The copyright of this thesis vests in the author. No
quotation from it or information derived from it is to be
published without full acknowledgement of the source.
The thesis is to be used for private study or non-
commercial research purposes only.

Published by the University of Cape Town (UCT) in terms
of the non-exclusive license granted to UCT by the author.



Controlling CoSi; formation temperature
by reactive deposition

by

Hind Ali Mohmmed Ahmed

A thesis
submitted in fullilment of the requirements
for the degree of
Masters of Science
in the Department of Physics, Faculty of Science,

Universily of Cape Town,

May 2008

SUPETYISOT:

Prof. Crig Comnrie,



To my parents, sisters and brothers.



Keywords

1. Cobalt

2. Silicon

3. Silicides

4. Mono/di-silicide

5. Solid phase reaction

6. Reactive deposition

7. Phase formation

8. Onset temperature formation
9. In situ

10. Real-time RBS

11. Real-time XRD

Cobalt-silicide phases : Co,Si, CoSi and CoSi,.

iit



Abstract

When cobalt is evaporated under ultra high vacuum conditions onto a heated silicon substrate,
the reaction between the cobalt and the silicon starts immediately and cobalt silicides are formed
directly - a technique referred to as reactive deposition. This procedure was used to grow sili-
cide films over a variety of temperatures ranging between 375 — 550°C. It was found that a
disilicide film is formed directly for substrate temperature maintained at 7 > 550 °C, while at
T < 475°C the film is in the form of monosilicide. A mixed mono/di-silicide film is produced
when the substrate temperatures are 7' = 500 °C and 525 °C. Real-time Rutherford Backscat-
tering Spectrometry, in combination with real-time X-Ray Diffraction, was used to investigate
how the formation temperature of CoSi, was effected by the temperature at which the CoSi
film was produced by reactive deposition. For the real-time analysis the samples were contin-
uously analysed by Rutherford Backscattering Spectrometry or X-Ray Diffraction while being
subjected to a ramped thermal anneal. Real-time X-Ray Diffraction proved to be a very useful
method for determining the temperature of onset of the cobalt-silicide phase formation, while,
real-time Rutherford Backscattering Spectrometry was best able to provide detailed information
about the rate of cobalt disilicide formation. It was found that the temperature used to produce
CoSi by reactive deposition had a significant effect on the subsequent formation temperature of
CoSiz. Analysis of the data shows that the lower the reactive deposition temperature used to
form the CoSi film, the higher the subsequent formation temperature of CoSi,. For comparison
the rate of formation of cobalt silicides grown from cobalt deposited on silicon substrates at

room temperature was also investigated.
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Chapter 1

Introduction

1.1 Background

A silicide is a compound of silicon and another metal from the periodic table. Over the past few
decades, a wide range of transition metals such as Ti, Ni, Pd, Pt, Fe, Cr, Co and suchlike have
been extensively investigated (Comrie & Egan 1988, Comrie et al. 1988, Falepin et al. 2001,
Jeon et al. 2002, Theron 1994, Wandt et al. 1990, Zingu et al. 1983) due to their potential use
in microelectronic devices. They have been used as ohmic contacts, Schottky barrier contacts,

gate electrodes, local interconnects and diffusion barriers (Chen 2005).

Metal silicide thin films are formed by a reaction between a silicon substrate and a depositgd
metal layer, usually as a result of thermal treatment. However, alternative methods such as
sputtering (Chamirian et al. 2002, Naidoo et al. 1993) or co-evaporation (d’Heurle et al. 1985)
are also employed to form these compounds. Reaction between the metal and the silicon sub-
strate can also be achieved by depositing the metal onto a heated substrate in reactive deposition
(Comrie et al. 2007, Reader et al. 1993, Vantomme et al. 1996), or reactive deposition epitaxy
(Lim et al. 2006). Moreover, silicides may also be produced by ion beam mixing (Mogul et al.
1993) or by laser irradiation (Comrie et al. 2004, Falepin et al. 2003).

Amongst the metal silicides, epitaxial silicides have received considerable attention due to their
thermal stability, lower electrical resistivity, and more importantly the potential to epitaxially

overgrow the silicide layer with more silicon (Nicolet & Lau 1993). These features could po-

1



tentially open the way to the creation of new classes of devices based on semiconductor-metal-
semiconductor multilayer structures. One of the most studied of the epitaxial silicides is CoSi,,
which has replaced titanium in silicon technology to form highly conductive narrow lines on
the gate stack of modem metal-oxide-semiconductor devices (Alberti et al. 2003, Lauwers et al.

2002).

CoSiy has a cubic fluorite lattice structure and a mismatch on silicon of 1.2%. It also has one
of the lowest electrical resistivities (= 14 u{lcm) at room temperature among all metal silicides
(Tung 1992). Most of the epitaxial work (Bulle-Lieuwma 1993, Comrie & Hoffman 1993, Tung
1992) undertaken thus far has focused on CoSiy/Si<111>, as easier to grow CoSi; films with
a high epitaxial quality on Si<111> substrates compared to Si<100>, which has been found to
be difficult (Yalisove et al. 1989). However, it has become clear that the growth of epitaxial
CoSi, on Si<100> substrates could have a greater technological impact than on Si<111>. As
such, a great deal of efort has been devoted to growing high-quality films on Si<100> substrates

(Jimenez et al. 1990, Kluth et al. 2000, Reader et al. 1993, Vantomme et al. 1996, 1995, 1994).

In recent years the microelectronic industry has focussed on CoNi-silicides in the belief that
these can replace CoSi, as a contact material for source/drain areas in complementary metal-
oxide-semiconductor (CMOS) technologies (Alberti et al. 2003, Lauwers et al. 2002). However,
the use of CoNi-silicides is becoming troublesome, as they exhibit an increase in resistance as
the gate length decreases below 40 nm (Kittl et al. 2003). At present, NiSi seems to be the most

promising candidate to replace CoSi, within the microelectronic industry (Lavoie et al. 2003).

1.2 Growth Kinetics

There are generally two main types of growth, that lead to silicide formation. The first type re-
sults in the formation of laterally uniform silicide layers with well defined kinetics and tempera-
ture dependence, while the second type produces non-uniform growth with critical temperature

dependence (d’Heurle & Gas 1986, Nicolet & Lau 1993).

In the first type, the reaction takes place over a relatively wide temperature ranges and growth

proceeds with lateral uniformity and relatively sharp interfaces. In terms of this type, the growth



rate may follow a (v/t) time dependence indicating a diffusion controlled reaction, or it may
be linear with time, which is indicates that is reaction controlled, if the rate limited by the
interfacial reaction. NiSi, NiySi, PtSi and Pt,Si are examples that follow a diffusion controlled
reaction (Nicolet & Lau 1993), while MoSiz, VSis, CrSi; and TiSi; are reported to be reaction
controlled (d’Heurle & Gas 1986).

In the second type of growth (referred to as nucleation controlled), growth only takes place after
a critical temperature has been reached. This critical temperature is generally well defined, and
is typically within a range of 10 to 30 °C (Nicolet & Lau 1993). Often the critical temperature
is high, and once nucleation occurs the growth rate is extremely rapid, making it difficult to
analyse. This kind of reaction leads to columnar growth which results in laterally nonuniform
features (Nicolet & Lau 1993). Examples of silicide with nucleation controlled kinetics are:
Rh,Sis, NiSi,; and IrSi3 (see d’Heurle & Gas 1986, for the details). CoSi, has also been reported
by Appelbaum, Knoell & Muraka (1985) to follow nucleation controlled kinetics where the
reaction occurs in four stages: (a) nucleation of the CoSi, phase at the grain boundary triple
points, (b) lateral growth from the nucleation sites to form a continuous layer on the silicon
substrate, (c) growth in thickness by diffusion through the CoSi; layer, and finally (d) a lateral

epitaxial growth by elimination of the grain boundaries.

1.3 Diffusion

r

To form a compound at the interface between two adjoining elemental solids, there must be rel-
ative motion of atoms past each other. The mechanism of movement is referred to as diffusion.
An understanding of diffusion mechanisms is important in order to comprehend changes that
occur in solid during the annealing process. During silicides growth atoms may diffuse from

the silicon substrate or from the metal as indicated by arrows in Figure 1.1.

Metal silicides are formed at the interface in both cases. However, it is difficult to tell the
direction in which atoms diffuse during solid state reaction unless a marker technique (Comrie

1996, Mcleod et al. 1992) is employed.

Generally, there are different ways in which atoms can diffuse in a lattice composed of an
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1.4 Nucleation

The followmng scction provides an overview of the classical theory of nucleation as described in
the hiterature by d'Heurle (1988) who has wntten an excellent resiew on nucleation in stheide
formation. When a new phase AB grows between two phases A and B [see Figure 1.3(a)].
the driving force of the [omation of AB from pure A and B [ this reaction s A7 (Gibbs
cnergyv). However, the formation of AB involves the creation of two new interfaces, AVAB
and AB/B instcad of a single A/B interface. therefore an mercase of the interfacial cnerpy Ao
results, There is therefore a decrease in free encrey by transformation of a volume A and B
into nucleus AR with radius + which results in an cncrgy gamn AGy ~ A, On the other
hand, the additional interfaces result in an increase in surface cnergy, Ag ~ o, The total free

gnergy of a nucleus with radius » is then given by:
ATl = art(Ag) — br AL (Ln

where o and & are geometrical terms thal tuke mio accounl the shape of the nucleus. The

relationship between the iree encrgy of nucleus and its radius r is shown m Figure 1.3(hb).
! !
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Figure 1.3: (a) Schemalic representaion ol a new phase AH growing at the interface belween Lwo initial
phases A and B, {b} The free energy of nucleus us function of its radius showing the surface and the

volume contributions (d 1leurle 19883,



For a critical radius r*, the change in free energy has a maximum value AG* as seen in Figure
1.3(b). Nuclei with a radius smaller than r* exists in some equilibrium concentration but are not
able to grow. In contrast, nuclei with a radius bigger that r* are able to grow. The free energy

of a nucleus with radius r*, AG* can therefore be calculated as follows:

o —— (1.2)

* g . o
AGT~ (AG)2 ~ (AH —TAS)?* (1.3)

AG* can be regarded as the activation energy for the nucleation of the new phase. The rate of
nucleation p* will be proportional to the concentration of critical nuclei and the rate at which
such nuclei grow. The rate of nucleation p* is given by the product of the concentration of nuclei
of critical size p* and some diffusion terms (), considering the local atomic rearrangement needs

to form the nucleus:
p" = exp(—AG"/KT)exp(—-Q/KT). (14)

It is clear from (1.3) that the nucleation will only be rate limiting if AH is small. Typically, this
is not the case for the first phase that forms between a metal and Si. The nucleation effects are

therefore only required for the formation of the second or third phases.

It has been reported (Appelbaum et al. 1985) that the formation of CoSi, is also nucleation con-
trolled. Because of the small difference in formation enthalpy between CoSi and CoSi,, it may
be expected that nucleation is a rate controlling process. However, the nucleation temperature
of CoSi, is low (around 550 °C), and once a stable nucleus is formed slow diffusional kinetics
are still observed. If the formation of CoSi, can be achieved in direct reaction between Co
and Si, a very low activation energy for nucleation will result, as AH for this reaction is much
larger (Detavernier et al. 2000). More information about nucleation can be found in Laurila &

Molarius (2003), Venables et al. (1984) and Christain (1975).



1.5 Cobalt Silicide System

In the cobalt silicide system in which thin layers of cobalt are deposited onto a silicon substrate,
Si is observed (at a temperature of 300 °C) to diffuse through the Co layer via the grain boundary
of the Co layer, and accumulated at the sample surface (Lau et al. 1978). The metal rich silicide,
Co,Si, is reported (Cahoon et al. 1984, Colgan et al. 1995, Gurp & Langereis 1975, Theron
1997) as the first phase to grow. However, Lau, Mayer & Tu (1978) have reported that Co,Si
and CoSi initially grow side-by-side, and that Co,Si transforms to CoSi once all the Co is
consumed. Based on thermodynamic grounds, the CoSi phase should be the first to form as it
constitutes the silicides with the most negative Gibbs energy of formation in the cobalt silicide
system. On the other hand it is found that the activation energy of growth for the CoSi phase (1.9
eV) is considerably higher than that of the Co,Si phase (1.5 eV) (Lau et al. 1978). It is therefore
possible, for kinetic reasons, that Co,Si grows first and is followed by a simultaneous growth
of Co,Si and CoSi. The last phase in the cobalt silicides system CoSiy, does not grow until the
temperature rises to 550 °C (Ottaviani et al. 1987). The phase formation can be summarised as

follows:
Co = Co,Si = CoSi = CoSi,

Similar to other metal silicides, these cobalt silicides have unique crystal structures. Table 1.1
summarises the phase sequences, crystal structures and temperatures at which these silicide
phases begin to form, as reported in the literature reviewed. Figure 1.4 presents the crystal

structure of the cobalt silicides.

Phase sequence | Silicide | Crystal structure formation temperature
First phase Co,Si Orthorhombic, PbCl, | = 350°C
Second phase CoSi Cubic, ¢ — FeSi ~ 375°C
Final phase CoSi, Cubic, CaF, =~ 550°C

Table 1.1: Table showing formation sequence, crystal structure and formation temperature of cobalt

silicides. Data taken from Lau et al. (1978) and Ottaviani et al. (1987).

It has been reported (Comrie & Mcleod 1992, Smeets 2007, Van et al. 1978) that cobalt is the

dominant moving species during first phase formation, while silicon is that during the second
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phase (Comric & Mcleod 1992, Prelonus ¢t al. 1959, Stnects 2007, Van el al. 1975). The
thicknesses in bheth CeaSi and Co%i are found 1o be proponional to the square root lime, which
sugecsts that the growth process is diftusion comtrolled (Lau et al, 1978), The growth of Coz S
was proposed to be via a prain boundary diffusion mechanism (Smects 20073, and the same has

been found for Coli (Prelorius et al. 1989, Smeets 2007).

For the CoSi; phase, Co has been reparted (d"Heutle & Pelersson 1983, Lien, Ariur & Nicolal
1984) o be the sole moving species based on a Xe marker. Comrie (1996) showed that the
Xe marker 13 most likely o be in error and while s resulls indicate that both species differ
during growth, he reported that Si is the dominant moving specics durine disilicide formation.
However, van Dal et al (2001), reported that Co and 51 have comparable ditfusivitics in the

tormation of the CoSi; phase in a temperature range of 1042 — [217 (.

Like its diffusion moving species, the kinctics growth ol CoXiy i5 also complicated duc to a
combination of nucleation and diffusion effects. For anncaling temperatures higher than nu-
cleation lemperature, the thickness of the layer s found Lo be proportional to the square root
of time, indicating that the griowth of CoSis 15 diffusion conltolled (Prelormus el al. 1985y U
was found (Lien, Nicolet & Luu 1984) thal the nucleation lemperature is lowered when CoSi;

i5 grown on amorphous Si, and the CoSi; is theretore grown layer-by-layer. Appelbaum ¢t al.



(1985) concluded that the reaction CoSi + Si = CoSi; is nucleation controlled, occurring in

four stages as discussed earlier (page 3).

As mentioned in section 1.1, there are many techniques used to form silicides. Only two of these
were however used to grow cobalt silicides in this investigation. The first technique, solid phase
reaction, entails the deposition of a cobalt layer on a Si<100> substrate at room temperature.
The reaction of the cobalt with the silicon substrate during the subsequent annealling results
in growth of various cobalt silicide phases. Thermodynamics and kinetics play an important
role during the growth. As such, silicide reaction sequences have been discussed thoroughly in

terms of simple thermodynamic rules (Molinder 1956).

The second technique used to grow cobalt silicides in this investigation is referred to as reactive
deposition. In terms of this technique, silicide formation is achieved by depositing of cobalt
onto a heated silicon substrate which causes immediate reaction. The silicide phase formed in
this way can be controlled by the deposition rate of the cobalt atoms and/or the temperature
at which the substrate is held. The cobalt supply to growth interface can be controlled by its
individual deposition rate, while the supply of silicon to the reaction interface can be controlled
by the temperature of the substrate. Being able to control each rate independently of the other

makes it much easier to unravel the processes involved in binary silicide formation.

There has been some research into epitaxial CoSiy, formed by this technique (i.e. reactive de-
position). Vantomme et al. (1996) used a cobalt deposition rate of 0.07 to 0.28 A/s and kept
the substrates at a temperature ranging from 500 — 650 °C, at which the cobalt deposition was
performed. The results of their experiments showed how growth parameters such as the depo-
sition rate and substrate temperature are crucial in determining the epitaxial nature of silicides.
According to Vantomme et al. (1996), a good CoSi/Si alignment is only achieved when a low
deposition rate (0.1 A/s or less) is used combined with a relatively high substrate temperature
(~ 600°C or higher) during the deposition. In essence their model can be summarnised by
the requirement to limit the Co flux to a low enough value in order to prevent Co-rich silicide

formation.

Reader et al. (1993) also found that the rate of metal supply to a hot Si substrate determines
whether epitaxial or polycrystalline CoSi; is produced during the reaction. In their experiments,

Co was deposited at rate of 0.01 nm/s onto heated Si substrates at 500 °C and 600 °C. Their
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results showed that the deposition of Co onto a Si substrate at 500 °C leads to the formation of
polycrystalline CoSi,, while deposition at the same rate onto a substrate at 600 °C leads to the

formation of epitaxial disilicide.

Since reactive deposition can produce CoSij, films of superior epitaxy quality it raises the ques-
tion of whether it possible to grow CoSi films by reactive deposition, and if so, how these
compare to those grown by solid phase reaction. To the best of our knowledge, there has not
been any detailed investigation undertaken into mono-silicide formation by reactive deposition.
As one of the most distinctive features of the Co/Si system is the nucleation controlled forma-
tion of the CoSi, phase, one method of checking for differences in the CoSi films grown by
the two techniques is to investigate whether reactive deposition has any effect on the nucleation
temperature of the CoSi; phase. Since such an investigation is best carried out in sifu during
a thermal anneal it was decided to use a combination of real-time Rutherford Backscattering
Spectrometry and real-time X-Ray Diffraction, as this would also allow for a comparison to be

made between the two techniques. Hopefully our results address the questions posed above.

This work is divided into five chapters. The next chapter provides details of the sample prepa-
ration and describes the analytical techniques used in this study. In particular, the principle of
Rutherford Backscattering Spectrometry, X-Ray Diffraction and Atomic Force Microscopy are
discussed. The experimental results obtained in the investigation are reported in chapter three.

These results are discussed in chapter four and a general conclusion is presented in chapter five.
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Chapter 2

Experimental Techniques

In this investigation three analytical tools, namely the Rutherford Backscattering Spectrometry
(RBS), X-Ray Diffraction (XRD) and Atomic Force Microscopy (AFM) were used. The main
experimental technique used was RBS, while XRD and AFM were less extensively utilised.
In this second chapter, a detailed description of sample preparation will be presented and the

theoretical basis for the aforementioned experimental techniques will be discussed.

2.1 Procedure

As mentioned in chapter one, only two methods were used to prepare cobalt silicides: solid

phase reaction and reactive deposition. Figure 2.1 illustrates these two techniques.

In solid phase reaction, Figure 2.1(a), a cobalt film is deposited by e-beam evaporation onto
a Si substrate maintained at room temperature. The cobalt film is then heated to supply the

necessary energy for the formation of the silicide.

In reactive deposition, Figure 2.1(b), the immediate reaction between the cobalt and the silicon
during deposition of the film is achieved by depositing cobalt onto a heated silicon substrate.
The silicide phase formation is controlled by the deposition rate of the cobalt atoms together

with the temperature of the silicon substrate.

11
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Figure 2.1: Schematic digram showing the two methods used in the preparation of cobalt silicide film.

(a) Solid phase reaction. (b) Reactive deposition.
2.1.1 Sample preparation

The samples used in this investigation were prepared by C.M. Comrie at the KU Leuven facilit');
in Belgium. As native silicon-oxide film and other contaminants are almost always present at
the surface of a Si substrate, these need to be removed before the deposition of the metal film.
In this study two inch silicon wafers were therefore cleaned by an RCA to remove any organic
residues from the sample surface. The wafers were then dipped in a diluted 2% hydrofloride
acid solution (HF) for two minutes to remove any oxide film and to terminate the dangling Si
bonds with hydrogen. After cleaning the silicon wafer was mounted on a solid molybdenum
block, introduced into a load-lock and then transferred into a UHV molecular beam epitaxy

(MBE) chamber.

For samples prepared by solid phase reaction, a 250 A cobalt film was deposited at a rate of

12



0.125 A/s on silicon substrates held at room temperature. The pressure during deposition was

kept below 1 x 10710 torr.

The same cleaning procedure, vacuum condition and deposition rate were used for samples
prepared by reactive deposition. However, during the reactive depositions the substrates were
kept fixed at a temperature high enough to induce silicides phase formation. The temperature
used in the investigation ranged between 375 — 550 °C. The samples were then allowed to cool

to < 80 °C before removing them from the MBE chamber.

All the samples were analysed using RBS as well as by XRD. Atomic force microscopy analysis

was also carried out on selected samples.

2.2 Rutherford Backscattering Technique

The first examples of backscattering was by Geiger and Marsden in 1909 (Geiger & Marsden
1909), whose effects were later explained by the Rutherford atomic model in 1911 (Ruther-
ford 1911). Since then RBS has becomes an important and commonly applied technique for
the study of thin films. The technique has the advantage of allowing analysis to be made non-
destructively and reliably (Ziegler 1975). RBS is a fast and direct method for obtaining element
depth profiles in solids (Chu et al. 1973, Ziegler 1975). The RBS technique is simple in nature.
The schematic layout of an RBS experiment is illustrated in Figure 2.2. A beam of monoen-
ergetic (in the MeV range) collimated alpha particles impinge on a target and a fraction of the
backscattered the particles is analysed with a silicon barrier detector placed at a fixed scattering
angle. The scattered particles which strike the detector generate an electrical signal which is
amplified and processed with rapid analog and digital electronics. The data collected in the
final stage has the form of a digitised spectrum (Chu et al. 1978). RBS basically relies on the

following three physical concepts:

1. the kinematic factor K;
2. the energy loss of a particle (42);

3. and the differential scattering cross-section (gs% .
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Figure 2.2: Schematic layout of a typical backscattering spectrometry system.

2.2.1 Kinematic factor (K)

K==
Eo

14

When a beam of alpha particles collides with a stationary target atom the incident particles may
be scattered by the target atoms. Providing the energy of the incident particles is very much
larger than the binding energy of atoms in the target, but below the energy at which nuclear
reactions will occur, the interaction can be treated as a simple elastic collision which obey the
laws of conservation of energy and momentum. Figure 2.3 illustrates a collision between an
incident energetic particle with mass M, velocity vy, and energy Ey and a target atom with
mass M,. During the collision, there will be a transfer of energy from the moving particle to the
stationary target atom, leading to final velocities and energies vy, F; and vy, F, respectively.
The reduction energy of the scattered incident particles depends on the masses of incident and

target atoms. The ratio of the projectile energies, Ey and E; is defined as kinematic factor K.
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Figure 2.3; Schematic representation of an elastic collision between a projectile of mass My and target

dtoms of mass M.

Considering the collision to be clastic, encrgy and momentum are conserved. From this, the

ratio of the projectile cnergies can be caleulated for A, < A, as

- o
B | M — MY st g}i + M, cus é

Ao
E; M+ AL

(2.2}

Fquation 2.2 shows the dependence of the energy of the hackseattered particle on the target mass
and the scattering angle #, However during a incasurement the kinematic factor & only depends
on the mass of the target atom AL since the deteclor angle £ and the mass of the projectls A,
is comstant. If the energy of the projectile £y and i1s mass M are known, one can determine
Ma (1.c. the mass of the atoms from which they are scatterod), by measuring the encrey £ of
the backscatiered particles. It 1s also evident from (2.2) that the encrey of the parucles scattered
by the heaviest element is higher than those scattered by lighter oncs, Furthermore, the cneroy
£ of the projeetile atlains its muximum value for a scattering angle #1207, The importance
of the kinematic [actor is that it deseribes the reduction of inctdent energy during the collision,
and this then allows identilication of the mass of the target aton by measuring the scatfered

particles’ energy.

2.2.2 Energy loss (%'}

When an alpha particle penetrates a target it loses cnergy along 1ts trajectory due to nteraction
with bound and free elecirons in the target. and 1o small-angle nuclear collisions {(with the later
only being significant at low cnergies). The magnitude of the energy lost depends on the total

distance travelled by the meident particle, and on the density and composition of the target,
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as well as the incident particle’s velocity (Feldman & Mayer 1986). The energy loss per unit
length dE /dx at the energy E of the incident projectile is defined as

AE dE
= =2 (E .
Jim == dx( ) (2.3)

for that particular particle and energy in that medium. When a projectile however undergoes a
major collision with the target it can change its trajectory into an outward direction, but it will
continue to lose energy until the alpha particles emerge. Figure 2.4 illustrated the energy loss
for a projectile backscattered at a depth z. The energy of the incident particles is Ej, while the
energy immediately before scattering at depth x is E. The energy after scattering is K F, while

the energy of the particle emerging from the surface is £;.
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Figure 2.4: Illustration of the energy loss for a projectile backscattered at a depth z.

As shown in Figure 2.4 the energy loss can be described in three steps:

e Energy loss along the inward path AFE;, (For an average energy loss on inward path of

48 |, resulting AE;, & —£-4E | )

cos dz

¢ Energy loss caused by the backscattering of the projectile AE (AE = F — KE).

e Energy loss along the outward path AE,,, (For an average energy loss on outward path

dE . ~ _z dE
of 2= lout TEsulting AE,,, = ey lowut)-
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This is make it possible to determine the relation between the energy loss of the backscattered

particles and the depth z
AE > [z

where AE the energy difference between the particles scattered from the atoms at the surface

and those scattered from atoms at depth z. The backscattering energy loss factor is given by:

K dE 1 dE

S) = 7 lin
1] cos&ldx! +

cos 8, %l‘mt (2.4)

By measuring the energy difference AF, the thickness of the sample can be determined from
tabulated values of % found in an earlier textbooks (Chu et al. (1978)). Today the thickness
are determined by the simulation of the spectra using computer codes such as RUMP (Doolittle

1985), DataFrnace (Jeynes et al. 2003), SIMNRA (Mayer 2008), etc.

2.2.3 Differential scattering cross section (42)

The scattering cross section provides the relationship between the number of target atoms and
detected particles. The number of particle that will be detected in a detector with solid angle (2
is given by

Y = o(0)QQN, (2.5)

where o(9) is the scattering cross section i.e. the probability that a particle is backscattered
towards a detector at an angle 8, N, is the number of target atoms per cm? and @ the total
number of incident particles (Chu et al. 1978, Feldman & Mayer 1986). By considering the
Coulomb repulsion of two nuclei (which is the case in the RBS energy window), the differential
scattering cross section can be determined (Chu et al. 1978) by the Rutherford scattering cross

section in the laboratory frame of reference,

(2.6)

2
do Z17:e2\* [COSH + (1 — M1 /M,sin® 0)%]
= (")

2E sin® 0(1 — M, /M, sin® )2
where Z; and Z, are the respective atomic number of the projectile of mass Af; and target atoms

of mass M. It is clear from equation (2.6) that the differential cross section o(6) depends on

17



Z:. which indicates thar RBS is significandy more sensitive to high 2 elements, Therelore, il
equal amounts of a light and heavy clement are present, the number of particles scattered trom

the heavy element will be much greater.

2.2.4  Characteristics of an RBS spectrum

The RBS spectrum consists of a plot ol the number ol backscattered particles as o function
ol their energy, Figure 2.5 displays a measured backseatlenng spectrum Lor a CoSi, laver on
51 The bottoin X -axis gives the channel number which is related to the backscatiering energy
in the top X -axis. The actual measured data 15 represented by squares and the simulation by
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Fipure 2:5: Rutherford backscattaring specorum of CoSi laver on S0

In Figure 2.5 counts in channels 350-400) represent alpha particles scattered from C'o atoms in
CoSi liltm, while those between 250-285 represent scalteting from 81 in the CoSi film. Due 10
the larger kincmasic [acier, the signal thai anscs lrom alpha partcles that scatered Torm the
Co at the sutface ol the samnple 15 Tound st chamoel 295 whale that o Si1s al channel 285
The rule is than the heavier the eletnents, the higher the energy ol backscatiered particles. Since
cobalt 15 the heavicr clement, it shows cnerey peaks at higher chammel numbers than those of

the lighter clement 1.¢. silicon.

The low energy cdee of the Co specirum arcund channel 350 arises of particles seattered from
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the deepest part the CoSi film i.e. from near the interface between Si and CoSi layer. The energy
loss by the alpha particles on the inward passage scattering and outward passages through the
layer is indicated as AF on the spectrum, which corresponds to the energy difference between
the edges. This is analogous to saying that atoms buried deeply in the sample will give a signal
at a low channel number, while the same type of atoms near to the surface give a signal at a high

channel number.

The step observed at channel number 285 is due to the scattering from silicon in the CoSi, while
the sudden increase in backscattering yield at channel 240 indicates an increase in relative Si
concentration at this depth. This therefore marks the interface between the silicide and the Si
substrate. The width AE is related to the thickness of the film via the energy loss factor as
given in equation (2.4). The depth at which the particle has penetrated can be determined by

measuring the energy loss.

The height of the cobalt and the silicon signal represent the concentration of each element due
to the differential cross section via equation (2.6) and is a measure for the composition of the
phase that has been formed (one must note that RBS gives relative relation of the Co and the Si
but not phase identifcation). The ratio of these heights is

CoSi
HCO e T¢Co T¢Co [60]5: ’ (2 7
He: - T ot CoSi . )
Si 0gi Tg; [60]00

where He,, Hg; are the signal height of the Co and the Si at the surface respectively, o¢o, 0s:
are the cross section of the Co and the Si at the energy Ej respectively, %CS—‘Z is the composition

ratio, [eo]gi“ %% is the stopping cross section factor! for scattering from the Si in the CoSi layer,

and [eo]gzs * is the stopping cross section factor for scattering from the Co in the CoSi layer
(Chu et al. 1978). For the energy Ej in the range 1-2 MeV, [] 577 = [¢g]52>* to within 10%,
therefore the ratio of the stopping cross section term in equation (2.7) is = 1. Since in the CoSi
layer n., = ng;, equation (2.7) can be approximated as

Heo . 0co
0~ ZE0 2.8
Hg; 8 ( )

The difference in the heights of the Co and the Si observed in the spectrum is therefore essen-

tially determined by the ratio of the scattering cross sections.

ISee Chu et al. (1978) and Feldman & Mayer (1986) for definition
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In this investigation the analysis of RBS spectra was performed using the computer software
package RUMP (version 0.950) (Doolittle 1985). This program makes it possible to define a
target that consists of a number of layers with different compositions and thicknesses. It sim-
ulates the resulting RBS spectra, based on the three aspects (discussed above) which underpin
the rules of analysis of backscattering spectrum. The RUMP-code includes a very fast and pow-
erful simulation package known as PERT that uses non-linear least square techniques to execute
multivariable fits of simulated RBS spectra to experimental data. Once a qualitatively correct
simulation is made, PERT varies selected parameters of the simulation to obtain quantitative
results (Doolittle 1986). A recent paper by Barradas et al. (2007) has shown RUMP to be con-
sistent and reliable, and that it compares favourably with other software such as DataFurnace

(NDF) and SIMNRA for analysis of spectrum such as those obtained in this investigation.

2.2.5 Insitu real-time RBS

The most convenient way to closely monitor the growth kinetics of the silicide in metal-silicon
system is by ramped temperature annealing, as one can observe all the phases of the system
from a single sample during one experimental run. In this investigation the onset and growth
of cobalt silicides phase formation was monitored using in situ RBS while the sample under-
going a ramped thermal anneal. This technique is referred to as real-time RBS because the
characterisation is carried simultaneously with the growth which occurs during the annealing.
First recorded use of real-time RBS was to study the photodissolution of Ag in amorphous
GeSe, (Rennie et al. 1986). The technique was improved and throughly investigated by Theron
(1997). The advantage of real-time RBS over other in situ techniques such as XRD, and re-
sistance measurements is that it provides a direct measurement of the thickness of the growing

layer directly. For further information on real-time RBS readers consult Theron et al. (1998).

A rough sketch of in situ real-time RBS is shown in Figure 2.6. The sample was mounted
on a cylindrical copper block used as a heating stage during in sitru RBS measurement. To
ensure good contact and thermal conductivity, a thin layer of conductive silver paste was used to
stick the sample to the copper surface. The thermocouple was mounted from the back through

a narrow hole in the copper block so that the tip was located inside the copper just below
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Figure 2.6 Reil-time RBE actup.

the sample. The scatiered particles have been detected with Ortec Ruggedized detector which
has thin Al ilm cap layer (o prevent photons emitted during the ramped thermal anneal from
interfering with the measurements, To improve vacuum condiion LN, reservoir was used which
had added the advantage of kecping the detector cool doring the ramp. In order to cstablish the
true real-time temperature at the surface of the sample, the real-time system was calibrated by
in sity resistivity measurement using a four-point prabe. The thermal calibrations were madc
on Auw/Si and AL'S1 system at ramp rate of 2°C fmin {the same ramp rate was used during the
measurcments of the samples o avold any problems cansed by thermocouple time lag). These
gystem have no intermetallic phases and a well defined cutectic (see the phase diagram of Au-
Siin Figure 2.7), and a laree and abrupt change in resistance theretore oceurs at the culcctic

tEmperamres.
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Figure 2.7; The phase diggriam of Au-51 svstem Hgure reproduced from Okamoto & Massalski (1983},



Since the Au-51 cutectond 1s 363 °C and that for AL-ST at 577 °CL these two points provide
cxtemnal references of the surface temperature of the sample in relation to that measured by the
thermocouple. The relatonship between measured lemperature and surface sample temperature
could then be determined by measuring the surface resistance of these two systems as funclions
of the thermocouple temperatire. The temperature measured by thermocouple for the Au-5i
cutectic was found at 368 °C, while that measurced for Al-S1 was 583 °C, The resistance versus

temperature curve for the Au-5i system is presented in Figure 2.5,
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Figure 2.8: The resistance-temperature plot of Au-5i systern showing an abrupt rise in resistance at
36970,

By assurming hnear relationship between the two measured poits. the temperature measured
by the thermocouple was found tobe given by (09777 + 2,423 7O with the result that the actual
temperature was slightly lower than the measured iemperalure over the range ol mterest, (see
Figure 2.9).
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Figure 2.%; Thennocoupte calibration made from the Au-5i and Al-51 systems.
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For real-time RBS the samples were continuously analysed with 2 MeV alpha particles using
an angle of incidence of 60 ° and a scattering angle of 165 °, while undergoing a ramped thermal
anneal from 425 °C to 700 °C at a rate of 2 °C/min. To ensure a complete disilicide formation,
some samples were then held at 700 °C for a further 30 minutes. Figure 2.10 shows the typical

temperature profile during real-time RBS.
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Figure 2.10: The temperature profile of a ramped anneal.

The thermal anneal was carried out at a pressure of about 2 x 1077 torr. The beam spot size was
1 mm in diameter and the beam current was in the range 40 to 50 nA (Theron (1997) has shown
that fluence of this order had little or no effect on the growth rate during silicide reaction). The
temperature of the sample and the beam current was measured every 3s and RBS spectra were
recorded every 30s. This resulted in the acquisition of over four hundred 30-s RBS spectra. {n
order to improve the statistics, four 30-s RBS spectra were added together. An example of the
four spectra recorded over a 2 minute period around 536 °C is shown in Figure 2.11(a). The
bottom part of the figure shows their composite RBS spectra. The scatter in the composite of
two minutes spectra in Figure 2.11(b) is seen as acceptable and is easier to analyse as compared

to the 30-s spectra in (a) where a large scatter in the data was observed.

Fluctuations in current were a common encounter during the analysis. Normalization of all the
spectra in a given run was therefore required to correct this effect. This is easy to achieve by de-
termining the integral number counts in an energy window where the spectrum remains constant
throughout the reaction (e.g. Si in the substrate). The counts in each spectrum are then adjusted

by a correction factor so that the integral over the energy window for that spectrum equaled the
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average of all the spectra. Panel {(a) in Figure 2.12 shows how the curent was fluctuated during
the analysis of Co deposited at room temperature. Panci (b) shows the “effective’ current after

normahzation.
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Figure 2.12: (a) The charge accumulation dunng Lhe progess of unnealing, (b) the normalised charee

showing the effective curcent aller normalization,

2.3 X-Ray Diffraction

X-Ray Diffraction technigue {XRD) 15 a widely used techmigue employed o study the crys-
talline structure of materials based on the ability of atoms 1o scatter X-rays. The principle

of XRD 15 that a collimated beam of X-rays inpinges on the sample and the intensity of the
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diffracted beam is measured. This is observed only when certain geometrical conditions are

satisfied, which may be expressed by the Bragg law.
Qdkhl sinf = TL)\,

where ) is the incident X-ray beam wavelength, dy; is the inter-planar distance for the ikl
set of planes; ¢ is the angle to the diffraction plane and n is the order of diffraction. When
these conditions are satisfied, a peak in the X-ray intensity will occur. A simplified geometrical

picture of the scattering of an X-ray beam is illustrated in Figure 2.13.

Figure 2.13: Reflection of X-rays from different atomic planes, illustrating Bragg’s law.

As seen in Figure 2.13, the diffraction from a set of planes will only occur if the normal to these

planes bisects the angle between the incident and the scattered beam.

In this investigation the real-time XRD measurements of the samples were performed at Geilt
University by J. Demeulemeester using a Bruker D8 diffractometer equipped with a custom built
heating stage. It allows the identification of the phases (but provides no depth information) in a
thin film because it determine the inter-planar distance dy;, (this inter-planar is characteristic for
asilicide). The Cu K,, X-rays (wavelength of 1.54 A ) were used together with a linear detector
[see Figure 2.14]. The incident angle § was fixed at 24° and the detector was positioned at
a fixed angle of 26 = 51° but spaned a range of 26-values (Bragg condition will be fulfilled
for planes that are parallel to the sample surface and for which the Bragg angle is equal to
6). The linear detector covered a window range between 41.5° and 60.5° (19 °), allowing fast

acquisition of the XRD spectra. The window range was chosen in order to incorporate intense
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diffraction peaks of polycrystalline CoSi at 45.6° and 51.2° and CoSiy 47.9°, together with a
weaker CoSijy peak at 56.9°. Ramped thermal anneals from room temperature to 900 °C were

performed in an H, ambient at a linear heating rate of 1°C/s. More detailed information on

XRD technique can be found in Klug & Alexander (1974) and Sweet (2000).

Linear Detector

19° S
S

X-ray source

O

Figure 2.14: Schematic representation of the & — 26 scan with a linear detector.

2.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a powerful tool to examine the roughness of surfaces
(Magonov & Whqugbo 1996). Using an AFM, a sharp probe is scanned across the surface
of a sample. The probe is a tip loaded on the end of a cantilever, which bends in response to
the force between the tip and the sample. The cantilever is typically made of silicon or silicon
nitride with a tip radius of curvature in the order of nanometers. The AFM operates using the
principle of Hooke’s law so that when the tip is brought into proximity to the sample surface,
the force between the tip and the sample leads to a deflection of the cantilever. In contact-modé
AFM the spatial variation of the tip-sample repulsive force, or that of the tip height, is converted
into an image. The AFM can also be operated in the non-contact mode, where for instance the

van der Waals force, the exchange force, or the magnetic force are detected.

A schematic of an AFM is shown in Figure 2.15 where the sample is mounted on top of a
piezoelectric tube scanner that can move the sample in the z direction for maintaining a constant
force, and the x and y directions for scanning the sample. The cantilever holder is fixed on top of
the coarse and fine advance screws, with the tip positioned over the sample surface. The force
between the sample and the tip is detected by the deflection sensor, and a topographic map of the

sample surface can then be obtained by keeping the force constant while scanning the sample
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Figure 2.15: The atomic force microscopy (Chen & Waston 1999).

relative to the tip. Although there are several different techniques for detecting the cantilever
deflections, a laser beam deflection system, introduced by Meyer and Amer in 1988 (Chen &
Waston 1999) was used in this study. A schematic diagram of the optical beam deflection AFM
is illustrated in Figure 2.16, where a laser beam is reflected by the top surface of the cantilever
onto a position-sensitive detector. More detailed information on this technique can be found in
Wiesendanger (1994). In this investigation the analysis of AFM images were performed using

the computer software package Nanoscope v700.

LASER

BOSITION
SENSITIVE
BDETECTOR

SAMPLE
LEVER

Figure 2.16: Detection of cantilever by optical beam deflection (Wiesendanger 1994).
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Chapter 3

Results and Discussion

3.1 RBS analysis

3.1.1 Solid phase reaction results

The following are the results from Co deposited on Si<100> substrate at room temperature.
During the analysis the sample was annealed over a temperature range of 200 — 650 °C at a rate
of 2°/min. The RBS spectra were obtained using 2 MeV alpha particles, and the analysis was
performed using RUMP.

Figure 3.1 presents a three dimensional plot of the composite 2-minute RBS spectra obtg_ined
during the ramped thermal anneal. It presents a complete history of the reaction that occured in
the sample, and thus provides a consistent picture of the interaction. However, it was difficult
to extract qualitative information from it as some features are sometimes hidden behind others.
It is therefore more productive to plot the data using contour lines as shown in the bottom part
of Figure 3.1. In both panels the onset of the reaction between the Co film and the Si substrate
to form Co,Si is clearly visible, as is the onset of the formation of the CoSi, phase. However, it
is difficult to tell when the CoSi began to form, and this information can only be obtained from

a detailed analysis of the RBS spectra and is explained below.

The formation of the first phase, Co,Si, was observed starting at a temperature of 365 °C as is

shown in Figure 3.2. However, before the first phase completed its formation, the second phase,
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Figure 3.1: {4} Thiee dimensional plot of RES specira obtuined during a ramped anneal (27 Cfmin) of o

2500 A cobalt film deposited on silicon at room temperature, {b) Contour plot of the data in {(a).

CoSi, bepan to arow at a temperature of around 405 °C, as shown in Figure 3.3, The coebali

was totally consumed at around 420°C! {i.e. no more surfice coball was lefl to react with the

30



silicon). The first phase completed its conversion Lo the second phase at a temperature of around

440, and Figure 3.4 shows that at 415 7C! the film was entirely CoSi.
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Figure 3.2; Backscattering spectrum showing CoaSi growth at a thermincouple reading of 372 °C' (cali-

brated lemperature nf A6a °C)
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Figure 3.3: A hackscattering spectrum shows CoSi begins to form at a thermocouople reading of 41170

betore all Co  has been conswmed (calibrated temperature is 405 ).

The formation of the last phase, CoSi,, was observed to begin at around 535 *C' and the reaction
completed (i.c all CoSi phase converted to CoSiy phase) at a temperature of around GO0 =

Figure 3.5 shows CoS1; phase when it started its formation around 535 °C' and Figure 3.6 shows
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Figure 3 4: A backscattering spectrum showing complete growth of CobSi at a thermocouple reading of

454 (! (calibrated temperature 15 445 ° ).

a complete tormation of Cosdy phase at a iemperature of 6057
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Tigure 3.5 A backsealiering spectrum showing the bl growth ol Colis at a thecmocouple reading of

34 C (calibrated lemperature 15 535 "C).

The complete set of results obtained by simulation of rzal time spectra is displaved in Figure
3.7. The analysis confirmed that in Co/Si system, Cou i is the first phase, which begins to grow

at & temperature of around365 *C, while the second phase, CoSi begins its formation at 405 °C.,
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In Figure 3.7 the number of Co atoms/em? in each phase is plotted as a function of tomperature.,

The plot was presented in this manner in arder to cross check our analysis, since the total npumber

of Co aloms 1n the Gim should remain constant throughout the reaction
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3.1.2 Reactive deposition results

As previously deseribed, when cobalt evaporates under a UHY condition onto a heated silicon
substrate. it reacts imtnediately with the silicon and forms cobalt silicides dircetly. Vantomme
gt al. (1996) demonstrated that if the substrate temperature 15 maintained above 55070 a CoSi,
film 15 produced, while when the substrate temperatures was lowered to 200°C this resultled
it an meomplete CoSiy reaction. This suggests thal CoSi hlm can also be grown by means
of reactive deposiion. For the purposcs of this mvestigation, films were grown al substralc
temperatures ranging trom 375 — 330°C. Figure 3.8 shows XRD spectra for the set of as-
deposited samples. The presence of CoSi1 peaks at 26 ~ 456" and 2¢/ ~ 51 .27 due to diffraction
from the {210) and (211) planes of the CoSi phase respectively is clearly visible in all the

samples,
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Figure 3.8 The XR1Y spectra for the set of samples (as-deposited) that were prepared by reactive de-
posifion ol temperatures ranging between 375 025 °C {measurements of XR1D data performed by ).

Pemenlemesster 4t Gent LIniversity),

For the sample that was prepared by reactive deposition at 52370, an indense diflraction peak
was also detected at 26 ~ 47.59 7 This is attributed to the (220) planes of the CoSi. lattice, The
same diflraction peak was also found for the sample prepared at 500°C although. it was less
intensily compated to the sample prepared by reactive deposition at a lemperature of 525 (7,
As the magnitude of the spectral ntensily 1s & rough measure of the quaniiy of the matenal

present. 11 is possible to infer that a reactive deposition femperature of 5005 has less amount
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of CoSi, than that at 525°C, A weak signal of CoSi: was also observed at 29 - 57.24° for

CoSi film prepared at 500°C and 325 °C reactive deposition lemperatures.

It is helieved that the peak observed at 28 ~ 47,27 for the sample that was proparcd at 4757 C s
not troen the CoSiy phase as it too sharp 0 be a diffraction peak from a thin film. A weak signal
was also been detected at around 20 ~ 28.2° due to the ditfraction peak from the (110) plancs
of the CoSi phasc. This shafls slightly 1o 28 ~ 24 for samples preparcd at a reactive deposition
temperatures of 500 °C' and 525 *C which indicates the emergence of the the CoSi. phase.

The RIS spectra for the sel as-deposiled samples are shown in Figure 3.9. It can be scen
from the figure that the spectrum of the sample prepared by reactive depositin at 500 4C) is not
significantly different to the spectrum obtained ar 400 °C'and 456°C. This suggests that the hilin
18 lateely in the fonm of CoSi and theretore that the amount of the CaSizin the hilm 1s small,
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Figure 3.9: RBS spectza for the set of samples (as-deposited) that were prepared by reactive deposition

il temperatures muging between 375 — 2307 (an angle of incidence of 107 wax used),

As s shown in Section 3.1.1 the formation temperature of the CoSiy phasc is well defined for
CoSi grown by solid phase reactions. To investigate whether the reactive depuosition temperature
had anv effect on the CoSi formation temperature, all samples were analysised. Only the resulls
[rom cobalt deposited at a reactive deposition temperature of 400 °C, 450°C and 500 °C will
be presented below in detail. The remaining samples arc included in the appendices. Real-time
RBS with a linear ramped anneal at a rate of 2°C'/min between 425 — 700 °C was used to study

the formation of the Co%i, phase from the reactive deposited CoSi.
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Figure 3.10: Contour plot of RBS data obtained during a ramped anceal (2°CYmin) of CoSi film prepared

by reactive deposition at 4007,
Real-time RBS analysis of sample produced by reactive depaosition at 400 "C:

Figure 3.10 shows a contour plot of the sample prepared at a reactive deposition temperature ot
0072 The ligure shows that the reaction starts at a temperature of around 5580 7C!, It can also

scen that the reaction compleles at & temperature of around 6830 °C,

A spectrum such as that shown 1a Figure 3,11 was selected where it was clear that the film was
in the forin of CoSi. As 15 observed from the ligure, the spectrum is broad and 11 has a tail on
the low energy side of the Co peak, The XRD of the as-deposited saumple showed that no CoSi1a
was present in the original sample. It is alse evident from the contour plot in Figure 3,10 thal
a0 reaction had occurred by 270°C, The CoSi tail 15 theretore clearly duc to non-uniformity
in the film, which makes it dithcult 1o establish the onset temperature of CoSiz. The speetrum
was stmulated by RUMI using a single layer of CoSi on 8i substrate, and roughness (diseussed

later) of the [ilm was measured to be about 6 nm.

A carclul analysis of the spectra obtaitied during ramp annealing was undertaken using BUMP
in the tollewing manner. Roughness was lakoen into aceount using the Fuze command i the
RLIMI® program, The Fuzz was allowed 10 vary m PERT mode 10 order 1o obtain the best simu-
lation , As the next higher temperature speetrum was simulated, the Fuze value was monitored,
When a sugden increase in the Fuzz was required by PERT 10 fit the speetrum, this was taken

as an indication of the appearance of the CoSiy phase. The Fuzz value of CoSi layer in the
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simulation was then fixed to the original vaiue and the CoSls layer was infroduced.
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Figure 3110 A backseatiering specirum showing CoSi (ihn o 4 thermocouple reading of 271°C (cali-

Brated wetnperature of 267 °C) or the sampple muda by resctive deposition at 007,

The analysis obtained for the sample showed that the fomnation temperaturs of CoSiz phase
hegan at 5757, as displayed in Figure 3.12 toacther with its simulation, The CoSi phase was
found to be completely camverted to a CoSiy phase at 2 temperature of 670 7°C as presented in
Figure 3.13, The results of simulated real time spectra obtained for the entire ramp can be seen

in Figure 3.14.
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Figure 3.14: Results of the analysis of RBS spectra obratned from the sample produced by reactive

deposition ar LW 0. The tormation ol CoSi1p Fom CoXi inipated around lemperalure of 37570

Eeal-time RBS analysis of a sample produced by reactive deposition at 450 °C:

Figure 3,15 shows a contour plot of the samiple prepared by reactive depesition at a temperature

of 450°C. As can be seen from the figure the formation of CoSi; began at a temperature

of around 500 °C and 15 separately displayed in Figure 3.16 with its simulation. A complete

conversion of CoNi to CoSiy was found at a temperature of arcund 385°C' and is shown in
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Figure 3.17. The complete sct of the results from the simulated spectra obtained during the

ramp are displayed in F

igure 318,
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Figure 3.15; Contour plot of RBS data obtained dunng a comped anneal £2 - Cimint of Co%i llm prepared

by reachve deposition at 450 (.
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Figure 3.18: Results of the analysis olthe RBS specira obtwined from the sample tnade at 450 7! rescnve

deposition remperature. The formation of CoSig rom CoSi began ul a temperature af araund 50007 C
Real-time RBES analysis of sample produced by reactive deposition at SI0°C:

The formation of CoSiy was observed to begin at a temperawre of 465°C for the sample pre-
pared al reactive deposition temperature of MW °C {see contour plot in Figure 3.19). Figure
3.20 shows the onset of the (lo%i; phase when it began to form at a temperature of 463 °C. The
Co51 phase completed its conversion to CoSi; at a temperature of around 540°C as presented

in Figure 3.21. The complete set of the results from the simulated spectra obtained duning the
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ramp are displayed in Figure 3.22
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Figwe 3.19: Contour plot of RBS data obtained during a ramped anneal (2 ° C/min) of CoSi film prepured
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Figure 3,205 A backseatiering spectnun showing the temperature at which CoSiy phase bepan its for-
mtion b @ thermogouple reading of 76 %! (calibrated reading of 465 °C!) for the sample prepared by

reactive deposition at M =2

In Figure 3.23 the onset formation temperatures of CoSi. from CoSi grown by reactive depo-
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Figure 3.22:  Results of the analysis of EBS spectra obtaiped from the sample prepared by reaclive

deposition at 500 7C, The tormation of CoSiz from CoSi began ata temperature of around 465 "L

sition at temperatures ranging from 375 — 5257 were obtained by the simulation of real time
speetra. The simulation results confirmed that CoSiy was present in the films grown by reactive
deposition at a temperature of 300°C and 525°C (with ~ 6% being present in film grown at

A00°C and 205 being in Alm grown at 535 °C).
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313

Co deposited at RT followed by a 450 "C anneal

Ay 15 evident from the above results, the formation of CaSis trom CoSi {ilm grown by rcactive

deposition has different onset temperatures. To confinm that the onset temperature formation ol

Cobiy phase is not infllugnced by beginning the ramp with a sample in the CoSi phase, a portion

ol the Co/Si sample deposited at K| was annealed in a vacuum furnace for 30 minuics to convert

itto Cosi, The CoSi {ilm grown by solid phase reaction was then subjected to the identical real-

time RBS analysis as undertaken by those CoSi films formed by reactive deposition.
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Figure 3.24: Contour plot of RBS data obtatned during 4 ramped anneal (2 *Chiuun of Coli Iilm prepared

by salid phaze reaction whet the R sample amneuled o 450°C,
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Figure 3.24 shows a contour plot during the ramped anneal obtained lor the sample. The growth
of Cobls phase 15 seen to begin at a temperature of around 535°C as shown in Figure 325 A
complete grawth al a temperature of 377 90! for CoSis 18 shown in Figure 2,26, The resulis from

the sumulation of the real time spectra are displayed in 3.27.
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Figure 3.27: Results of the analysis of the RBS spectra for the sample deposited at RT followed by

480070 wrmeal. The tormation of CoSiy from CoSi initiated at a termperatuee of 035 2O

3.2 Discussion

Co was deposited o 5 at room lemperalure and then subjected to a lingar ramp from 200 —
63 °C Three distinet phases were observed G fotin at temperature ranges of between 360 —
605°C The precurzor phase, CouSi, was observed between 360 °C) and 43520, The second
phase. CoSi was found te be present inthe range between 105 — 600 °C.. The last phase, CoSi;
wis observed to form at 535 °C The same formation temperature was found when the sample
was nitially annealed at 4507 to form CoSi phase. However, the temperature at which CaSi
was prepared by reactive deposition was found to influence the tormaltion lemperature of CoSis;.
A signihcant dilference in the onset temperature of the CoSi; phase was observed from around
475 °C from CoSi prepared by reactive deposition at 400 °C to about 465 °C for that prepared at
A00°C, For the sample preparcd al a reactive depoistion temperature of 400 °C! the CoSi phase
was found te be entirely converted o CoSiz al a temperature of arcund 670, while for sample
preaperd at A00°C all the CoSi was observed as converted to CoSi;p at 550°C!. This indicates
that the rate at which the CoSi phase is couverted to CoSi; s [aster when the sample 15 prepared
at a higher reactive deposition, The full set of results from the real-time RBS investigation are

plotted in Figure 3.28
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Figure 3.28: Temperature of onset of the formation of CoSip from CoSi grown by reactive deposition at

a temperature ranging from 375 °C to 525 °C.

3.3 XRD analysis

Identical samples prepared using a solid phase reaction technique were analysed using real-
time XRD. The samples therefore underwent a ramped thermal anneal from room temperature
to 900 °C at rate of 1 °C/s. Figure 3.29(a) shows real-time XRD contour spectra obtained during
this procedure for the sample deposited at room temperature. Unfortunately reliable information
could not be extracted about the silicides’ formation from this technique due to the lack of a
protective cap, which caused the Co film to oxidise rapidly during the ramp annealing. However,
it was possible to perform real-time XRD on the CoSi film produced when the RT sample was
subject to a 450 °C anneal to convert it to the CoSi phase, Figure 3.29 (b). The intense diffraction
peaks at 26 ~ 45.6° and 28 ~ 51.2° [see Figure 3.29 (b)] indicate the presence of CoSi phase.
The formation of CoSi, phase began at a temperature of around 560 °C, as is evident from the

appearance of a diffraction peak of 26 ~ 48 ° in the figure.

All the CoSi films produced by reactive deposition were also subjected to real-time XRD anal-
ysis. The XRD spectra obtained during the ramped anneals from room temperature to 900°C
at rate of 1 °C/s of samples produced at reactive deposition temperatures of 400 °C, 450 °C and
500°C are presented in Fig 3.30. From this figure, the diffraction peaks from CoSi are again
clearly visible at 260 ~ 45.6° and 20 ~ 51.2°, while the CoSi, diffraction peaks at 260 ~ 47.9°
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phasc. In both pancls the Tmmalion of CoSip phase wus observed 10 uppear at a wmperalure of 560 C

(measurements of XRD data performed by ). Demeulemeester at (et University).

are also visible, The appearance of a less intensc diffraction peak at 28 ~ 57.24° also indicates
the formation of CoSi; phase, In Figure 3,30 (a), it can be seen that the onset temperature of
CoS1a phase from {'o8i prepared by reactive deposition at 400°C" was at a temperature around
of 605°C, and that the two CoSi peaks finally disappeared at 720°C indicating that the re-
acton lrom CoS5i w CoSi, was complete.  As can be seen in Figure 330 panel (b) and (c)
respectively, the formation temperature of Cosig from Coli reactive deposited at 150700 was
obscrved around 550 °C, and that reactive deposiled at 500°C was observed al 510°C. The
reaction for CoSi prepared by reactive deposilion at 450 °C was completed by #307C whale thal

for CoSi prepared at S00°C was around 5707C.
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3.4 Discussion

For samples prepared by solid phase reaction, it was enby possible to obtain reliable informa-
tion from Co deposited at R and then annealed to 450 °C. as the CoSt film is less prone to
oxidation that Co. The results showed that the fermation of CoSs from UoS1 film produced by

cotventional solid phase reaction started al around 560 °C

A different formation temperature of CoSiy was found when CoSi way produced divectly by
reactive deposition. For the CoSi1 film prepared at 400°C resctive deposition temperature. the
onset temperalore of CoSip was found at around 60570, whale the CoSi phase was found 1o he
entirely converted to CoSes at a temperature of arowmd 720 %4 For sample that was prepared by
reactive deposition ar 450°C the CoSi: was found 1o begin its formation at 550°C and all the
CoS was observed as comverted 1o Cobis at temperature of 630°C . The formation of CoSi.
by reactive deposition at 500 °C was found at lower temperature around 510°C comparad to
that prepared at 400°C and 450°C reactive deposition tfemperatures, The CoSi film prepared
by reactive deposition at 4007 exhibits a slower rate of reaction when compared to the Cobi
{ilm prepared at 450°C and 500 °C {the tramstormation from oSl te CoSiy, for 400°C sample
15 completed over a temperature range of aboul 110°C to 80°C and 60°C for that prepared
45070 and 500 C respectively). The full set of results for the real-time XRE imvestigation are

plotled in Figure 3.3].
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Figure 3.31: Temperature of onsel of the formation of CoSts from CoSi fims grown by reactive deposi-

tion a1 temperature rangitlg from 37570 o 500 =C,
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3.5 AFM Analysis

Figure 3.32 shows three dimensional AFM images with a scan arca of 5 x 5pm of CoSi produced
when Co has reactive deposited at 400°C", 450 C' and 500 C' . From CoS1 wpographical image,
the computer soflware package Nanoscope v 700 caleulated the average mms sutlace roughness
of Co&i film prepared al a reactive deposition emperature of 400°C! {Figure 3.32 (4)] to be 6
nm. The average rms surface roughness measured tor the Cosi film that was prepared at 4507
[Figure 3.32 (b}] was found to he 4 nm and the same surface roughness was found for the sample

that was prepared at a 500 °C [Figure 3,32 {¢)].

(a) {b)

{e]

Figurg 3,32 3-13 AFM images of Co%i film preparcd by reactive deposition at (1) A007C, (b) 450°C
ard () 300,
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In order to compare the roughness of the CoSi, Alm grown from the above Cobi films tor the
above samples, AFM measurements were also carried out on the CoSi, films formed by the
ramped thermal anneal, Figuee 333 shows the AFM images of CoSiy Rlms obtained for the

-
]

samples. From Figuee 3.33 (a), the average nmy surface roughness of CoSi; lformed form CoSi
film prepared at a reactive deposition temperature of 400°C' was measured 1o be 9 ant, while
for Cosiy that was prepared at 4507 C was found to be 8 nm [see Figure 3.33 (b)] and that from

CoSi film prepared at 500 °C' [Figure 3.33 (¢)] was determined to be 4 nm.

ta} (h}

e

Figure 3.33: 3-13 AFM images of Co%iy fonmed after ramped anneul of CoSi prepared at (3) 400°C, (b)

430 anl (e) 500 °C resctive deposition temperatures,



3.6 Discussion

The results revealed that all the surface films were found to be rough whether in the form of
CoSi or CoSis. In the case of the former however, the CoSi film prepared at a reactive deposition
temperature of 400 °C is rougher than that produced at 450 °C and 500 °C (i.e. about 6 nm for
400 °C compared with 4 nm for CoSi film prepared at 450 °C and 500 °C).

For the CoSi, film, there was apparently no big difference observed in the roughness of the
sample prepared at a 400 °C and 450 °C reactive deposition temperature (the average rms sur-
face roughness was calculated to be 9 nm and 8 nm respectively). A significant decreases in the
roughness was however observed for CoSi, film grown from the sample prepared at a reactive

deposition temperature of 500 °C where a roughness of about 4 nm was measured.
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Chapter 4

Discussion

The investigation has shown that it is possible to grow CoSi film by reactive deposition. From
the analysis of RBS/XRD of the films that were grown at temperatures ranging from 375 —
550°C, it was found that for a substrate temperature maintained between 375 °C and 475 °C,
the film is in the form of CoSi. Complete formation of CoSi, phase was observed for substrate
temperature at 7' = 550 °C. When the substrate temperature was kept at 7' = 500 °C or 525°C
a mixture of mono/di-silicide was observed. However, the amount of the CoSi, that was found
in CoSi prepared at a 500 °C reactive deposition temperature was small, while a significant

presence of CoSi, was found in CoSi prepared at a reactive deposition temperature of 525 °C.

For silicides grown by solid phase reaction (cobalt deposited at RT and then subjected to linear
ramp anneal from 200—650 °C), three distinct silicide phases were found in a temperature ranée
between 360 — 600 °C. Detailed analysis of RBS data showed Co,Si was the first phase to form
and that is began to grow at about 365°C. However, before Co,Si completed its formation
the second phase, CoSi, started to grow at a temperature of around 405°C. The formation
of CoSi,, the last phase in cobalt silicide system, was observed as beginning at a temperature
of 535°C. The phase sequence and onset temperatures obtained from this investigation are
in broad agreement with those in published literature (Gurp & Langereis 1975, Smeets 2007,
Theron 1997).

The same onset temperature for a CoSi, phase was also found when the cobalt that was de-

posited at room temperature was annealed at a 450 °C to produce the CoSi phase. However,
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the temperature al which CoSi was produced by reactive deposition was found to influence the

subscquent formation temperature of the CoSi, phase.

For cxample, real-time RBS analysis showed that the formation of the Cofi, phase started at
around H75°C for CoSi film prepared by reactive deposition at a temperature of 400°C, while
it began at 465 °C for CoSi prepared by a reactive deposition at temperature of 500°C", The
RBS and XRD analysis of the remaining samples confirmed the same feature - the lower the
reactive deposition tempetature wsed to form the Cosi film, the higher the subsequent formation
temperatute of CoSiz. A summary of the results obluined by BEBS and XRD technigues 15

presented in Figure 4.1 which cnables a companison between the two techtmques 1o be made.
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Figure 4.1: Graph displaving the onset temperature formation of CoSie phase from CoSi-film prepared
by reactive deposition at different temperatires (375 — 325 %00 The graph algo shows the lemperalure

tonnation of Cosiy prepared by solid phase reaction.

As can be seen from this figure, the real-time XRD results are in broad agreement with the
real-time RBS data as the trend s essentially the sume 1 both sets, while the average difference
between the onset temperature measurad by cach technigue can largely be ascribed to the higher

heating rate used for the real-time XRD (1 °C /s for XRD compared w 2 "C /min for RI3S).
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The second major difference observed with the samples prepared by reactive deposition is the
difference in their CoSi; rate of reaction. Although it was found that the reaction took place
at lower temperatures for the samples prepared at higher reactive deposition temperatures, the
rate at which the CoSi phase was converted to CoSi, was found to be faster. For instance, real-
time XRD showed that it took a temperature range of 115 °C for CoSi film prepared by reactive
deposition at 400°C to fully convert to CoSiy, while a temperature range of only 60°C was
necessary for CoSi reactive deposited at 500 °C. In other words, it took 115 seconds to convert
CoSi to CoSi, for the sample prepared at a reactive deposition temperature of 400 °C, while it
took 60 seconds to complete the reaction for the sample prepared at 500 °C. Furthermore, the
longer reaction rate occurred at a higher temperature (i.e. 115 seconds at a temperature ranging
from 605 — 720 °C compared to 60 seconds at a temperature 510 — 570 °C), contrary to what

one expected as reaction normally proceed faster at higher temperatures.

The differences in the behaviour observed in this system is not obvious. A possible explanation
for the lower nucleation temperature found in samples prepared at 500 °C and 525 °C (but not
others) might be presence of CoSi; seeds in the CoSi films. However, the presence of such seeds
would not explain the overall trend in the formation temperature of CoSi,, as samples prepared
at lower reactive deposition temperatures were found to nucleate at higher temperatures (seeds
were only observed at reactive deposition temperatures of 500 °C and 525 °C). Another possi-
bility for the lower nucleation could be due to different texture of CoSi films. It is also possible
that stress could play a role in the onset formation temperature of CoSi, due to the immediate

reaction between Co and Si.

The cause of the variation in the CoSi, growth rates could be due to the differences in mi-
crostructure, as it was observed that CoSi films grown at lower reactive deposition temperatures
appeared to have larger grains compared to CoSi film grown at higher temperatures. This was
clearly observed from the AFM images, and the same (i.e. larger grains) was also seen in the
CoSi, film formed from the linear ramp. This is however unlikely to completely explain the
variation in the CoSi; growth rate as the difference in the grain size (for example, the roughness
that was found for CoSi film prepared by reactive deposition at 400°C was 6 nm, while for

CoSi film prepared at 500 °C it was to be 4 nm) for the CoSi films does not amount to much.

In the RBS contour plots of the CoSi film prepared at a reactive deposition temperature of
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400 °C (Figure 3.10), the Co contours were observed to be more rounded at the high temperature
ends, while they are more diagonal at 500 °C (Figure 3.19). This suggest that the growth of the
CoSi; phase in the sample prepared by reactive deposition at 500°C is more layer-by-layer,
while the growth from that prepared at 400 °C is more columnar. The difference of the growth

mechanism could therefore be another reason for the variation in the CoSi, growth rates.

It clearly what causes the difference in growth mechanism and the rate reaction for this system
is is not yet fully understood but it is believed that the existence of seeds, texture and grain
size and stress may have changed the number of nucleation sites which causes the differences
in growth mechanisms. Further investigation into this system is thus clearly required. Cross-
section Transmission Electron Microscope (TEM) measurement could identify the presence of
CoSi, seeds as well as providing an indication of texture and grain size. The use of channeling

technique could also assist to the texture analysis as well.
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Chapter 5

Conclusions

In this work the formation of the CoSi; phase from CoSi films prepared by solid phase reaction,
and by reactive deposition, have been investigated using real-time RBS and real-time XRD
techniques. The surface roughness of the initial CoSi film and of the CoSi, formed during

ramp, was also examined using the AFM technique.

By comparing the real-time RBS and XRD techniques which were used to study CoSi, forma-
tion, it is possible to conclude that either technique can be used to measure the onset tempera-
ture of CoSi, formation, but real-time XRD is faster (a measurement from room temperature to
900 °C is completed in around 15 minutes). It is also easier for detecting the onset formation of
CoSi, (the emergence of the CoSi; phase is clear in XRD as the diffraction peaks are are well
separated). The reaction rate can be obtained by both techniques, but only real-time RBS is able
to provide quantitative data throughout the reaction period. Since RBS provides information re-
garding the composition as a function depth directly, it has the added advantage of being able

to indicate where the reaction takes place.

In conclusion, the major findings from this investigation are:

1. The temperature of reactive deposition had a significant influence on the formation tem-
perature of CoSi, phase, as it was found that the higher the reactive deposition temper-
ature at which CoSi was produced, the lower the formation temperature of the CoSi,

phase.

57



2. The temperature of reactive deposition also affected the rate of reaction, as it was observed

that the higher the reactive deposition temperature the faster the reaction rate.

3. CoSi films grown at higher reactive deposition temperature had smaller grains. The CoSi,
films grown during the ramped anneal showed similar behavior, with the films grown
from CoSi produced at higher reactive deposition temperature having the smallest CoSi,

grains.

4. The growth mechanism appeared to change in type from columnar growth for lower re-
active deposition temperatures, to layer-by-layer for higher reactive deposition tempera-

tures.
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Appendix A

The formation of CoSi; from CoSi film preparcd by reactive

deposition at 375°C
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Figure Al: Confour plot of RBS data obtained during 1 ramped anneal (2 “Canin) of CoSi film prepared

by reactive deposition at 375 (.
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The formation of CoSi; from CoSi film prepared by reactive

deposition at 425°C
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Figure A3 Contour plot of RI3S dala evbtamed during a ramped annaal (2°C/min) of Co5i film prepared

by reactive deposition al 4557
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The formation of CoSi; from CoSi film prepared by reactive

deposition at 475°C
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Tigure A5: Contour plot of RBS data obtained during a ramped anneal (2 %C min) of Cosi film prepared
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The formation of CoSi, from CoSi film prepared by reactive

deposition at 525°C
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Appendix B

The XRD data obtained during ramped anneal at 1°C/s of
CoSi prepared by reactive depostion at 375°C, 425°C, 475°C
and 525°C
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Appendix B

The XRD data obtained during ramped anneal at 1°C/s of
CoSi prepared by reactive depostion at 375°C, 425°C, 475°C
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Figure B1: The XRD data obtained during the ramp annealing of CoSi prepared by resclive deposition

al 475 ° 0" {measurements of XRD data performed by J, Demeulemeester at Gent University ).
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