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ABSTRACT

Thin films of Cu, Ir, Mo, Pt, Re, Y, Yb and Zr were vacuum deposited onto
Si0; substrates of thermally oxidized Si< 100 > wafers and were annealed in a vacuum
tube furnace. Samples were then analysed using Rutherford Backscattering Spectrometry
(RBS) and X-Ray Diffraction (XRD) to determine whether solid state reactions took place
and to identify the compound phases formed. It was found that Y, Yb and Zr reacted
with the SiO;, while none of the other metals reacted even after heating for hours at high
temperatures of up to 900°C. These results as well as all the other metal-5i10; interaction
studies that could be found in the literature were summarized and extensively analysed.
In all the cases where the metal reacted with the Si0, (Hf, Nb, Ta, Ti, V and Zr) with
the exception of the rare-earth metals Y, Tb and Yb, it was found that a thin layer of
metal silicide formed sandwiched between the SiQ; substrate and a top layer of metal
oxide. From this configuration the following model for the diffusion process could be
formulated. Metal atoms diffuse to the 510, /silicide interface where interaction with and
dissociation of SiQ; takes place. The released oxygen atoms then diffuse through the
silicide layer to form a metal oxide on top of the silicide. It could therefore be concluded
that oxygen diffuses more readily through the silictde than silicon through the metal
oxide. If the opposite was true the sample configuration after reaction would have been
Si02/MO,/MSi,. In the case of the rare-earth metals, solid-state reaction always took
place, but with all the elements M, Si and O being present throughout the reaction region.
In the case of Yttrium ternary phases were identified, whereas XRD showed that a mixture
of silicides and oxides formed in the case of Ytterbium.

In this study an extensive table of heats of formation for the silicides and oxides was
compiled, from which heats of reaction could be calculated. The theoretical thermodynamic
predictions were found to be consistent with experimental observations. This study also
showed that the results could be correlated with the mean electronegativity of the metal
which offers a convenient empirical method of predicting whether a metal will react with
Si10- or not. It is found that metals with an average electronegativity (average of Allred-
Rochow, relative compactness and Pauling electronegativities) of less than 1.45 on the
Pauling scale react with Si0;. An even better correlation with electronegativity could
be obtained when using the Miedema electronegativity parameter (¢*). Metals with ¢~
values of less than 4.45 V were found to react with 510, and those with values equal to
or greater than 4.45V were found not to react.

It has also been shown how ternary phase diagrams can be used to predict solid-state
interaction between metal films and SiO;.



ISIFINGQO

Izingwengwezi ze Cu, Ir, Mo, Pt, Re, Y, Yb ne Zr ziye zahwamukiselwa phezu kwe
Si0Q, vona ebihlunyiswe phezu kwamacwecwe eSi< 100 >. Lamacwecwe abe esefakwa
kuhavini oshisayo. Ukuhwamukisa nokushisisa kwenziwe emva kokugeqa wonke umoya
kusihwamukisi kanye nakuhavini. Lamacwecwe abe esecwaningwa nge Rutherford
Backscattering Spectrometry (RBS) kanye ne X-Ray Diffraction (XRD) ukuthola ukuthi
ngabe kube khona yini ukulumbana ngaphansi kwesima sobuduli nokuthola ukuthi ngabe
izale nkomoni. Kuhlaluke ukuthii Y, Yb ne Zr ziye zalumbana ne Si0O; ekanti lezi ezinye
izingwengwezi azivezanga kulumbana ne 510, kuze kuyofinyelela emazingeni okushisa
angu 900°C. Lemiphumela kanye naleyo eminye eshicilelwe emayelana nokulumbana kwe
510, nokusansimbi ibe isifinggwa ihlaziywa. Kuhlaluke ukuthi uma kube khora ukulumbana
njengesibonelo se Si0; ne ﬁf, Nb, Ta, Ti, V ne Zr {ngaphandle kwalezonsimbi mhlaba
ezingandile njenge Y, Th ne Yb) ungwengwezi lwensimbi ehlangene nesilikhoni (MSi,)
lufunyanwa njalo luphahlwe yi S10; kanye nongwengwezi lwensimbi ehlangene nomoyampilo
(MQO,). Lokhu kuhleleka kwalezingwengwezi kusinika lesisithombe mayelana nokuhamba
sakuchusha kwama athomu: Ama athomu alokho okusansimbi achusha aze ayofika
emngceleni weSi0; ne MSi,. Okulandelayo kuba wukuhlakazeka kwe 5103, ebese kuthi
ama athomu omoyampilo achushe ku MSi, aze ayolumbana nama athomu alokho okusansimbi
kwakbeke 1 MQ,. Lokhm kusiholela ekuthini sith ama athomu omoyampilo achusha
kalula ku MSi, kunokuba kuchusha isilikhoni ku MO,. Uma isilikhoni ibichusha kalula
kunomoyampilo, ukuhleleka kwalezingwengwezi bekuyoma kanje: 510,/MO,/MS5i,.
Ucwaningo lwensimbi mhlaba engandile luveze ukuthi ukulumbana kwayo ne 510, esimweni
sobuduli kwenzeka khathi zonke ekantl ama athomu esilikhoni, nawokusansimbi
nawomovampilo atholakala kuzo zonke izingwengwezi ezakhekayo. Imiphumela yohlaziyo
nge XRD iveze ukuthi ulumbano olwenzeka uma sisebenza nge Ytterbium lukhipha ingxube
ye MO, ne MSi, ekanti ulumbano olwenzeka uma sisebenza nge Yttrium luveza ubukhona
bama athomu esilikhoni, awokusansimbi kanye nawomoyampilo (ongxubentathu) atholakala
ekhona kuzo zonke izingwengwezi ezakhekayo.

Kulomsebenzi sididiyele uhla Iwemidlandla kushisa yalokho okusansimbi nxa kulumbene
nesilikhoni {MSi, ) kanye nohla lwemidlandla kushisa yalokho okusansimbi nxa kulumbene
nomoyampilo (MQ,). Sibe sesisebenzisa lezinhla ukubala izinga lomdlandla kushisa uma
lokho okusansimbi kulumbana ne 510;. Ukubikezela kwethu ukulumbana (nokungalumbani)
kwalokho okusansimbi ne Si0, okuncike ezibalwemi kanye nasolwazini olumaqondana
nomdlandla kushisa sikuthole kuhambisana nemiphumela yocwaningo lwethu. Lomsebenzi
(uhlangene neminye imiphumela eshicilelwe) ubuye uveze ubudlelwano phakathi
kokulumbana kwalokho okusansimbi ne S10; kanye namandla ama athomu okudonsa ama
elektron. Lokho okusansimbi okunamandla angaphansi kuka 1.45 (atholakala ngokudidiyela
indlela yokubala ka Allred Rochow, eka Pauling neqhathanisa uknqogeka) ngokwesilinganiso
sika Pauling, kuhlaluka ukuthi khona kuyalumbana ne 5i0,. Sithe uma sibheka amandla
ama athomu okudonsa ama elektron ngokwezibalo zikaMiedema (4*) sawathola eqhathiniseka
kangcono nemiphumela vethu yokulumbana kunalapho besisebenzise amandla ngokwezibalo
zika Allred Rochow, Pauling kanye nendlela eqhathanisa ukuqogeka. Lokho okusansimbi
okunani lakho lika ¢~ lingaphansi kuka 4.45V kutholakale ukuthi kuyalumbana ne SiO,
ekanti lokho okunani lakho lika ¢~ lilingana noma lingaphezulu kuka 4.45V akulumbani.

Imidwebo engonxantathu eveza nokulumbana okungxubentathu ingasetshenziswa
nayo ukubikezela ukuthi ukulumbana phakathi kwalokho okusansimbi ne 510, ngaphansi
kwesimo sobuduli kungenzeka yint noma gha.
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CHAPTER 1

BACKGROUND AND SCOPE OF
INVESTIGATION.

1.1 Technological importance of thin films.

A silicon chip of lem? can accomodate more than 1 million individual devices. By
reducing the interconnecting paths and the size of the device features {miniaturiza-
tion), the speed of operation is increased. The computing power {density of data
storage) of a chip is also increased by miniaturization.

Most of the silicon chips contain metal oxide semiconductor (MOS) devices
since these prove easy to fabricate. Fabrication problems of semiconductor devices
fall into two categories viz:

(a)Practicability - Control over processes like alignment of lithographic masks,
etching of metallic and insulating layers and the maintenance of scrupulous cleanli-
ness at all stages. Lattice defects near the surface of the conductor must be avoided
as this may impact on the operation of the devices.

(b)Efficiency of device - Obtaining materials that are better conductors (or
insulators) to improve the perfomance of devices. - Preventing leakages of current
between adjacent devices - Connecting each device into the circuit via a network of
thin film metallic conductor tracks. The metallic conductor tracks will often need

to be superimposed with a layer of insulator separating them to obtain the desired
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interconnection. These arrays of metal and insulator which form the “wiring” on
the chip. are called metallization.

Metallization of semiconductors is desirable to provide electrical circuitry. It is
important therefore to understand the ability of the metal to adhere to the substrate.
Deposition of a metal on a semiconductor has been shown to result in dissolution
of the semiconductor, even if there is no chemical reaction taking place. Such
dissolution is a result of the weakening of bonds of the semiconductor and formation
of a new “pseudo alloy” (of poorly defined stoichiometry) because of indiffusion of
the metal or outdiffusion of the semiconductor. This process greatly affects the
electrical properties of the contact.

One of the limiting factors in achieving high reliability on integrated circuit
devices 1s a poor choice of the metallization schemes. The problem is due to a
requirement for a controlled contact at the metal-semiconductor interface and for
a low resistance metal that does not lead to a voltage drop across the contact.
The metallization must also be compatible with the processing temperature, have
good adhesion, high resistance to corrosion and low electrical resistance. A general
requirement for any contact (i.e. good adhesion) is that there must be a uniform
and limited reaction between the two materials in contact. Advanced integrated
circuit metallization requires materials with both low resistivity and high thermal
stability. Materials that meet these requirements include refractory metals, silicides
and nitrides. During circuit fabrication, these metallization layers may come into
contact with various solids and gases at elevated temperatures. Consequently the
chemical stability of the metallization layer is a critical factor in choosing the
material.

Interest in silicides is due to their usefulness in integrated circuits as Schottky
barriers, ohmic contacts, low resistivity gate and interconnects and high temperature
stability [1]. This interest has been aroused by the fact that with the scaling down
of device sizes, the line widths get narrower and the resistance contribution to the
RC delay increases. Besides the desired low resistivity, the usefulness of the silicide

metallization schemes depends on the ease with which the silicides can be formed
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FIGURE 1.1: Schematic illustration of a simple semiconductor device e.g. an
n-channel field effect transistor [2] showing the Source, the Gate and the Drain.

and patterned and on the stability of the silicides throughout the device processing
and usage. In the fabrication of metal oxide silicon (MOS) devices, very thin layers
of the metal (say of the order of 100 atoms in thickness) need to be deposited on the
Si substrate. Layers deposited by these growth techniques can be used successfully
as gate oxides in highly efficient MOS devices (see Fig. 1.1).

Si0; is useful as an interlayer dielectric and protective capping in integrated
circuit technology. It is however in competition with other materials such as poly-
imides whose dielectric properties are very similar to those of 5i0;. Polymeric fiims
have been proven to be depositable by simple teciiniques. In some ways, polymers
may have definite advantages, including low temperature processing, cheapness and
low stress levels. Their disadvantage lies in the fact that the purity of the precursor
material (the polyamic acid from which the polyimides are derived) is not as good
as is required in proximity to semiconductor integrated circuits and the diffusion
of contaminants through the fully cured layers is considered unacceptably fast.
The diffusion rate of water through cured polyimide is rapid and can thus lead to
moisture reaching the metallic conductors and causing corrosion. On the contrary,
the diffusion rate of contaminants through silicon oxide is very slow indeed. The
adhesion of silicon oxide to most metals supercedes that of the polyimides.

In order for a material to be a useful interlaver dielectric, it should satisfy most
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of the following properties, viz,

1. The barrier layer should be thermodynamically stable when in contact with

the two materials which it separates.

o]

There should be no rapid diffusion of any of the two materials it separates

along the grain boundaries in the barrier film.
3. It should form low-resistance contacts with both materials.
4. The barrier must adhere well to all the materials with which 1t is in contact.

5. The material of the barrier layer should not have an electrochemical potential
very different from that of the two materials it is separating, otherwise galvanic

corrosion cells can be set up in the metallization layers.

Table 1.1 compares the dielectric properties of silicon oxide with certain other
materials.

The structure and electronic properties of the interface produced when a metal
is deposited on a semiconductor will determine if the contact is ohmic or Schottky.
There is as yet no generally accepted model which predicts the type of contact
produced since the mechanism by which the electrical properties are developed is
not vet fully understood. Hence. the experimental results do not concur fully with

any given model.

1.2 Solid-State interaction.

When two solid films of dissimilar elements are brought together with each other
(e.g. by sequential evaporation of one film on top of the other) and their temperature
raised sufficiently, a reaction may or may not take place. There is a large body of
knowledge as regards to which materials may or may not react. We review here
some of the methods used to predict whether an interaction may or may not take

place and which products may result.
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TABLE 1.1: A comparison of the dielectric properties of a selection of barrier
layers used at Al-Si contacts.

Advantages Disadvantages Applications
5i0, Low dielectric High intrinsic stress Interlayer dielectric
constant levels Thermal gate oxide
LPCVD layers are
highly conformal
Si3N, Low diffusion rates High dielectric Capacitor dielectric
for contaminants constant Annealing cap
Low oxidation rates High intrinsic stress Diffusion barrier
Oxidation mask
AIN Low dielectric Deposition process  Annealing cap
constant not well
Thermal expansion  developed
coeflicient same
as GaAs
Polyimide Cheap Stable only below Interlayer dielectric
Conformal 400°C (especially on
Low dielectric Rapid indiffusion of GaAs devices)
constant water Protective coatings
on device
surfaces
PS5G Flows at high Corrosion problems Passivation layers

temperatures
Traps sodium ions

due to HPO,

1.2.1 Thermodynamics.

The reason for the transformation of the two films put together into a new phase
is the fact that the initial state is unstable relative to the final state. If the initial
state is stable relative to any other possible state, no transformation will take place
i.e. the solid films will not react chemically [3]. For the case of transformations that

occur at constant temperature and pressure, the relevant thermodynamic potential



6 CHAPTER 1. BACKGROUND AND SCOPE OF INVESTIGATION.

to look at is the Gibb’s free energy (G) viz
G=H-TS (1.1)

where H is the enthalpy, T the temperature and S the entropy.

Enthalpy is in turn given by
H=F+ PV (1.2)

where E is the internal energy of the system, P the pressure and V" the volume. A
system is in equilibrinm if it is in its most stable state 1.e. the one corresponding to

a minimum in &. Changes occuring while in this state are such that
diz =0 (1.3)

In Fig. 1.2, state G; would be the lowest state (1nost stable}, while state G; is a
metastable state (local minimum). If the system is in state G; and thermal energy
is added to the system, then depending on how much energy is applied, the system
may move to state Gy. Transformations that occur to the system therefore tend to

lower G.

energy

FIGURE 1.2: A hypothetical Gibb’s function, showing metastable state G; and
a stable state G,. It also shows a barrier that must be overcome by an atom that
changes it’s Gibbs function value from G; to G,. The Gibbs barrier height 1s AG
and the overall change in the Gibbs function value is AG™.
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AG™ <0 (1.4)

Thermodynamics does not provide answers as to how fast this transformation
will take place, but only that it may happen or not.
For the case of solids (solid film in contact with another solid film). the TAS®

term is small and the Gibb’s free energy may be approximated by
AG° =~ AH° (1.5)

which is known as the Neumann and Kopp’s rule. Furthermore we mayv in most
cases approximate AG% by AHj,, where AGH is the Gibb’s free energy at a higher

temperature (e.g. 900°C) and AH%s is the enthalpy at room temperature i.e.
AG® =~ AHjg (1.6)

1.2.2 The Miedema model.

The “macroscopic atom” model of Miedema [53] was formulated to predict
the enthalpy of formation AH with varying atomic concentration in both binary
liquids and solid phases {see Fig. 1.3). The model uses qualitative experimental
information derived from the general appearance of binary phase diagrams. Positive
enthalpy as given by the model values correspond to non-existing alloys whereas
negative enthalpy values correspond to possible stable alloys or compounds. The
model uses properties of pure metals like the electron density at the boundary of
the Wigner-Seitz atomic cell, n,s and the chemical potential for electronic charge,
0"

The model uses the readily available values of n,; for non-transition metals
but estimates n,, for transition metals by assuming that the relationship between

n,s and the experimental ratio of bulk modulus £ and molar volume V for pure

metals is reasonably represented by



8 CHAPTER 1. BACKGROUND AND SCOPE OF INVESTIGATION.
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FIGURE 1.3: The dotted line gives the values of the heats of formation for
the Ni-Si system calculated according to the semi empirical model of Miedema.
By introducing a correction factor AH™*** which is 34kJ/(mol.at) for Si, the
semiconducting element is converted into a hypothetical metallic one and values
corresponding to the solid line are obtained. The triangles show the experimental
values of the heats of formation [4].

The other property used to characterize metals by the model is the value of elec-
tronegativity parameter or the chemical potential for electronic charge. The model
uses experimental values of work function as a starting point.

A recommended set of values of ¢* is given [5]. Similarities between ¢* and
other values e.g. the Pauling scale are obvious. Compared to other scales, the scale
used in the Miedema model is one referring specifically to solids.

According to the model,
AHI" o [-P(A¢™)? + Q(Ands)?] (1.8)

where P and ¢} are proportionality constants.
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¢* is given by

Z\3? ..
0" =5.2 (V) + 0.2 for transition metals (1.9)
N
o =52 (?) + 0.7 for non-transition metals (1.10)

where Z is the number of valence electrons per atom.
For a third class of alloys, that of transition metals alloyed with polyvalent

non-transition metals, a term R* is introduced.
AHP o [=P(A¢")? + Q(AnLs)? — RY] (1.11)

This term (/*) is required when a non-transition metal {with conduction electron
wave functions predominantly mixed with atomic p-type wave functions) 1s alloyed

with a transition metal (admixture of atomic d-type wave functions).

Criteria used for choosing AH®

Since there are many possible values, experimental plus empirical that one may use
for AH®, it is important to have a criterion for choosing them. AH° will be used
in this study for calculation of heats of reaction. It is therefore noticed that their
absolute values are unimportant - only their relative values count. We will therefore
as much as possible use the Miedema model for values of AH® and obtain AH® from
published experimental data where Miedema values are not given (e.g. for metal

oxides).

1.2.3 The EHF Model.

The effective heat of formation {EHI') model predicts the sequence of compound
formation in binary thin film systems [6]. It has been experimentally determined
that for thin films {say < lpm), only one compound phase is present at a time,
contrary to the bulk case where most or all the compound phases given by the
phase diagram may be observed. In the case of silicides for instance, only one

compound phase forms between the thin metal and silicon films with no indication



10 CHAPTER 1. BACKGROUND AND SCOPE OF INVESTIGATION.

of any other phase as long as the metal and silicon are still available. Knowledge
of phase formation sequence is of interest to materials scientists since by controlling
experimental parameters, specific phases may be formed.

One of the first rules for predicting phase formation was that of Walser and

Bene’ [7] which states that:

“The first compound nucleated in planar binary reaction couples is the most stable
congruently melling compound adjacent to the lowest temperature eutectic on the

bulk equilibrium phase diagram”.

This rule was later extended by Tsaur “et al” [8] to subsequent phase formation in

metal-silicon systems. According to their rule,

“the second phase formed is the compound with the smallest AT that ezists in the

phase diagram between the composition 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. Bene’
subsequently extended the Walser-Bene™ rule to metal-metal systems by relaxing
the requirement that the first phase that forms needs to be congruent. A theory
for simple phase growth in thin film complexes was put forth by Gosele and Tu in
which they inferred interfacial reaction barriers and adopted a competitive kinetic
growth model. It is predicted that the first compound phase must exceed a critical
thickness before a second compound phase may form and grow simultaneously with
the first one. Ronay proposed a rule for the first phase silicide formation taking into
account the central eutectic, the diffusing species and interfacial free energy. This

rule states that:

“The first nucleating phase in metal-silicon planar reaction couples is that congru-
ently melting phase neighbouring the central eutectic in the phase diagram, which is
closer in composition to the diffusing species. This phase must also have a low
interfacial free energy with one of the elements constituting the phase diagram.

The low interfacial free energy is indicated either by eutectic formation with, or



1.2. SOLID-STATE INTERACTION. 11

by epitaxial growth on, one of the elements.”

None of these rules, however, makes use of thermodynamic data such as heat
of formation{ AH®) and entropy( AS°®). Pretorius proposed the effective heat of
formation (EHF) model which allows for the use of thermodynamic data to predict
first phase formation and subsequent phase formation sequence. In this model
an effective heat of formation( AH') is defined which depends on the available
concentration of the reacting atomic species at the growth interface.

The driving force for a process to take place is given by the change in the Gibb’s
free energy, AG®. For solid state interaction,the change in the heat of formation AH®
is a good measure of the change in free energy, AG® since the change in entropy, AS°®
is negligible. Heats of formation can thus be used to predict the phase formation
sequence when nucleation barriers do not exist since a system would always want
to go to its lowest possible free energy state. During solid state interaction, phase
formation at an interface is a dynamic non-equilibrium process with usually one
compound phase forming at the interface. This is contrary to equilibrium systems,
where formation of a mixture of phases might lead to the lowest free energy for the
system.

The heat of formation is expressiblein kJ/mole.g. AH°(PdsTi3) = —710.4kJ/mol.
If we divide the heat of formation by the number of atoms in the molecule, we obtain
the value AH°(Pd;Ti3) = —88.8kJ/(mol.at). Since the heat of formation proves
insufficient in predicting first phase formation at the interface, we then define the
effective heat of formation, AH’, which depends both on the heat of formation and

the concentration of the reacting species at the growth interface

effective concentration of limiting element

AH' = AH° x

: — (1.12)
compound concentration of limiting element

Consider the solid state interaction of Pd and Ti to form the compound phase PdTi.
where an ensemble of 3 atoms of each element is present at the reaction zone (see

Fig. 1.4(a)). The effective concentration of the atoms of each element is 50 at.%.
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FIGURE 1.4; Schematic diagram of interaction between Pd and Ti atoms to
form PdTi. (a) if there are three atoms of each element, three molecules of PdTi
would be formed and the heat released would be equal to the standard heat of
formation. (b) If there are two atoms of Pd and three atoms of Ti, Pd is the
limiting element and the Effective Heat of Formation {AH’) will be less than the
Standard Heat of Formation, (AH®).



1.2. SOLID-STATE INTERACTION. 13

The atomic concentration in the compound phase is also 50 at.% Pd and 50 at.%
Ti. In this case, all the available atoms are used up to form PdTi molecules. Since
all the available atoms are used up in the reaction, the total amount of heat released
is equal to the standard heat of formation, i.e. 96.7kJ/(mol.at)"!. For this case,
the effective heat of formation is equal to the standard heat of formation i.e. AH’
=AH°.

Next consider a case where there are only two atoms of Pd and three atoms of
Ti at the reaction interface (see Fig. 1.4 (b)). The effective concentration of atoms
is thus 40 at.%Pd and 60 at.%Ti. In the formation of the PdTi compound phase,
only two Pd and two Ti atoms would be used, the rest being in excess. Since phase
* formation at the growth interface is a dynamic non-equilibrium process, the atoms
that are in excess would not contribute to the total heat released and would only be
available for formation of the next increment of compound at the moving interface.
In this particular case i.e. PdTi, Pd is the limiting element, while Ti is in excess.
From equation 1.12 it follows that

.40

AH = —96.7 (m) = -77.4kJ/(mol.at) {1.13)

From equation 1.12, the effective heat of formation of any compound can be calcu-
lated as a function of the concentration of reacting species. Fig. 1.5 shows a linear
relationship between the effective heats of formation of various Pd-Ti binary phases
and the concentration of the reacting species.

For each phase, the most negative effective heats of formation occur when the
Pd and Ti concentrations match that of a particular compound, as the concentration
ratio in equation 1.12 is then unity. Effective heats of formation diagrams are
readily constructed by plotting the heats of formation of each compound at the
compositional concentration (i.e. the effective heats of formation) and completing
the triangulation by connecting these points to the end points of the concentration
axis.

Equation 1.12, defining the effective heat of formation can be derived as

follows. Consider the formation of the compound A_ B, at the interface between
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Pd-Ti system according to Moffat [9].
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A and B to be given by the reaction

z(zA+yB) — z(A.B,) (1.14)

Let N be the total number of atoms available for reaction in the reaction zone where
N = N4 + Np with N4 the total number of atoms of A and Ny the total number

of atoms of B.

Let M be the total number of atoms consumed in the formation of A B, ie

ﬁI:zac—}—zy:iUA—i—.MB (1.15)

The effective (available) concentration of atom A is

A |
=~ (1.16)
The effective (available) concentration of atom B is
B_ N -
€7 = N (1.17)
The compound concentration of A in A;B, is
4 T
S 1.18
- (118)
The compound concentration of B in A,B, is
cF=_Y (1.19)

T+ y
If A is the limiting element during the formation of A.B,, its atoms are fully

consumed, whilst the atoms of B will be in excess. It follows that

My=Ny=NC? (1.20)

During formation of A;B,, atoms are consumed in the ratio
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z My

y  Ms

= Mg =2 M, (1.21)
xT

From eqns 1.15 and 1.21, we have

M= M, [1 n 2}
xr

M
= C_j (1.22)
From eq. 1.20 and eq. 1.22, we have
M Cf
~ =74 {1.23)

The heat of formation AH when expressed in J/(mol.at) is the heat released when
Avogadro’s number (A,) of atoms is consumed during formation of A;B,. The

consumption of M atoms releases (%‘:—)AH. The number of moles of available atoms
N

1S 0y

Therefore, the heat released per mole of available atoms is

i M
AH ‘?\;’ = AH— (1.24)

{40}

For a non-equilibrium reaction such as that described ahove, the effective heat of

formation can be described as

M
AH’zAHW (1.25)
From eq. 1.23, we have
, ce
AH = AH x ca
or
AH = AH effective concentration of limiting element (1.26)

compound concentration of hmiting element
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1.2.4 Heats of reaction.

The heats of reaction may be calculated if the enthalpy of the products and reactants
are known. [t is given by the difference between the enthalpy of the products at
temperature T and that of the reactants at the same temperature.

The standard enthalpy used in this case is the standard heat of formation at
298K and 1 atmosphere. We may find for example that when Ti is in contact with

S10Q; at room temperature it should undergo a reaction
T1 + 510, — TisS1 + TiO

If the heat of reaction obtained is negative then it will mean that the reaction is
possible. One finds that for Ti in contact with S5i0; there are a number of such
possibilities. Though it can be calculated that a reaction takes place, there is no
way of predicting a particular resulting product.

A model that could be used to predict the resulting products is the Effective
Heat of Formation model. This model however will in this case require a knowledge
of ternary phase diagrams. There are very few known ternary phase diagrams and

therefore the model cannot be used in this case.

1.3 Metal-Si0, interaction.
1.3.1 Importance.

Metal silicides find wide applications in advanced integrated circuit metallization
because of their low resistivities (e.g. TiSi; has a resistivity of about 15uflcm) and
high thermal stability. When an integrated circuit is being fabricated, a pure metal
may come into contact with various dielectrics e.g. Si0,. It is therefore important
to understand the reactions between metals and Si0; so as to maintain stability of

devices during fabrication.

1.3.2 Effect of metal thickness.

It is known that when two thin films in contact are heated, not all compound phases

given in the equilibrium phase diagram are observed [10]. In the case of silicides,
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where a large body of knowledge exists, it has been found in some cases that only
one compound phase occurs during interaction between say silicon and a metal.
When dealing with thick films (greater than about 10uym), it has been found that
most or nearly all of the compound phases given by the equilibrium phase diagram
are present. Gosele and Tu [10] have termed this the bulk case. They have termed
the case where metal films are less than 10um the thin film case. In our study, the
metal films will in all cases be equal to or less than 4500A and we will therefore be
dealing with the thin-film case.

S. Q. Wang and J. W. Mayer [11] found that the rate of chemical reaction
between a metal, e.g. Ti with 510, depends on the thickness of the metal. The
- thicker the metal the larger the reaction rate, which is attributed to the fact that
the remaining metal layer acts as a sink for the released oxvgen. The argument is
if there is oxygen incorporated in the metal layver then there are less metal atoms
available for interaction at the metal/Si0, interface. Thinner films are expected to

have a higher concentration of oxygen.

1.3.3 Prediction of interaction.

A method of predicting whether a metal will react with 5105 or not has been devel-
oped by Pretorius et al.[3]. It uses both the heats of reaction and electronegativities.
According to the model and if it is assumed that the products are a metal silicide

and a metal oxide, the reaction is written as
Si0 + M, — M, 51 + M,_,0; (1.27)

where M is a metal. The reactions considered are those that happen at constant
temperature and pressure, where the change in Gibb’s free energy may be written
as

AG=AH-TAS
with AH the change 1n enthalpy (or heat of reaction}. AS = 0 since it is assumed
that both reactants and products are solids. AG is therefore approximated by the
enthalpy AH. If AH is less than zero, then the reaction between Si0; and the metal

is thermodynamically possible.
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The heat of reaction between Mn and Si0; is calculated as follows:
3 Mn + 510; — MnS5i1 + 2MnO

3(0) + 3(—301.2) — 2(--41.5) + 4(—192.6)
~903.6 =— —83.0 — 7704
AHp = +8.37k}/(mol.at)

Working out other possibilities it is found that all heats of reactions for this system
are positive. This would simply imply that Mn does not react with Si0,.
Pretorius et al. [3] have also used electronegativity to predict whether a metal

will react with Si0; or not. Fig. 1.6 shows a plot of their calculated standard heats
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FIGURE 1.6: Heats of reaction for all possible combinations of various metals in
interaction with Si0,. Heats of reaction are plotted on the vertical axis whereas
electronegativities are on the horizontal axis [3]. Crosses refer to elements at the top
and open circles to elements at the bottom.



20 CHAPTER 1. BACKGROUND AND SCOPE OF INVESTIGATION.

of reaction AHp, plotted as a function of the average of three electronegativities
{average of relative compactness, Pauling and Allred-Rochow electronegativities). A
linear correlation between the calculated standard heats of reaction and the average
electronegativities of the metals was found. They found that metals with average
electronegativities of less than about 1.5 on the Pauling scale react with SiO; whereas

those with average electronegativities greater than about 1.5 do not.

1.3.4 Prediction of reaction using ternary phase diagrams.

Beyers [12] has shown that ternary phase diagrams may be used to predict whether
a compound involving three elements (or less) in contact with one of the three
elements will be stable or not. The Gibb’s phase rule predicts that there can
only be a maximum of three phases in equilibrium in any portion of the phase
diagram. Regions of three-phase equilibrium in these phase diagrams form triangles
in isothermal sections of the diagram.

The corners in any such triangle contain phases that are thermodynamically
stable when in contact with each other. Two phase tie lines are found at any
temperature, by determining the Gibb’s free energy of reaction (heat of reaction
in our case because values of G are not easily obtainable) at the point where two
possible tie lines would cross. This can be shown easily in the case of tungsten (W)
(the ternary phase diagram is given in Fig. 1.7). The question to ask is whether
WSi, is stable in contact with Si0s, i.e. is there a tie line between WSi, and Si0,?.
To find this out, the values of the heat of reaction are calculated at the point where
two tie lines would cross. For the case of WSi, and 5103, such points would be given
by a reaction between WQ, and Si as well as WQO3 and 51t to give 510, and WSi,
(see Table 1.2).

Since all values of AHp obtained are negative, then a tie line exists between
WSi, and Si0; 1.e. WSi; 1s stable when in contact with 510, at room temperature
(since values of AH® used are those at room temperature). Note that these stable
tie lines do not cross. In a similar manner, a stable tie line between W and Si0; is

established, thus showing that W will not react with Si0; at room temperature. It
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TABLE 1.2: Heat of reaction calculations to show the presence of a tie
line between WSi,; and Si0,

Tie line reactions A Hp kJ/{mol.at)
785i4 2 W03 — 2 WSiz + 3 810> -80.7
3 81 + W02 — WSip + Si0; -67.8

is very likely that W will not react with 510; even at high temperatures, the order
of 1000°C. Actually, Brown et al. found that W does not interact with Si0; even

O

WO,

WO, Si0,

W W,Sis WSi, Si

FIGURE 1.7: A ternary phase diagram of the W—-S5i—Q system showing tie lines
(solid lines within the large triangle) radiating from Si0, (the dominant phase) to
W and to the oxides and silicides of W. A tie line between two phases indicates
that the two phases are stable in contact with one another. Adapted from Beyers
[13] .
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at 1100°C [14].

1.4 Scope of this investigation.

Integrated circuit metallization schemes require materials with both low resistivity
and high thermal stability. During circuit fabrication, the metallization schemes
come into contact with other materials e.g. Si, Al, Ti, 510, etc. at elevated
temperatures. The knowledge of the chemical reactions that may result as well as
the stability of the metallization is of great importance to the device technologist.
A study of S510; in contact with metals will lead to a better understanding of
the physics of solid-state reaction. This study concerns itself with the interaction
between S10; and thin metal films. The characterization methods used to find
layer thicknesses of deposited materials and the resulting products after annealing
are Rutherford Backscattering Spectrometry and X-Ray Diffraction Spectroscopy.
The sample characterisation methods are described in chapter 2. Chapter 3 deals
with the interaction between refractory metals (Zr, Mo) and Si0,. Chapter 4 looks
at the reaction between rare earth metals (Yb, Y) and Si0;. Noble metals (Cu,
Pt, Ir, Re) in contact with Si0; are dealt with in chapter 5. The experimental
results found in this investigation and from the literature are then compared with
theoretically calculated heats of reaction in Chapter 6 and a correlation with the
electronegativity of the metal is investigated. R. Beyers and R. Sinclair [13] showed
that ternary phase diagrams could be used to to explain the experimental results.
Chapter 7 gives a summary and an overall view of this study of solid state interaction

between metals in contact with S10,.



CHAPTER 2

EXPERIMENTAL TECHNIQUES.

2.1 Sample preparation.

2.1.1 Preparation and cleaning of wafers.

Commercially obtained silicon wafers of < 100 > orientation were thermally oxi-
dized. These wafers were about 280um in thickness and 100mm in diameter. The
oxide thickness on Si< 100 > was in all cases more than 4000A. This was done to
ensure that after interaction with a metal, some Si0O, would still be left unreacted.
The substrates were cut into 13mm by 13mm squares. This large area ensured a
reasonable XRD signal would be reflected from the exposed area of these square
wafers. The wafers were then chemically cleaned first with methanol. followed by
acetone, then trichloroethylene, acetone, methanol and lastly in deionised water.
The stirring was carried out using an ultrasound bath. The resistivity of the
deionised water was better than 12MQcm. The wafers were then attached onto
alumininm holders. These holders were then placed onto a rotatable sample holder

which was then put inside a high vacuum system (see Fig. 2.1).

2.1.2 Vacuum deposition.

A high vacuum system with three crucibles was used. The system has one electron
beam. The crucibles can be moved and each can be placed in the path of the electron

beam thus allowing one to deposit three different elements sequentially one on top of

23
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FIGURE 2.1: Sketch showing the high vacuum evaporation system

the other. Crucibles are cleaned before introducing the elements. A shield separates
the crucibles from each other so as to avoid cross contamination from one crucible
to the other.

The rate of deposition can be varied by changing the electron beam current.
Atoms from the element being evaporated then impinge on the surface of the samples
which were placed face down on a rotating sample holder. A guartz monitor was
used to find the rate of deposition as well as the thickness of the deposited laver. All
depositions were done in vacuum of better than 107*kPa. Vacuum was maintained
by means of ion pumps, sublimation pumps, turbopump as well as a cryopanel.

The top part of the vacuum system can be isolated from the bottom part by
a baffle valve. This allows vacuum to be maintained at the bottom part while the
top is being cleaned and samples changed. The pressure at the bottom can reach
10~%kPa. Pressure was measured by means of a Penning gauge.

The cryopanel at the bottom part helps to trap gases like H,O and CO; thus

reducing the pressure. lon pumps consist of pumping elements surrounded by a
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strong magnetic field. A pumping element has a multi-celled anode between two
titanium cathode plates. Electrons accelerated between the cathode and the anode
make helical paths in the magnetic field. They ionize gas atoms which then drift
because of the electric field towards the titanium cathode. Atoms of Ti get sputtered
as a result. They then getter the oxygen in the system, thus decreasing the pressure.

The samples onto which deposition had been done were allowed to cool in
vacuum for more than five hours. Vacuum was in all cases broken by high grade
dry nitrogen to prevent oxidation and contamination of the samples. Samples that

oxidized easily were kept in a dessicator under vacuum before and after annealing.

2.1.3 Vacuum annealing.

The thin films were annealed so as to accelerate interaction between the metal film
and the S10; substrate. All anneals were done in vacuum at pressures of better than
10~7kPa. Quartz boats in which samples were annealed were first preheated so as
to drive out any gases from these boats. Up to eight samples could be annealed
sequentially at different temperatures by inserting them in turn into the annealing
oven from a rotating carousel. A platinel II thermocouple was used to monitor the
temperature and stabilize it to any desired preset value.

Vacuum was maintained by means of a turbomolecular pump and a mechanical
forepump. A cold nitrogen frap was used to reduce the pressure further. After
annealing, samples were left in vacuum for up to five hours. Vacuum was broken by

letting in dry nitrogen so as to minimize oxidation.

2.2 Sample characterisation.

Two characterisation methods were used to identify resulting compound phases after

annealing.

2.2.1 Rutherford Backscattering Spectrometry

Backscattering spectrometry using a monoenergetic (2MeV) and collimated beam
of *Het particles together with a computer aided simulation of RBS were used to

determine:
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o the relative atomic composition i.e. stoichiometry of the compounds/phases

of thin metal films deposited on Si0, before and after annealing them.

o the thickness of metal films (and their resultant compounds/phases) deposited

on S5i0; before and after annealing them.

Measurement of the number and energy of the *He* particles backscattered from

atoms in the near surface region allows for:
e identification of the atomic mass of the target element ie

E, o< mass

¢ determination of the distribution of target elements as a function of depth

below the surface i.e.

dE
dx
1s the depth scale.
o the scattering cross section, ¢ where
ox Z?

Application of this technique is illustrated in Fig. 2.2 for the ideal case of a two
element thin film of uniform composition on a low mass substrate.

*He* particles scatter elastically from target atoms with energies characteristic
of the mass of the struck particle. They lose energy as they pass in and out of the
material film. Energy analyses of the backscattered *He™ particles by the detection
system yields the backscattering spectrum shown in the lower diagram in the form of
counts per channel versus channel number. The channel number is linearly related
to the backscattered energy E,. Appearing in the spectrum is a nearly flat topped
peak for each element present in the film. The peak widths are caused by the energy

loss of the alpha particles.
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FIGURE 2.2: Backscattering spectrometry. The insert diagram shows a sample
with the following profile: substrate/A(900A)/B(1550A). 2Mev He' par-
ticles scatter from the sample onto a detector. The spectrum shows a plot of
the number of counts (or the yield) as a function of the energy of the scattered
particles. The arrows indicate the surface position energies for elements A and B.
These posttions are dependent on the atomic mass, while the counts are dependent
on the square of the atomic number i.e. Z2.
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The film elements may be identified by insertion of measured energies (E3;

EB) of the high energy sides of the peaks into

K; = gl (2.1)

to calculate the kinematic factor K for the ¢ th element. E, is the incident ion’s
laboratory kinetic energy. Application of conservation of energy and momentum

leads to the kinematic factor K being given by

) 2
(M? —m?sin® )2 + mcosé
M4+ m

K = (2.2)

where § is the laboratory angle through which the incident ion is scattered, and m
and M are the masses of the incident and target particles respectively. Since the
parameters m, E, and 8 are usually known, M is determined and the target element
is identified.

If t is the film thickness and N; the atomic density of the ¢ th element. then

(Nt); is the areal density, given by

v Aicosb o
(Nt)i = m (2.3)

A; is the integrated peak count for the Q ions which are incident at angle 6;. 2 is
the detector solid angle and o, the cross section.

The average stoichiometric ratio for the compound film A, B, is given by

_Np_Apoa (2.4)
JNA o A.A -

¥
x

In this equation, the hard to measure quantities Q@ and {2 have cancelled.
Given that the film density 1s p4g,
and that Mg = z M4 + yMp is the molecular weight of compound A, B,, we

have
A, .
N4B TPAB Ny 95
A 1’”_4 B ( j)
and
. A,
NEB = Ypapiy (2.6)

:L[ AB
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where A, is Avogadro’s number and N42 the atomic density of A in compound AB,

N4F the atomic density of B in compound AB. Thus

- Wtha _ (Ni)s '
N3B T NP '

S
|
—

1-2 MeV *He ions have been used for the preceeding analysis for the following reasons

¢ data for the energy loss of *He ions in the elements are better known than for

other ions.
e the silicon surface barrier detector energy resolution for *He is about 15keV.

e the backscattering cross section for *He ions incident on all elements more

massive than Be are nearly all Rutherford in this energy region.
The principal strengths of Rutherford backscattering (RBS) with *He ions are
¢ it is an absolute method in that it does not require the use of standards.
e it is quick and easy; typical data acquisition is about 10 minutes.
e 1t is frequently non-destructive.
e it may be used for depth profiling, with 10-30nm depth resolution.

The principal failure of this technique is its failure to analyze trace elements.
For fixed 8, the energy separation AE, for beam particles scattered by target

particles of mass M 1s

di
AL = AM 2.
AFE = E, (dﬂf) AM (2.8)

If AE is set equal to 6E, the minimum energy separation that can be experimentally

resolved, then dM, the mass resolution of the system is

SF
Eq (2)

8F contains contributions from detector resolution, straggling, beam energy spread

SM = (2.9)

and various geometric effects.
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The mass resolution at the sample surface is determined mainly by the detector
resolution. For deeper layers, straggling dominates.
The average differential cross section, o(#; E) for scattering of beam particles

of energy E by target particles in a thin film is defined by

v (1Y dQ(E) 1 .
a(e,E)_(Nt)_—Q TG (2.10)

where Nt is the number of target atoms/unit area perpendicular to the beam,

and 128)

}(9) centred at the deflection angle §.

is the fraction of incident particles scattered into the small solid angle

If scattering is Rutherford (pure Coulomb), then the scattering cross section

is

212262)2 y A[(M? — m?sin® 6)7 + M cos §]2 (2.11)

iE M sin* 6(M? — m?sin? 0)2

where Z; and Z; are the atomic numbers of the incident and target atoms respec-

or(E,0) = (

tively. This equation is in cgs units with
e’ ~ 1.44 x 107"MeVem
An accurate approximation for large backscattering angles and (%) L 1lis

le--z 2 s § my 2
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The IBM and Cornell geometries are the common experimental arrangemets.

For both geometries the incident beam is horizontal and the sample surface is
vertical. In the IBM geometry, the scattered beam (directed at the detector) and
the incident beam are in the same horizontal plane.

In the Cornell geometry, the incident and the scattered beam are in the
same vertical plane, with the detector directly below the incident beam. In both
geometries the angle between the incident beam and the sample normal is 8, while
the angle between the scattered beam and the sample normal is ;. The tilt axis is
a vertical axis through the beam spot on the sample surface. 8, is the tilt angle.

For the IBM geometry, § = x— | 8; = 6, | . For the Cornell geometry cosf, =

cos(m — ) cos 8. The geometry used in our case is the IBM geometry.
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The mass resolution at the sample surface is determined mainly by the detector
resolution. For deeper layers, straggling dominates.
The average differential cross section, o(§; £) for scattering of beam particles

of energy E by target particles in a thin film is defined by

1 YdQ(E) 1
GBEY=| — ) — = 2.10
0.6~ () 5 i (210
where Nt is the number of target atoms/unit area perpendicular to the beam,
and % is the fraction of incident particles scattered into the small solid angle
Q(0) centred at the deflection angle 8.
If scattering is Rutherford (pure Coulomb}, then the scattering cross section

1s
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where Z, and Z; are the atomic numbers of the incident and target atoms respec-

tively. This equation is in cgs units with
e’ ~ 1.44 x 107*MeVem
An accurate approximation for large backscattering angles and ({7) < 1 is
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The IBM and Cornell geometries are the common experimental arrangemets.

(2.12)

For both geometries the incident beam is horizontal and the sample surface is
vertical. In the IBM geometry, the scattered beam (directed at the detector) and
the incident beam are in the same horizontal plane.

In the Cornell geometry, the incident and the scattered beam are in the
same vertical plane, with the detector directly below the incident beam. In both
geometries the angle between the incident beam and the sample normal is §,, while
the angle between the scattered beam and the sample normal is 8,. The tilt axis is
a vertical axis through the beam spot on the sample surface. #; is the tilt angle.

For the IBM geometry, 8§ = 7— | §; =02 | . For the Cornell geometry cos , =

cos{w — 0) cos . The geometry used in our case is the IBM geometry.
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RBS only gives the ratio of different atomic species and cannot tell whether
a compound phase has formed. To confirm whether there is a compound phase or

not, X-ray diffraction techniques are used.

2.2.2 X-ray diffraction spectroscopy.

To find out which compound phases were present in the samples after annealing, X-
ray diffraction was done on the samples. The machine used was a Phillips vertical
diffractometer employing the Bragg-Brentano geometry (see Fig. 2.3). Both the
sample and the detector move, with the detector moving an angle of 26 for each @
moved by the sample. This geometry is suitable for thin films since it gives reflections
from atomic planes parallel to the surface of the sample.

Monochromatic X-rays from a Cu tube were used. These get reflected into
an X-ray detector. Sample detector movements are controlled from an external
computer. Signals from the detector are then fed to the computer for analysis. Step
size and duration of data acquisition could be chosen at will. The JCPDS diffraction

data files were used to identify the compound phases present in the sample.
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FIGURE 2.3: The essential features of an X-ray Diffractometer



CHAPTER 3

REFRACTORY METALS.

3.1 Introduction.

Silicides of refractory metals find wide application in integrated circuit metallization
schemes. The interest in refractory metal silicides stems from their high thermal
stability and low resistivities [12]. When a circuit involving pure refractory metals
is being fabricated, the metals come into contact with SiO,, hence a knowledge of the
reaction between Si0O, and the refractory metals is important in the understanding
of the stability of devices.

In previous studies of the reaction between refractory metals and Si0,. it was
found that some refractory metals such as V, Ti1 and Nb react with 510, [3], while
others like Mo and W do not [12]. For those refractory metals that do react. it was
found that a silicide layer formed next to the Si0O; and an oxide near the surface
region.

In this study we revisit the interaction between refractory metals and 510, {this
chapter): reaction between noble metals and 510, (chapter 4} and reaction between
S10; and rare earth metals (chapter 5). The aim is to confirm those reactions that
are known. to study systems that have not been studied before and to compare SiO,

reactions involving SiO; and refractory metals, noble metals and rare earth metals.

32
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3.2 Experimental.

Commercial silicon wafers of < 100 > orientation, covered with thermally grown
Si0; were cut into 13mm by 13mm squares and then chemically cleaned and rinsed
in de-ionised water (resistivity = 12M{cm) in an ultrasonic bath. The relatively
large surface area of the samples made it possible to easily detect X-ray diffraction
signals.

Thin layers of the refractory metals zirconim (Zr) and molybdenum (Mo) were
then deposited on the wafers under vacuum by means of electron beam heating.
The thickness of the Si0; layer was about S000A to ensure that after interaction
with the metal some Si0Q, would be left. The samples were allowed to cool while
remaining under vacoum to avoid thermal oxidation from the ambient. The
Si< 100 >/Si0;/metal samples were then put into pre-heated boats and annealed
for various periods of time in an oil free vacuum system, with vacuum better than
10-7 kPa. The purpose of pre-heating the boats was to reduce sample contamination
during annealing from the gases that they may have absorbed. All samples were
analyzed by Rutherford Backscattering Spectrometry (RBS) using a beam of accel-
erated 2MeV a particles. RUMP {Rutherford Utilities and Manipulation Program)
simulation was used to determine the thicknesses of the metal and S10, layers as
well as the thicknesses of the compound phases formed. Phase identification was
carried out by means of X-ray diffraction (XRD) and the subsequent analysis of the

X-ray spectra using JCPDS diffraction data files.

3.3 Results.
3.3.1 Zr-Si0-.

A 16004 laver of zirconium {Zr) was evaporated by means of an electron beam onto
Si< 100 > wafers, covered with thermally grown 5i0;. The deposition was done
under vacuum that was oil free and was about 3x107®kPa. The deposition rate was
maintained at approximately 3.0A/s. The Zr-SiO; samples were then annealed for

30 minutes at various preset temperatures in a vacuum furnace whose pressure was
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FIGURE 3.1: Backscattering spectra of Si< 100 >/5i0,(9500A)/Zr(1600A)
samples as-deposited and annealed for 30 minutes at various temperatures. The
as deposited sample shows no interaction. The sample annealed at 690°C has
ZrsSiy next to the Si0, and ZrO, with r ~ 1.8 on the surface. The sample
annealed at 720°C shows the presence of both ZrsSiy and Zr(,.

of the order of 107®kPa. Results of Rutherford Backscattering Spectrometry (RBS)
for the as deposited (i.e. no heat) sample as well as samples annealed at 690°C
and at 720°C are shown in Fig. 3.1. The thickness of the 510, on top of the
bulk Si< 100 > was 9500A. Signal heights are shown next to the Zr signal. The
as deposited sample shows no interaction between the Zr and the Si0O;. The signal
height of the sample annealed at 690°C has been reduced showing that there has
been an interaction between Si0; and Zr. The Si signal of the Si in Si0; has also
moved forward. It has however not reached the surface position of Si, showing that
there is no Si on the surface. The spectrum height on the front part of the Zr
signal corresponds to ZrO, with x ~ 1.8, meaning that both ZrO and ZrO; may be

present in the sample (see Fig. 3.1). The height of the back part of the Zr signal
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corresponds to the formation of Zr;Siy. The sample annealed at 720°C shows the
formation of ZrO, on the surface and ZrsSi, next to the Si0,. For both annealed
samples there is no free Zr. 1997 JCPDS International Centre for Diffraction Data
files were used to identify compound phases resulting from the interaction of 510,
and Zr. Fig. 3.2 is an X-Ray Difraction spectrum of Zr-5i0, samples annealed
at various temperatures. The unannealed sample shows that the deposited Zr is
already crystalline. Tt also shows that there has not been any interaction between
7r and S10,. This is in agreement with the RBS results. The spectrum of the sample
annealed at 690°C shows the presence of ZrsSiy, ZrO; and ZrQ. This is in agreement
with the RBS observation. All the free Zr has been consumed on this sample. Note
that the ZrsOy signal overlaps with the ZrO, signal. A similar experiment [15] also
showed that the silicide was Zr;514. These XRD results are consistent with the RBS
results. The XRD spectrum of the sample annealed at 720°C shows the presence of

Zr5Sis and ZrO;. There 1s no unique ZrO signal.

3.3.2 Mo-Si0;.

Thermally oxidized substrates of Si< 100 > were chemically cleaned and
loaded into a high vacuum evaporation system. Molybdenum (Mo) metal was then
deposited onto the Si0, covered Si< 100 > substrates at an average rate of 2.4A /s,
Vacuum was maintained at about 1x107"kPa. The samples were allowed enough
time to cool while remaining in vacuum before they were transferred into a vacuum
annealing furnace and annealed at various temperatures. RBS was then carried out
on the samples.

Fig. 3.3 is an RBS spectrum of the Mo on 5i0; samples for the unheated
sample and the samples annealed at 800°C and at 900°C for 3 hours respectively.
The as deposited sample shows no interaction between the Mo and the 5i0;. The
sample annealed at 800°C is similar to the unannealed sample. The sample annealed
at 900°C also shows no interaction. We conclude therefore from the RBS results

that there is no interaction between Mo and 510, for temperatures of up to 900°C.,
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FIGURE 3.2: X-ray diffraction spectra of Si< 100 >/SiO,(9500A)/Zr(1600A)
samples annealed at different temperatures for 30 minutes. The sample annealed
at 690°C indicates the presence of ZrsSiy, ZrO and ZrQ,. The sample annealed
at 720°C shows the presence of Zr;Siy and ZrO;.

CHAPTER 3. REFRACTORY METALS.
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FIGURE 3.3: Backscattering spectra of Si< 100 >/Si0,(8300A)/Mo(15004)
samples as-deposited and annealed for 3 hours at two different temperatures.
The as deposited sample and the samples annealed at 800°C and 900°C show

no interaction.
3.4 Summary and conclusion.

RBS experimental investigations done on thin film couples of Zr on thermally
grown 510, revealed that Zr reacts with Si0; at temperatures of about 700°C. The
compound phases resulting from these interactions were revealed by RBS and X-ray
diffraction to be Zr;Siy and ZrO;. The silicide ZrsSiy was found to form adjacent
to the unreacted Si0; whereas the oxide ZrQO; formed on the surface. The resulting
structure was Si0,/ZrsSty/ZrO;. The XRD results were found to be in agreement
with the RBS results. These results are in agreement with those obtained by other
workers [3, 15, 16).

Our experimental investigations revealed that Mo does not react with SiO,
when annealed in vacuum at temperatures of up to 900°C for 3 hrs. This observation

shows that some refractory metals do not react with Si0,.



CHAPTER 4

RARE EARTH METALS.

4.1 Introduction.

Rare earth metals find use as gate materials in solar cells and they also have been
used in chemical sensors [17]. There is already a large body of scientific knowledge
concerning the behaviour of refractory metals when in contact with Si0O;, but a lack
of information with regards to the behaviour of rare earths. Available literature is
sketchy at best and though it is mentioned that rare earths react with 510, there is
no mention of compound phases resulting from such chemical reactions [18].

In this work chemical reactivity between Yb and SiQ; as well as between Y
and Si0, has been investigated. Rare earths oxidize readily in air and in our study
we have sandwiched rare earths with SiQ, from both sides to prevent oxidation. The
one side having thermally grown 5i0; while the other had electron-beam deposited
Si0;. This also allowed a comparison between these two differently prepared layers.

Thermodynamic data has also been used to explain the results obtained.

4.2 Experimental.

Thermally oxidized Si< 100 > wafers were cut into 13mm by 13mm squares,
chemically cleaned and finally rinsed in deionized water {=12MQcm resistivity).

Thin layers of the rare earth metals Y and Yb were deposited on these Si< 100 >

35
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wafers. The thickness of the oxide layer was about 9000A to make sure that after
interaction with the metal some SiO, is left. The Si/S510,/Metal samples were
annealed in an oil free vacuum system, with vacuum better than 1077 kPa. All
samples were analyzed using RBS. The RBS results were used to determine the
thicknesses of the metal and Si0; layers as well as the thicknesses of the compound
phases formed. Phase identification was done by means of XRD spectrometry.
JCPDS X-ray diffraction files were used to analyse the XRD spectra.

A 1000A layer of Yb was electron-gun evaporated onto thermally grown and
chemically cleaned SiQ; substrates in vacuum. The deposition rate was maintained
at an average of 3.0A/s. The vacuum was oil free and better than 10~ "kPa. The
thickness of the 5i0; on top of the bulk Si< 100 > was 9000AThe ytterbium film was
then covered with a 4500A layer of Si0; electron-beam deposited at the same rate as
the Yb, without breaking vacuum.The covering Si0, was obtainred by evaporating
ground quartz, using an electron beam. The covering layer of Si0; was intended
to protect the ytterbium from possible surface oxidation during annealing. The
Si< 100 >/Si03/Yb/Si0; samples were annealed for 30 minutes at specific preset
temperatures in a vacuum furnace whose pressure was better than 10~ kPa.

A 3000A layer of vttrium (Y) was deposited by means of an electron beam
on thermally oxidized silicon wafers at a rate of about 3.04/s. The deposition
was done under a vacuum of the order of 1078kPa. The thickness of the SiO,
substrate and the Y film were 90004 and 3000A respectively. The Y was then
covered with a 53004 laver of Si0,. The overlying SiO, was obtained by evaporating
ground quartz using electron beam heating. The vacuum was constantly monitored
throughout the deposition. The overlying Si0; layer was intended to protect the
Y film from oxygen contamination during annealing since Y oxidizes readily. The
Si< 100 >/5i02/Y/SiO; samples were then placed in quartz boats and annealed
at preset temperatures in a vacuum annealing furnace for 30 minutes. The vacuum
was of the order of 107%kPa. The samples were then annalyzed using RBS and XRD

techniques.
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4.3 Results.
4.3.1 Yb-Si0-.

Fig. 4.1 shows results of Rutherford Backscattering Spectrometry (RBS) for Yb
deposited on an Si0, substrate and covered with an SiO, cap. The as deposited
sample shows no interaction. The signal height of the sample annealed at 320°C has
broadened showing that there has been interdiffusion between Si0; and Yb. The Si
signals of the Si in the 5105 films on both sides of Yb have also moved forward and

backwards due to interdiffusion between the various layers. The Si and O signals
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FIGURE 4.1: Rutherford backscattering spectra of three samples with original
profile Si< 100 >/Si0,(9000A)/Yb(4000A)/Si0,(45004). Included is the as-
deposited sample and two samples annealed for 30 minutes at different tempera-
tures. The as deposited sample shows no interaction. The samples annealed at
320°C and at 420° shows asymmetry in the Yb signal. The ternary phases shown
on the annealed sample gave the best fit on the RBS spectrum.
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remain at the surface position thereby confirming the presence of 5i0; on the surface
of the sample.

It is clear from the RBS spectrum in Fig. 4.1 that the interdiffusion or possibly
interaction between the Yb and the two Si0; layers, thermally grown and deposited
do not happen at the same rate. This can be seen from the fact that the Yb signals
of the samples annealed at 320°C and 420°C are asymmetrical. A theoretical fit
on the Yb spectrum revealed that the sample consisted of a ternary mixture of
Yb, O and Si in the reaction region. The structure of the sample was found to be
Si< 100 >/Si02/Yb,.Si,0./510;. It was difficult to determine the exact compound
phases in the sample using RBS.

Fig. 4.2 shows the XRD spectra of samples annealed in vacuum at various

temperatures. These samples have the profile Si< 100 >/5i02/Yb/5i0, before
annealing. The spectrum of the unannealed sample shows that the deposited Yb
has crystallized. Within the limits of the sensitivity of XRD, no oxidation was
observed on the unannealed sample.
The XRD spectrum of the sample annealed at 320°C shows that a solid state reaction
has taken place. It reveals that the compound phases Yb;sSiz, YbsO4 and Yb,0;
were present in the sample. It also shows that some crystalline Yb was still present
(unreacted). Combining the information obtained from the RBS results and that
obtained from the XRD analysis, it can be concluded that those phases present
in the sample do not occur in discrete well defined layers. They must be a non-
homogeneous mixture of various compositions, distributed in the reacted region.
The JCPDS International Centre for Diffraction Data files showed that Yb has no
ternary compound phases.

The XRD spectrum of the sample annealed at 420°C shows that this sample
has the compound phases Yh3Sis, Yh3O4, YbyO3 and Yb;Si3. The spectrum shows
no unreacted Yb (in crystalline form}.

Fig. 4.3 shows the RBS spectra of Yb on 510, without an Si0; cap. The $i10,
layer was found to be about 8000A in thickness. The deposited Yb was 37004 in

thickness. The RBS spectrum of the unannealed sample shows no oxidation. The



42

Si{100)/Si0,(9000R) /Yb(40004) /Si0,(4500R)

A Yb % YbsSiy © YbsSis * YbsO, = Yb,O,

Il!ll!lllllllllIllllllilllllllllllllllIllllllllll

virgin
Si Si

Intensity (arb. units)

20 30 40 50 60 70
20 (degrees)

FIGURE 4.2: X-ray diffraction spectra of samples with original composition Si<
100 >/Si0»{9000A)/Yb(4000A)/Si0,(4500A) samples showing a virgin sample,
a sample annealed at 320°C and one annealed at 420°C for 30 minutes. The
compound phases YbsSi3, YbsSis, Yb3O4 and YbyO3 were identified.
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FIGURE 4.3: RBS spectra of Si< 100 >/Si0,(8000A)/Yb(3700A)/) samples
without an SiO, cap showing a virgin sample, a sample annealed at 350°C for 15
minutes and a sample annealed at 350°C for 90 minutes. The Yb peak gradually
diminishes with an increase in annealing time, suggesting loss of material probably
due to the formation of volatile oxides.
RBS spectrum of the sample annealed at 350°C for 15 minutes shows that there has
been interdiffusion and possibly a chemical reaction between Yb and Si0,. Looking
at the spectrum of the sample annealed at 330°C for 90 minutes, it can also be seen
that the surface area of the Yb signal has been reduced in size. It is suspected that

there may be some volatile phases formed during annealing. This effect is more

pronounced on those samples annealed at higher temperatures (not shown here).

4.3.2 Y-Si0,.

Fig. 4.4 shows an RBS spectrum of an as deposited Si< 100 >/Si0,/Y/Si0,

sample (see the solid line) as well as that of two other samples of the same compo-



44 CHAPTER 4. RARE EARTH METALS.

Energy (MeV)
T I - — . E— —

*He** 2 Mev 10° tilt

(30 min. anneals)

80 -

— No heat .
g cosenne 370°C ;
&
h —
g 4
., E ]
% ! “1‘\."?] B
i : \
: i -
O § J
A i .
] -
E! .
el
E | i ]
400

FIGURE 4.4: The diagram shows the backscattering spectra of Si<
100 >/Si02(9000A)/Y(3000A)/Si0>(5300A) samples as-deposited and annealed
for 30 minutes at various temperatures. The as deposited sample show no
interaction. The sample annealed at 370°C shows that a reaction has started.
The sample annealed at 490°C shows a composition Y5i,0, where p and ¢ vary
with distance from the thermally grown S5i0; interface.

sition annealed at 370°C (see the dotted line) and at 190°C (see the broken line) for
30 minutes each. The RBS spectrum of the as deposited sample clearly shows the
elements O and Si to be occupying surface positions (see arrows) thus confirming
that the deposited $10; film is indeed at the surface. The Y signal lies at an energy
less than its surface position energy (see arrow), due to the top SiO; layer.

The Y signal in the RBS spectrum of the sample annealed at 370° has devel-
oped a step and has moved slightly towards the surface position of Y. As the change
is so small, we conclude that interdiffusion and/or interaction hetween Y and SiQ,
has just begun at this temperature. For the RBS spectrum of the sample annealed

at a higher temperature i.e. 490°C, the effects observed in the RBS spectrum of the
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sample annealed at 370°C are more pronounced. The height of the Y signal has been
further reduced whilst its width has broadened. However, the area of the signal does
not appear to have decreased. We conclude that no loss of Y has occured. The lower
energy edge of the Si signal from the overlying $Si0, has shifted backwards whilst
the higher energy edge of the Si signal due to the Si0, substrate has moved forward.
We conclude that the S5i0» in both the top and bottom layers reacts with Y. By
using the RUMP simulation to obtain a fit on the RBS spectrum corresponding to
490°C, a ternary mixture was obtained, with SiQ; layers on either side of it, i.e.
Si< 100 >/510,/YS1,0,/510,. However, the ternary phase could not be identified
from our RBS results.
XRD was done on an unannealed sample with structure Si< 100 > /Si02/Y /Si0,.

No oxidation could be detected on this sample (see Fig. 4.5). Samples of the same
structure annealed at temperatures below 300°C for 30 minutes were found using
XRD techniques to have not reacted. This result is in agreement with our RBS
results. A sample annealed at 370°C' for 30 minutes was however found to have
reacted resulting in compound phases 7-Y;51,07, Y,5i05 and o-Y,51;07. It was
also found that there was still unreacted Y at this stage. The sample annealed at
490°C for 30 minutes was found to have compound phases, Y5105, YO, .35 and
~4-Y2S1;0-. Within the detection limits of XRD no unreacted Y could be found at

this temperature.

4.4 Summary and conclusion.

Rutherford backscattering spectroscopy done on a Yb/SiO; thin film couples re-
vealed that Yb interacts with S10;. This is in agreement with the results obtained
by other workers [18]. The chemical reaction starts at about 320°C. In the case of
uncovered Yb there is a loss of material (Yb) suggesting the formation of volatile
compound phases. For Yb sandwiched between lavers of Si0;, RBS suggested the
presence of all three elements (Yb, 51 and O) throughout the layer resulting from
the reaction. Yb does not have ternary phases (according to JCPDS files). The

compound phases found to be present in the annealed samples were Yb;Siy, Yh3Sis.
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FIGURE 4.5: X-ray diffraction spectra of samples with structure Si<
100 >/SiO-2(9000A)/Y(3000A)/Si02(5300A) samples showing a virgin sample, a
sample annealed at 370°C and one annealed at 490°C for 30 minutes. Compound
phases 7Y251,0; and aY;5i20; were identified.
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Yb304 and Yby0a.

The RBS spectrum of the Si0;/Y/SiO; thin film system showed the presence of
interaction between the sandwiched Y film and both the capping and the thermally
grown 5i0; layers upon annealing (see Fig. 4.4). The interaction starts at about
370°C. Analysis of the RBS spectra using RUMP suggested the formation of a
ternary phase ie. YS5i,0,. XRD analysis revealed the presence of the ternary
phases ¥-Y 351,07 and a-Y;5i,07.

The general behaviour of the rare earth metals deduced from our experiments
and from those of others [18] suggests that all those that have been investigated
do react with SiO;. The structures that result from such interactions are of the
form Si/Si0y/ternary mixture, even in cases where ternary compound phases do
not exist. This is an effect dissimilar to refractory metals where clear discrete layers

form.
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NOBLE METALS.

5.1 Introduction.

The elements Ni, Au and Ag as well as the elements of the platinum group viz Pt, Ir,
Os, Re, Ru, Rh and Pd are collectively called the noble metals. Cu may be classified
as a near noble metal. These metals find wide application in electronic devices such
as transistors, capacitors and diodes. J. Y. Kim et al {19] have suggested the use
of gold (Au) in metallization schemes since it has better electromigration resistance
than aluminium. However, Au has has poor adherence on oxidized substrates. In
their experimental investigations they have used copper (Cu) films of ~130A as an
underlayer sandwiched between a quartz (510;) substrate and a Au film. &= 7T50A in
thickness. They annealed the SiQ,/Cu/Au samples at temperatures of up to 500°C
and their experimental data showed that a Au/Cu composite film was formed and
that the Au developed holes during annealing.

R.R. Rye and A.J. Ricco [20] have studied palladium (Pd} in its use in Si<
100 >/Si0;/Pd diodes and transistors. These diodes are used mainly in low-power
electronic sensors as hvdrogen detectors. This is a result of the high solubility of
hvdrogen in Pd. The hvdrogen molecules dissociate on the catalytic metal surface
and diffuse through the thin metal film to the metal-insulator interface. N.)M. Davey

and R.J. Sevmour [21] have also suggested the use of platinum {Pt) as the gate metal
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of a metal oxide semiconductor (MOS) transistor as an alternative to Pd. Detection
limits for hydrogen in air are of the order of 0.5ppm and proposed applications

include leak detectors and fire alarm systems.

5.2 Experimental.

Thermally oxidized silicon wafers (cut to 13mm by 13mm squares) were chemically
cleaned and then rinsed in de-ionised water before being mounted onto aluminium
holders. The thickness of the oxide layer in the wafers used was about 8000A to
make sure that after interaction with the metal some Si0O; is left. The holders were
then mounted in a vacuum chamber and the vacuum system was degassed down
to a pressure of the order of 1x107%kPa. The vacuum was enhanced by pouring
liquid nitrogen into the system when the pressure was about 1x10~"kPa to assist
in trapping gas molecules onto the walls of the cryvo-panels.

An electron beam was targeted on lumps of Cu, Pt. Ir and Re metal placed in
one of the crucibles in the vacuum deposition system to cause melting. The average
pressure was 2x107"kPa. After deposition, the vacuum system was allowed to cool.
The Si/Si05/Metal samples were annealed for various periods of time in an oil free
vacuum system, with vacuum better than 1077 kPa. The vacuum in the annealing
furnace was also enhanced by feeding liquid nitrogen into the system. All samples
were analyzed by RBS, using a beam of 2 MeV alpha particles, in vacuum of the
order of 107°kPa. RUMP simulation was then used to determine the thicknesses of

the various layers in the samples.

5.3 Results.
5.3.1 Cu-50-:.

A 2100A layer of copper {(Cu) was electron-gun evaporated onto thermally
grown and chemically cleaned 510, substrates in vacuum. Deposition was main-
tained at 248\ /s. The vacuum was oil free and better than 10~"kPa. The thickness
of the SiQ, was 82007 on top of bulk Si< 100 >. The Cu-Si0, samples were
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FIGURE 5.1: Backscattering spectra of Si< 100 >/Si0,(8200A)/Cu(2100A)
samples as-deposited and annealed for 3 hours at two different temperatures.
The as deposited sample and the samples annealed at 800°C and 900°C show
no interaction. The sample heated at 900°C shows no Cu signal indicating that
the copper has been lost, either through evaporation or by formation of volatile
copper oxides.

annealed for three hours at various temperatures in a vacuuin furnace whose pressure
was better than 10~ “kPa. Results of Rutherford Backscattering Spectrometry (RBS)
are shown in Fig. 5.1 for the as deposited sample and the samples annealed at 300°C
and 900°C.

The as deposited sample shows no interaction. The sample annealed at 800°C
for three hours also shows no interaction, The RBS spectrum of the sample annealed
at 800°C coincides with that of the unannealed sample at all points. There has
therefore been no interaction between Cu and 5i0; according to this result. The
spectrum of the sample annealed at 900°C has a missing Cu signal. Note also that
for this RBS spectrum the Si and O signals are at their surface positions. This

means that the SiO, of the sample annealed at 900°C is on the surface (i.e. not
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covered with Cu anymore) and the Cu has been lost either by evaporation due to

its relatively low melting point (1083°C) or the formation of volatile copper oxides.

5.3.2 Pt-5i0..

A layer of platinum (Pt) was deposited on SiO; substrates thermally grown
on Si< 100 > by means of an electron beam at a rate of 2.6A/s. Vacuum was
maintained at about 3x107°kPa during deposition. The deposited Pt layer was
about 1000A in thickness. Two of the Pt on Si0O; samples were annealed at 800°C
and 900°C in vacuum of about 1 x 10~7kPa for three hours.

Fig. 5.2 shows an RBS spectrum of the Pt on S5i0; samples. The thickness of
the $i0, was found to be 5500A and that of the Pt was 1000A. The RBS spectrum

of the unannealed sample shows no interaction between Pt and Si0,. The spectrum
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FIGURE 5.2: The RBS spectra of samples whose structure is Si<
100 >/5i0,(5500A)/Pt(1000A) showed that there was no interaction. The
annealed samples look the same as the unannealed sample. These samples were
annealed at 800°C and 900°C for 3 hours.
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of the sample annealed at 800°C for three hours coincides at all points with that of
the unannnealed sample. There is therefore no interaction between Pt and SiO; on
this sample according to our RBS results. There is also no observable interaction

on the sample annealed at 900°C for three hours.

5.3.3 Ir-Si0s.

A layer of iridium (Ir) was deposited under vacuum on 510, substrates, thermally
grown on Si< 100 > orientation wafers. The pressure was kept at approximately
1x10~7kPa and the deposition rate at 4.4A /s throughout the process.

Two of the Si< 100 >/510,/Ir wafers were then placed into a vacuum anneal-
ing furnace and annealed at a pressure of 2x107%kPa at temperatures of 800°C and
900°C respectively, for 3 hours. After the furnace had been allowed sufficient time
to cool so as to avoid thermal oxidation upon opening, the samples were removed
and RBS was carried out on the annealed samples and on one of the as deposited
samples using a beam of 2MeV alpha particles. The RBS spectra coincide at all
points {see Fig. 5.3) both for the as deposited sample and the annealed samples
indicating that no interaction between the SiO; and the Ir occured when annealing
at 800°C and at 900°C for 3 hours. We also conclude that no interaction could have
taken place at lower temperatures. By using RUMP simulation, the thickness of the

Si0, layer was found to be 8000A and that of the Ir found to be GDOAisee Fig. 5.3)

5.3.4 Re-Si0,.

Rhenium metal {Re) was evaporated by means of an electron beam and deposited
onto thermally grown S$iO, on Si< 100 > substrates at a rate of 0.90A/s. The
pressure was maintained at an average of 2x1077kPa. The system was allowed
sufficient time to cool thereby avoiding thermal oxidation of the samples on breaking
vacuum. Two of the samples were placed in two separate pre-heated quartz boats
which were then put into a high vacuum annealing furnace. The furnace was then
pumped down to a pressure of less than 2x107%kPa and the samples annealed for 3

hours at 800°C and 900°C respectively.
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FIGURE 5.3: The RBS spectrum of the annealed samples show that there is
no interaction between Ir and 5i0,. The samples were annealed in vacuum for
3 hours for 800°C and 900°C respectively. The structure of the samples is Si<
100 >/Si0,(8000A)/Ir(600A).

The RBS spectrum of the as deposited Si< 100 >/Si0;/Re sample coincides
at all points with the RBS spectra of the 5i< 100 >/S5i02/Re samples annealed at
800°C and at 900°C for 3 hours (see Fig. 5.4). It is therefore concluded that no
interaction occurred between the Si0; and the Re. Using RUMP simulation, the
thicknesses of the 5i0; and Re films was found to be 8800A and 1500A respectively.
(see Fig. 5.4)

5.4 Summary and conclusion.

All the noble and near noble metals investigated in this work do not react chemically
with S10; for temperatures of up to 900°C when annealed for as long as 3hrs. Metals
considered here were Cu, Pt, Mo. Ir and Re. In the case of Cu it was found that the

metal is lost when annealing is done at temperatures above 800°C, possibly due to
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FIGURE 5.4: Backscattering spectra of Si< 100 >/5i0,(8800A)/Re(1500A)
samples as-deposited and annealed for 3 hours at two different temperatures. The
virgin sample and the samples annealed at 800°C and 900°C show no interaction.

formation of volatile oxides of copper or due to the melting and evaporation of the
metal. All the other metals are stable when in contact with 510, up to 900°C. The
characterisation method used in the sample analysis was RBS.

The experimental results obtained could be explained using thermodynamic
data. Heats of formation were used to calculate heats of reaction for interaction
between noble metals and SiQ; leading to stable compound phases of metal oxide
and metal silicides. These calculations gave heats of reaction which were positive,
suggesting that noble metals are stable when in contact with 5i0Oz. This means,
from a thermodynamic point of view that such noble metals should not react with
Si0,. This was found experimentally to be indeed the case i.e. our experimen-

tal observations are in agreement with our predictions based on thermodynamic

calculations.



CHAPTER 6

PREDICTION OF METAL-SiO,
INTERACTION.

6.1 Introduction.

Metal /silicon dioxide systems have received much attention due to their technolog-
ical importance [3,22]. Most of the work that has been done has concentrated on
noble metals, near noble metals as well as on refractory metals. Low resistivity and
high thermal stability makes refractory metal silicides useful in advanced integrated
circuit interconnect schemes [12]. Good adhesion and uniformity of the resulting
interface are therefore always desirable. The interaction of metal films with SiQ,
belongs to the class of ternary systems as opposed to interaction of metal films with
Si. which belongs to binary systems. It has been suggested by Pretorius et @l that
strong adherence between the metals and the SiQ; substrate indicates the occurrance
of a reaction between the metal and the 5i0, [3]. In cases where the metal filn
does not react with the substrate. theyv observed using scanning electron microscopy
(SEM) that the metal tends to agglomerate and ~ball-up™ upon annealing. In cases
where a reaction occurs, the result was a two laver structure of a metal rich silicide

formed next to the Si0; substrate and a metal oxide layer on the surface.

it
it
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0.2 Measured metal-SiO, interactions.

The results obtained in this study and those obtained by other workers on the
interaction of metals with S103 are summarised in Table 6.1. For refractory
metals, the structure Si<>/S10,/silicide/metal oxide is found for cases where there
is an interaction. We also found this same structure for the case of Zr which we
investigated. There are refractory metals which do not react with S10,. We found
that Mo does not react with 510, when annealed in vacuum for temperatures of
up to 900°C for 3 hours. Other workers have also found that there are refractory
metals that do not react with Si0; e.g. Cr [3,186]. Pretorius et.al found Cr to be a
borderline case between those metals that react and those that do not. They found
that under SEM observation metals that do not react do not adhere well on the Si0O,
substrate and tend to ball up. Those that reacted were found to form a uniform
layer [3]. Cr is a strange case because i1t does not ball up and RBS shows that it
does not react.

Very little work has been done on the reaction of 510; with rare earth metals.
Berning ef. al. found that Tb reacts with 510, to form alternating layers of silicide
{(with oxygen)/metal oxide/silicide (with oxygen)/metal oxide. He also found that
the oxide contains Si [23]. No oxides or silicides were identified. We also found that
the rare earth metals investigated by us (Y and Yb) react with 5i0,. We found using
RBS that all three elements (Si, O and rare earth metal} were present throughout
the reacted region. This is in agreement with Berning’s results. We identified the
compound phases in the resulting reacted region using XRD as Yb;Sis, Yb3Sis,
Yh30, and Yb,Q5 in the case of Yb and the v and a phases of Y35i,07 as well
as Y,5i0;5 for the case of Y. The oxide found was YOj.135. The reacted regions
according to our RBS results have varying concentrations of all three elements Si,
Y or Yb with O - i.e. a ternary mixture of the elements.

An investigation to establish possible interaction between 510, and the noble
metals Cu. Pt. Re and Ir was conducted. Thin films of noble metals were deposited
on thermally grown Si0; on Si< 100 > substrates. All annealing experiments

were conducted in vacuum at temperatures of 800°C and 900°C for 3 hours. This
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TABLE 6.1: Metal-SiO, interactions

Metal

Reaction ?

Reference

Co
Cr
Cu

Dy

Pd
Pt
Re
Ta
Tb

T}

W

Yb

Zr

No

No

No

Yes

Yes

Yes

Yes

Yes

(3]
[3.16]
This wark
[23]

&

(3]
This work
i3
This work
[11,3,24,25)
(3]

[3)

[3] This work
This work
7
(23]
{11,3.24-27]
13, 16,24, 25, 28]
[14]
This work
This work

£3.15,16] This work
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investigation showed that there was no interaction between noble metals and SiO..
Other workers [6] found the same results in the case of Cu and Pt annealed at
800°C for up to 1 hours. We found that in the case of Cu samples annealed at
500°C for 3 hours, all the Cu had been lost. The observed trend for all three metal
classifications viz. refractory, rare earth and noble metals is summarized in Fig. 6.1.
Refractory metals may or may not react with $10;. In cases where a reaction occurs
the structure is Si< 100 >/Si0;/metal silicide/metal oxide. All rare earth metals
studied so far react with 5i0,. The resulting structure is Si< 100 >/SiO;/ternary

mixture.

6.3 Calculated heats of reaction.

The reaction of a thin metal film with an 510, substrate resulting in the formation

of a metal silicide and a metal oxide may be written as :
M, + 5103 — M5 + M,_,0; (6.1)

Possible reactions are those that lead to a lowering of the Gibb’s free energy of the
system i.e. AG<0. This indicates that the metal-Si0; interface is thermodynam-
ically unstable and that the reaction products are more stable than the metal in
contact with the 510,.

If the reaction between the Si0O; substrate and the thin metal layer occurs at

constant temperature and pressure, the change in the Gibb’s free energy is given by

AG =AH-TAS

where AH is the change in enthalpy during the reaction (or the heat of reaction).
| AS the change in entropy and T the reaction temperature.

The annealing temperatures were kept well below the melting points of the
reactants and products, hence the volume changes were negligibly small. For solid
state reactions, AS=0 and so the change in the Gibb’s free energy (AG) is thus
approximated by the change in the enthalpy (AH). If AH is less than zero. the

reaction is thermodynamically possible.
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FIGURE 6.1: Clear trends are observed when SiQ; is allowed to react with metals.
For cases where a refractory metal reacts, a structure consisting of a silicide next to
Si0, and a metal oxide away from S10, develops. No known reactions are possible
for noble metals. All cases where experiments were done react in the case of rare

earths.
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APPENDIX A gives values of the standard heats of formation (AH®) of
various metal oxides and metal silicides in kJ/(mol.atom) from which the heats of
reaction AHp may be obtained.

Consider the following reaction:
11Fe + 68102 — 3F€Slg + 4 FE.‘203

Substituting the values of the heats of formation and multiplying by the total number

number of moles of atoms yields:

11(0) + 18(—301.2) —> 9(—30.6) + 20(~161.3)

5.4) + ( _
Ay, = (2754) + (=3286.0)] — [0 + (542 6)]

1860.2
29
AHp = +64.1 kJ/(mol.at)

Since the heat of reaction (AHg) is positive, the reaction is unlikely to proceed on
its own.
Next consider the following reaction:
5T 4+ 2810, — TiSi; + 4 TiO
Substituting the values of the heats of formation and multiplying by the total number
number of moles of atoms yields:

5(0) + 6(—301.2) — 3(—=57.0) + 8(—271.3)

0+ (~1807.2) — (—171.0) + (—2170.1)
N [(—171.0) + (~2170§)] ~ [0+ (-1807.2)]
5342
11

A Hp = —48.6 kJ/(mnol.at}
Since the heat of reaction (AHpg) is negative, the reaction can occur on its own.
Table 6.2 gives calculated values of heats of reaction in kJ/(mol.at) for various

interactions of the metal-510; type.
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TABLE 6.2: Calculated heats of reaction (AHg) for metal-Si0; interac-
tions

Element Silicides Oxides AHR Element  Silicides  Oxides AHg
kJI/{mol.at) kJ/{mol.at)
Ca CasSi Ca0 —82.0 Dy Dy Si Dy20s —92.0
C302 5.9 D}'Siz D_\'z ()3 —-91.6
CaSi CaQ —85.9 Dy25ia Dy20; —-93.2
Ca(» 188 Dy3Sis DyvaQa -92.8
CaSiz CaQ —80.0 DySi3 Dy 03 —84.0
C302 37.6 D)‘ssig D}'Q 03 —92.0
Ce Ces 513 Ce(y —60.9 Er Er:Si3 Er0s —-75.6
Cez O3 —-78.3 ErSi Er 03 —96.6
Ce;3Sin CeQ, —62.6 ErzSis Er; 05 —219.6
Ceg 03 —80.3
CesSiy CeQs —-64.9 Fe Fe;Si FeQ 323
Ces 03 -833 Fe; Oy 323
CeSi Cel3 —66.9 Fea O 34.5
Cea0s —86.1 FeSi Fe) 47.1
CezSis CeD, —66.6 Fes Q4 48.5
Cez0a —87.3 Feo203 52.0
CeSia CeQy -64.9 FeSi, FeQ 57.3
Ce 03 —86.1 Fe:0, 59.9
F€203 64.1
Co Coz5i CoQ 44.3
Coz04 51.6 Gd GdeSi Gd;0a —-78.5
CoSi CoQ 54.2 Gds5Siy Gd,04 -83.6
Co3 0y 63.8 GdSsi Gd;0; —-83.9
CoSia Co0 68.0 GdpSis Gd, 03 —86.9
Coz04 3.8 GdSi; Gde 03 —85.2
Cr Cr3Si CrQ,; 26.2 Hf HifsSi H{O, —60.2
CrQs; 56.9 Hf, 5% HfO, -69.8
Cry 03 1.1 Hf: Sia HiO, -73.3
CraQ0y 0.03 Hf2 Siz HIO, -T74.9
CrsSia Cr0,; 40.2 Hf: Sig HIO; -76.9
CrO; 79.5 HIfSi HiO, -779
Cra0; 9.5 HiSi; HIO, -71.6
Cr3 04 7.2
CrSi CrQ; 52.2 Ho HoS1 Hoy 02 —_63.8
CrQ; ar.9 HoSi; Hop O3 —83.6
Cra03 16.9 Hos 513 Ho,03 -B53.7
Crz 0y 14.1 HosSiy Hor O3 =-91.0
CrSiz Cr0; 62.8
CrO; 114.8 Ir IraSi Ir0, 8.3
Cra0, 23.2 Ir51 Ir(3, 92.4
Crz Qg 19.8 Ir2Sip IrO, 102.2
IrSi IrO, 116.2
Cu Cugssill CuQ 57.1 [l’zsig 11'02 1299
Cu; 0 45.6 IrSi; Ir0;, 138.8
CusSi Cu0 64.0 IrSiz Ir(; 149.2
CuQO 50.2
Cu;sSig CuQ 70.6 La LaSi Laz O -78.3
CLI20 54.3 LaSlg Lazo_g -T9.6
Cont...
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Element Silicides Oxides AHgp Element  Silicides  Oxides AHpg
k}/(mol.at) kJ/{mol.at)
Lu LusSia LupQ, —87.2 Nb NbSip NbO ~0.8
LuSi Lua Oy —93.1 NbO; 8.5
LuaSig, Lu203 —-95.6 Nb205 17.4
Mg MgoSi MgO —54.0 Nd Nd5Sia Nd, 04 —-77.2
MgO, 33.7 Nd; 50y Nd; O3 ~82.1
NdSi Nd, 03 —84.8
Mn MngSi AInG 0.8 N3 Siy Nd; O3 -385.9
Mn, 0, 8.1 Nd»Siy Nd2O4 —85.8
Mn;0Q5 13.6 Nd;Sia Nd,;0; —84.9
MnO, 238
Mns 0O 39.6 Ni NiaSi NiG 34.2
MngSiy MnO 0.8 Ni; O3 58.4
Mns Oy 9.4 Nis Sia NiO 36.6
Mn, Oy he Nio O3 62.8
AMnO, 30.3 Ni,Si NiO 40.2
1\[]120',' 0.6 NigOg 68.9
MnaSi AMnO 1.2 NiaSiz Ni0 47.6
Mn; Oy 11.4 Ni; O3 79.6
Alny O3 20.2 Ni% NiO 56.3
MnO, 37.0 Ni2O3 92.3
MnOr £6.9 NiSi; NiO 68.8
MnsSis MnO 1.5 NigOa 110.3
An; Oy 12.6
Mn,O; 21.0 Os OsSi 050, 110.2
MnO, 40.2 0s03 153.9
Alny Q7 94.4 0sQy 144.1
MnsSig MnO 34 Os250; 050y 1224
MnaOy 16.1 0s0; 170.4
MnzO; 25.8 0s0y 160.6
MnQ, 48.1 OsSiy 0OsQ; 135.8
AMn, O; 111.6 0s0, 183.9
MnSi AlnQ 8.4 OsOy 179.a
AMn; Oy 23.1
Aln, Qg 34.2 Pd PdsSi Pd0O 53.8
MnO; 60.1 PdsSi; PdO 59.0
A O 134.0 PdaSi P40 72.4
Mni;Siie MnO 15.8 Pd;Si P40 £86.3
Mny O, 32.5 PdSi PdO 113.4
Afnp Qs 44.8
MO, 73.8 Pr Pr:Si; PrO; —41.0
1\[11207 156.7 Pr203 —-79.1
PrsSiy Pr; —43.3
Alo Moa 5] MoG; 28.5 Pr; 04 ~84.2
MoO; 438 Prsi Pro; —44.1
Mo Sig AoQs 374 Pr,0; —86.9
AoO, 56.9 PraSiy PrO; —~43.4
MoSi; MoCy 55.5 Pr:0, —88.2
MoO, 81.8 PrSi; PrO; -39.2
Pra203 -86.7
Nb NbsSig NbO -14.6
NbO, ~9.6 Pt Pt:5i PO 6.7
Nba Oy -3.3 P20, 55,9
PtO2 83.8
Cont...
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Element  Silicides Oxides AHp Elements  Silicides  Oxides AHg
kl/{mol.at} kJ/{mol.at}
Pt Pt5i PtO 83.9 Ru Ru; 5 Ru(, 85.0
PE—3 04 98.9 HuO; 120.4
PiO: 98.4 RuSi Ru0, 106.9
Pt5Si PtO 833 RuO; 152.5
P30, 104.5 RuzSis RuQ, 119.2
Pt0O» 104.4 RuQy 170.0
PtgSis PtO 102.9
Pt30, 122.6 Sc Sc5Siy Seq03 —-91.8
PtO» 124.2 ScSi Sca0n —98.0
Pt5i PtO 108.2 ScaSig Sc03 -97.8
Ptz04 129.1
PtO» 131.4 5i - Si04 —-301.2
Pu PusSia PuO» —57.4 Ta Tas Slz TagOs -7.7
PuaSi; PuQs —58.5 Ta»5i Ta; 05 —6.5
PuSi Pu0, —60.0 TasSia Ta,;0; —4.8
Pu3Sig PuC, —535.9 TaSi; TayCy 85
PuSi, Pu0; -53.3
Tb Thb5i Tb, 03 -87.6
Re ResSis ReO, 738 ThO, —-44.0
R603 33.2 Tbsiz Tbg 03 —86.7
Rep 07 94.4 TbO, —38.2
ReQy 102.4 Th:Si3 TbhsQ3 —80.1
ReSj ReQ» 83.6 TbO, —41.2
ReQ3 95.1 ThsSi, Tb, 03 -85.1
Rep 07 103.1 TbO, —43.5
ReOy 11735 Th3Sig T O3 —88.2
ReSip ReO» 94.6 ThO2 -40.9
HeO3 1083
Rey 07 123.2 Th Th3Sis ThO —-69.1
ReQy 1341 ThO- —84.2
ThSi ThO -728
Rh Rhy5i Rh,0 66.2 ThO; —89.8
RhO 86.3 ThaSis ThO -72.3
RhyOs 83.9 ThO, —-91.0
Rh:5i; Rh;0 69.3 Thsi, ThO —-71.8
RhO 91.6 ThO; —-90.8
Rh>O, 89.3
RhaSis Rh;0 1.1 Ti TizSi TiO —49.2
RhO 9.5 Ti 02 —44.0
Rh, O3 92.5 Tia O, -=40.6
Rh&i RhyO 8.2 Ti0O; —-36.2
RhO 105.9 TisSiy TiO -56.2
Rh,0; 105.1 TiyC4 -43.5
Rh,5i; Rh,C 82.0 TiaOs —46.6
RhO 112.0 TiG, —-41.3
Rh,0; 112.0 TizSiy TiO —58.2
Rh;5ig Rh;0 82.2 Ti; 0, —-52.4
RRO 112.5 T]g O —48.1
Rh03 1140 TiO; —-42.5

Cont..,

63
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Element Silicides Oxides AHg Elements  Silicides Oxides AHRg
kJ/{mol.at) kJ/(mol.at)
Ti TiSi Ti0 —56.5 v V5513 VO -17.2
Tia Oz —50.2 V203 -10.6
Tiz 0 —45.6 VaOs —-4.1
TiO, -39.7 VaOr -0.9
TiSis Ti0 —48.6 VO, 6.3
Ti> 03 —44.5 Va0, 23.5
Tiz Oy —35.2 VSiz VO -3.7
Ti0» ~28.1 V303 6.3
Va0, 14.9
Tm Tm55i3 ngOa —87.2 V.; 0? 19.2
Tm5i Tmp Q3 —-95.3 VO, 289
TmaSis Tm03 —96.1 V20, 51.9
U U353 UG, —-38.9 W Wi Sia WO, 47.4
Uy Qg 103.3 W0, 53.5
Ua Qo —24.4 WO, 55.6
Uz 0 -12.1 VWSip WO, 59.4
U0, -1.3 WoOy 67.7
U5 Sin U0, —48.2 WO, 70.9
UsOg 133.3
Us Oy -30.0 Y YSia Y,;0; —88.4
U043 —-143 Y550y Y203 —94.1
UG,y -0.3 Y8i Y205 —97.1
USi UQ, —52.9 Y 15is Y20; —08.6
UsOg 147.0
U3 Q7 -33.0 Yb Yk Siz Ybz0; —£6.2
Uz 04 -15.7 YbSi b0, -733
U03 —0.2 \rba 315 ngOg —75.?
UaSis UQ, —-34.5 YhSiz Yb: 03z —754
UsO9 163.2
Ua 07 —-32.9 Zr ZraSi Zr0 —96.9
UaQg —14.0 Zl"Og ~59.2
U0; 3.0 ZrQ; 2.1
USiz U0, —-54.4 Zr,Si Zr0 —109.6
U104 168.3 Zr0, ~67.8
Uz 07 —32.2 ZrQ, 3.9
Usz0g -12.9 ZrSia rQ -112.4
U0, 4.5 Zrd; ~68.7
USis UQ; —51.8 ZrQ, 74
UsOs 180.0 Zr;Siy D —115.4
U305 —28.4 Zr0), —~70.8
Us0: -8.2 ZrQ, 7.5
UQa 10.0 ZrsSiy ZrO —-117.2
Zl’O: ~-70.9
v VaSi VO -17.6 Zr0; 11.4
V20, -12.3 ZrSi ir0 -118.7
VaOsg 7.0 Zr(; —-70.4
V405 —~4.4 Zr0, 16.4
VO, 1.3 282 Zr0 —-1159
\‘V2O5 15.1 ZI’O; ~651.5
Zr0; 36.4
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6.4 Experimental results compared with calculations.

The reactions investigated took place at constant temperature and pressure. Since
it 1s assumed that both reactants and products are in the solid state then a change

in G may be approximated by a change in enthalpy (see chapter 1).

AG ~ AH.
ZI‘—SiOg

From Table 6.2, we obtain values of the heats of reaction (AHg) for the

71 /810, interaction resulting in the formation of silicides and oxides of Zr.

Consider the following reaction:

237r + 125103 — 3Zr;5514 + 8Zr0;

For this reaction, the heat of reaction is equal to +11.4kJ/{mol.at). The
positive value indicates that such a reaction is not thermodynamically favourable
and will therefore not proceed on its own.

Next consider the following reaction:

37r + S10;, — ZrSi + 27Zr0

From Table 6.2. the heat of reaction of this reaction is equal to —118.7kJ /{mol.at).
Since the heat of reaction is negative, the reaction corresponding to it is thermo-
dynamically favoured. The XRD spectrum of the sample annealed at 690°C (see
Fig. 3.2) shows the presence of Zr5Siy, ZrO; and ZrQ. From Table 6.2, the products
ZrsSiy and ZrO, have a heat of reaction of —70.9kJ/(mol.at) while Zr;Si; and ZrQ
have a heat of reaction of —117.2kJ/(mol.at). In the case of the sample annealed
at 720°C (see Fig. 3.2) the XRD spectrum shows the presence of ZrsSi; and ZrQ,
only.

For each of the above pairs of products. the heats of reaction are negative

indicating that the reactions leading to the formation of these products are ther-
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modynamically favoured. Hence, the experimental results for zirconium are in

agreement with the theoretical predictions.

Mo-Si0,

A possible silicide and oxide formed in the Mo-Si0; reaction are given by the
following reaction:

4Mo +510; — Mo;Si + MoO,

From Table 6.2, the value of the heat of reaction for the preceeding reaction is found
to be +28.5kJ/(mol.at). It is also interesting to note that all the other combinations
of silicides and oxides of Mo have also got positive values of (AHg). indicating that
none of these products will form spontaneously. Hence the observations made on the
RBS spectrum showing no interaction between the Mo film and the 5i0; substrate

(see Fig. 3.3) are also confirmed by theoretical predictions.

Yb-Si0,

The heats of formation of the ytterbium silicides are given in APPENDIX
A. The only enthalpy that could be obtained for the oxides of ytterbium was that
of Yh,03. The results of the calculations of the heats of reaction resulting from
the interaction between 510, and Yb are summarized in Table 6.2 and were all
found to be negative. This suggests that the reaction between Yb and SiO, is
thermodynamically possible. Experiment showed this to be the case i.e. Yb does
indeed react with SiQ,. The heat of reaction between S5i0; and Yb when the
products were Yb;Siz and Yb;O3; was found in particular to be negative. The

thermodynamic calculations therefore agreed with our experimental results.

Y-S510;

The heats of formation of the silicides and the oxide of yttrium are given in
APPENDIX A. The heats of reaction for the interaction between Y and $10; were

calculated (see Table 6.2) and were found to be negative, thereby suggesting that
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Y is thermodynamically unstable in contact with 5i0;. Our experimental investiga-
tions confirmed that Y will interact with Si0O, as shown by the RBS spectrum {see

Fig. 4.4) as well as the XRD spectrum (see Fig. 4.5).

Cu-SiO,

Using the values of the standard heats of formation (AH?) as listed in AP-
PENDIX A, the heats of reaction {AHp) for all the combinations of the silicides
and oxides of Cu were calculated and are given in Table 6.2. We observe that all
the values of heats of reaction are positive. According to the thermodynamics, none
of these reaction products will be formed spontaneously.

The RBS spectrum of the Si<>/5i0;/Cu system shown on Figure 5.1 shows
no interaction between the Cu metal film and the S5i0, substrate at temperatures of
up to 800°C. At 900°C, all the Cu metal has been lost. Hence, experimental results

support the theoretical predictions of no interaction between Cu and 510,.

Pt-S10,

The heats of reaction (AHg) for all the combinations of silicides and oxides
of Pt were calculated using the values of standard heats of formation (AH®) listed
in APPENDIX A. All the values obtained were found to be positive, as shown in
Table 6.2. According to thermodynamics. the positive AHp values indicate lack of
interaction between the Pt metal film and the SiQ; substrate.

The thermodynamic predictions are borne out by the RBS expermimental
results shown in Figure 5.2. The Pt/5i0; samples were annealed at temperatures
of up to 900°C for three hours with no observable interaction between the Si0,
substrate and the overlying Pt metal film as shown by the RBS spectra which

remained superimposed.

I!‘-Si()g

Calculations of heats of reaction {AHg} for interactions between Ir and SiQ,
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leading to the formation of all possible silicides and oxides of Ir were carried out and
the values obtained were listed in Table 6.2. Values of heats of formation (AH®)

were obtained from APPENDIX A. For each reaction, the value of AHg obtained

was positive e.g. for the reaction

4Ir 'i'SlOz — II‘3Si + II‘02

the value of AHp was found to be +78.5 kJ/(mol.at), thereby suggesting no reaction
occurs between the Ir metal and the SiO,.

Experimental results also revealed an absence of interaction between the Ir
and 510, substrate as shown by the RBS results on Fig. 5.3 for samples annealed
at temperatures of up to 900°C for three hours. The RBS signals of the virgin and
annealed samples coincided at all points for all temperatures up to 900°C leading

to a conclusion that no interaction had occured between the Ir and Si0,.

Re-Si0,

The heats of reaction (AHpg) for the interaction between Re and 5i0; are listed
on Table 6.2. It is noticeable that the values obtained for all the different oxides

and silicides of Re are positive, e.g. for the reaction

SRe +35i0; — ResSiz + 3Re0,

the value of AHg is +73.8kJ/{mol.at). According to thermodynamics, such a
reaction will not occur on its own.

These theoretical predictions {based on thermodynamics) are in agreement
with our RBS experimental results (see Fig. 5.4) which show no interaction hetween
the Si0, substrate and the Re metal deposited on it when the samples were annealed
for temperatures of up to 900°C for three hours. None of the signals on the RBS

spectra was displaced thus confirming absence of any interaction.

6.5 Correlation with electronegativity.
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TABLE 6.3: Metal-SiO; interaction results compared with calculated
heats of reaction and the average electronegativity of the metal

Average Heats of reaction
Metal  Electronegativity range (AHR} Chemical
Pauling scale kl/(mol.at) reaction?
Yhb 1.07 =757 to -~ 66.2 ‘es
Th 1.08 —88.2 to — 38.2 ‘es
Y 1.10 —98.6 to — 88.4 Yes
Hf 1.17 -TT9to - 60.2 Yes
Zr 1.21 —118.7 to + 35.4 Yes
Ta 1.29 —-7.Tto+ 8.5 Yes
Nb 1.32 —1l46to+ 17.4 Yes
Ti 1.32 —-58.2to— 281 ‘es
W 1.41 +474 to+ 709 No
v 1.43 —-17.6 to+ 51.9 Yes
Mo 1.45 +28.5to+ 81.8 No
Cr 1.50 0.0 to+ 1148 No
Mn 1.51 +0.8 to + 156.7 No
Re 1.51 +738to+ 1341 No
Fe 1.64 +32.3 to+ 64.1 No
Co 1.66 +44.3 to + 68.0 No
Ni 1.67 +34.2to 4+ 1103 No
Pt 1.67 +76.7 to+ 1314 No
ir 1.69 +78.5 to+ 149.2 No
Pd 1.71 +353.8 to+ 113.4 No

Cu 1.80 +45.6 to + 0.6 No
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Values of electronegativity of the metals may also be used to predict whether
a metal will react with 5i0; or not [3]. Pretorius calculated electronegativity as
an average of three electronegativities and based it on the Pauling scale. The three
electronegativities used are the Allred-Rochow, the Pauling and the relative com-
pactness electronegativities. Table 6.3 give the results for metal-5i0; interactions,
with the metals listed in increasing order of average electronegativity. The third
column gives the range of the heats of reaction in kJ/(mol.at). calculated for each
metal in reaction with Si0; to form a metal silicide and a metal oxide. It can be
seen that vanadium is the metal with the highest value of average electronegativity,
that reacts with Si0;. The value of vanadium ’s average electronegativity is 1.43.
It means that roughly those metals with electronegativity equal to or less than 1.43
react with 510, and those with electronegativity greater than 1.43 will not.
Tungsten is a curious case for two reasons. Its heats of reaction are positive and
thus W is expected not to react with 5i0Q,. Experiment shows that it does not react
with $i0, [14], in agreement with its calculated values of heats of reaction. The
average electronegativity of W is however less than that of V. and is from this point
of view expected to react with 510,. It does not.

Fig. 6.2 is a plot of average electronegativity (Pauling scale} versus heats of
reaction (AHRg) in kJ/{mol.at) for various metals interacting with Si0,, for all cases
where data could be obtained. Elements listed at the top of the graph are shown
as crosses and those listed at the bottom as circles. [t is expected that for elements
where all heats of reaction are positive there is no reaction and where there are
some heats of reaction that are negative there will be a reaction. C'a for example is
expected to react with Si0, since it has some negative values of AHp whereas Ru
should not react with $10; since all values of AHpg corresponding to it are positive.
The average electronegativity of Ca is below 1.45 (viz. 1.02) and that of Ru is
above 1.45 {riz. 1.67). Figure 6.2 also shows the position of rare earth metals
in relation to other metals. All rare earth metals are expected to react with 510,
since they all have negative heats of reaction. All those that have been studied in

this investigation (Yb and Y) as well as those studied by others (Th) [23] react
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FIGURE 6.2: Heats of reaction for afl possible combinations of various metals in
interaction with Si0, (where data could be found). Heats of reaction are plotted on the
vertical axis whereas electronegativities are on the horizontal axis. Heats of reaction of
elements whose symbols are written at the top of the graph are indicated with crosses
and those at the bottom with circles. The position where the rare earth metals lie is
clearly shown.

with Si0,. All rare earth metals have an average electronegativity of less than 1.45.
Fig. 6.3 shows values of average electronegativity (Pauling scale) plotted against
heats of reaction (in kJ/(mol.at) for rare earth metals only. Heats of reaction are
plotted on the vertical axis whereas average electronegativities are on the horizontal
axis. It is seen that all rare earths considered here have a range of heats of reactions
that fall in the negative region of the graph. They are therefore expected to react
with 510,.

We would like to find out where the the crossover point is. as far as average
electronegativity is concerned i.e. the value of elecronegativity above which metals

do not react with SiQ; and below which they react with Si0,. Figure 6.4 shows a
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FIGURE 6.3: Heats of reaction for rare earth metals. Heats of reaction are plotted on
the vertical axis whereas electronegativities are on the horizontal axis. All rare earths
are expected to react with SiO;.

plot of the most negative heat of reaction for each metal versus electronegativity. A
straight line drawn through the points crosses the zero value of heat of reaction at
about 1.45 suggesting that those metals with electronegativity less than 1.45 should
react with $10,.

The average electronegativity of Yb is 1.07 on the Pauling scale. We note that this
value of average electronegativity of less than 1.45 and Yb should therefore react
with SiQ,. The reaction between Yb and 510, is therefore expected, as has been
shown by experiment to occur. It can be seen that the average electronegativities
of all rare earths considered here are much less than 1.45. It is therefore expected
that all of them will react with SiO,. Y which is one of the rare earth metals we
studied has an average electronegativity of 1.10 and experiment shows that it reacts

with SiOg.
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FIGURE 6.4: Average electronegativity according to the Pauling scale has been plotted
against the most negative value of the Heat of Reaction in kJ/(mol.atom) and the best
fit through the points obtained by means of the straight line passing through them. The
straight line intercepts the electronegativity axis at a value of 1.45. Metals whose value
of Electronegativity is less than 1.45 are expected to react with Si0,

Based on the Pauling scale, copper has an average electronegativity of 1.80.
This value is greater than 1.45 and Cu is therefore expected not to react with
Si0,. This is in agreement with our results for Copper. Platinum has an average
electronegativity of 1.67. This is also greater than the changeover value of 1.45 and
Pt would therefore be expected not to react with SiQ;. Qur experimental results
showed that it does not react with 510;.

Iridium has been shown through our experiments to be unreactive with Si0,.
The average electronegativity of Ir was found to be 1.69 on the Pauling scale. This
value is greater than 1.43. As expected, Ir does not react with Si0,.

Rhenium has an average electronegativity of 1.51 on the Pauling scale. This
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value is greater than 1.45 and Rh should thus not react with SiQ,. This is in
agreement with our experimental results for Rhentum.

A correlation may also be found between the electronegativity parameter ¢, as
defined in the Miedema model [5] and the heats of reaction. Table 6.4 lists values
of ¢~ for metals, where experiments have been done, in increasing order. The units
for ¢~ are volts. Inspection of Table 6.4 shows that metals with a value of ¢* of
4.25 V or less react with 5i0; whereas those with a value of ¢ greater than 1.25 V
do not. It is interesting to note from this same table that W which in the case of
average electronegativity did not seem to fit the expected pattern now fits perfectly
amongst those metals that do not react. Figure 6.5 shows values of heats of reaction
in kJ/{mol.at) for various metals in contact with SiO; versus the electronegativity
parameter ¢~, as obtained from the Miedema model [5]. Crosses have been used to
represent heats of reaction of the elements at the top and circles to represent the
elements at the bottom. Values of the heats of reaction shown here were obtained
from Table 6.2. A dashed line in Figure 6.5 has been drawn along AHg = 0
kJ/{mol.at). Elements which have no points (heat of reaction) below the dashed
line are expected not to react with 510;. We suspect that o™ is a better parameter
compared to average electronegativity to predict whether a reaction will or will not
take place in the solid state.

We would like to determine the crossover point for o* graphically. A plot of o~
versus the minimum of the values of the heats of reaction for each metal is shown
in Figure 6.6. A straight line drawn through the points passes the zero value of
minimum heat of reaction for each metal at ¢” equal to 4.45 V. We expect that
metals with a value of &7 less than 4.45 V will react whereas those whose value of
@" is greater than or equal to 4.43 V will not react. Metals, in this study, with a
value of ¢ which is less than 4.45 V are Yb, Y and Zr. We have found that all
these metals react with 510;. Metals studied by other workers but not studied by
us whose value of o~ is less than 1.45 V are Th Hf, Ti. Ta, Nb and V. In all these
cases it was found that Si0; reacts with these metals. Metals with a value of ¢ of

more than -1.15 V which were studied by us are Cu. Mo, Re, Ir and Pt. In all these
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TABLE 6.4: Metal-SiO, interaction results compared with calculated
heats of reaction AHp and the electronegativity parameter ¢~ as defined
by Miedema [5]

o3 Heats of reaction
Metal range (AHR) Chemical
Jolts kl/{mol.at) reaction?
Yb 2.58 —75.7 to —- 66.2 Yes
Y 3.20 —98.6 to — 838.4 Yes
Th 3.21 —-88.2 to — 38.2 Yes
Zr 345 ~118.7 to+ 36.4 Yes
Hf 3.60 —7T7.9to—60.2 Yes
Ti 3.80 —-58.2 to ~ 23.1 Yes
Ta 4.05 7. Tto+ 85 Yes
Nb 4.05 -14.6 to+17.4 Yes
\' 4,25 -176to 4 51.9 Yes
Cu 4.45 +45.6 to+ 70.6 No
Mn 4.45 +0.8 to+ 156.7 No
Cr 4.65 0D0to+ 1148 No
Ao 4.63 +28.5 to+ 81.8 No
W 4.80 +47.4 to+ 709 No
Fe 4.93 +32.3 to + 64.1 No
Co 5.10 +44.3 to + 68.0 No
Ni 5.20 +34.2 to +110.3 No
Re 5.20 +73.8 104 134.1 No
Pd 5.45 +55.8to+113.4 No
Ir 3.55 +78.5 to+ 149.2 No

Pi 5.65 +76.7 to + 1344 No
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FIGURE 6.6: Values of ¢~ as defined in the Miedema model [5] have been piotted
against the minimum value of the Heat of Reaction in kJ/(mol.atom) and the best fit
through the points obtained by means of the straight line passing through them. The
straight line intercepts the electronegativity axis at a value of 4.45 V. Metals whose value
of ¢ is less than 4.45 V will react with 5i0,

cases we found that the metals do not react with Si0,. Other workers have also
done experiments on metals whose value of ¢” is greater than 1.145 V. These metals
(which were not studied by us) are Mn, Cr, W, Fe, Co. Ni and Pd. They found that

these metals do not react with 510,.

6.6 Prediction using ternary phase diagrams.

Bevers ef al.[12] have shown that thermodynamic considerations may be used to
draw, at any temperature, a ternary phase diagram capable of predicting thin film
reactions of a three element system invelving a refractory metal. silicon and oxyvgen.

A short discussion was given in subsection 1.3.4 for the W-5i-O svstem. The
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expected result of any possible chemical reaction between the refractory and noble
metals on one hand and Si0; on the other can be described by means of ternarv
phase diagrams [12]. Since the experiments involve a ternary system and are done at
fixed temperature and pressure, there should according to the Gibbs phase rule only
be a maximum of three phases in equilibrium in any part of the phase diagram. The
phase diagrams that follow are based on the method first conceived by R. Bevers,
which is described in chapter 1. In these diagrams the solid tie lines connecting any
phases mean that those phases can co-exist in equilibrium, without any chemical
reaction between each other i.e. they are chemically stable when put into contact
with each other.

Zl‘—SiOQ

Fig. 6.7 is a ternary phase diagram for the Zr-5i-O system. The figure is
adapted from S. Q. Wang [15]. The solid line between the phases ZrO; and Zr;sSi,
was established experimentally by S. Q. Wang and J. W. Mayer, whereas the broken
tie lines are inferred from thermodynamic calculations and are based on the work
of Beyers, Sinclair and Thomas [13].

Our own experimental investigation confirms the work of 5. Q. Wang et al.
[15] that the compound phases resulting from an interaction between Si0; and Zr
are ZrsSiy and ZrQ;. This means that the oxide ZrQO; is stable when in contact with
the compound phase ZrsSiy in equilibrium up to 900°C. Put differently Zr will react
with $i0; to produce ZrQ, and Zr;5i; at suitable temperatures.

The Zr-Si-O stability phase diagram (see Fig. 6.7} belongs to the “metal oxide
dominant”category since all the tie lines radiate from the metal oxide viz ZrQ,.

In his Ph.D thesis, Bevers [29] has noted that when a co-sputtered ZrSi; film
containing excess silicon is oxidized at 900°C, the metal oxide ZrO; was identified

(using TEM) as the product and not 5i0;. Thus, the reaction is given by
ZrSi; + Oy — Zr0; + 251

This is a consequence of the Zr(,-Si tie line in the phase diagram. If the reaction
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were given by
ZrSi; + O3 — Si0y + Zr,

then a tie line would occur between 5i0; and Zr, thereby cutting the existing tie
lines between ZrQ; and the metal silicides, resulting in a violation of the Gibb's

phase rule.[12]

MO-SiO-Z

Fig. 6.8 is a ternary stability phase diagram involving the elements Si, O

0

FIGURE 6.7: Ternary stability phase diagram for the elements zirconium, silicon
and oxygen. The solid tie line (or tie line) within the triangle shows that Z:Q,
is stable in contact with Zrs5i3. The broken lines (also suggesting stability) have
been inferred from thermodynamic calculations. Adapted from Wang [15].
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and Mo. A tie line exists between Mo and Si0, indicating that Si0, is stable in
contact with Mo. In the experimental investigation, stability was confirmed up to
a temperature of 900°C (see Fig. 3.3). From thermodynamics, the tie line can be
established by calculating the heat of reaction corresponding to the point where
two possible tie lines would cross (see Table 6.5). Since the values of heats of
reaction are negative, the reactions as written will tend to proceed to the right.
thereby confirming that Si0O, is stable in contact with Mo. Similarly, 510, is stable
in contact with the silicides of molybdenum viz Mo3Si, Mo;Sis and MoSi; as well as

with the oxides of molybdenum viz MoQ, and MoOs.

Cu-Si()g

A ternary phase diagram for the Si-O-Cu sysytem is shown in Fig. 6.9. Si0,
is stable in contact with Cu as indicated by the tie line between Cu and Si0,. In the
experimental investigation, the stability of 510; in contact with Cu was confirmed up
to a temperature of 800°C. Above this temperature, the copper film was lost as can
be seen in the RBS spectrum (see Fig 5.1). From thermodynamics, the tie line can
be established by calculating the heat of reaction corresponding to the point where
two possible tie lines would cross (see Table 6.6). The negative values of the heats
of reaction are an indication that the reactions will tend to proceed to the right as
written, thereby confirming that SiQ; is stable in contact with Cu. Similarly, Si0,
should be stable when in contact with the silicides of copper viz. CussSi;y, CusSi

and Cuy6Sig and with the oxides of copper viz CuQO and Cu,0O. These tie lines are

TABLE 6.5: Heat of reaction calculations to show the presence of a tie
line between Mo and S10,

Tie line reactions A Hpg kJ/(mol.at)

3Si + 2 MoO3 — 2 Mo + 35103 -110.9
5i + MoO2 — Mo + 50, -78.7
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0

Mo MosSi  MosSis MoSi,

FIGURE 6.8: Ternary stability phase diagram for the elements molybdenum,
silicon and oxygen. The solid line (or tie line) between the molybdenum (Mo) and
Si0; is based on experimental investigations. The broken lines (also suggesting
stability) are inferred from thermodynamic calculations. Adapted from Beyers

[12].

TABLE 6.6: Heat of reaction calculations to show the presence of a tie
line between Cu and Si0;

Tie line reactions A Hp kJ/{mol.at}
Si4 2 CuOQ — 2 Cu + SiO, 1178
8i 4+ 2Cu 0 — 4Cu + Si0; -80.9

shown by means of dotted lines because they are inferred.

Pt-Si0,
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0

FIGURE 6.9: Ternary stability phase diagram for the elements copper, silicon
and oxygen. The solid line (or tie line) within the triangle shows that copper is
stable in contact with SiO,. The broken lines (also suggesting stability) have been
inferred from thermodynamic calculations.

TABLE 6.7: Heat of reaction calculations to show the presence of a tie
line between Pt and SiO;

Tie line reactions A Hp k1f{molat}
Si+ PtO; — Pt + Si0; -192.3
25i + PtaQy — 3Pt + 2510; -182.7

Si 4 2P0 — 2Pt + Si0; -152.24
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Pt;Si Pt,Si; Pt,Si PtSis  PtSi

FIGURE 6.10: Ternary stability phase diagram for the elements platinum, silicon
and oxygen. The solid line (or tie line) within the triangle shows that platinum is
stable in contact with $i0,. The broken lines (also suggesting stability) have been
inferred from thermodynamic calculations.

A ternary stability phase diagram involving the elements Si, O and Pt is
shown in Fig. 6.10. The tie line between Pt and SiO; indicates that SiQ, is
stable in contact with Pt. In the experimental investigation, stability of Si0, in
contact with Pt was confirmed up to a temperature of 900°C (see Fig. 5.2). From
thermodynamics, the tie line can be established by calculating the heat of reaction
corresponding to the point where two possible tie lines would cross.

Table 6.7 gives the values of heats of reaction for reactions between Si and the

oxides of platinum. Since the values of heats of reaction are negative, the reactions
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0

fr;Si Irzsi |r35i2 IrSi erSi_3 lrSiz lrSi5

FIGURE 6.11: Ternary stability phase diagram for the elements iridium, silicon
and oxygen. The solid line (or tie line) within the triangle shows that iridium is
stable in contact with SiO,. The broken lines (also suggesting stability) have been
inferred from thermodynamic calculations.

will tend to proceed to the right as written, thereby confirming that Si0; is stable
in contact with Pt. In the experimental investigation. stability of SiQ; in contact
with Pt was confirmed up to a temperature of 900°C (see Fig. 5.2).

Similarly, Si0, is stable in contact with the silicides of platinum viz Pt;Si.
PtSi5. Pt,Si, PteSis and PtSi as well as with the oxides of platinum viz PtO,.

Pt;0, and PtO as indicated by the inferred tie lines.

II‘-SiOg
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TABLE 6.8: Heat of reaction calculations to show the presence of a tie
line between Ir and SiO,

Tie line reactions A Hp kJ/{mol.at)
354+ 2Ik03 — 2Ir + 3Si02 -2479
Si+ O — Ir + S5i0 -157T4

Fig. 6.11 shows a ternary stability phase diagram involving the elements Si,
O and Ir. A tie line exists between Ir and 510; indicating that Si0O; is stable in
contact with Ir. In the experimental investigation, stability of SiO; in contact with
Ir was confirmed up to a temperature of 906°C (see Fig. 5.3). A calculation of the
heat of reaction corresponding to the point where two possible tie lines would cross
is used to establish the actual tie line (see Table 6.8). The values of the heats of
reaction are negative for both reactions. The reaction will therefore proceed in the
specified direction, indicating that Si0O; is stable in contact with Ir.

Stmilarly, 5i0; is stable in contact with the silicides of iridium viz Ir;Si, Ir;Si.
Ir3Siz, IrSi, Ir,Si3, IrSiy and IrSis as well as with the oxides of iridium viz IrO; and

II'O3.
RE-SiOQ
A ternary stability phase diagram involving the elements Si, O and Re is shown

in Fig. 6.12. A tie line exists between Re and 5i0; indicating that 5i0; is stable in

TABLE 6.9: Heat of reaction calculations to show the presence of a tie
line between Re and SiO;

Tie line reactions A Hg k]/{mol.at)
45i + ReO05 — 2 Re + 4 Si0, -166.1
n Si '§- 2 ReQO: —_— Rl‘ + 7 Si()z ~153.1
38t + 2 Re03 — 2 Re + 3 510, -136.5

Si + ReQ; — Re + Si0; -117.8
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Re ResSis  ReSi  ReSi, Si

FIGURE 6.12: Ternary stability phase diagram for the elements rhenium, silicon
and oxygen. The solid line (or tie line) within the triangle shows that rhenjum is
stable in contact with $i0,. The broken lines {also suggesting stability) have been
inferred from thermodynamic calculations.
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contact with Re. In the experimental investigation. stability of Si0; in contact with
Re was confirmed up to a temperature of 900°C (see Fig. 5.4). Thermodynamics
allows us to establish the tie lines by calculating the heat of reaction corresponding
to the point where two possible tie lines would cross.

The heats of reaction of each of the reactions where Si reacts with an oxide of
Re to give 5i0; and Re are negative indicating that these reactions will proceed in
the given direction (see Table 6.9). We therefore conclude that SiO; is stable in
contact with Re i.e. thermodynamics would not favour the reverse reaction. Since
the values of heats of reaction are negative, the reactions as written will tend to
proceed to the right, thereby confirming that 510, is stable in contact with Re.

Similarly, Si0, is stable in contact with the silicides of rhenium viz Re;Sis.
ReSi and ReSis as well as with the oxides of rhenium viz ReQ,, ReO3, Re;O- and

Re; 0z as can be seen from the inferred tie lines in Fig. 6.12.

6.7 Summary and conclusion.

Much work has been performed on silicon dioxide/metal systems. Systems most
studied are the SiQ;/refractory metal and the 5i0;/noble metal systems. Lately
some work has been done on Si0Q;/rare earth metal systems. In the case of refractory
metals. there may or may not be a reaction between the 5i0; and the refractory
metal. Some of the cases studied here and by other workers have been found not to
react for temperatures of up to 900°C when annealed in vacuum for up to three hours.
In cases where a reaction takes place in a refractory metal/Si0; system. an easily
recognisable structure is formed. It has the form 5i0;/metal silicide/metal oxide for
cases where §i0, is much thicker than the metal (thus leaving some unreacted 510;).
All noble metals studied in this investigation and by other workers were found not to
react when annealed for three hours at temperatures of up to 906°C. Both rare earth
metals studied (Y and Yb) were found to react with 5i0;. Reactions between rare
earth metals and Si0; can happen at low temperatures e.g. 320°C in the case of Y'h,
as shown in Fig. 4.1. This is in contrast to refractory metal/Si0; systems where

reactions only tend to start above 300°C. The resulting structure after a reaction
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in rare earth metal/Si0; systems is RSi,0,. where R stands for a rare earth metal.
A ternary mixture whose composition varies throughout the reacted region is {found
1.e. r and ¥ are not constants.

Thermodynamic data has been shown to be useful in predicting whether a
reaction in a metal/Si0; system wil take place or not. In this study it has been found
that predictions based on heats of reaction and average electronegativities worked
very well. In cases where calculated heats of reaction were negative, a reaction took
place in those systems studied. The reaction products identified corresponded to
those cases with a negative heat of reaction. Metals with an average electronegativity
(based on the Allred-Rochow, Pauling and relative compactness electronegativities)
of less than 1.45 on the Pauling scale were found to react, with the exception of
W (see Table 6.3). The electronegativity parameter ¢ as defined in the Miedema
model can also be used to predict whether a reaction will take place or not. Metals
with ¢* of less than 4.45 were found to react (see Table 6.4). It was found that 0~ is
a better parameter than average electronegativity in predicting whether a reaction
in the solid state will take place or not.

Beyers et al. showed that ternary phase diagrams can be used as an aid in
predicting results of thin-film reactions {13]. We have. in cases where these ternary
phase diagrams have been drawn, correlated them with our own experimental results
and have found good agreement. In cases where the diagrams do not exist, we have
developed them and correlated calculated ternary diagrams to experimental results.
Good agreement between predictions of ternary phase diagrams and experimental

results was also found in all cases studied.



CHAPTER 7

SUMMARY AND CONCLUSION.

7.1 Introduction.

The fabrication of microstructures on silicon with S10; used as an insulating layer
results in various metals coming into contact with SiO,. This presents both oppor-
tunities and challenges for the manufacturer of microelectronic devices. This is the
case not only for the traditional microelectronic device (e.g. integrated circuit) but
for new devices incorporating new structures like quantum dots. In a quantum dot a
metal cluster is imbedded in an msulating or semiconducting laver {e.g. Ag clusters
in 510, ).

The knowledge gained from studying the reaction of 5i0; in contact with met-
als advances not only the general scientific knowledge for this particular combination
but may also be used to infer the expected behaviour and method of analysing other
combinations e.g. metals embedded in other insulators — Au clusters embedded in
MgO.

This work adresses the issue of a chemical reaction between Si(, and metals.
An attempt has been made to identify the resulting reaction products i.e. the
compound phases. The identification methods used were Rutherford Backscattering
Spectromery {RBS) and X-Ray Diffraction Spectrometry (XRD). A summary of

compound phases identified is given in the next section.

59
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A theoretical explanation of results found, based on existing methods has also
been attempted. The EHF model which could have been used to predict resulting
compound phases could not be used because of a lack of ternary phase diagrams
[6]. An easier approach was therefore attempted. the one of predicting whether a
chemical reaction would take place or not. Phrased differently it means whether
510, in contact with a particular metal is stable or not. Two methods were used to
make a prediction on whether a reaction was possible. We used heats of reaction,
average electronegativities [3]. electronegativities as defined in the Miedema model
[5] , as well as the method developed by Bevers [12] which relies on the Gibbs phase

rule and changes in G (Gibbs free energy) to draw a ternary phase diagram.

7.2 Summary.

7Zr thin films were found to react with 510;. The reaction was seen to start at 640°C
for samples annealed for 30 minutes. The RBS spectrum of the sample annealed
at 690°C for 30 minutes developed a shoulder on the Zr signal which showed the
presence of ZrsSiy. It also showed a shoulder on the surface of Zr which was midway
between the oxides ZrO and ZrQ,. The unannealed sample showed no reaction. The
resulting final structure was S5i02/Zrs51,/ZrO;. The XRD spectrum confirmed the
RBS results that no interaction was present in the unannealed sample. It showed
that Zr had already crystallized. The XRD spectrum of the sample annealed at
690°C showed the presence of ZrQ, and ZrO. The presence of Zr;5i; could not be
confirmed because of an overlap of the ZrO; and Zrs5i4 signals on the spectruni.
At 720°C the signal corresponding to ZrO had disappeared. This sample could
therefore only be containing ZrO; (and possibly Zr;Siy).

Presented with the same problem of identifying ZrO; and Zrs51, signals on the
spectrum, Wang and Mayer [15] overcame it by first obtaining an X-ray spectrum of
the Si< 100 >/Si0;/Zr sample annealed at 750°C. Thereafter they milled the sample
using a beam of Ar* ions to remove the top layer of Zr0,. The X-ray diffraction
spectrum of the milled sample revealed that some lines were now missing. The

remaining lines corresponded to the phase Zrs5i;.



7.2, SUMMARY., 91

The results obtained in the case of Zr could be expected because the elec-
tronegativity of Zr is less than 1.45 on the Pauling scale viz. 1.21. The heat of
reaction between Zr and Si0; when the resulting products are ZrQ, and Zr;Si, is
negative. Zr is therefore predicted to react with Si0;.

According to the ternary phase diagram SiO; is not stable when in contact with
Zr, 1.e. Zr should react with Si0,. This was found to be the case experimentally.
Mo thin films (1500A) on SiQ; substrates were annealed at temperatures of up to
900°C over three hours. RBS analysis using 2MeV alpha particles was carried out
on the samples. The RBS spectra revealed a perfect overlap, i.e. those of the as
deposited and the annealed samples, an indication that no interaction had taken
place between the Mo film and the 510,. The heats of reaction in all reactions
involving 510, and Mo are positive {see Table 7.1), an indication that such a
reaction is thermodynamically unfavourable. Mo has an average electronegativity
of 1.45 (Pauling scale) and would therefore be expected not to react with S10,.
Metals with an average value of electronegativity of equal to or greater than 1.145
on the Pauling scale, were found in this study not to react. The ternary stability
phase diagram involving Mo, 51 and O (see Fig. 6.8) has a tie line between Mo and
Si(,, an indication that Mo is stable in contact with 5i0;. We conclude therefore
that Mo is a refractory metal that does not react with 510; for tempertures of up
to 900°C.

The electronegativity parameter o~ as defined in the Miedema semi-empirical
model was found to correlate well with heats of reaction. It was found that metals
with a value of ¢~ of less than 4.45 V reacted with 510, whereas those with values
of 6" of equal to or more than 4.43 V did not. Zr has a value of ¢” equal to 3.45 V
and our experiments as well as those of others have shown that it reacts with SiO,.
Mo on the other hand whose value of 0 is 4.65 V does not react with 5i0,.
Refractory metals may or may not react with 510;. Those with an average elec-
tronegativity equal to or greater than 1.45 on the Pauling scale react whereas those
with an electronegativity of more than 1.43 generally do not react. Where there

is a reaction. for the case of refractory metals, the silicide formed is found next
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to the 5i0; and the oxide is near the surface. The oxygen which results from the
decomposition of the 510, diffuses through the metal silicide and reaches the metal
to form a metal oxide. The diffusion has been explained as due to the solubility of
oxygen in the metal. The metal atoms next to the Si0;/metal interface move into
the near interface region of the 5i0; substrate where only the silicon remains after
decomposition of the 5i0; and the subsequent diffusion of the oxygen. With the
temperature being sufficiently high, the metal and the silicon react to form a silicide.
While the oxidation and silicidation proceed, more oxygen will be released from
further decomposition of the Si0;. The oxygen will diffuse through the intermediate
silicide layer into the surface (metal-oxygen) region where formation of the oxide will
continue. Metal atoms next to the {metal-oxygen}/silicide interface will on the other
hand move across the intermediate silicide layer into the 810, laver and combine with
the freed silicon. The oxide and silicide layver will hence continue to grow until all
metal is consumed, since the investigations focus on thin metal films which therefore
makes the metal to be the limiting reagent as opposed to the substantially thick 5i0,.

The RBS spectra of annealed Si< 100 >/5i0;/refractory-metal samples in
which metal-SiQ; interaction occured show the oxygen signal to be occupying the
surface position. The signal of the metal is seen to grow broader (towards lower
energy values) and shorter as the metal is “consumed” in the course of oxidation
and silicidation. Fig. 6.1 summarises the two cases that have been observed in
refractory metals.

Thin films of the noble metals Pt, Re, Ir and Cu on 510, substrates were
annealed under vacuum at temperatures of up to 900°C for 3 hours. RBS analysis
using 2MeV alpha particles was then carried out on the samples. in vacuum. The
RBS spectra of the as deposited samples and the annealed samples were found to
coincide at all points for all annealing temperatures. This was found te be the case
for each noble metal. The conclusion drawn is that no interaction occured between
the noble metal thin films and the Si0; substrates.

The heats of reaction for the interaction of these metals with S10; were found to

positive without exception {see Table 7.1). Thus, thermodynamics does not favour
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interaction between between noble metals and 510,.

The average electronegativity {Pauling scale) of each of these metals is greater than
1.5. This is further confirmation that each of these metals will not interact with
Si0; [3].

Thin film interaction of each of the rare earth metals Y and Yb with S10,
substrates was investigated for cases where the metal film was the surface layer and
cases where the metal film was covered with S5i0;. The samples were annealed at
temperatures of up to 490°C, for periods ranging between 15 and 90 minutes. RBS
analysis using a 2 MeV beam of alpha particles was carried out on the samples.
Analysis of the RBS spectra revealed that the rare earth metal signal in cases
where the annealed samples had not been covered diminished with time. suggesting
that the interaction between the rare earth metal and the 5i0; mav have led
to formation of volatile phases. The simulation fit on the RBS spectra of the
Si<>/Si0,/metal/Si0; annealed samples suggested the existance of ternary phases.
The XRD spectra however revealed the presence of a mixture of metal oxides and
metal silicides for the Y, whereas the Yb showed some ternary phases to be also
present.

The average electronegativity (Pauling scale) for both Y and Yb is less than
1.45 (see Table 6.3), an indication that these metals will interact with Si0,.
Because of a lack of published thermodynamic data on the heats of formation of
all the silicides and oxides of the rare earth metals, ternary phase diagrams for the
metals could not be drawn.

The work done in this study is shown in Table 7.1. The table shows that for
refractory metals there may or may not be a reaction (cases of Zr and Mo). For rare

earth metals there is a reaction for the cases studied, Yb and Y. For nohle metals

no reaction could be detected.

7.3 Conclusion.

Solid state interaction between thin metal films and Si0; was carried out by de-

positing thin films of the refractory metals Zr and Mo. the rare-earth metals Yb
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TABLE 7.1: A summary of metal-SiO; interactions studied in this inves-
tigation.

Metal Metal observed resulting reaction ?
classification phases structure
Zr ZrsSiy 8i0; /M —silicide/M—oxide Yes
refractory ZrQs
metals Zr0
Mo - 510,/ Metal No
Yb Yh:Sis S102 fmixture of silicides /Si0, Yes
YhbaSi; and oxides
b2 Oy
rare Yba Oy
earth
metals Y YO1.2328 SiOg/terna.r}‘ mixtu.re/SiOz Yes
+=Y35i,07
a=Y, 5,07
Yo510;
Cu - 810, f Metal XNo
Pt - S0, /Metal No
noble
metals Ir - Si0; fMetal No
Re - Si0z/Metal No

and Y as well as the noble metals Cu, Pt, Ir and Re onto $i0; substrates thermally
grown on Si< 100 > wafers. In the case of Yb and Y, a thin evaporated layer
of Si0; was deposited on top of the metals in order to minimize oxidation. The
thicknesses of the metal films ranged from 600 to 15004. Depaosition was carried
out under high vacuum conditions, better than 107"kPa. The samples were then
annealed in a vacuum tube furnace at pre-set temperatures for specific time intervals.
The samples were characterised firstly by Rutherford Backscattering Spectrometry
(RBS) to determine whether solid state reaction had occurred. by comparing the
RBS spectra of the annealed samples with those of the virgin samples. Thereafter
the samples were analyzed by X-Ray Diffraction (XRD) to identify which compoune

phases had formed. It was found that Zr. Yb and Y reacted with the SiQ, whereas
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none of the other metals reacted at temperatures of up to 900°C maintained for 3
kours. These results and other metal-SiQ; interaction studies that could be found
in the literature were summarized and extensively analyzed. In the case of those
refractory metals which reacted with the SiO; e.g. Zr. Hf, Nb, Ta. Ti and V it
was found that a thin layer of metal silicide formed and that in all cases the metal
silicide was found to be sandwiched between the 5i0, substrate and a top laver of
metal oxide,

The following model explains the formation of the above configuration. Atom-
s of the metal diffuse through the thin metal silicide layer until they reach the
510, /metal silicide interface where they interact with the SiQ, substrate which
leads to dissociation of the Si0;. The released oxygen atoms diffuse through the
thin metal silicide laver and form a metal oxide on top of the silicide. The resulting
configuration is of the form Si0,/MSi,/MO,. It could therefore be concluded that
the oxvgen diffuses more readily through the metal silicide than the silicon does.
If silicon were more rapid in diffusing through the silicide than oxygen, the sample
configuration after the reaction would have been 5i0, /MO, /MSi, (see Fig 7.1).

In the case of the rare earth metals, solid state reaction always occured. RBS
results indicated that all three elements M, Si and O were present throughout the
reaction region. XRD results indicated that for Yttrium ternary phases were present
whereas for Ytterbium a mixture of oxides and silicides were identified.

In this study. an extensive table of standard heats of formation in units of
kJ/(mol.at) for various metal silicides and metal oxides was compiled {see Ap-
pendix A). Using this table, heats of reaction for the interaction of 510, with
various metals were calculated and the results summarized (see Table 6.2). The
values of the heats of reaction were found to be negative in cases where the elements
reacted with the $iQ; substrate and positive where no reaction occurrred. These
results proved to be consistent with theoretical thermodynamic considerations.

From the results of this study, a correlation could be established with the values
of the average electronegativity of the different metals as a means of establishing

whether an interaction between the S10, and the metal would occur or not. Metals
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FIGURE 7.1: The two possible configurations of the layers resulting from the solid
state reaction of 510, with a thin refractory metal film. Rutherford Backscattering
Spectrometry Results {RBS) showed that the metal oxide layer was closer to the
sample surface than the metal silicide layer indicating that oxygen diffuses more
readily through the metal silicide than silicon through the metal oxide.
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with an average electronegativity (average of Allred-Rochow. relative compactness
and Pauling electronegativities) of less than 1.45 on the Pauling scale were found to
react with Si0O; (see Table 6.3). An even better correlation was obtained using the
Miedema electranegativity parameter {©*). Metals with (o7) values less than 1.45V
were found to react with SiO, while those with values equal to or greater than 1.{3V
did not (see Table 6.4).

It has also been shown that ternary phase diagrams can be used to predict
solid state interaction between metal films and Si0,. Consider the following reaction
(unbalanced) between a metal film M and 5i0; to form a metal silicide M3i, and a

metal oxide MO, i.e.

M + Si0; — MSi, + MO,

If the free energy change of the reaction. AG of the reaction is negative, then
the products are stable with respect to the reactants and a tie line can be drawn
between MO, and MSi,. We can construct a ternary phase diagram as shown in
Fig 7.2. Only one of the possible tie lines has been shown. If however the free
energy change of the reaction is positive, then the reactants are stable with respect
to the products and a tie line would thus exist between M and 5i0,. Construction of
phase diagrams must comply with the Gibbs phase rule which states that there is «
marimum number of three phases in mutual equilibrium for an arbitrary composition.
Regions of three phase equilibrium form triangles (tie triangles) the corners of which
identify the chemically compatible phases, i.e. phases which are thermodynamically
stable in contact with each other. The tie lines connect two phases which are in
equilibrium with each other. Two tie lines can therefore not cross since the point of
intersection of the two tie lines would imply the coexistance of four phases in mutual
equilibrium. contrary to Gibbs phase rule.

Based on the results of our experimental investigations and on the Gibb’s phase
rule, phase diagrams for the refractory elements Mo and Zr. the noble elements
Pt. Re and Ir as well as the near noble element Cu interacting with Si0; were
constructed. In each case (except for Zr). a tie line was drawn from the metal

to the $iQ, indicating stability of each of these metals in contact with S$i0; for
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FIGURE 7.2: A ternary phase diagram illustrating a metal {M}-S5i0, type
interaction yielding a metal oxide {(MQ,) and a metal silicide (MSi,). The presence
of a tie line between MQ, and MSi, indicates that the two are stable in contact
with each another while the lack of a tie line between M and SiO, suggests that
the latter pair is unstable when in contact. This is in agreement with Gibb's phase

rule which forbids the crossing of tie lines.
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temperatures of up to 900°C, with the remainder of the tie lines inferred. Our phase
diagram for Mo was comparable with that of R. Bevers [12]. Our phase diagram
for Zr confirmed the existence of a tie line between Zr;Siy and ZrQ; as in that of

S.Q. Wang and J.W. Mayer [15].



APPENDIX A

Standard heats of formation of metal
silicides and oxides

Element  Silicides AH}’ Ref Oxides AH ; Ref
kJ/(mol.at) kJ/{mol.at})
Ca CazSi —69.7 [30] Cal -317.1 {30]
CaSi —75.3 {30} Ca0; -219.7 [39]
CaSip —50.2 [30]
Ce; iy —68.7 [31]
CeSi —74.1 131}
Ce3Si; -74.9 [31]
CeSiy -70.4 [31}
Co CosSi -38.5 [3.32] CoQ ~-119.5 [30]
CoSi -50.2 {3.32] ConOy -129.3 (30]
CoSiy —34.3 [32]
Cr CraSi —344 [32] Cr204 -218.8 [33]
Cr;,Sia —35.0 [32] Cr;0; ~2259 [20]
Crsi -30.2 [32] Cr0; ~194.1 [30]
CrSi, -25.8 32} Cr0, -144.9 [30]
Cu Crsg Sipy -2.8 [31] Cuz O ~55.8 [20]
CuySi -3.4 {31} Cu0 -7T6 {30}
CuisSig —-10 (31]
Dy Dy;Sia -62.2 (31} Dy;0: 3726 [30]
DysSis -TT.8 (31]
Cont...
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Element  Silicades AH }’ Ref Oxides AH }’ Ref
kJ/(mol.at) kJ/{mol.at}

Dy Dy8i —-76.0 3] Dy20; -372.6 [30]
Dy35is —76.5 (31]
Dy3Sis —~74.6 [311
DySiz —69.4 [31]

Er Er; 513 —863.0 [31] Er;Oa —379.6 [33]
ErSj —78.6 [31]
Er3Sig —74.5 [31]

Fe Fe3Si —25.8 [32] FeO -135.6 [30]
FeSi —39.3 [32] Fe 04 -159.5 [34]
FeSiz -306 £32) Fe 04 —-164.3 [30]

Gd GdsSiz —61.4 [31] Gdy0; —363.2 [30]
Gd;Sia —7L1 [31]
GdSi —75.3 [31}
GdSia —76.6 £31]
GdSiz —69.8 (31}

Hf Hf35i —53.0 [31] HYO» -371.0 [30]
HfzSi -69.8 [31]
Hi;Sia —77.2 31}
HfaSn -81.0 [31)
HisSiy —56.3 [31]
HIS) -90.1 {31}
Hi%i, ~75.1 [31]

Ho Ho;Si3 —61.4 [31] Hoz03 -376.2 [30
Ho;Siy -70.1 [31]
HoSi -T4.9 [31]
HoSi; —63.0 f31]

Ir IraSi -28.1 [a1] Ir0; -64.0 [3)
IrSi ~35.9 {31} HO; ~80.5 [30]
Ir3Siz —40.0 (31] Ir0; -91.4 133]
IrSi —-40.5 [31]
Ir;Sis ~33.5 31}
IrSiz -25.1 [31)
IrSiz -11.6 [31)

La LaSi —62.8 {3 La; (O —358.7 {30]
LaSiz -61.9 t3]

Lu LugSia —-64.5 {31} Luz03 -376.4 [30]
LuSi ~7R.0 [31]
Lu,5is =75.5 [31]

C'ont...
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Element  Silicides AH H Ref Oxides AHSY Ref
kJ/{mol.at) kJ/(mol.at)
Mg Mg»5Si —26.4 {30] AIgO ~300.6 [30]
Mg O, -207.5 (3
Aln Mng i -1739 [31] MnO —192.3 {30]
MuoSiz -22.9 [31] AMna Oy —198.1 [30]
MnaSi -31.1 [31] Mna O —191.4 [30]
MnisSia —34.9 [31] AnO; —173.4 [30]
AlnsSia -118 [31] Mnz 05 80.9 [30]
MnSj —41.5 [31]
Mny;Sirg —28.7 [31]
Mo Mo Si —291 £30] MoO, -196.0 [30]
Moz Siy -33.8 [30] MOy —186.3 [30.33]
MeSi —43.9 [30}
Nb Nbs Sia -60.7 [32] NbO —209.8 [30]
NbSiz —46.0 32] NbO, —265.4 [33]
NbaOs ~271.4 [30]
Nd Nd:Sia —60.5 [31} Nd2Os3 -361.6 {30,33]
Nd;Siy —69.6 (31]
NdSi —74T [31]
NdsSiy —77.0 3]
NdoSia -76.3 [31]
Nd5Sig 729 [31}
Ni NiaSi -37.2 (327 NiG -120.3 [20}
NiSig —42.3 321 Nip O3 —97.9 13.33]
Ni2Si —16.9 [32]
NizSiz -45.2 [32]
NiSi —-42.4 i32]
NiSiz —29.3 [32)
Os OsSi -29.1 {31] 0s0; -98.2 [30]
Os3Sia —22.7 [31] 0s0y -4 2]
0s8ia -15.5 31} 0s0y -8 30
Pd PdsSi -29.2 (34] PdO —42.7 {33
Pd;Siz -~31.3 34
Pd;Si ~38.5 [34]
Pd»Si —43.0 [34)
PdSi —26.2 34}
Pr Prs Siz —60.5 (31] Pr;0y -365.1 (30]
Pr; Siy —69.6 {31 PrO; -324.8 (34}
PrSi -T49 [31]

Cont...
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Element  Silicides AH F Ref Oxides AH F Ref
kJ/(mol.at) kJ/{raal.at)
Pr PraSi, -Tv2 [31] Pr:0O; ~365.1 [30]
PrSi; -70.3 [31] PrO; -324.8 [30]
P PtsSi —36.9 [31) PO ~35.6 3
PtrSia ~43.8 [31] Pt;0, -23.3 {33]
Pt2Si —47.7 [31] PtO, -44.8 [3}
PteSis —-56.1 31]
PtSi —~56.0 [31]
Pu PuzSis —64.8 [311 PuO, ~352.0 {30]
PusSis —67.5 i311
PuSi ~73.8 {31]
Pu3Si; —65.4 [31]
PuSi; —58.3 [31]
Re Res Siz -19.7 [30) ReO; —144.2 [30]
ReSi -26.4 [30] ReQ; -152.7 [30]
ReSiy -~30.1 [30] Rey 05 -3138.7 [3¢]
Re;04 -123.9 3
RhL Rh,Si -39.0 [31] RhyO —31.8 (3]
Rh: Sis —42.1 {31} RhO —45.2 [3]
Rh2Si; —434 [31] Rh,0: -76.6 [30}
RhS; —43.8 [31]
Rh4Sis —40.6 [31}
Rh;Sis -35.3 [31]
Ru Ru,Si —29.7 [31} RuQ» ~101.5 [30)
RuSi —32.4 [31] Ru0,4 -61.0 [33]
RusSig ~25.6 [31]
Sc ScyBis —69.0 [31] Sc0s ~381.2 [:}U]
ScSi -77.7 [31]
ScaSis —72.2 [31]
Qi 810, -301.2 {33]
Ta TasSio -27.1 [32] Taz 0 -292.3 [30]
Ta;Si —40.9 [32]
TasSia —41.8 [32]
TaSip -32.4 [32]
Tb ThsSia ~62.2 (31] Th; -323.8 [33]
Ths Siyq -3 [31] Tbi0, —365.5 ]
TbSi -76.2 [31]
Th3Sis -75.2 [31]
TbSiz ~69.5 <31
Th Th;Siz ~35.9 [20] ThG -303.3 3]
ThSi -63.0 {30) ThO, ~408.9 [39]

Cont...
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Element Silicides AH; Ref Oxides AH; Ref
k1/(mol.at) kJ/{mol.at)
Th Tha Sis —59.7 f30] ThO -303.3 (31
ThSiz —56.9 [30} ThO» —408.9 [30]
Ti TisSi —53.0 32 TiO -271.3 [30]
Tis Sia —72.4 [32] Tiz 05 —304.2 [30,33)
Tis Siy —81.0 [32) Tiz 0 -307.4 {30]
TiSi —T86 [32] TiO; ~314.9 {33]
Tisi; —537.0 [32]
Tm TmeSia -52.9 [31) Tmy0O; 37T faa]
TmSi —T64 [31]
TmaSis ~742 i31]
u UsSi -23.0 [30] U0, -361.2 [30]
UaSia -31.1 [30] UsOs ~34.7 30]
USi —42.3 [303 U307 —342.7 33]
UaSi; —-44.3 [30] U308 -324.9 [a0]
USi, —43.2 [30] U0; -307.5 [30]
USis —-32.6 (30)
\Y VaSi —43.2 [32) VO -215.9 [30]
V5 Sis —580 (32] V20s —243.8 (30l
VSip —40.2 [37] Va0s —241.6 {33]
V07 —240.0 {33]
VO, ~2378 [30]
Va0 —221.5 I3{)]
W WsSia -16.9 (30} WO, -196.6 [30]
WSiz -31.0 {30] W20, ~202.1 (3
W03 ~210.7 [30]
Y YsSis —61.4 (31] Y203 ~381.1 {30]
Y5 Siy -70.4 131}
¥Si -75.5 {31]
YaSis ~74.9 (31]
Yb Ybs Sia —34.2 (31} Yb 0 ~362.9 (30]
YbSi ~42.3 {31]
Ybs Sis —42.1 [31)
YhSiy -38.9 [31]
Zr ZraSi ~54.4 I3] Zr0 —365.3 i3]
Zr:Si -69.8 [3] Zr); ~366.9 i20]
ZrsSia ~72.0 [3] Zr0; -252.1 {33]
ZraSip 770 &
ZrsSig ~7T. {3]
ZrSi ~TT4 (3]
7S ~53.1 (3]
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