence, determines the formation sequence of manganese
silicides.

In their model, Gésele and Tu [22, 25, 37] have emphasized the
effect of diffusion on the silicide formation process, but the model
can not explain the manganese silicide formation process very well,
either. For example, if one uses the parameter of diffusion flux
ratio, r (Eqg. 2-30), and assigns Mn as A, B as Mn3Si, and y as MnSi, it

is evident that
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JMn
Mn3Si
JMnSi

because the diffusion flux of Mn in MnSi is quite small (see section
4.4.2, Si is the major diffuser in MnSi). From Table 2-11 and Fig. 2-
15, this condition should result in Mn3Si growth and MnSi shrinkage.
This prediction from Gdsele and Tu's theory is just opposite to
experiment observations, i.e. Mn3Si stops growing and MnSi grows
(see 4.2.2). The failure of Gdsele and Tu’s model lies in that the
model does not consider the key effect of interfacial composition
and the pessibility of changing the moving reactant from one
element to another element during new phase formation.

In some sense, Ottaviani's model |24] is similar to the present
model. For instance, both models emphasize the key effect of
interfacial composition on the silicide formation sequence, and the
composition is, in turn, mainly controliled by diffusion. In
Ottaviani’'s model, as in my model, the thermodynamic criterion, AG <
0, is also applied to the interfacial reaction. Howaver, the
differences between the two models are significant.

Firstly, in Ottaviani's model, the relation between diffusion and
interfacial composition is not clear. In the present model, the terms
of moving reactant and nonmoving reactant are introduced, which is
helpful when inferring which reaction is kinetically preferred (see,
for example, section 5.2, explanation for Stage |l1-MnSi formation
and Stage llI-MnsSiz formation).

Secondly, an important consideration in this model is that the
moving reactant can switch from one element to another (such as Mn
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during Mn3Si formation and Si during MnSi formation). The change in
moving reactant can cause a change in kinetic and thermodynamic
conditions for interfacial reaction<.

Thirdly, in Ottaviani’s mode! it is assumed that the reaction
which actually occurs is both kinetically and thermodynamically
preferred (see section 2.3.4.4 and Fig. 2-16). This is not always
true. In my model, it has been indicated (criterion 2) that if a
reaction is kinetically preferred and thermodynamically allowed (AG
< 0), it will actually occur, i.e. this reaction does not have to be
thermodynamically preferred. Using Ottaviani's model, Stage Il of
. manganese silicide formation car not be explained because reaction
(f) is thermodynamically preferred while reaction (e) is kinetically
preferred (see section 5.2, Stage Ill). However, this stage can be
explained using the proposed model and criterion 2.

From the discussion above, it can be realized that the basic
principle of the suggested model and the criteria for manganese
silicide formation is as follows: Only the reaction which is both
thermodynamically allowed and kingtically preferred can actually
occur. The composition in the reaction region will determine which
reaction is kinetically preferred and will have an important
influence on which reactions are thermodynamically allowed. The
composition is mainly controlled by the diffusion flux of the moving
reactant.

Using this principle, the difference between the formation
processes of manganese silicides and that of most other silicides
(i.e. single layer growth process) can be attributed to the large
change (about two orders of magnitude, see section 4.4.2) in
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diffusion flux of Mn in Mn/Si thin film couples used in this
experiment. As for the cause of the rapid decrease of the Mn flux,
there has been no experimental work conducted yet, so that the
reason for the flux change is unknown at this tinie. However, from
the discussion of impurity effects on silicide formation in section
2.3.2.4, the presence of oxygen resulted in similar phenomena
(diffusion flux decrease and multiple layer growth) in PYSi [20, 63],
Ni/Si [20], and Mo/Si [64] thin film couples. It is quite likely that
oxygen exists in both the deposited Mn film and the annealing
environment due to the experimental conditions. Therefore, at this
time, it is reasonable to attribute the rapid flux change to impurity
(mainly oxygen) effects, although further experimental work needs
to be done.

5.4. Explanation for Nucleation Controlled Process

Experimental results have shown that MnSiy.73 formed (during
annealing reactions at 485 to 570°C) through an island growth
process (section 4.2.3). This type of growth process may be
explained by the theory of nucleation controlled processes. As
discussed in section 2.3.3.2, a nucleation controlled process will
occur if the activation energy, AG*, for a new phase to nucleate is
large and the reaction temperature is relatively low. This is the
case encountered during the annealing reaction of MnSi1.73.

From the XRD data in Table 4-4, it is obvious that before
MnSiq.73 formation, the growth of MnSi has finished. Therefore, the
formation process of MnSiq.73 is (see Fig. 4-14):
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(h) MnSi + 0.73Si = MnSiy 73
but not (i) Mn + 1.73Si = MnSiq.75.

For reaction (h), the standard Gibbs free energy at 485°C has been
calculated. If the data from reference [5] are used, the resulting
value is 24.1 kJ/mol: and if the data from reference [83] are used,
the calculated value is —12.2 kJ/mol. There exists some discrepancy

between the two calculated values, which arises from the
discrepancy in reported AHgga and AS°298 values for MnSi. In either

case the absolute values of AGO =re rather small, and since the
reaction actually does occur, it follows that the standard free
energy for this reaction is small.

In addition, by evaluating thé ratio of the molar volumes for
MnSi and MnSiq.73 using Ea. 5-10, one can find that if reaction (h)

takes place, the volume increase will be about 40 per cent.

Molar Volume of MnSiqy,73
Molar Volume of MnSi
NMnSi X N{Mn

~ "NMnSi1.73 X N2Mn
4.226 x 1022 x 1

2.729 x 1021 x 11
1.4.

(5-10)

i

NMnsi and NMmnsit.7a are the numbers of formula units of MnSi and
MnSiq.73 in a unit volume (formula units/cm3), respectively; nimMmn
and namn are the atom numbers of Mn in one formula unit of MnSi and
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MnSiy73 (Mn11Si1g). As a result of the large change in volume, the
value of AHq4 (energy change due to deformation) will be relative high.

According to Eq. 2-13,

Aa3
(laGe | - AHd)?

AG*

the activation energy for reaction (h) wiill be rather high indeed.
Thus, the theory of nucleation controlled processes can explain the
island growth observed in this experiment.

As for reaction (i), it is still unknown whether it also follows
island growth. Because of its relatively high AG© valus (-69.3
kJ/mol), it is expected that reaction (i) will occur through a layered
growth process. Further investigation needs to be done.
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Fig. 5-1. Schematic model for manganese silcide formation. The
interface region between growing phase and contracting phase is
assumed to be the reaction region (not to scale). See text for the
assumptions about the reaction process in this region.
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Fig. 5-2. Stage | of manganese silicide formation process (not to
scale). The arrow indicates that Mn diffuses through the oxide layer
to arrive at the interface between oxide and Si.
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(b)

Fig. 5-3. Schematic of Stage Il of manganese silicide formation
process. (a) As soon as Mn3Si forms, it is the growing phase. The
arrow indicates that Mn is the moving reactant in Mn3Si phase. (b)
MnSI| phasé starts to grow at the interface of Mn3Si/Si. The arrow
from Mn layer to reaction region indicates Mn is the major diffuser
in both oxide and Mn3Si phase, while the other arrow indicates Si is
the major diffuser im MnSi phase (not to scale).
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Fig. 5-4. Schematic diagram for Stage I of manganese silicide
formation. (a) The beginning of Stage ill. (b) Si concentration
profile. The dashed line represents ihe Si concentration gradient
without excess Si. The solid line in the reaction region indicates
the Si concentration gradient when excess Si builds up in front of
Mn3Si. (see next page for Fig. 5-4c)
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Fig. 5-4c. After MnsSiz formation, two reaction regions are
separated by MnsSislayer. The arrow from Mn towards the first
reaction region indicates Mn flux, while the arrow from Si to the
first reaction region represents Si flux through MnSi phase. The
small arrow indicates that excess Si diffuses through MnsSia to
arrive at the second reaction region.
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Fig. 5-5. Schematic diagram for Stage IV of manganese silicide
formation. (a) The beginning of Stage IV. (b) Si concentration
profile in samples. The dashed line in the first reaction region
represents the concentration gradient just after MnsSia formation
from Mn3Si and Si. The solid line in the first reaction region
indicates Si concentration gradient when excess Si builds up in
front of MnsSis.
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Chapter 6. CONCLUSIONS AND RECOMMENDATIONS

6.1. Conclusions

Manganese silicide formation by thermal reaction and the
optical properties of MnSi1 73 have been investigated. The
following conclusions can be drawn from the experimental results:

1. During low temperature annealing (380°C to 430°C), three
manganese silicides are formed, i.e. Mn3Si, Mn5Si3, and MnSi.
During high temperature annealing (4859C to 5700C), two silicides
are formed, i.e. MnSi and MnSiq 73,

2. The silicides that form at low temperatures grow by a
layered grecwth manner. The formation sequence for them is Mn3Si,
MnSi, and then Mn5Si3. The unusual phenomena of the co-existence
of these three phases has also been observed.

3. MnSi1.73, formed at higher temperatures, grows by an
island growth manner.

4. Mn is the major diffuser in the Mn3Si phase, while Si
diffusion predominates in the MnSi phase.

5. A model for manganese silicide formation has been
suggested. The silicide formation sequence and the unusual
phenomena can be explained by this model.

6. lIsland growth of MnSi{ 73 can be explained by a nucleation
controlled growth process.

7. The band gap for MnSi{_ 73 has been evaluated from optical
property measurements. It has a value approximately between 0.78
and 0.83 eV.
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6.2. Recommendations

1) In this study, a model for the formation process of
manganese silicides was suggested and the model can explain the
formation process (during low temperature annealing) quite well.
Since there is not any restriction for the types of the components of
the thin film couple in the assumptions of the model, it is possible
to apply this model te other metal-Si thin film couples. Therefore,
further research, to find whether the model has general applicability
for other thin film systems, is recommended for further
investigations.

2) In this study, the determined band gap value of MnSiy -~ is
in a narrow range (0.78 to 0.83 eV), but not an exact value. In
addition, it is a little higher than that optically determined by Bost
and Mahan (0.68 eV)([16]. It is noteworthy that both resuits
determined by optical property measurements (Ref. 16 and this
study) are from polycrystalline MnSiy 73 film. At this point, it is
impossible to obtain an exact value of the band gap unless optical
determinations of band gap values are done on an epitaxial MnSiy.73
thin film. Thus, research aimed at growing epitaxial MnSii.73 on Si
is recommended.

3) From experimental observations, both by Eizenberg and Tu
[6] and in this study, it is obvious that MnSii.73 can form only
through the following reaction under the experimental conditions

used in these two investigations:

MnSi + 0.73Si = MnSiy 73.
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Because the reaction is nucleation controlled and MnSi is
polycrystalline, the MnSii 73 layer that forms should hava a
polycrystalline structure, too. Thus it is almost impossitie i
MnSit{.73 to grow epitaxially through this process. However,
epitaxial growth is still possible, due to the small difference
between the lattice parameter of Si (a = 0.543 nm) and that of

MnSiy.73 (@a= 0.5525 nm, b = 1.746 nm) if the following reaction can
occur, without previous formation of other manganese silicides, by a

diffusion controlled process:

Mn + 1.73Si = MnSiq,73

Therefore, it is recommended that research be conducted to try and
promote the formation of MnSiy.73 through the above reaction,
without the formiation of MnSi. Also, knowledge of the reaction
kinetics would be beneficial.

4) It has been noted that the unusual formation process of
manganese silicide is caused by the rapid decrease of Mn flux. In
section 5.3, it has also been pointed out that the change in diffusion
flux of Mn was probably induced by the presence of oxygen in
deposited Mn film and the annealing environment as well. Therefore,
it will be helpful for us to confirm the suggested model for
manganese silicide formation and the assumption about oxygen
effect on Mn flux, if the deposition of Mn and the annealing process
can be done in much cleaner environments. Further research, on
manganese silicide formation during low temperature annealing
under cleaner experimental conditions, is recomriended.
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Appendix 1. X-Rsy Diffraction File Cards
Used to Iden:ify Silicide Phases

A.1.1. X-Ray Difiraction File for Mn15Si26
from JCPDS Powder Diffraction File [78]

tetragonal with s nesr sbove valus, but smsller values
of Co. See Pesrson, Vol. 2, p. 1083.
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A.1.2. X-Ray Diffraction File for MnsSi3
from JCPDS Powder Diffraction File
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d (nm)
0.1907
0.3427
0.2118
0.2151

d (nm)
0.2038
0.1861
0.3223
0.2632
0.2279

A.1.3. List of the Most Intense X-Ray
Diffraction Peaks for Mni5Sizg"

4 h k
100 1 1
80 1 0
40 1 1
35 2 1

A.1.4. List of the Most Intense X-Ray
Diffraction Peaks for MnSi*

/14 h Kk
100 2 1
40 2 1
30 1 1
10 1 1
10 2 0

* All these data were estimated from Ref. [6]
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Appendix 2. Procedure for Specimen Preparation

The preparation of cross-section specimens requires
considerable skill and patience. The techniques for specimen
preparation have been well documented in the literature [84, 85].
The procedure used here is based on these reported techniques.

The cross-section specimens were made from slabs both from
annealed samples, with silicide films on the silicon substrates, and
from plain silicon wafers. The procedure listed below was followed
during preparation:

1) An annealed sample was sectioned into rectangular slabs,
1.5 mm x 5mm. Fig. A-1a shows a schematic of a slab cut from a
silicide sample. Some silicon slabs were also cut from a plain
silicon wafer.

2) Two of the sample siabs were glued face to face using a
silver loaded epoxy. These made up the centre pieces of the cross-
section specimen (Fig. A-ib). Plain silicon slabs were glued to each
side of the centre pieces.

3) The composite was fixed in a small vise and squeezed
gently to produce thin glued layers that were bubble frea. The vise,
with the composite, was heated in a furnace at 90°C for one hour.

4) After curing, the composite was polished with 600 grit SiC
paper down to a thickness of about 400 pm. 3mm discs were cut
from the composite using a Gatan ultrasonic disc cutter. The
composite disc was further polished down to a thickness less than
200um on 600 grit SiC.
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5) One side of the disc was dimpled using a Gatan dimple
grinder, with 2-4 um diamond polishing paste, until about half of the
disc thickness was removed. This side of the disc was then polished
with the polishing wheel of the dimple grinder, with 1 um diamond
polishing paste, until a shiny surface was obtained.

6) The other side of the disc was dimpled until a very smalil
hole appeared in the centre of the specimen (Fig. A-1c). This side of
the disc was also polished by the same method as above. The
specimen was then ready for ion milling.

7) The ion milling was conducted using an lon Tech ion mill.
After the specimen was loaded into a cold stage, the chamber was
pumped down to a vaccum of 10-€ Torr. At the same time, liquid
nitrogen was circulated through the cold stage in order to cocl the
specimen. The cold stage is necessary because manganese, silicon,
and the silicides have different sputtering rates. @ Specimen cooling
can minimize preferential sputtering effects, allowing electron
transparent specimens to be obtained.

The sputtering was carried out using two Ar+ ion guns working
at 5 kV and 0.6 mA for one hour. The angle between the ion gun and
the surface of the specimen could be altered, and the specimen was
rotated during the whole process to obtain a relative large, thin, and
flat foil of the desired area.

The steps from 4) to 7) were also followed during preparation
of plan view TEM specimens.
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Appendix 3. Derivation of Equations for
Evaluating Optical Constants

A.3.1. Modification of Brett's Model [82]

Fig. A-2 schematically accounts for the energy flowing through
both configurations that are used in Brett's model and in this
experiment. In both cases, only first order internal reflections were
taken into account. The higher order reflections are neglected.
According to Brett [382], this approximation introduces a maximum
absolute error of 0.003 in T (transmission) or R (reflection).

From Fig. A-2a (Brett's model, i.e. an absorbing film on a

‘ransparent substrate [82]), the expression for T and R can be built

up as below:
Tl
IO
to[exp(-od)(1-r9] (1-r)(1-ra
lo
= exp(-ad)(1-rg(1-rq)(1-r2) A1),
R=1r

Io

o+l 1-1d T 1xp(-20d) + 11 .19 %(1-19)°r exp(-20d)

lo
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2 2 2
=r,+ exp(-2ad) [(1—r°) ri+(1-rg (1-ry) rz] (A-2).

lo is the intensity of the incident light; I} and Iy are the total
transmitted intensity and total reflected intensity, respectively; a
is the absorption coefficient of the absorbing thin film; d is the
thickness of the film; ro, r1, and r, are the reflectivities at each
interface, as shown in Fig. A-2a.

From Fig. A-2b ( the configuration used in this expariment),
since the Si substrate is not completely transparent due to its
relatively large thickness, the absorption of Si has been considered.

Therefore, the expressions for T and R are modified:

T="

lo

_lo[expi-ad)(1-rg ][ exp(-oudy)(1-n)] (115

lo

= exp(-ad)exp(-ads) (1-rd(1-r)(1-ry) (A-3).

D
i
=

o

g gt 1-19 rexp(-2ad)+1g 1 -9 ‘(1-r) T 0xp(-20d)exp(-2a,dy

lo

=r°+exp(—2ad)[(1—r<)2r + (1 —r°)2(1—r)2r,exp(-2a,d,)] (A-4).
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lo, It, and |y have the same meaning as they do in Eq. (A-1) and (A-2);
o and ag are absorption coefficients of MnSi1.73 and Si, separately, d
and ds are the thickness of the MnSit.73 film and Si substrate; ro, r1,
and ro represent the refiectivities of each interface, shown in Fig.
A-2b.

- A.3.2. Derivation of Equations 4-15, 4-16, and 4-17

The energy flowing, total transmission and reflection, in a
system allowing multiple internal reflections are schematically
shown in Fig. A-3 [86]. If the Si specimen has a reflectivity rs, an
absorption coefficient as, and a thickness ds, the total transmission,

T, can be expressed by the following equaticn [86]:

- r9 ‘exp(-agdd
1 —riexp(—Zags)

The total reflection, R, is a sum cf all multiple reflections, as

(A-5).

shown in Fig. A-3.

R=-t
!

0

—re+rs(1-rs)exp(~2usds)+r3(1-rs) exp(~4asds)+rE(1-rs) exp(-Busds).+...
=rg+(1-rg 2 [r Sxp(-2adg +r:exp(—4asds)+rzexp(—6asds)+....]
=rs+(1—rs)zs (A-6).

S in the last line is a sum of the power sequence i.e.
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S =rgexp(-2ady +rzexp(—4asds)+r§exp(-—6usds)+... (A-7).

The first term is r @xp(-2adg and the ratio is rzexp(-Zasds) so that

the sum is

r exp(-2a
S=— £ (A-8).
1-rgexp(-2ady)

By inserting S into Eq. A-6, one obtains

2
R=rs+(1_r3) rexp(-2adg (A-9).

2
1-rgexp(-2ady

From Eq. A-8 and A-9, the explicit form for rs and exp(-asds)

can be obtained by ihe following derivation:
Let A=exp(-ogds), then Eq. A- becomes

(1=rg TA”
—-rg r
R=rgt (A-10),
2 2
1"‘rsA
R-rg
so that A-,\/ . 2 . (A-11).
Rrg+rg-2rg
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Eq. A-11 is inserted into Eg. A-5:

2 R-r
(1-rd /\/ —

T= . (A-12).
i rg(R-rg

2 2
Rrs+rs'2 rs

From Eq. A-12, rs can be expressed as (i.e. Eq. 4-15):

2 2 ,\[ 2 2 ?
_~(R-2R-A-T)+¥ (R-2R-1-T) 4RRR 4y
= 2(2-R) |

In Eq. A-13, T and R can be otiaied from optical measuremeﬁts
and rg can be evaluated. Once rs, R, and T are known, the extinction
coefficient of Si (ks) can be expressed by the following equation (i.e.
Eq. 4-17), by combining the definition of A, Eq. A-11 and Eq. 4-10

4nk
R-r A
k,=—-— _ X (A-14).
Rrs+rs-2r s

(i.e. a -—"—)
(1+ns)2
The refractive index for Si (ng) can also be solved using rs= (1-ns)2 to

obtain Eq. 4-16, since ks is negligible in this equation:
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“‘1+ﬁ; (A-15
E J

The calculated results for ks and ng, using Eq. A-14, Eq. A-15 (i.e. Eq.
4-17 and Eq. 4-16), and R, T, and rs, are shown in Fig. A-4a and b.
The results for ng were compared with those in the literature [87].
The difference petwesen these two sets of data, in the range of
wavelength used in this experiment, was less than 6%. As for the
results of kg, since no exact values of kg data can be obtained from
the documentad results (which were published in plots [87]), no

comparison can be done at this time.

Appendix 4. BASIC Program for Calculation
of Optical Constants

In order to simplify the program, all the equations involved in
the calculations are explicitly expressed. Therefore, the calculation
steps followed are:

1) Input L (wavelength), Rs (measursd refiection of Si), Tg
{measured transmission of Si), R (measured reflection from sample
with MnSiy .73 on Si), and T (measured transmission from sample
with MnSiq 73 on Si);

2) Calcuiate rs from Eq. A-15;

3) Calculate ng from Eo. A-16;

4) Calculate ks from Eq. A-17;

5) Calculate k using the fcilowing formula (derived from Eq. A-
11);
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—l!O T

(A-16);

exp( 4"';"”)<1—ra(1—r)<1—r,)

6) Calculate ro from the following formulas (derived from Eq.
A-12);

2
lot e oni( )(1-r) rg (A-17),

Brkd, oo 81t(kd;-k,ds)

. _(26-1)2 (2C-1)’ - 4C(C-R)
T 2C

then

(A-18);

7) Calculate n from the following formula (derived from Eq. A-
13)

'Vl 2 2 2
_2(rer1) 2V a(rgt1) -4(1-rd (1+k") (A-19):
2(1-ry

8) Calculate r using Eq. A-14 from k, n, ks, and ng;

9) Repeat step 5 using new ro and r to obtain new k=k1;

10) Compare ki from step 9) with k from step 5). If the
absolute difference between them is smaller than 0.0001, stop,
otherwise repeat step 5) to step 10) using new i and r.

The program is listed below:
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100 PRINT "Value of L, Tsi,Rsi,Tms,Rms”

110 INPUT L, T1,R5,T,R6

120 LET R7=SQR(R5)

125 LET R=SQR(R6)

130 LET A=R7*R7-2'R7-1-T1*T1

140 LET B2=2-R7

160 LET R8=(-A-SQR(A*A-4'B2*'R7))/(2'B2)

180 LET N2=(SQR(R8)+1)/(1-SQR(R8))

200 LET A3=-.5'(LOG((R7-R8)/(R7*R8'R8+R8-2*'R8"R8)))
220 LET K3=A3'L/(4"'3.14159"400)

227 LET EO=(6.626E-34)*(3E+08)/(L*.0001*(1.602E-19))
230 GOSUB 530

250 LPRINT "W="L,"Tsi=";T1,"Rsi=";R7,"Tms=";T

260 LPRINT "Rms=";R,"R0=";R0,"R1=";R1,"R2=";R2

266 LPRINT "Nsi=";N2,"Nms=";N,"Ksi=";K3,"Kms=";K1

2&7 LPRINT "AXsi=";A3,"SQ(Ams)=";A4,"E=";EQ

270 END

530 LET D1=.55

540 LET R2=((N2-1)*2+K3*K3)/((N2+1)*2+K3"K3)

550 LET A1=EXP(-A3)

560 LET R0=R

570 LET Ri=0

580 LET B=LOG(T/(A1*(1-R0)*(1-R1)*{1-R2)))

590 LET K=-L'B/(4'3.14159°D1)

600 LET C=EXP(-8'3.14159*K*D1/L)

610 LET D=C*(R1+R2*(1-R1)*2*'A122)

620 LET R3=(-(1-2'D)+SQR((1-2'D)*2-4*D*(D-R)))/(2°D)
630 LET N={2*(1+R3)+SQR(4*(1+R3)*2-4*(1-R3)*2*(1+K"K)))/(2*(1-
R3))

640 IF N>1 GOTO 660

650 LET N=(2*{1+R3)-SQR(4°(1+R3)*2-4*(1-R3)*2*(1+K"K)))/(2*(1-
R3))

660 LET R4=((N-N2)*2+(K-K3)*2)/((N+N2)*2+(K+K3)*2)
670 LET B1=LOG(T/(A1*(1-R3)*(1-R4)*(1-R2)))

680 LET K1a=-(L*'B1)/(4°3.14159°D1)

690 IF ABS(K1-K}<.00001 GOTO 730

700 LET RO=R3

710 LET R1=R4

720 GOTO 580

730 LET A2=4'3.14159*K1/(L*.0001)

740 LET Ad4=A2'A2

750 RETURN
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A slab sectioned from
anneaied sample

Silicide film

Silicon substrate

Fig. A-ia. Schematic showing a slab cut from an annealed sample.
The thicknesses for both the silicide film and Si substrate are not

to scale.

Plain Si Slabs

Fig. A-ib. Composite of specimen slabs, plain Si slabs, and epoxy.
The dimensions are not to scale.
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Silicide

Epoxy

Fig. A-1c. Schematic showing the dimpled and polished composite
disc (not to scale).
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Fig. A-2a. Schematic accounting for energy flow in Brett's model. lo
is intensity of incident light. T, Aj, and R;i represent the light
energies as follows:

T1=(1-ro)lo,

Ta=exp(-ad)(1-ro)lo,

T3=T4 =exp(-ad)(1-ro)(1-r1)lo,

A= exp(-ad)(1-ro)rilo,

Ax=exp(-2ad)(1-ro)rilo,

Az=exp(-ad)(1-ro)(1-r1)rzle,  As=exp(-ad)(1-ro)(1-r1)ralo,
As=exp(-ad)(1-ro)(1-11)2r2lo,  Ag=exp(-2ad)(1-ro)(1-r1)2r2lo,

Ri=rols,

Ra=A2(1-ro)=exp(-2ad)(1-ro)?r1lo,

Ra=Ag(1-ro)=xp(-2ad)(1-ro)2(1-r1)2rzlo,

From the figure and the expressions of Tj, Aj, and R;, as weli as the
definition of transmission and reflection, one obtains

T=Ta(1-r2)/lo=exp(-ad)(1-ro)(1-r1)
R=(R¢+ R2 + Ra)/lo

173



ro r rs

T T2| T3 Te T
R :
-— - A3
-~ At -
P Vol

U’ | A

lo
~ R4
/Az 7 As
P
Rz/ Aé
—R3

R4
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Fig. A-2b. Schematic accounting for energy flow in MnSiy 73/Si
system. | is intensity of incident light. T;, A;, and R; represent the
light energies as follows:

T1=(1-ro)lo, T2=exp(-ad)(1-ro)lo,
Ta=exp(-ad)(1-ro)(1-1lo, T4=exp(-ad)exp(-asds)(1-ro)(1-r)lo
A1= exp(-ad)(1-ro)rlo, A2=exp(-2ad)(1-ro)rlo,

Asz=exp(-ad)exp(-asds)(1-ro)(1-rrslo,
Ag=exp(-ad)exp(-2asds)(1-ro)(1-rslo,
As=exp(-ad)exp(-2asds)(1-ro)(1-r)2rslo,
Ag=exp(-20.d)exp(-2asds)(1-ro)(1-r)?rslo,

Ri=rolo,

Ra=A2(1-rg)=exp(-2ad)(1-ro)2rlo,

R3=A6(1 -ro)=exp(-2ad)exp(-2asds)(1 -fo)2(1 ’l')zl'sio.

From the figure and the expressions of T, Aj, and R;, as well as the
definition of transmission and reflection, one obtains

T=T4(1-rs)/lo=6xp(-ad)exp(-asds)(1-ro)(1-r)(1-rs)

R=(R1+ Ha + R3)/lo
=g + axp(-2ad){1-ro)2r + exp(-2ad)exp(-2asds)(1-ro)2(1-r)2rs
=ro + exp(-20d){(1-ro)2r + exp(-2asds)(1-ro)?(1-r)2rs}.
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Figs. A-3 has been removed due to copyright restriction. Please
refer to the literature [86].

Fig. A-3. Accounting of energy flow when multiple refiection takes
place in a Si wafer [86].
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Fig. A-4a. Plot of refractive index of <100> oriented single crystal
Si wafer vs. photon energy.
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Fig. A-4b. Plot of extinction coefficient of <100> oriented single
crystal Si wafer vs. photon energy.

176



