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ABSTRACT

Thin films of Cu, Ir, Mo, Pt, Re, Y, Yb and Zr were vacuum deposited onto
5iOz substrates of thermally oxidized 5i< 100 > wafers and were annealed in a vacuum
tube furnace. Samples were then analysed using Rutherford Backscattering 5pectrometry
(RB5) 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 5iOz, 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-5iOz interaction
studies that could be found in the literature were summarized and extensively analysed.
In all the cases where the metal reacted with the 5iOz (Hf, Nb, Ta, Ti, V and Zr) with
the exception of the rare-earth metals Y, Tb and Vb, it was found that a thin layer of
metal silicide formed sandwiched between the 5iOz 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 SiOz/silicide interface where interaction with and
dissociation of 5iOz 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 silicide than silicon through the metal
oxide. If the opposite was true the sample configuration after reaction would have been
5iOz/MOx /MSiy • In the case of the rare-earth metals, solid-state reaction always took
place, but with all the elements M, 5i and 0 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
5iOz or not. It is found that metals with an average electronegativity (average of Allred­
Rochow, relative compactness and Pauling electronegativities) of less than 1.4.5 on the
Pauling scale react with 5iOz. An even better correlation with electronegativity could
be obtained when using the Miedema electronegativity parameter (.p*). l\Ietals with 9"
values of less than 4.45 V were found to react with 5iOz 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 5iOz.



ISIFINGQO
Izingwengwezi ze Cu, Ir, Mo, Pt, Re, Y, Yb ne Zr ziye zahwamukiselwa phezu kwe

Si02 yona 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
?gabe kube k!lOr;a yini ukulumb,!,~a !l&,;phansi hyesimo sobuduli no~uthola u~uth~ ng;abe
Izale nkomom. huhlaluke ukuthl I 1, 1 b ne Zr zIYe zalumbana ne SI02 ekantl lezl eZlllye
izingwengwezi azivezanga kulumbana ne Si02 kuze kuyofinyelela emazingeni okushisa
angu 900°C. Lemiphumela kanye naleyo eminye eshicilelwe emayelana nokulumbana kwe
Si02nokusansimbi ibe isifingqwa ihlaziywa. Kuhlaluke ukuthi uma kube khona ukulumbana
njengesibonelo se Si02 ne Hf, Nb, Ta, Ti, V ne Zr (ngaphandle kwalezonsimbi mhlaba
ezingandile njenge Y, Tb ne Vb) ungwengwezi lwensimbi ehlangene nesilikhoni (MSiy )

lufunyanwa njalo luphahlwe yi Si02kanye nongwengwezi lwensimbi ehlangene nomoyampilo
(MO",). Lokhu kuhleleka kwalezing'>vengwezi kusinika lesisithombe mayelana nokuhamba
sakuchusha kwama athomu: Ama athomu alokho okusansimbi achusha aze avofika
emngceleni weSi02 ne MSiy • Okulandelayo kuba wukuhlakazeka kwe Si02, 'ebese kuthi
ama athomu omoyampilo achushe ku MSiy aze ayolumbana nama athomu alokho okusansimbi
kwakheke i MOx . Lokhu kusiholela ekuthini sithi ama athomu omoyampilo achusha
kalula ku MSiy kunokuba kuchusha isilikhoni ku MOx . Uma isilikhoni ibichusha kalula
kunomoyampilo, ukuhleleka kwalezingwengwezi bekuyoma kanje: SiOz/MOx/MSiy •

Ucwanin&o lwensimbi mhlaba engandile luveze ukuthi ukulumbana kwayo ne Si02esimweni
sobuduli Kwenzeka khathi zonke ekanti ama athomu esilikhoni, nawokusansimbi
nawomoyampilo atholakala kuzo zonke izingwengwezi ezakhekayo. Imiphumela yohlaziyo
nge XRD iveze ukuthi ulumbano olwenzeka uma sisebenza nge Ytterbium lukhipha ingxube
ye MOx ne MSiy 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 lwemidlandla kushisa yalokho okusansimbi nxa kulumbene
nesilikhoni (MSiy ) kanye nohla lwemidlandla kushisa yalokho okusansimbi nxa kulumbene
nomoyampilo (MOx ). Sibe sesisebenzisa lezinhla ukubala izinga lomdlandla kushisa uma
lokho okusansimbi kulumbana ne Si02 • Ukubikezela kwethu ukulumbana (nokungalumbani)
kwalokho okusansimbi ne Si02 okuncike ezibalweni kanye nasolwazini olumaqondana
nomdlandla kushisa sikuthole kuhambisana nemiphumela yocwaningo lwethu. Lomsebenzi
(uhlangene neminye imiphumela eshicilelwe) ubuye uveze ubudlelwano phakathi
kokulumbana kwalokho okusansimbi ne Si02 kanye namandla ama athomu okudonsa ama
elektron. Lokho okusansimbi okunamandla angaphansi kuka 1.4.5 (atholakala ngokudidiyela
indlela yokubala ka Allred Rochow, eka Pauling neqhathanisa ukuqoqeka) ngokwesilinganiso
sika Pauling, kuhlaluka ukuthi khona kuyalumbana ne Si02• Sithe uma sibheka amandla
ama athomu okudonsa ama elektron ngokwezibalo zikaMiedema (9*) sawathola eqhathiniseka
kangcono nemiphumela yethu yokulumbana kunalapho besisebenzise amandla ngokwezibalo
zika Allred Rochow, Pauling kanye nendlela eqhathanisa ukuqoqeka. Lokho okusansimbi
okunani Iakho lika 9* lingaphansi kuka 4.45V kutholakale ukuthi kuyalumbana ne Si02
ekanti lokho okunani lakho Iika 9* Iilingana noma lingaphezulu kuka 4.4.5V akulumbani.

lmidwebo engonxantathu eveza nokulumbana okunrrxubentathu ingasetshenziswa
nayo ukubikezela ukuthi ukulumbana phakathi kwalokho okusansimbi ne Si02 ngaphansi
kwesimo sobuduli kungenzeka yini noma qha.
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CHAPTER 1

BACKGROUND AND SCOPE OF
INVESTIGATION.

1.1 Technological importance of thin films.

A silicon chip of lcm2 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 (l\IOS) 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

1



2 CHAPTER 1. BACKGROUND AND SCOPE OF INVESTIGATION.

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 is 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 temperat ure

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 silicicles can be formed
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p

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).

Si02 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 Si02 • Polymeric films

have been proven to be depositable by simple techniques. 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 interlayer 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.

2. 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 it is in contact .

.5. The material of the barrier layer should not ha\-e an electrochemical potentia.!

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 yet 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 mayor may not take place. There is a large body of

knowledge as regards to which materials mayor may not react. \Ve review here

some of the methods used to predict whether an interaction mayor 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 AI-Si contacts.

Advantages Disadvantages Applications

Si02 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

AlN" Low dielectric Deposition process Annealing cap
constant not well
Thermal expansion developed
coefficient same
as GaAs

Polyimide Cheap Stable only below Interlayer dielectric
Conformal 4000 C (especially on
Low dielectric Rapid indiffusion of GaAs devices)
constant water Protective coatings

on device
surfaces

PSG Flows at high Corrosion problems Passivation layers
temperatures due to HP03

Traps sodium ions

1.2.1 Thermodynamics.

5

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
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to look at is the Gibb's free energy (G) viz

G=H -TS

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

Enthalpy is in turn given by

H=E+PV

(1.1)

(1.2)

where E is the internal energy of the system, P the pressure and V the volume. A

system is in equilibrium if it is in its most stable state i.e. the one corresponding to

a minimum in G. Changes occuring while in this state are such that

dG=O (1.3)

In Fig. 1.2, state G2 would be the lowest state (most stable), while state G1 is a

metastable state (local minimum). If the system is in state G1 and thermal energy

is added to the system, then depending on how much energy is applied, the system

may move to state G2 • Transformations that occur to the system therefore tend to

lower G.

>.
CJ1
L
<ll
C
<ll

FIGURE 1.2: A hypothetical Gibb's function, showing metastable state G1 and
a stable state G2 . It also shows a barrier that must be overcome by an atom that
changes it's Gibbs function value from G1 to G2 . The Gibbs barrier height is 6.G
and the overall change in the Gibbs function value is 6.G".
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f:>.G' < 0

7

(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 T f:>.so

term is small and the Gibb's free energy may be approximated by

(1..5)

which is known as the Neumann and Kopp's rule. Furthermore we may in most

cases approximate f:>.GTby f:>.H298 where f:>.GTis the Gibb's free energy at a higher

temperature (e.g. 900°C) and f:>.Ho 298 is the enthalpy at room temperature i.e.

(1.6)

1.2.2 The Miedema model.

The "macroscopic atomn model of Miedema [5] was formulated to predict

the enthalpy of formation f:>.H 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. Positi"e

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, nws and the chemical potential for electronic charge,

0*.

The model uses the readily available values of nws for non-transition metals

but estimates n ws for transition metals by assuming that the relationship between

nws and the experimental ratio of bulk modulus " and molar volume V for pure

metals is reasonably represented by

(LT)
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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 llHtrans 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 ,p* is given [5]. Similarities between 9* 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,

1

llHfor ex [_P(1l,p*)2 +Q(llnL)2] (1.8)

where P and Q are proportionality constants.
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9* is given by

( Z)~9* = 5.2 V +0.2 for transition metals

( Z)~<p* = 5.2 V + 0.7 for non-transition metals

where Z is the number of valence electrons per atom.

9

(1.9)

(LlD)

For a third class of alloys, that of transition metals alloyed with polyvalent

non-transition metals, a term R* is introduced.

(LlI)

This term (R*) is required when a non-transition metal (with conduction electron

wave functions predominantly mixed with atomic p-type wave functions) is alloyed

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

Criteria used for choosing /'!,.HO

Since there are many possible values, experimental plus empirical that one may use

for f1Ho, it is important to have a criterion for choosing them. f1Ho will be used

in this study for calculation of heats of reaction. It is therefore noticed that their

absolute \'alues are unimportant - only their relative values count. \Ve will therefore

as much as possible use the Miedema model for values of f1Ho and obtain f1HO 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 (EHF) model predicts the sequence of compound

formation in binary thin film systems [6]. It has been experimentally determined

that for thin films (say ~ Illm), 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
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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 melting 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 I':lT that exists in the

phase diagram between the composition of the first phase and the unreacted element. "

They defined I':lT 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,u'hich is

closer in composition to the diffusing species. This phase must also hat'e 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, 01'
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by epitaxial growth on, one of the elements."
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None of these rules, however, makes use of thermodynamic data such as heat

of formation( 0.HO) and entropy( 0.5°). 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( 0.H') 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, 0.Go. For solid state interaction,the change in the heat of formation 0.Ho

is a good measure of the change in free energy, 0.Go since the change in entropy, 0.So

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,

"'here formation of a mixture of phases might lead to the lowest free energy for the

system,

The heat offormation is expressible in kJ Imol e.g. 0.HO(Pd;Ti3 ) = - 710.4kJ I mol.

If we divide the heat of formation by the number of atoms in the molecule, we obtain

the value 0.HO(PdsTi3 ) = -SS.SkJI(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, 0.H', which depends both on the heat of formation and

the concentration of the reacting species at the growth interface

, effective concentration of limiting element
0.H = 0.Ho X ----,-----.,---::-:-:--,----"'--,---­

compound concentration of limiting element
(1.12)

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.\Z.
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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 (~H') will be less than the
Standard Heat of Formation. (~H").
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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. 96.7kJj(mol.at)-1. For this case,

the effective heat of formation is equal to the standard heat of formation i.e. ~H'

=~Ho.

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

~H' = -96.7 (0.;0) = -77.4kJj(mol.at)0.00 (1.1:3)

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 AxBy at the interface between
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A and B to be given by the reaction

15

(1.14)

Let N be the total number of atoms available for reaction in the reaction zone where

N = NA + NB with NA the total number of atoms of A and NB the total number

of atoms of B.

Let M be the total number of atoms consumed in the formation of AxBy ie

M = zx + zy = MA + NIB

The effective (available) concentration of atom A is

The effective (available) concentration of atom B is

The compound concentration of A in AxB y is

c·4 =_x_
c x+y

The compound concentration of B in AxBy is

cB=_Y_
c x+y

(1.1-5)

(1.16)

(1.17)

(1.18 )

(1.19)

If A is the limiting element during the formation of AxBy, its atoms are fully

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

(1.:20 )

During formation of AxBy, atoms are consumed in the ratio
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x AlA

y AIB
=? MB = 1£J{4

X

From eqns 1.15 and 1.21, we have

M=MA [1+;]
,\lA
CA

c

From eq. 1.20 and eq. 1.22, we have

(1.21)

(1.22 )

(1.2:3 )

(1.24)

The heat of formation LiH when expressed in Jj(mol.at) is the heat released when

Avogadro's number (Av) of atoms is consumed during formation of AxBy • The

consumption of .Vl atoms releases (~~)LiH. The number of moles of available atoms

is (.~)" Therefore, the heat released per mole of available atoms is

LiH ((~~») = !:>.H
M

.
N 1V

(.4, )

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

formation can be described as

(1.2.5 )

From eq. 1.23, we have

or
'H' H effective concentration of limiting element
'-' =!:>.

compound concentration of limiting element
(1.26 )
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1.2.4 Heats of reaction.

17

The heats of reaction may be calculated if the enthalpy of the products and reactants

are known. It 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

Si02 at room temperature it should undergo a reaction

Ti + Si02 ----+ Ti3Si + 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 Si02 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-Si02 interaction.

1.3.1 Importance.

Metal silicides find wide applications in advanced integrated circuit metallization

because of their low resistivities (e.g. TiSi 2 has a resistivity of about 1.51'f1cm) and

high thermal stability. When an integrated circuit is being fabricated, a pure metal

may come into contact with various dielectrics e.g. Si02• It is therefore important

to understand the reactions between metals and Si02 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 silicicles,
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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 lOpm), it has been found that

most or nearly all of the compound phases given by the equilibrium phase diagram

are present. Gosele and Tu [10J have termed this the bulk case. They have termed

the case where metal films are less than lOpm 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 [11J found that the rate of chemical reaction

between a metal, e.g. Ti with Si02 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 oxygen. The argument is

if there is oxygen incorporated in the metal layer then there are less metal atoms

available for interaction at the metal/Si02 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 Si O2 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

(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

!:::oG=!:::oH -T!:::oS

with !:::oH the change in enthalpy (or heat of reaction). !:::oS ~ 0 since it is assumed

that both reactants and products are solids. !:::oG is therefore approximated by the

enthalpy!:::oH. If !:::oH is less than zero, then the reaction between Si02 and the metal

is thermodynamically possible.
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The heat of reaction between Mn and SiOz is calculated as follows:

3 Mn + SiOz ----t MnSi + 2MnO

3(0) + 3( -301.2) ----t 2( -41.5) + 4( -192.6)

-903.6 =----t -83.0 - 770.4

6.HR = +8.37kJj(mol.at)

19

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 SiOz.

Pretorius et al. [3] have also used electronegativity to predict whether a metal

will react with SiOz 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 SiOz. 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.
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of reaction tlHR , plotted as a function of the average of three electronegativities

(average of relative compactness, Pauling and .'lllred-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 Si02 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

WSi2 is stable in contact with Si02 , i.e. is there a tie line between WSi 2 and Si02?

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 WSi2 and Si02 , such points would be given

by a reaction between W0 2 and Si as well as W03 and Si to give Si02 and WSi2

(see Table 1.2).

Since all values of tlHR obtained are negative, then a tie line exists between

WSi2 and Si02 i.e. WSi2 is stable when in contact with Si0 2 at room temperature

(since values of tlHo used are those at room temperature). Note that these stable

tie lines do not cross. In a similar manner, a stable tie line between \V and Si02 is

established, thus showing that \V will not react with Si02 at room temperature. It
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TABLE 1.2: Heat of reaction calculations to show the presence of a tie
line between WSb and Si02

Tie line reactions A HR kJ/{mol.at)

7 Si + 2 WOa 2 WSi2 + 3 Si02 -80.7

3 Si + W02 --- WSiz + 5i02 -67.8

is very likely that W will not react with Si02 even at high temperatures, the order

of lOOO°C. Actually, Brown et al. found that W does not interact with Si02 even

o

w Si

FIGURE 1.7: A ternary phase diagram of the W-Si-O system showing tie lines
(solid lines within the large triangle) radiating from Si02 (the dominant phase) to
Wand 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 llOO°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, AI, Ti, Si02 , 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 Si02 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 Si02 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 Si02 • Chapter 4 looks

at the reaction between rare earth metals (Yb, Y) and Si02 • Noble metals (Cu,

Pt, II', Re) in contact with Si02 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 Si02 .
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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 280llm 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 Si02 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 12Mflcm. The wafers were then attached onto

aluminium 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 ClOSS 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 quartz monitor was

used to find the rate of deposition as well as the thickness of the deposited layer. All

depositions were done in vacuum of better than 1O-8 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

1O-9 kPa. Pressure was measured by means of a Penning gauge.

The cryopanel at the bottom part helps to trap gases like H20 and CO2 thus

reducing the pressure. Ion 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 Si02 substrate. All anneals were done in vacuum at pressures of better than

1O-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

o'·en from a rotating carousel. A platinel IT 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 trap 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 (2l\feV) and collimated beam

of 4He+ particles together with a computer aided simulation of RBS were used to

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

of thin metal films deposited on Si02 before and after annealing them.

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

on SiO2 before and after annealing them.

Measurement of the number and energy of the 4He+ particles backscattered from

atoms in the near surface region allows for:

• identification of the atomic mass of the target element ie

Ea ex mass

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

below the surface i.e.
dE

dx

is the depth scale.

• the scattering cross section, er where

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.

4He+ 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 4He+ 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 El. 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 positions 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

Ef) of the high energy sides of the peaks into

(K 4 ., ,

(2.1 )

to calculate the kinematic factor K for the i th element. Eo is the incident ion's

laboratory kinetic energy. Application of conservation of energy and momentum

leads to the kinematic factor K being given by

(2.2)

where B 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, Eo and Bare usually known, M is determined and the target element

is identified.

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

(Nt)i is the areal density, given by

" ) Ai cos B,("t i = -=::'---;-;~
Qr!IT;(E, B)

(2.3)

Ai is the integrated peak count for the Q ions which are incident at angle B,.

the detector solid angle and IT; the cross section.

The average stoichiometric ratio for the compound film AxBy is given by

n is

Y NB AB ITA
--- -

X N A ITB AA
(2.4)

In this equation, the hard to measure quantities Qand r! have cancelled.

Given that the film density is PAB,

and that j\f4B = xAtA + yAIB is the molecular weight of compound AxBy, we

have

(2..5)

and

(2.6)
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where Av is Avogadro's number and N1B the atomic density of A in compound AB,

N~B the atomic density of B in compound AB. Thus

(Nt)A (Nt)B
t == ~'AB == ."AB

cv.4 cv B
(2.7)

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

• data for the energy loss of 4He ions in the elements are better known than for

other ions.

• the silicon surface barrier detector energy resolution for 4He is about 15keV.

• the backscattering cross section for 4He 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 4He ions are

• it is an absolute method in that it does not require the use of standards.

• it is quick and easy; typical data acquisition is about 10 minutes.

• it is frequently non-destructive.

• it may be used for depth profiling, with 1O-:30nm depth resolution.

The principal failure of this technique is its failure to analyze trace elements.

For fixed (), the energy separation L'l.E, for beam particles scattered by target

particles of mass M is

(dF)L'l.E == Eo di\~ L'l.M (2.8)

If L'l.E is set equal to bE, the minimum energy separation that can be experimentally

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

(2.9)

bE contains contributions from detector resolution, straggling, beam energy spread

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, 0-( (); E) for scattering of beam particles

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

o-((). E) = (~) dQ(E) 1
, Ni Q n(())

(2.10)

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

and dQ~E) is the fraction of incident particles scattered into the smal! solid angle

n( ()) centred at the deflection angle ().

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

IS

o-R(E,()) = (ZlZ2 e2 )2 X 4[(1\'1
2
-m

2
sin

2
())t +21Ico~()]2 (2.11)

4E M sin4 ()(j\12 - m 2 sin2
()),

where ZI and Z2 are the atomic numbers of the incident and target atoms respec­

tiyely. This equation is in cgs units with

e2 ~ 1.44 X 1O-12MeVcm

An accurate approximation for large backscattering angles and (~) « 1 is

(2.12)

The IBM and Comel! geometries are the common experimental arrangemets.

For both geometries the incident beam is horizontal and the sample surface is

vertical. In the IB.M geometry, the scattered beam (directed at the detector) and

the incident beam are in the same horizontal plane.

In the Comel! geometry, the incident and the scattered beam are in the

same \'ertical plane, with the detector directly below the incident beam. In both

geometries the angle between the incident beam and the sample normal is ()h while

the angle between the scattered beam and the sample normal is ()2. The tilt axis is

a vertical axis through the beam spot on the sample surface. ()I is the tilt angle.

For the IB~I geometry, () = 7f- I ()I ± ()2 I . For the Comel! geometry cos ()2 =

cos(7f - ())COS()I. The geometry used in our case is the IBJ\I 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, 17( B; E) for scattering of beam particles

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

I7(B. E) = (_1) dQ(E) 1
, Nt Q n(B)

(2.10)

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

and d
Q6E) is the fraction of incident particles scattered into the smal! solid angle

n(B) centred at the deflection angle B.

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

IS

(
Z I Zze2

) 2 4[(1\.J2 _.m2 sinz B)~ + M cos B]Z
I7R(E, B) = x.... , (2.11)

4E M sm4 B(M2 - m Z sm2 B)2

where ZI and Zz are the atomic numbers of the incident and target atoms respec­

tively. This equation is in cgs units with

An accurate approximation for large backscattering angles and (~f) « 1 is

) (
ZIZZ)2 [. 4 (B) (m)z]I7R(E,B "'" 0.02073 4E sm-"2 - 2 M (2.12)

The IBM and Comel! geometries are the common experimental arrangemets.

For both geometries the incident beam is horizontal and the sample surface is

vertical. In the IB.\l geometry, the scattered beam (directed at the detector) and

the incident beam are in the same horizontal plane.

In the Comel! 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 BI , while

the angle between the scattered beam and the sample normal is Bz. The tilt axis is

a vertical axis through the beam spot on the sample surface. BI is the tilt angle.

For the IB.\I geometry, B = ;r- IBI ± Bz I . For the Comel! geometry cos B2 =

cos(;r - B) cos BI . The geometry used in our case is the IB.\l 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 Iyhether 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 20 for each 0

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.

linear purse

~B~ printer oerSGnol
amplifier ~ height ~

selector
control computer

detector

r I 1x-ray
source

El~
step p~ogr:lms

gonlcmefer
sup:;ly scon fo~ dato

control o"olysis

diffroetometer
~ J

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 Si02 , hence a knowledge of the

reaction between Si02 and the refractory metals is important in the understanding

of the stability of devices.

In previous studies of the reaction between refractory metals and Si02 • it was

found that some refractory metals such as V, Ti and Nb react with Si02 [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 Si02 and an oxide near the surface

regIon.

In this study l1"e revisit the interaction between refractory metals and Si02 (t his

chapter): reaction between noble metals and Si02 (chapter 4) and reaction between

Si02 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 Si02

reactions involving Si02 and refractory metals, noble metals and rare earth metals.

32
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3.2 Experimental.

33

Commercial silicon wafers of < 100 > orientation, covered with thermally grown

SiOz were cut into 13mm by 13mm squares and then chemically cleaned and rinsed

in de-ionised water (resistivity,," 12Mfkm) 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) "'ere

then deposited on the wafers under vacuum by means of electron beam heating,

The thickness of the SiOz layer was about soooA to ensure that after interaction

with the metal some SiOz would be left, The samples were allowed to cool while

remaining under vacuum to avoid thermal oxidation from the ambient. The

Si< 100 >jSiOzjmetal 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 2l\feV a particles. RUl\fP (Rutherford Utilities and l\fanipulation Program)

simulation was used to determine the thicknesses of the metal and SiOz 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-Si02•

A 1600A layer of zirconium (Zr) was evaporated by means of an electron beam onto

Si< 100 > wafers, cO\-ered with thermally grown SiOz. The deposition was done

under vacuum that was oil free and was about :3x 1O-8 kPa. The deposition rate was

maintained at approximately :3.oAjs. The Zr-SiOz 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 >/Si02(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
Zr5Si4 next to the Si02 and ZrOr with :r ~ 1.8 on the surface. The sample
annealed at 720°C shows the presence of both Zr,Si4 and Zr02.

of the order of 1O-8 kPa. Results of Rutherford Backscattering Spectrometry (RBS)

for the as deposited (i.e. no heat) sample as well as samples annealed at 690°('

and at 720°(' are shown in Fig. 3.1. The thickness of the SiO, on top of tIIf>

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 Si02. The signal

height of the sample annealed at 690°C has been reduced showing that there has

been an interaction between Si02 and Zr. The Si signal of the Si in SiO, has also

mm"ed 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 ZrOx with :r ~ 1.8, meaning that both ZrO and Zr02 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 ZrsSi4 • The sample annealed at 720°C shows the

formation of ZrOz on the surface and ZrsSi4 next to the SiOz. 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 Si Oz

and Zr. Fig. 3.2 is an X-Ray Difraction spectrum of Zr-SiOz samples annealed

at various temperatures. The unannealed sample shows that the deposited Zr is

already crystalline. It also shows that there has not been any interaction between

Zr and SiOz. This is in agreement with the RBS results. The spectrum of the sample

annealed at 690°C shows the presence of ZrsSi4 , ZrOz and ZrO. This is in agreement

with the RBS observation. All the free Zr has been consumed on this sample. Xote

that the ZrS04 signal overlaps with the ZrOz signal. A similar experiment [15] also

showed that the silicide was ZrsSi4 • These XRD results are consistent with the RBS

results. The XRD spectrum of the sample annealed at 720° C shows the presence of

ZrsSi4 and ZrOz. There is no unique ZrO signal.

3.3.2 Mo-Si02•

Thermally oxidized substrates of Si< 100 > were chemically cleaned and

loaded into a high vacuum evaporation system. ~Iolybdenum (~Io) metal was then

deposited onto the SiOz covered Si< 100 > substrates at an average rate of 2.4A/s.

Vacuum was maintained at about 1X 1O-7kPa. 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 "'as then carried out

on the samples.

Fig. 3.3 is an RBS spectrum of the ~Io on SiOz samples for the unheated

sample and the samples annealed at 800°C and at 900°C for 3 hours respectiwly.

The as deposited sample shows no interaction between the ~Io and the SiOz. The

sample annealed at 800°C is similar to the unannealed sample. The sample annealed

at 900°C also shows no interaction. 'Ve conclude therefore from the RES results

that there is no interaction between ~Io and SiOz for temperatures of up to 900°('.
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FIGURE 3.2: X-ray diffraction spectra of Si< 100 >/SiOz(9500A)/Zr(1600A)
samples annealed at different temperatures for 30 minutes_ The sample annealed
at 6900

( indicates the presence of Zr5Si4, ZrO and ZrOz_ The sample annealed
at 7200

( shows the presence of Zr5Si4 and ZrOz_
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FIGURE 3.3: Backscattering spectra of Si< 100 >/Si02(8300A)/Me(1500A)
samples as-deposited and annealed fer 3 hours at two different temperatures.
The as deposited sample and the samples annealed at 8000

( and 9000
( show

no interaction.

3.4 Summary and conclusion.

RBS experimental investigations done on thin film couples of Zr on thermally

grown Si02 revealed that Zr reacts with Si02 at temperatures of about TOO°C. The

compound phases resulting from these interactions were revealed by RBS and X-ray

diffraction to be Zr5Si4 and Zr02. The silicide Zr5Si4 was found to form adjacent

to the unreacted Si02 whereas the oxide Zr02 formed on the surface. The resulting

structure was Si02/ZrsSi4/Zr02. The XRD results were found to be in agreenwIlt

with the RBS results. These results are in agreement with those obtained by other

workers [3,15,16].

Our experimental investigations revealed that .\10 does not react with Si02

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 Si02.
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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 Si02 • 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 Si02 there is

no mention of compound phases resulting from such chemical reactions [18].

In this work chemical reactivity between Yb and Si02 as well as between Y

and Si02 has been investigated. Rare earths oxidize readily in air and in Our study

we have sandwiched rare earths with Si02 from both sides to prevent oxidation. The

one side having thermally grown Si02 while the other had electron-beam deposited

Si02• 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 1:3mm by 1:3mm squares.

chemically cleaned and finally rinsed in deionized water (:::::;12:\Iflcm resist; I·ity).

Thin layers of the rare earth metals Y and Yb were deposited on these Si < 100 >
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wafers, The thickness of the oxide layer was about 9000A to make sure that after

interaction with the metal some Si02 is left. The Si/SiOl/~Ietal samples were

annealed in an oil free vacuum system, with vacuum better than 10-7 kPa. All

samples were analyzed using RBS. The RBS results were used to determine the

thicknesses of the metal and Si02 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 4000A layer of Yb was electron-gun evaporated onto thermally grown and

chemically cleaned Si02 substrates in vacuum. The deposition rate was maintained

at an average of 3.oA/s. The vacuum was oil free and better than 1O-7kPa, The

thickness of the Si02 on top of the bulk Si< 100 > was 9000AThe ytterbium film was

then covered with a 4.500A layer of Si02 electron-beam deposited at the same rate as

the Vb, without breaking vacuum.The covering Si02 was obtained by evaporating

ground quartz, using an electron beam. The covering layer of Si02 was intended

to protect the ytterbium from possible surface oxidation during annealing. The

Si< 100 >/Si02 /Yb/Si0 2 samples were annealed for :30 minutes at specific preset

temperatures in a vacuum furnace \yhose pressure was better than 10-7kPa.

A 3000A layer of yttrium (Y) was deposited by means of an electron beam

on thermally oxidized silicon wafers at a rate of about 3.oA/s. The deposition

was done under a vacuum of the order of 1O-8 kPa. The thickness of the Si02

substrate and the Y film were 9000A and 3000A respecti,'ely. The Y was then

cowred with a 5300A layer of Si02 , The owrlying Si02 was obtained by evaporating

ground quartz using electron beam heating. The vacuum was constantly monitored

throughout the deposition. The overlying Si02 layer was intended to protect the

'{ film from oxygen contamination during annealing since Y oxidizes readily, The

Si< 100 > /SiOl/"Y/Si02 samples \yere then placed in quartz boats and annealed

at preset temperatures in a vacuum annealing furnace for 30 minutes. The \'aCUUlll

was of the order of 1O-8 kPa. The samples ,,'ere then annalyzed using RBS and XRD

techniques,
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4.3 Results.

4.3.1 Yb-Si02•

Fig. 4.1 shows results of Rutherford Backscattering Spectrometry (RBS) for Yb

deposited on an Si02 substrate and covered with an Si02 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 Si02 and Yb. The Si

signals of the Si in the Si02 films on both sides of Yb have also mowd forward and

backwards due to interdiffusion between the various layers. The Si and 0 signals
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FIGURE 4.1: Rutherford backscattering spectra of three samples with original
profile Si< 100 >/Si02 (9000A)/Yb(4000A)/Si02 (4500A). 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
3200

( 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 Si02on the surface

of the sample.

It is clearfrom the RBS spectrum in Fig. 4.1 that the interdiffusion or possibly

interaction between the Yb and the two Si02 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

Vb, 0 and Si in the reaction region. The structure of the sample was found to be

Si< 100 >/Si02/YbxSiyOz/Si02' 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 vanous

temperatures. These samples have the profile Si< 100 >/Si02/Yb/Si02 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 YbsSi3 , Yb3 0 4 and Yb20 3

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 Yb3Si.;, Yb3 0 4 • Yb20 3 and Yb,Si3 . The spectrum shows

no unreacted Yb (in crystalline form).

Fig. 4.3 shows the RBS spectra of Yb on Si02 without an Si02 cap. The SiOz

laver was found to be about 8000A in thickness. The deposited Yb was :3700A in

thickness. The RBS spectrum of the unannealecl sample shows no oxidation. The
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FIGURE 4.2: X-ray diffraction spectra of samples with original composition Si<
100 >/Si02 (9000A)/Yb(4000A)/Si02 (4500A) samples showing a virgin sample.
a sample annealed at 3200

( and one annealed at 4200
( for 30 minutes. The

compound phases YbsSi3 • Yb3Sis. Yb30 4 and Yb20 3 were identified.
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FIGURE 4.3: RBS spectra of Si< 100 >/Si02(8000A)/Yb(3700A)/) samples
without an Si02 cap showing a virgin sample, a sample annealed at 3500

( for 15
minutes and a sample annealed at 3500

( 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 1.5 minutes shows that there has

been interdiffusion and possibly a chemical reaction between Yb and Si02 • Looking

at the spectrum of the sample annealed at :J50°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-Si02•

Fig. 4.4 shows an RBS spectrum of an as deposited Si< 100 >/Si02 /Y/Si0 2

sample (see the solid line) as well as that of two other samples of the same compe-
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FIGURE 4.4: The diagram shows the backscattering spectra of Si<
100 >/Si02 (9000A)/Y(3000A)/Si02 (5300A) samples as-deposited and annealed
for 30 minutes at various temperatures, The as deposited sample show no
interaction. The sample annealed at 370 0

( shows that a reaction has started.
The sample annealed at 4900

( shows a composition YSipOq where p and q vary
with distance from the thermally grown Si02 interface.

sition annealed at 370·C (see the dotted line) and at 490°C (see the broken line) for

30 minutes each. The RBS spectrum of the as deposited sample clearly shows the

elements 0 and Si to be occupying surface positions (see arrows) thus confirming

that the deposited Si02 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 Si02 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 bet"'een Y and Si02

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. \Ve conclude that no loss of Y has occured. The lower

energy edge of the Si signal from the overlying Si02 has shifted backwards whilst

the higher energy edge of the Si signal due to the Si02 substrate has moved forward.

We conclude that the Si02 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 Si02 layers on either side of it, i.e.

Si< 100 >/SiOl/YSip Oq/Si02. 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/Si02.

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 :3700C for :30 minutes was howe\'er found to have

reacted resulting in compound phases 1-Y2Si20" Y2SiOs and a-Y2Si20,. 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, Y2SiOs, Y01.33.5 and

1-Y2Si20,. 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/Si02 thin film couples re­

vealed that Yb interacts with Si02· This is in agreement with the results obtairwd

by other workers [18]. The chemical reaction starts at about 320°C. In the case of

unco\'ered Yb there is a loss of material (Yb) suggesting the formation of volatile

compound phases. For )"b sandwiched between layers of Si02, RBS suggested the

presence of all three elements (Yb, Si and 0) 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 YbsSi3 , Yb3Sis.
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FIGURE 4.5: X-ray diffraction spectra of samples with structure Si<
100 >/Si02 (9000A)/Y(3000A)/Si0 2 (5300A) samples showing a virgin sample, a
sample annealed at 370°C and one annealed at 4900

( for 30 minutes. Compound
phases .,Y2 Si20, and aY2Si20, were identified.
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Yb30. and Yb20 3 •

The RBS spectrum of the SiOdY/Si02 thin film system showed the presence of

interaction between the sandwiched Y film and both the capping and the thermally

grown SiOz 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 i.e. YSipOq • XRD analysis revealed the presence of the ternary

phases 1-Y2SizO, and Q-Y2Si20,.

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 SiOz. The structures that result from such interactions are of the

form Si/SiOz/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.



CHAPTER 5

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 ""1:30A as an

underlayer sandwiched between a quartz (SiOz) substrate and a Au film. "" 7.50.\ in

thickness. They annealed the SiOz/Cu/Au samples at temperatures of up to .500°(,

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] haw studied palladium (Pd) in its use in Si <

100 >/SiOz/Pd diodes and transistors. These diodes are used mainly in low-power

electronic sensors as hydrogen detectors. This is a result of the high solubility of

hydrogen in Pd. The hydrogen molecules dissociate on the catalytic metal surface

and diffuse through the thin metal film to the metal-insulator interface. :\.:\1. Da\'ev

and R.J. Seymour [21] ha\'e also suggested the use of platinum (Pt) as the gate metal

48
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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 8000.\ to

make sure that after interaction with the metal some Si02 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 1x 10-8kPa, The vacuum was enhanced by pouring

liquid nitrogen into the system when the pressure was about 1 x 1O-7 kPa to assist

in trapping gas molecules onto the walls of the cryo-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 2 x 1O-7 kPa, After deposition, the vacuum system was allowed to cool.

The Si/Si02/Metal samples were annealed for various periods of time in an oil free

\'acuum system, with \'acuum better than 10-7 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 1O-5kPa, RUMP simulation was then used to determine the thicknesses of

the various layers in the samples,

5.3 Results.

5.3.1 Cu-SiOz.

A 2100.\ layer of copper (Cu) was electron-gun evaporated onto thermalh'

grown and chemically cleaned Si02 substrates in vacuum. Deposition was main­

tained at ~.,,8.\/s, The \'acuum was oil free and better than 1O-7 kPa, The thickness

of the Si02 was 8200.\ on top of bulk Si< 100 >. The Cu-Si02 samples 1"ere
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FIGURE 5.1: Backscattering spectra of Si< 100 >/SiOz(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 vacuum furnace whose pressure

was better than 1O-7kPa. Results of Rutherford Backscattering Spectrometry (RBS)

are shown in Fig. 5.1 for the as deposited sample and the samples annealed at 800°('

and 900°('.

The as deposited sample shows no interaction. The sample annealed at 800°('

for three hours also shows no interaction. The RB5 spectrum of the sample annealed

at 800°(' coincides with that of the unannealed sample at all points. There has

therefore been no interaction between Cu and 5i02 according to this result. The

spectrum of the sample annealed at 900°C has a missing Cu signaL Kote also that

for this RBS spectrum the Si and 0 signals are at their surface positions. This

means that the 5i02 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 (lOS3°C) or the formation of volatile copper oxides.

5.3.2 Pt-Si02 •

A layer of platinum (Pt) was deposited on Si02 substrates thermally grown

on Si< 100 > by means of an electron beam at a rate of 2.6.5../s. Vacuum was

maintained at about 3x10-8 kPa during deposition. The deposited Pt layer was

about 1000A in thickness. Two of the Pt on Si02 samples were annealed at SOO°C

and 900°C in vacuum of about 1 x 1O-7 kPa for three hours.

Fig. 5.2 shows an RBS spectrum of the Pt on Si02 samples. The thickness of

the Si02 was found to be 5,500A and that of the Pt was 1000A. The RBS spectrum

of the unannealed sample shows no interaction between Pt and Si02 • The spectrum

(MeV)

0 .
-!- Si

~ -!-
I -, I

200 300 400
Channel
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n:8o
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- No heat
._••• 800·C
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f.!ill-!- -

-

-

FIGURE 5.2: The RBS spectra of samples whose structure is Si<
100 >/Si02(5500A)/pt(lOOOA) showed that there was no interaction. The
annealed samples look the same as the unannealed sample. These samples were
annealed at aoooe and 9000 e for 3 hours.
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of the sample annealed at 8000 e for three hours coincides at all points with that of

the unannnealed sample. There is therefore no interaction between Pt and Si O2 Oil

this sample according to our RB5 results. There is also no obseryable interaction

on the sample annealed at 9000 e for three hours.

5.3.3 Ir-Si02 •

A layer of iridium (Ir) was deposited under Yacuum on 5i02 substrates. thermally

grown on 5i< 100 > orientation wafers. The pressure was kept at approximately

1 X 1O-7kPa and the deposition rate at 4.4Ajs throughout the process.

Two of the 5i< 100 > j5iOzjIr wafers were then placed into a Yacuum anneal­

ing furnace and annealed at a pressure of 2x10-8 kPa at temperatures of 8000 e and

9000 e respectively, for 3 hours. After the furnace had been allowed sufficient time

to cool so as to ayoid thermal oxidation upon opening, the samples were remO\'ed

and RBS was carried out on the annealed samples and on one of the as deposited

samples using a beam of 2l\IeV 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 5i02 and the Ir occured when annealing

at 8000 e and at 900°C for 3 hours. We also conclude that no interaction could haye

taken place at lower temperatures. By using RU"IP simulation. the thickness of the

5iOz layer was found to be 8000A and that of the Ir found to be 600A(see Fig. 5.3)

5.3.4 Re-Si02•

Rhenium metal (Re) was eYaporated by means of an electron beam and deposited

onto thermally grown 5i02 on 5i< 100 > substrates at a rate of 0.90Ajs. The

pressure was maintained at an a\'erage of 2x 1O-7 kPa. The system was allowed

sufficient time to cool thereby aYoiding thermal oxidation of the samples on breaking

\·acuum. Two of the samples were placed in two separate pre-heated quartz boats

which were then put into a high yacuum annealing furnace. The furnace was then

pumped down to a pressure of less than 2x10-8 kPa and the samples annealed for:3

hours at soooe and 900°C respectiYely.
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FIGURE 5.3: The RBS spectrum of the annealed samples show that there is
no interaction between Ir and SiOz. The samples were annealed in vacuum for
3 hours for 8000 e and 9000 e respectively. The structure of the samples is Si<
100 >/SiOz(8000A)/lr(600A).

The RBS spectrum of the as deposited Si< 100 >/SiOz/Re sample coincides

at all points with the RBS spectra of the Si< 100 >/SiOz/Re samples annealed at

SOO°C and at 900°C for :3 hours (see Fig. 5.4). It is therefore concluded that no

interaction occurred between the SiOz and the Re. Using RU~lP simulation, the

thicknesses of the SiOz and Re films was found to be ssooA and l.'iOOA respectively.

(see Fig. 5.4)

5.4 Summary and conclusion.

All the noble and near noble metals inYestigated in this work do not react chemicallv

with SiOz for temperatures of up to 900°C when annealed for as long as 3hrs. ~letals

considered here were Cu, Pt, ~lo. Ir and Re. In the case of Cu it was found that tll('

metal is lost when annealing is done at temperatures above SOO°('. possibly dUf? to
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FIGURE 5.4: Backscattering spectra of Si< 100 >/SiOz(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 SiOz 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 SiOz 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 SiOz. This means.

from a thermodynamic point of \'iew that such noble metals should not rf'act with

Si02 . This was found experimentally to be indf'ed the case i.e. our f'xperinwn.

tal obsen'ations are in agreement with our predictions based on thermodynamic

calculations.



CHAPTER 6

PREDICTION OF METAL-Si02
INTERACTION.

6.1 Introduction.

Metal/silicon dioxide systems have recei"ed 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 Si02

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 ft at that

strong adherence between the metals and the Si02 substrate indicates the occurrance

of a reaction between the metal and the Si02 [3]. In cases where the metal film

does not react with the substrate. they obsen'ed using scanning electron microscopy

(SE~I) that the metal tends to agglomerate and "ball-up- upon annealing. In caSt'S

where a reaction occurs. the result was a two layer structure of a metal rich silicide

formed next to the Si02 substrate and a metal oxide layer on the surface.

.5.5
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6.2 Measured metal-Si02 interactions.

The results obtained in this study and those obtained by other workers on the

interaction of metals with Si02 are summarised in Table 6.1. For refractory

metals. the structure Si<>/Si02/silicide/metal oxide is found for cases where there

is an interaction. \Ve also found this same structure for the case of Zr which we

investigated. There are refractory metals which do not react with Si02• We found

that Mo does not react with Si02 when annealed in vacuum for temperatures of

up to 900°(' for 3 hours. Other workers have also found that there are refractory

metals that do not react with Si02 e.g. Cr [3,16]. Pretorius d.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 Si02

substrate and tend to ball up. Those that reacted were found to form a uniform

layer [3]. Cr is a strange case because it does not ball up and RBS shows that it

does not react.

Very little work has been done on the reaction of Si02 with rare earth metals.

Berning et. al. found that Tb reacts with Si02 to form alternating layers of silicide

(with oxygenl/metal oxide/silicide (with oxygenl/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 "'ith Si02 • We found nsing

RBS that all three elements (Si, 0 and rare earth metal) were present throughont

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,Si3 , Yb3 Si"

Yb30 4 and Yb20 3 in the case of Yb and the 7 and a phases of Y2Si 20, as well

as Y2SiO, for the case of Y. The oxide found was Y0\.33.5' The reacted regions

according to our RBS results have varying concentrations of all three elements Si,

Y or Yb with 0 - i.e. a ternary mixture of the elements.

An im'estigation to establish possible interaction between Si02 and the noble

metals Cu. Pt, Re and Ir was conducted. Thin films of noble metals were deposited

on thermally grown Si02 on Si< 100 > snbstrates. All annealing experiuwnts

were condncted in \'acnnm at temperatnres of 800°(' and 900°(' for 3 hours. This
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TABLE 6.1: Metal-Si02 interactions

l\.Ietal Reaction '! Reference

Co No [3J

Cr No [3,16]

Cu No This work

Dy Yes [23J

Fe No [3J

!If Yes [3J

Ir No This work

!'oln ;.;'0 [3]

1\10 No This work

1\0 Yes [11,3,24,25]

Ni No [3]

Pd Ko [3]

Pt :\0 [3] This work

Re No This work

Ta Yes [12J

Tb Yes [23]

Ti Yes 1'1,3,24-27]

V Yes [3,16,24,25,281

IV ~o [14J

y Yes This work

)D Yes This work

Zr Yes [3,1.'5,16] This work

57
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investigation showed that there was no interaction between noble metals and Si02.

Other workers [6J found the same results in the case of Cu and Pt annealed at

SOO°C for up to 4 hours. We found that in the case of Cu samples annealed at

900°C for :3 hours, all the eu had been lost. The obserYed trend for all three metal

classifications 1'i=. refractory, rare earth and noble metals is summarized in Fig. 6.1.

Refractory metals mayor may not react with Si02. In cases where a reaction occurs

the structure is Si< 100 >/Si02/metal silicide/metal oxide. All rare earth metals

studied so far react with Si02. The resulting structure is Si< 100 > !Si02!ternary

mixture.

6.3 Calculated heats of reaction.

The reaction of a thin metal film with an Si02 substrate resulting in the formation

of a metal silicide and a metal oxide may be written as :

(6.1 )

Possible reactions are those that lead to a lowering of the Gibb's free energy of the

system i.e. uG<O. This indicates that the metal-Si02 interface is thermodynam­

ically unstable and that the reaction products are more stable than the metal in

contact with the Si02.

If the reaction between the Si02 substrate and the thin metal layer occurs at

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

where ...lH is the change in enthalpy during the reaction (or the heat of reaction).

uS 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, uS~O and so the change in the Gibb's free energy (...lG) is thus

approximated by the change in the enthalpy (uH). If uH is less than zero. the

reaction is thermodynamically possible.
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FIGURE 6.1: Clear trends are observed when SiO z is allowed to react with metals.
For cases where a refractory metal reacts, a structure consisting of a silicide next to
SiOz and a metal oxide away from SiOz 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 (.6W) of

various metal oxides and metal silicides in kJ((mol.atom) from which the heats of

reaction .6HR may be obtained.

Consider the following reaction:

lIFe + 6Si0 2 ---> 3FeSi2 + 4 Fe203

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( -164.:3)

0+ (-5421.6) ---> (-275.4) + (-3286.0)

.6H = [(-275.4) + (-3286.0)] - [0 + (-.5421.6)]
R 29

1860.2

29
6HR = +64.1 kJ((mol.at)

Since the heat of reaction (.6HR ) is positive, the reaction is unlikely to proceed on

its own.

Next consider the following reaction:

5Ti + 2Si02 ---> TiSi2 + 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) + (-2170.4)

[( -171.0) + (-2170.4)] - [0 + (-1807.2)]
.6HR = 11

-.534.2

11

.6 HR = -48.6 kJ((mol.at)

Since the heat of reaction (.6HR ) is negative. the reaction can occur on its own.

Table 6.2 gi,-es calculated values of heats of reaction in kJ ((mol.at) for various

interactions of the metal-Si02 type.
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TABLE 6.2: Calculated heats of reaction (c.HR ) for metal-Si02 interac-
tions

Element Silicides Oxides nHR Element Silicides Oxides b.HR

kJ/(moLat) kJ/(mol.at)

Ca Ca2Si CaG -82.0 Dy DySi D)'2 0 3 -92.0

Ca02 5.9 DySi2 Dn 0 3 -91.6

CaSi CaG -85.9 DnSi3 D)'2 0 3 -93.2

Ca02 18.8 D:nSis Dn0 3 -92.8
CaSi2 CaO -80.0 DYsSi3 D)'2 0 3 -84.0

Ca02 37.6 DnSi4 D,n03 -92.0

Ce CesSi3 Ce02 -60.9 Er ErsSi3 Er 2 0 3 -75.6

CelO3 -78.3 ErSi Er203 -96.6

CeaSi2 Ce02 -62.6 Er3SiS Er20 3 -219.6

Ce203 -80.3

CesSi4 Ce02 -64.9 Fe Fe3Si FeO 32.3

Ce2D3 -83.3 Fe304 32.3

CeSi Ce02 -66.9 Fe203 34.5

CelO3 -86.1 FeSi FeO 47.1

Ce3SiS Ce02 -66.6 Fe3 0 4 48.5

Ce2D3 -87.3 Fe203 52.0

CeSi2 Ce02 -64.9 FeSiz FeO 57.3

Ce2 0 3 -86.1 Fe304 59.9

Fe203 64.1

Co CO2Si CoO 44.3

C03 0 4 51.6 Gd Gd:,Si3 Gd1 0 3 -78.S

CoSi CoO 54.2 Gds Si4 Gd20 3 -83.6

Co3O. 63.8 GdSi Gd20 3 -8.5.9

CoSi2 CoO 68.0 Gd2Si3 Gd20 3 -86.9

C030 4 63.8 GdSiz GdZ0 3 -8.5.2

Cr CrJSi CrOz 26.2 Hf Hf3 Si HfO, -60.2

Cr03 56.9 Hf2Si Hf02 -69.8

Cr203 L1 Hfs Si3 HfO, -73.3

CrJ 0 4 0.03 Hf3Si2 HfOz -74.9

Cr5Si3 Cr02 40.2 HfsSi4 HfO, -76.9

Cr03 79.5 HfSi Hf02 -77.9

CrzOJ 9.5 HfSi2 HfO, -71.6

C r30 4 7.2

CrSi Cr02 52.2 Ho HoSi H020 3 -93.8

er03 97.9 HoSiz H020 3 -9.3.6

Cr2 0 3 16.9 HosSi3 Hol O3 -8.5.7

Cr304 14.1 Ho:.Si 4 H020 3 -91.0

CrSiz CrOz 62.8

CrQ3 114.8 f. Ir3 Si IrO, 78..5

CrZ03 23.1 IrzSi IrOz 9:2.4

Cr304 19.8 Ir3Si2 IrOz 102.1

IrSi Ir02 116.2

Cu CUS6 SiJl CuO 57.1 IrzSi3 IrQl 129.9

CU20 4.5.6 IrSi 2 IrOz 138.8

CU4Si CuO 64.0 IrSiJ IrO, 149.2
CuzO 1)0.2

CUn.Si6 CuO 70.6 La LaSi LazO,J -7'8.3

CU20 54.3 LaSi z LazO.3 -79.6

C'Hd ...
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Element Silicides Oxides .D.HR Element Silicides Oxides tlH R
kJj(mol.at) kJ/(mo1.at)

Lu LusSi3 LU203 -87,2 Nb NbSh NbO -0.8

LuSi LU203 -9.5.1 Nb02 8.05

LU3Si5 LU203 -95.6 Nb2 0 S 17.4

Mg l\lg2 Si M,O --54,0 Nd Nds Si3 Nd2 03 -77.2

Mg02 33.7 NdsSi. Nd2 0 3 -82.1

r\dSi Nd2 0 3 -84.6

!\In ~:IIl6Si l'\'InO 0.8 Nd3 Si 4 Nd2 0 3 -8.5.9

1\103 0 • 8.1 Nd2 Si3 t\d2 0 3 -85.8

l\lu2 0 3 13.6 NdsSi3 Nd20 3 -84.9

l\·ln°2 25.8
:r-.'1n2 0 7 59.6 Ni Ni3 Si NiO 34.2

r.,·1n9Si2 MnO 0.8 Ni203 58.4

MU30. 9.4 Nis Si2 NiO 36.6

.MU2 0 3 7.2 NhOJ 62.8

:Mn02 30.3 Ni2 Si NiO 40.2

l\lu20, 70.6 r\i1 0 3 68.9

!\.1n3Si MnO 1.2 NhSb NiO 47.6

MU304 11.4 Ni20 3 79.6

l\lu2 0 3 20.2 NiSi NiO 56.3

MuD2 37.0 Ni1 0 3 92.3

l\Iu20 , 86.9 NiSi2 I\iO 68.8

l\1n"Si2 l\lnO 1.5 Ni l O3 110.3

l\fu30. 12.6
l\1n20 3 21.0 0, OsSi OS02 110.2

l\1n°2 40.2 OS03 }.')3.9

l\lulO7 94.4 OS04 144.1

I\.losSi3 ;\.100 3.4 OS2Si3 0502 122.4

1\10 30. 16.1 OS03 170.'1

1\1020 3 2.').8 OsO. 160.6

1\ln02 48.1 OsSi3 0502 13.').8

~ln207 111.6 0503 188.9

l\£oSi MnO 8.4 050" 179.0

!\In30. 23.1

1\10 20 3 34.2 Pd PdsSi PdO ·')·').8

1\ ln02 60.1 PdgSi2 PdO 59.0

:\ ln20 7 134.0 Pd3Si PdO 72.4

1\1nll Shg MnO 15.8 Pd2 Si PdO 86.3

!\I03O. 32.S PdSi PdO 113.4

!\I°203 44.8

.7'oIn02 73.8 P, PrsSiJ Pr02 -41.0

1\10207 156.7 Pr20.1 -79.1

PrsSi" Pr02 -<3.3

1\10 l\102.Si 1\10°2 28.5 Pr201 -84.2

1\1003 43.6 PrSi Pr02 -44.1

l\JoSSi3 1\1002 37.4 Pr20a -86.9

1\1003 .')6.9 P r3Si4 Pr02 -43.1
:-'IoSil ~Io02 S5.5 Pr20.1 -88.2

:\1003 81.8 PrSi2 Pr02 -39.2

Pr203 -86.7

Nb :'\bsSi3 NhO -14.6

.\002 -9.6 Pt Pt,lSi PtO 76.7

:\b2 O S -3.3 Pt,10" 89.9
Pt02 88.8

Cont...
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Element Silicides Oxides ~HR Elements Silicides Oxides ;),.H R

kJ/ (moLal) kJ/(moLat)

Ti TiSi TiO -56.5 V \-'sSi3 VD -17.2

Ti2 0 s -50.2 \'203 -10.6

Ti30S -45.6 V 3 0 S -4.1

TiO:z -39.7 V.07 -0.9
TiSi2 TiQ -48.6 V02 6.3

Ti2 0 3 -40.5 V 2 0 5 23.5

Ti30S -35.2 VSi2 VD -3.7

TiO:? -28.1 V 2 0 3 6.3
\'305 14.9

Tm Tm5Si3 Tm203 -87.2 V 4 0 7 19.2
TmSi Tm:2 0 3 -95.3 V0 2 28.9

Tm3SiS Tm:z03 -96.1 V 2 0 5 51.9

V U3 Si VD, -38.9 W W.5- Si3 W02 47.4

U4 0 9 103.3 \\'2 0 5 53.5

U3 0 1 -24.4 W03 55.6

U3 0 8 -12.1 WSi:? W02 59.4

U03 -1.3 \\'2 0 -,- 67.7

U3 Si2 VD 2 -48.2 WO, 70.9

V4 0 9 133.3

U3 0, -30.0 Y YS Si 3 Y2 0 3 -88.4

U 3 0 S -14.3 Y S Si4 Y 2 0 3 -94.1

VD3 -0.3 YSi Y2 0 3 -97.1

USi VD, -52.9 Y3 SiS Y2 0 3 -98.6

U 4 0 9 147.0

U3 O; -33.0 Vb I05Si3 Yb?03 -66.2

U3 0 S -IS.7 YbSi Yb,O, -73.3

V0 3 -0.2 '{b3 Sis 'D2 0 3 -75.7

U3 Sis lIO l -54.5 YbSi:z )°2 0 3 -75,4

U.09 163.2

U 3 0 7 -32.9 Z, ZqSi 2.0 -96.9

U3 0 g -14.0 Ze02 -.59.2

LT03 3.0 Zr03 2.1

USi2 U02 -54.4 Zr2Si Z,O -109.6

U4 0 9 168.3 Z('"02 -67.8

U 3 0 7 -32.2 2,03 3.9

U 3 0 g -12.9 Zr~Si~. Z,O -112.4

1'°3 4.,5 2r02 -68.7

CSi3 CO2 -51.6 2r03 7.-1

l;4 0 9 180.0 Zr3Si~ Z,.O -11,5.-1

U3 0, -28.4 ZrCh -70.8

LT3 0 a -8.2 2r03 7.5

U03 10.0 Zr5Si .. Z,O -117.2

2r02 -70.9

V V3 Si YO -17.6 2r03 11A

V 2 0 3 -12.3 ZrSi 2rO -118.7

V 3 0 5 -7.0 2r02 -70..1

ViO;- -4.4 2r03 16.4

VD, 1.3 ZrSi} IrQ -llS.~~

"'2 0 ", 15.1 2r02 -61.5

2rO.} 36.4



6.4. EXPERIMENTAL RESULTS COMPARED WITH CALCULATIONS. 65

6.4 Experimental results compared with calculations.

The reactions investigated took place at constant temperature and pressure. Since

it is 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).

Zr-SiOz

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

ZrjSiOz interaction resulting in the formation of silicides and oxides of Zr.

Consider the following reaction:

23Zr + 12SiOz ---t 3ZrsSi4 + SZr03

For this reaction, the heat of reaction is equal to +11 AkJ j (mo!.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:

:3Zr + SiOz ---t ZrSi + 2ZrO

From Table 6.2. the heat of reaction of this reaction is equal to -llS.ikJj(mo!.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) shO'vs the presence of ZrsSi 4 , ZrOz and ZrO. From Table 6.2, the products

ZrsSi4 and ZrOz have a heat of reaction of -iO.9kJj(rno!.at) while Zr,Si., and ZrO

have a heat of reaction of -l1i.2kJj(mol.at). In the case of the sample annealed

at i20'C (see Fig. 3.2) the XRD spectrum shows the presence of ZrsSi, and ZrOz

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 III

agreement with the theoretical predictions.

Mo-Si02

A possible silicide and oxide formed in the Mo-Si02 reaction are given by the

following reaction:

From Table 6.2, the value of the heat of reaction for the preceeding reaction is found

to be +28.5kJj(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 (~HR). indicating that

none of these products will form spontaneously. Hence the observations made on the

RBS spectrum showing no interaction between the ~10 film and the Si02 substrate

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

Yb-Si02

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 Yb20 3 • The results of the calculations of the heats of reaction resulting from

the interaction between Si02 and Yb are summarized in Table 6.2 and were all

found to be negative. This suggests that the reaction between Yb and Si02 is

thermodynamically possible. Experiment showed this to be the case i.e. Yb does

indeed react with Si02 • The heat of reaction between Si02 and '{b when the

products were YbsSi3 and Yb20 3 was found in particular to be negative. The

thermodynamic calculations therefore agreed with our experimental results.

Y-Si02

The heats of formation of the silicides and the oxide of yttrium are gi,-en in

APPENDIX A. The heats of reaction for the interaction between Y and Si02 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 SiO,. Our experimental im·estiga­

tions confirmed that Y will interact with SiO, as shown by the RBS spectrum (see

Fig. 4.4) as ,veil as the XRD spectrum (see Fig. 4.5 j.

eu-SiO,

Using the values of the standard heats of formation (-"IP) as listed in AP­

PENDIX A. the heats of reaction (-"HR) for all the combinations of the silicides

and oxides of Cu were calculated and are given in Table 6.2. 'Ve obser..e that all

the ..alues 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<>/SiO,/Cu system shown on Figure 5.1 shows

no interaction between the Cu metal film and the SiO, substrate at temperatures of

up to SOO°C. At 900°C. all the Cu metal has been lost. Hence. experimental results

support the theoretical predictions of no interaction between Cu and Si02 .

Pt-SiO,

The heats of reaction (-"HR) for all the combinations of silicides and oxides

of Pt were calculated using the ..alues of standard heats of formation (-"HO) listed

in APPENDIX A. All the ..alues obtained were found to be positive, as shown in

Table 6.2. According to thermodynamics. the positi ..e -"HR ..alues indicate lack of

interaction between the Pt metal film and the SiO, substrate.

The thermodynamic predictions are borne out by the RBS expermimental

results shown in Figure 5.2. The Pt/Si02 samples were annealed at temperatures

of up to 9000C for three hours with no obsen·able interaction between the SiO,

substrate and the m·erlying Pt metal film as shown by the RBS spectra which

remained superimposed.

Ir-SiO,

Calculations of heats of reaction (-"HR) for interactions between lr and SiO,
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leading to the formation of all possible silicides and oxides of II' were carried out and

the values obtained were listed in Table 6.2. Values of heats of formation (JHO)

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

was positive e.g. for the reaction

'Ill' +Si02 --> Ir3Si + Ir02

the value of JHR was found to be +78.5 kJ/(mol.at), thereby suggesting no reaction

occurs between the II' metal and the Si02.

Experimental results also revealed an absence of interaction between the II'

and Si02 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 Si02.

Re-Si02

The heats of reaction (E>.HR) for the interaction between Re and Si02 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

BRe +3Si02 --> Re.sSi3 + :JRe02

the value of JHR 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 bet,,·een

the Si02substrate and the Re metal deposited on it when the samples were annealed

for temperatures of up to 900°C for three hours. :\"one 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-Si02 interaction results compared with calculated
heats of reaction and the average electronegativity of the metal

Average Heats of reaction

!'.Ietal Electronegativity range (",HR) Chemical
Pauling scale kJ/(mol.at) reaction?

1'1, 1.07 -75.7 to - 66.2 Yes

Tb 1.08 -88.2 to - 38.2 Yes

l' 1.10 -98.6 to - 88.4 Yes

Hr l.li -77.9 to - 60.2 Yes

Zr 1.21 -118.7 to +36.4 Ye>

T. 1.29 -7.7 to+ 8.5 Ye>

Xl, 1.32 -14.6 to+ 17.4 Ye>

Ti 1.32 -58.2 to - 28.1 Yes

\Y 1.41 +47.4 to+ 70.9 ~o

V 1.43 -17.6 to+ 51.9 Yes

!\'lo 1.45 +28.5 to + 81.8 No

Cr 1.50 0.0 to + 114.8 No

Mn 1.51 +0.8 to + 156.7 :\0

Re I.S1 +73.8 to + 13..1.1 :\0

Fe 1.64 +32.3 to + 64.1 :-;0

Co 1.66 +44.3 to + 68.0 AO

:\i 1.67 +34.2 to + 110.3 1\'0

Pt 1.67 +76.7 to + 131.4 No

Ir 1.69 +78.5 to + J49.2 ~o

Pd 1.71 +.')5.8 to + 113.4 :\0

Cu 1.80 +45.6 to + 70.6 :-';0
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Values of electronegativity of the metals may also be used to predict whether

a metal will react with Si02 or not [3]. Pretorius calculated electronegatil"ity 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-Si02 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 Si02 to form a metal silicide and a metal oxide. It can be

seen that vanadium is the metal with the highest value of average electronegati\·ity.

that reacts with Si02 • The value of vanadium 's average electronegativity is 1.4:3.

It means that roughly those metals with electronegativity equal to or less than IA3

react with Si02 and those with electronegativity greater than IA3 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 SiOz. Experiment shows that it does not react

with SiOz [14], in agreement with its calculated \'alues 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 5iOz. It does not.

Fig. 6.2 is a plot of average electronegativity (Pauling scale) versus heats of

reaction (.6.HR) in kJj(moI.at) for various metals interacting with SiOz• 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. It is expected that for elements

where all heats of reaction are positi\'e there is no reaction and where then- are

some heats of reaction that are negati\'e there will be a reaction. Ca for example is

expected to react \yith SiOz since it has some negati\'e \'alues of .6.H R whereas Ru

should not react with Si02 since all \'alues of .6.HR corresponding to it are positiw.

The average electronegativity of Ca is below 1.4-'i (ri:. 1.02) and that of Hu is

above lA.) (t·i:. 1.67). Figure 6.2 also shows the position of rare earth Il1ptals

in relation to other metals. All rare earth metals are expected to react with SiOz

since they all ha\'e negative heats of reaction. All those that have been studied in

this investigation (Yb and Y) as well as those studied by others (Tb) [23] react
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FIGURE 6.2: Heats of reaction for all possible combinations of various metals in
interaction with Si02 (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 Si02 • All rare earth metals have an average electronegativity of less than I.·Vi.

Fig. 6.3 shows values of a,·erage 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 Si02 •

We would like to find out where the the crossover point IS. as far as a,·erage

electronegativity is concerned i.e. the value of elecronegativity above which metals

do not react with Si02 and below which they react with Si02 • 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 Si02 .

plot of the most negative heat of reaction for each metal \"ersus electronegativity. :\

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 1.4.5 should

react with Si02 •

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 Si02 . The reaction between Yb and Si02 is therefore expected. as has been

shown by experiment to occur. It can be seen that the average eJectronegativities

of all rare earths considered here are much less than 1.4·5. It is therefore expected

that all of them will react with Si02 . Y which is one of the rare earth metals We

studied has an average electronegativity of 1.10 and experiment shows that it !"<'aCls

with Si02•
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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 Si02

Based on the Pauling scale, copper has an average electronegativity of 1.80.

This value js greater than 1A.5 and eu is therefore expected not to react \\'i th

Si02 . This is in agreement "'ith our results for Copper. Platinum has an a\'erag"

electronegativity of 1.67. This is also greater than the changeo\'er value of IX> and

Pt would therefore be expected not to react with Si02 • Our experimental results

showed that it does not react with Si02 ,

Iridium has been shown through our experiments to be unreactive with SiO,.

The average electronegativity of Ir was found to be 1.69 on the Pauling scale. This

value is greater than 1.4.5. As expected. Ir does not react with Si02•

Rhenium has an average electronegati\'ity 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 5i02 . This IS III

agreement with our experimental results for Rheninm.

A correlation may also be found between the electfOnegativity parameter 0". as

defined in the l\1iedema model [5J and the heats of reaction. Table 6.4 lists values

of 9" 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 5i02 whereas those with a value of q," greater than 4.25 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 5i02 versus the electronegativity

parameter <j>", as obtained from the l\Iiedema model [5]. Crosses ha"e been used to

represent heats of reaction of the elements at the top and circles to represent the

elements at the bottom. Valnes of the heats of reaction shown here were obtained

from Table 6.2. A dashed line in Figure 6.5 has been drawn along ~HR = 0

kJj(mol.at). Elements which have no points (heat of reaction) below the dashed

line are expected not to react with 5i02• \Ve suspect that ,," 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 0" graphically. A plot of o'

versus the minimum of the "alues 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 <j>' equal to 4.4.5 V. \Ve expect that

metals with a value of <j>' less than 4.45 V will react whereas those whose "aIue of

<j>" is greater than or equal to 4.4.) V will not react. l\Ietals, in this study. with a

"aIue of o' which is less than 4.45 V are '{b. Y and Zr. We have found that all

these metals react with 5i02 • l\Ietals studied bv other workers but not studied ]n'- .
us whose value of o' is less than 4.4.5 V are Tb Hf. Ti. Ta, l"b and V. In all these

cases it was found that 5i02 reacts with these metals. 1\Ietals with a "alue of o' of

more than 4.4.5 V which were studied by us are Cu. 1\10. Re. Ir and Pt. In all th<,s<,
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TABLE 6.4: Metal-Si02 interaction results compared with calculated
heats of reaction ~HR and the electronegativity parameter 9" as defined
by Miedema [5]

Volts
~Ietal

tf>. Heats of reaction

range (.:lHR)
kJj(moLat)

Chemical
reaction?

Vb 2.58 -75.7 to - 66.2 Yes

Y 3.20 -98.6 to - 88.4 Ye'

Tb 3.21 -88.2 to - 38.2 Ye>

Zr 3.45 -118.7 to + 36.4 Yes

HI 3.60 -77.9 to - 60.2 Yes

Ti 3.80 -58.2 to - 28.1 Yes

Ta 4.05 -7.7 to+ 8.5 Yes

Nb 4.05 -14.6 to+ 17.4 Ye>

V 4.25 -17.6 to+ 51.9 Ye>

Cu 4.45 +45.6 to +70.6 N"o

l\..ln 4.45 +0.8 to + 156.7 ~o

Cr 4.65 0.0 to + 114.8 :'\0

Mo 4.65 +28.5 to+ 81.8 ;-';0

W 4.80 +4i.4 to + 70.9 No

Fe 4.93 +32.3 to + 64.1 :-;0

Co 5.10 +44.3 to + f>8.0 !':o

Ni S.20 +34.2 to + 110.3 :"0

Re 5.20 +73.8 to + 13·Ll :'\0

Pd 5.45 +5.5.8 to + 113.4 :-':0

Ir 5.5S +78.5 to + 149.2 l\"o

Pt .5.65 +76." to + 134.4 No
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is shown on the horizontal axis while heats of reaction are on the vertical axis. Heats of
reaction of elements whose symbols are written at the top of the graph are represented
with crosses while the heats of reaction of elements whose symbols appear at the bottom
are represented with circles.
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FIGURE 6.6: Values of <p* as defined in the Miedema model [5] have been plotted
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 <p* is less than 4.45 V will react with 5iOl

cases ,ye found that the metals do not react with Si02 • Other workers ha\'e also

done experiments on metals whose \'alue of <p" is greater than .lA.) V. These metals

(which were not studied by us) are :\In, Cr, W, Fe, Co, Ni and Pd. They found that

these metals do not react with SiO l .

6.6 Prediction using ternary phase diagrams.

Beyers et al.[12] ha\'e 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 in\'oh'ing a refractory metal. silicon and oxygen.

A short discussion was gi\'en in subsection 1.3.4 for the W-Si-O system. The
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expected result of any possible chemical reaction between the refractory and noble

metals on one hand and Si02 on the other can be described by means of ternary

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. Beyers.

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.

Zr-Si02

Fig. 6.7 is a ternary phase diagram for the Zr-Si-O system. The figure is

adapted from S. Q. Wang [15]. The solid line between the phases Zr02 and ZrsSi4

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 S. Q. Wang ,I al.

[15] that the compound phases resulting from an interaction between Si02 and Zr

are ZrsSi4 and Zr02. This means that the oxide Zr02 is stable when in contact with

the compound phase ZrsSi4 in equilibrium up to 900°C. Put differently Zr will react

with Si02 to produce Zr02 and ZrsSi4 at suitable temperatures.

The Zr-Si-O stability phase diagram (see Fig. 6.7) belongs to the "metal oxide

dominanCcate"orv since all the tie lines radiate from the metal oxide viz Zr02.o •

In his Ph.D thesis, Beyers [29] has noted that when a co-sputtered ZrSi2 film

containing excess silicon is oxidized at 900°C, the metal oxide Zr02 was identified

(using TEM) as the product and not Si02. Thus. the reaction is given by

ZrSi2 + O2 --+ Zr02 + 2Si

This is a consequence of the Zr02-Si tie line in the phase diagram. If the reaction
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were given by

79

then a tie line would occur between SiOz and Zr, thereby cutting the existing tie

lines between ZrOz and the metal silicides, resulting in a violation of the Gibb's

phase rule.[12]

Mo-SiOz

Fig. 6.8 is a ternary stability phase diagram involving the elements Si, 0

o

Zr

ZrSi04----,---

" "~' '- "
11 \\ '- "
\I \ '-,- "
11 \ \ '- "

\" '- "1\ \ \ '-,-"
\\ \ \ '- "
\ \ \ '---> "

\ '- "
1 \ \ \ '- "

~ 11 \ '-"".s;. \ \ '- ~
~

SI

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 ZrOz
is stable in contact with Zr,Si3 . 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 ""10 and Si02 indicating that Si02 is stable in

contact with Mo. In the experimental inYestigation. stability was confirmed up to

a temperature of 900°(' (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 Si02 is stable in contact with Mo. Similarly. Si02 is stable

in contact with the silicides of molybdenum viz 1\103Si. 1105Si3 and 110Si2 as well as

with the oxides of molybdenum viz 1\1002 and 11003 •

Cu-Si02

A ternary phase diagram for the Si-O·Cu sysytem is shown in Fig. 6.9. Si02

is stable in contact with Cu as indicated by the tie line between Cu and Si02 • In the

experimental investigation. the stability of Si02 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 "'ould 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 Si02 is stable in contact with Cu. Similarly. Si02

should be stable when in contact with the silicides of copper viz. CuSSSi ll • Cu~Si

and CU195i6 and with the oxides of copper ";z CuO and Cu20. These tie lines are

TABLE 6.5: Heat of reaction calculations to show the presence of a tie
line between Mo and Si02

Tie tine reactions ~ HR kJ/(moLat)

3Si + 2 :\1003 - 2 "to + 3Si02 ·110.9
Si + :\1001 - ~lo + Sj01 -78.7'
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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
Si02 is based on experimental investigations. The broken lines (also suggesting
stability) are inferred from thermodynamic calculations. Adapted from Beyers
(12).
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TABLE 6.6: Heat of reaction calculations to show the presence of a tie
line between Cn and Si02

Tie line reactions ~ HR kJj(mol.at}

Si + 2 CuO - 2 en + SiO l -II7.8
Sj + 2CU;20 - 4Cu + SiG2 -80.9

shown by means of dotted lines because they are inferred.

Pt.Si02
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o

Si

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 SiOz. 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 SiOz

Tje line reactions

Si + PtOl - Pt + Si0 2

2Si + Pt30. - 3Pt + 2Si02
Si + 2PtO - 2Pt + Si02

:. HR kJ/lmol.al)

-192.3
-182.7

-1.52.24
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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 Si02 . The broken lines (also suggesting stability) have been
inferred from thermodynamic calculations.

A ternary stability phase diagram inYolying the elements Si, 0 and Pt IS

shown in Fig. 6.10. The tiE' line bE'tween Pt and Si02 indicatE's that Si02 IS

stable in contact with Pt. In thE' expE'rimE'ntal inYE'stigation, stability of Si02 in

contact with Pt was confirmE'd up to a tE'mperaturE' of 900°(' (sE'e Fig. 5.2). From

thermodynamics, the tie line can be establishE'd by calculating the heat of reaction

corresponding to the point where two possiblE' tie lines would cross.

Table 6.7 gi"es thE' "aJuE's of heats of rE'action for reactions between Si and thE'

oxides of platinum. SincE' thE' yalues of hE'ats of rE'action are nE'gatiYe. the reactions
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o

Ir Si

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 Si02 is stable

in contact with Pt. In the experimental investigation. stability of SiO, in contact

with Pt was confirmed up to a temperature of 900°(' (see Fig. 5,2).

Similarly. SiO, is stable in contact with the silicides of platinuIIl viz Pt:5i,

Pt rSi3 , Pt,Si. Pt6Sis and PtSi as well as with the oxides of platinum viz PtO,.

Pt3 0 4 and PtO as indicated by the inferred tie lines.

Ir-SiO,
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TABLE 6.8: Heat of reaction calculations to show the presence of a tie
line between Ir and Si02

Tie line reactions ~ HR kJ/{moLat)

3 Si + 2IrOJ - 2 IT + 35i02 -247.9

Si + Ir02 - It + Si02 -157.4

Fig. 6.11 shows a ternary stability phase diagram involving the elements Si,

o and Ir. A tie line exists between Ir and Si02 indicating that SiOz is stable in

contact with Ir. In the experimental investigation, stability of Si02 in contact with

Ir was confirmed up to a temperature of 900°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 Si02 is stable in contact with Ir.

Similarly, SiOz is stable in contact with the silicides of iridium viz 1r3Si, IrzSi.

Ir3Si2, IrSi, Ir2Si3, IrSi2 and IrSi3 as well as with the oxides of iridium viz Ir02 and

Ir03 .

Re-SiOz

A ternary stability phase diagram in\'oh'ing the elements Si, 0 and Re is shown

in Fig. 6.12. A tie line exists between Re and Si02 indicating that SiOz is stable in

TABLE 6.9: Heat of reaction calculations to show the presence of a tie
line between Re and Si02

Tie line react ions

-t Si + Re20g - 2 Re + -t SiOl
7 Sj + 2 Re;,:O: - 4 Re + '7 Si02

3 Si + 2 ReO] - 2 Re + 3 SiO}

Si + Re02 - Re + Si02

~ HR kJj(tnr...l.at)

-166.1

-153.1

-136..5

-1l7.8
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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 rhenium is
stable in contact with SiOz. 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 SiOz in contact with

Re was confirmed up to a temperature of 900°(' (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 SiOz and Re are negative indicating that these reactions will proceed in

the given direction (see Table 6.9). We therefore conclude that SiOz 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 SiOz is stable in contact with Re.

Similarly, SiOz is stable in contact with the silicides of rhenium viz ResSi,.

ReSi and ReSiz as well as with the oxides of rhenium viz ReOz, Re03' ReZ07 and

RezOs as can be seen from the inferred tie lines in Fig. 6.12.

6.7 Summary and conclusion.

r.luch work has been performed on silicon dioxide/metal systems. Systems most

studied are the SiOz/refractory metal and the SiOz/noble metal systems. Lately

some work has been done on SiOz/rare earth metal systems. In the case of refractory

metals. there mayor may not be a reaction between the SiOz and the refrartory

metal. Some of the cases studied here and by other workers have been found not to

react for temperatures of up to 900°(' when annealed in "acuum for up to three hours.

In cases where a reaction takes place in a refractory metal/SiOz system, an easily

recognisable structure is formed. It has the form SiOz/metal silicide/metal oxide for

cases where SiOz is much thicker than the metal (thus lea"jng some unreacted 5iOz).

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 900°('. Both rare earth

metals studied (Y and Yb) were found to react with 5iOz. Reactions betwe"n rare

earth metals and SiOz can happen at low temperatures e.g. :320°(' in the case of Yb.

as shown in Fig. 4.1. This is in contrast to refractory metal/SiOz systems where

reactions only tend to start abm'e .'iOOor. The resulting structure after a reaction
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in rare earth metal(Si02 systems is RSixOy • where R stands for a rare earth metal.

A ternary mixture whose composition yaries throughout the reacted region is found

i.e. x and y are not constants.

Thermodynamic data has been shown to be useful in predicting whether a

reaction in a rnetal(Si02 system wil take place or not. In this study it has been found

that predictions based on heats of reaction and a"erage e1ectronegatiyities worked

yery well. In cases where calculated heats of reaction were negati"e, a reaction took

place in those systems studied. The reaction products identified corresponded to

those cases with a negatiYe heat of reaction. ~Ietals with an ayerage electronegativity

(based on the Allred-Rochow, Pauling and relati\'e 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 electronegatiyity parameter 9" as defined in the :\liedema

model can also be used to predict whether a reaction will take place or not. :\Ietals

with </1" of less than 4.45 were found to react (see Table 6.4). It was found that 0" is

a better parameter than ayerage electronegati"ity 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 [13J. 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 haw

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.
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CHAPTER 7

SUMMARY AND CONCLUSION.

7.1 Introduction.

The fabrication of microstructures on silicon with Si02 used as an insulating layer

results in various metals coming into contact with Si02 • 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 duster is imbedded in an insulating or semiconducting layer (e.g. Ag dusters

in 5i02 ).

The knowledge gained from studying the reaction of 5i02 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 5i02 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 summan' of

compound phases identified is given in the next section.

89
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A theoretical explanation of results found, based on existing methods has also

been attempted. The EHF model which could haye 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

SiOz 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), electronegati\'ities as defined in the .\jiedema model

[5) , as well as the method developed by Beyers [12) which relies on the Gibbs phase

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

7.2 Summary.

Zr thin films were found to react with SiOz. The reaction was seen to start at 6~00('

for samples annealed for 30 minutes. The RBS spectrum of the sample annealed

at 690°(' for :30 minutes developed a shoulder on the Zr signal which showed the

presence of ZrsSi•. It also showed a shoulder on the surface of Zr \\'hich was midway

between the oxides ZrO and ZrOz. The unannealed sample showed no l;eaction. The

resulting final structure was SiOz/ZrsSi./ZrOz. The XRD spectrum confirmed the

RBS results that no interaction was present in the unanuealed sample. It showed

that Zr had alreadv crystallized. The XRD spectrum of the sample annealed at

690°(' showed the presence of ZrOz and ZrO. The presence of ZrsSi, could not I",

confirmed because of an oyerlap of the ZrOz and ZrsSi. signals on the spectrum.

At 720°(' the signal corresponding to ZrO had disappeared. This sample could

therefore only be containing ZrOz (and possibly ZrsSi.).

Presented with the same problem of identifying ZrOz and ZrsSi. signals on the

spectrum. Wang and -"layer [15) oyercame it by first obtaining an X-ray spectrum of

the Si< 100 > /SiOz/Zr sample annealed at ,50°('. Thereafter they milled the sample

using a beam of Ar+ ions to remow the top layer of ZrOz· The X-ray diffraction

spectrum of the milled sample re\'ealed that some lines were now missing. The

remaining lines corresponded to the pha,e ZrsSi•.
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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 ri~. 1.21. The heat of

reaction between Zr and 5iOz when the resulting products are ZrOz and Zr55i. is

negative. Zr is therefore predicted to react with 5iOz.

According to the ternary phase diagram 5iOz is not stable when in contact with

Zr, i.e. Zr should react with 5iOz. This was found to be the case experimentally.

Mo thin films (1500,\) on 5iOz substrates \vere annealed at temperatures of up to

900°C over three hours. RB5 analysis using 2:\leV alpha particles was carried out

on the samples. The RB5 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 5iOz. The heats of reaction in all reactions

involving 5iOz and Mo are positive (see Table 7.1), an indication that such a

reaction is thermodynamically unfavourable. :\10 has an average electronegativity

of 1.45 (Pauling scale) and would therefore be expected not to react with 5iOz.

.Metals with an average value of electronegativity of equal to or greater than 1.45

on the Pauling scale. were found in this study not to react. The ternary stability

phase diagram involving Mo, 5i and 0 (see Fig. 6.8) has a tie line between 1\10 and

5iOz, an indication that Mo is stable in contact with 5iOz. We conclude therefore

that Mo is a refractory metal that does not react with 5iOz for tempertures of up

to 900°C.

The electronegativity parameter o' as defined in the :\liedema semi-empirical

model was found to correlate well with heats of reaction. It was found that metals

with a value of o' of less than 4.45 V reacted with 5iOz whereas those with values

of IP- of equal to or more than 4.4·j V did not. Zr has a value of o' equal to :3.45 V

and our experiments as well as those of others ha\'e shown that it reacts with 5iOz.

Mo on the other hand whose value of o' is 4.6·j V does not react with 5iOz•

Refractory metals mayor may not react with 5iOz. Those with an a\'erage f'lec­

tronegati\-ity equal to or greater than 1.4.j on the Pauling scale react whereas those

with an electronegativity of more than 1.4.j generally do not react. \\"here there

is a reaction. for the case of refractory mf'tals. the silicide formed is found next
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to the SiOz and the oxide is near the surface. The oxv"en which results from the• D

decomposition of the SiOz 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 5iOz/metal interface mO\'e into

the near interface region of the 5iOz substrate where only the silicon remains after

decomposition of the SiOz 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 SiOz. 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 5i02 layer and combine with

the freed silicon. The oxide and silicide layer 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 SiOz.

The RBS spectra of annealed Si< 100 >/Si02 /refractory-metal samples in

which metal-SiOz 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 oxidat ion

and silicidation. Fig. 6.1 summarises the two cases that have been observed in

refractory metals.

Thin films of the noble metals Pt. Re. lr and Cu on 5iOz substrates were

annealed under vacuum at temperatures of up to 900°C for :l hours. HBS analysis

using 2l\IeV 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 to be the case

for each noble metal. The conclusion drawn is that no interaction occured between

the noble metal thin films and the 5i02 substrates.

The heats of reaction for the interaction of these metals with 5i02 Were found to

positi\'e without exception (see Table 7.1). Thus, thermodynamics does not fa\'our
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interaction between between noble metals and 5i02 •

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

Si02 (3].

Thin film interaction of each of the rare earth metals \' and Vb with 5i02

substrates was investigated for cases where the metal film was the surface lal'er and

cases where the metal film was cowred with 5i02 • The samples were annealed at

temperatures of up to 490°C, for periods ranging between 1.5 and 90 minutes. HBS

analysis using a 2 J\IeV beam of alpha particles was carried out on the samples.

Analysis of the RBS spectra rewaled 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 5i02 may have led

to formation of volatile phases. The simulation fit on the RB5 spectra of the

5i<>j5i02jmetaljSi02 annealed samples suggested the existance of ternary phases.

The XRD spectra however rewaled the presence of a mixture of metal oxides and

metal silicides for the Y. whereas the Vb showed some ternary phases to be also

present.

The average electronegativity (Pauling scale) for both V and Vb is less than

1.45 (see Table 6.3), an indication that these metals will interact with 5i02 .

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 .\10). For rare
~ _...

earth metals there is a reaction for the cases studied. Vb and V. For noble nwtals

no reaction could be detected.

7.3 Conclusion.

Solid state interaction between thin metal films and 5i02 was carried out bv de,

positing thin films of the refractory metals Zr and .\10. the rare-earth metals Vb
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TABLE 7.1: A summary of metal-Si02 interactions studied in this inves­
tigation.

Metal ~letal observed
classification phases

Zr ZrS Si4

refractory Zr02
metals ZrO

110

Yb ):osSi3

'Yb3 Si"

'b3 0 4

rare )02°3
earth

metals Y Y01-335

1-Y2Si207
a-Y2 Sh01

Y2SjOS

eu

p,
noble
metals Ir

Re

resulting reaction?
structure

Si02/tl.f-silicide/M-oxide Yes

Si0 2 /mixture of silicides jSi02 Yes
and oxides

Si02 f.~reta1 :\0

Si02/l\Ietal :\0

Si02/~tetal Ko

Sj02/~Ietal ~o

and Yas well as the noble metals eu. Pt, Ir and Re onto Si02 substrates thermally

grown on Si< 100 > wafers. In the case of Yb and Y. a thin evaporated layer

of Si02 was deposited on top of the metals in order to minimize oxidation. The

thicknesses of the metal films ranged from 600 to -l500.t Deposition was carried

out under high vacuum conditions. better than 1O-7kPa. The samples were then

annealed in a "acuum tube furnace at pre-set temperatures for specific time intervals.

The samples were characterised firstly by Rutherford Backscattering Spectrornetry

(RBS) to determine whether solid state reaction had occurred. by comparing t!w

RBS spectra of the annealed samples with those of the virgin sarnp!t·s. Thereafter

the samples ,,'ere analyzed by X-Ray Diffraction (XRD) to identify which compound

phases had formed. It was found that Zr. Yb and Y reacted with the Si02 whereas
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none of the other metals reacted at temperatures of up to 900°C maintained for :j

hours. These results and other metal-Si02 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 Si02 e.g. Zr. Hf. l\b, 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 5i02 substrate and a top layer 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 tll(>

Si02/metal silicide interface where they interact with the Si02 substrate which

leads to dissociation of the 5i02. The released oxygen atoms diffuse through the

thin metal silicide layer and form a metal oxide on top of the silicide. The resulting

configuration is of the form Si02/~ISiy/~IOr' It could therefore be concluded that

the oxygen 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 Si02/~IOr/~ISiy (see Fig 7.1).

In the case of the rare earth metals, solid state reaction always occured. RBS

results indicated that a\l three elements ~I, Si and 0 were present throughout the

reaction region. XRD results indicated that for Yttrium ternary phases were present

whereas for Ytterbium a mixture of oxides aud 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 Si02 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 Si02 substrate and positi\'e where no reaction occurrred. Th",,'

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 Si02 and the metal would occur or not. ~Ietals
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M

/ ~
M

M

Si02 MSi,
M

5;02 MO. MMO. MSi,

0 Si

Oxygen Diffusion Silicon Diffusion

FIGURE 7.1: The two possible configurations of the layers resulting from the solid
state reaction of 5i02 with a thin refractory metal film. Rutherford Backscattering
5pectrometry 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. relati,'e compactness

and Pauling electronegativities) of less than 1A5 on the Pauling scale were found to

react with Si02 (see Table 6.3). An even better correlation was obtained using the

l\liedema electronegativity parameter (0*). Metals with (0*) values less than -lA5\'

were found to react with Si02 while those with values equal to or greater than -lA';\'

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 Si02• Consider the following reaction

(unbalanced) between a metal film 1\I and Si02 to form a metal silicide ~ISiy and a

metal oxide 1\I0x i.e.

If the free energy change of the reaction, ~G of the reaction is negative, then

the products are stable with respect to the reactants and a tie line can be drawn

between l\lOx and MSiy. \Ve 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 ~l and Si02 • Construction of

phase diagrams must comply with the Gibbs phase rule which states that (Inn is a

maximum number of three phases ia 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", phasp

rule. phase diagrams for the refractory elements ~Io and Zr. the nobl" eknJ('nts

Pt. Re and Ir as well as the near noble element Cu interacting with Si02 wpre

constructed. In each case (except for Zr). a tip line was drawn from the mdal

to the Si02 indicating stability of each of these metals in contact with Si02 for
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o

M MS~ Si

FIGURE 7.2: A ternary phase diagram illustrating a metal (M)-Si02 type
interaction yielding a metal oxide (MO.,.) and a metal silicide (MSiy ). The presence
of a tie line between MO r and MSiy indicates that the two are stable in contact
with each another while the lack of a tie line between M and Si02 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. Berers [12J. Our phase diagram

for Zr confirmed the existence of a tie line bet""een ZrsSi. and 2r0'2 as in that of

S.Q. Wang and J.W. Marer [15J.



APPENDIX A

Standard heats of formation of metal
silicides and oxides

Element Silicides ~Hj Re! Oxides AHf Re!

kJ/lmol.al) kJ / lmol.al)

Ca Ca2 Si -69.7 [30J CaD -317.1 [30J
CaSi -75.3 [3oJ Ca02 -219.7 [3oJ
CaSi2 -50.2 [3D]
CesSi4- -68.7 [31J
CeSi -74.1 [31J
Ce3 Si5 -74.9 [31J
CeSi2 -70.4 [31J

CO C02 Si -38.5 [3,32J CoO -119.5 [3D]
CoSi -50.2 [3,32J CO~.04 -129.3 [30)
CoSi2 -34.3 [.32)

Cr Cr3 Si -3-1.4 [32] ('r_~ 0" -218.8 [33)
CrS Si3 -3·5,0 [32) ('nO] -225.9 (30)
CrSi -30.2 [32J Cr02 -194.1 [30]

erSi:? -25.8 [32J ('rO] -1-H.9 [30J

CU C'U58Si ll -2.8 [31J C'U 20 -.'>5.8 [3D]
('ui Si -3.4 [31J CuO -77.6 [10]

CU19Si6 -4.0 [31J

D,. D}'sSiJ -62.2 [31J Dn0 3 -372.6 [lOJ
DYsSi4 -77.8 [31J

(''Jnt ...
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Element Silicides 6.HJ Rer Oxides f),Hj Re!
kJ/ (mol.at) kJ/(mol.at)

Dy DySi -76.0 [31] DnOJ -3';"2.6 [3D]
D:r2Si3 -76.5 (31]
DY3SiS -74.6 (31]
DySi2 -69.4 [31]

Er Ers Si3 -63.0 (31J Er20J -379.6 (33]
ErSj -76.6 [31J
Er3SiS -74.5 [31]

Fe Fe 3Si -25.8 (32J rea -13.').6 (3D]
FeSi -39.3 [32] FeJO" -159.05 [30)

FeSi2 -30.6 [32] Fe203 -164.3 [30]

Gd GdsSi3 -61.4 [31] Gd20 J -363.2 (3D]
GdsSi4 -71.1 (31]
GdSi -75.5 [31}
Gd2Si3 -76.6 [31]
GdSiz -69.8 [31J

Hr Hf3 Si -53.0 (31] RrO, -·371.0 [.30J

Hf2Si -69.8 (31]
HfsSb -77.2 [311
HfJSi2 -81.0 [31J
HfsSi" -86.3 (31J
HfSi -90.1 [31J
HfSi2 -75.1 [31]

Ho HosSi3 -61.4 [31] H0 2 0 3 -3.6.2 (30J

HosSi.. -70.1 (31]
HoSi -74.9 [31J
HoSi2 -68.0 [31]

Ir Ir3Si -28.1 [31J IrQ2 -6-LO (3]

Ir2Si -3.5.9 ['31J IrO] -80.5 [30]

Ir3Si2 -40.0 (31] Ira, -91.4 [3-31

IrSi -40.5 [311

Ir2Si.3 -33.5 [31]
IrSi2 -2·).1 (31]

IrSh -11.6 [31J

La LaSi -62.8 [.3J La20} -3S8.7 PO]

LaSi2 -61.9 [3]

Lu LusSi3 -64.5 [31] LU203 -376.4 (30]

LuSi -78.0 (31]

LU3SiS -75.5 [31J

Cont ...
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Element Silicides ~H; ReI. Oxides li.H; ReI.

kJ / (mol.al) kJ/(mol.at)

Mg Mg2Si -26.4 [30] ~lgO -300.6 [30]
,\-(g02 -207.5 [3)

~In MI\6Si -17.9 [31] !\lnO -192.5 [30J
.\lngSi2 -22.9 [31J ~ln304 -198.1 [30J
l\1n 3Si -31.1 [31] 1\ 102 0 3 -191.4 [30J
~Jn5Si2 -34.9 [31) 1\ln02 -173.4 [30J
l\1ns SiJ -41.6 [31] 1\102 0 7 80.9 [30J
1fnSi -41.5 [31)
l\.1nll Si19 -28.7 [31]

1\10 1\103 Si -29.1 [30] ~to02 -196.0 [30]
l\losSi3 -38.8 [30] Mo03 -186.3 [30.33J
MaSi] -43.9 [30J

Nb Nb5 Sh -60.7 [32J NbO -209.8 [30]
NbSi2 -46.0 [32J NbOz -26·:;.4 [1,3]

),"bzO" -271.-4 [30)

Nd NdsSi3 -60.5 [31] N"d2 0 3 -361.6 (.30.1,3)

NdsSi f -69.6 [31]
NdSi -74.7 [31]
Nd:3Si 4 -77.0 [31]
Nd2 Sb -76.3 [31]
NdsSig -,2.9 [31)

Ni Ni3Si -37.2 [32J :\'iO -J20.-3 pOJ
NisSi2 -42.3 [32J :\'i20~. -97.9 [.3.T'J

Ni2 Si -46.9 [32J
Ni3 Si2 -45.2 [32J
NiSi -42.4 [32J
i\iSh -29.3 [32]

0, OsSi -29.1 [31) 00502 -98.2 [30J

OS2Sb -22.7 [31] Ds0 3 -47.7 [3]

OsSi3 -1.5.5 [31\ OsO. -78.';" [3D]

Pd PdsSi -29.2 [34] PdO -42.7 [33J

Pd'3 Siz -31.3 {34J
Pd3Si -38.5 [34J
Pd2Si -43.0 [J.lJ
PdSi -26.2 [34J

Pr PrsSi3 -60.5 [31J P r2(h -3hS.l [:;OJ

PrsSi. -69.6 [31] PrOz -.32 ....5 [3")
PrSj -':"4.9 [31J

Cont...
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Element Silicides LlH; Rer Oxides ~H; Ref

kJ!(mol.at) kJ!(mol.at)

Pr Pr3 Si4 -77.2 [31J Pr203 -36.'5.1 [30]
PrSi2 -iO.3 [31] Pr02 -324.8 [30]

Pt Pt3Si -36.9 [31) PtO -35.6 [:l]
Pt 7 Sh -43.8 [31] Pt.104 -23.3 [33J
P t 2 Si -47.7 [31] Pt02 -44.8 [3]
PteSi,!;. -56.1 [31]
PtSi -56.0 [31]

Pu PusSb -64.8 [31J PU02 -352.0 [30J
PU3 Si2 -67.8 [31J
PuSi -73.8 [31J
PuJSis -65.4 [31]
PUSi2 -58.3 [31]

Re Re5Si3 -19.7 [30J ReOl -14-1.2 [30]
ReSi -26.4 [30] Re03 -152.7 [30J
ReSi2 -30.1 [30] Re20; -138.7 [30]

Re2011 -128.9 [3J

Rh Rh2Si -39.0 [31] Rh,O -31.8 [3J
Rhs Si3 -42.1 [31J RhO -45.2 [3]

Rh3Si2 -43.4 [31] Rh,O, -76.6 [30J
RhSi -43.8 [31]
R14Sis --40.6 [31]
Rh3Si.4 -39.3 [31]

Ru RU2Si -29.7 [31J RuG] -101.5 [10J
RuSi -32.4 [31] RU04 -61.0 [33J

RU 2 Sh -25.6 [31]

Se SC5 Si3 -69.0 [31J 5('"2°3 -381.2 [:lOJ

ScSi -77.7 [31]
SC3SiS --;2.2 [31 )

Si 5i02 -301.2 [11J

Ta Ta9 Si2 -27.1 [32J Ta20~ -292.3 [30)

Ta2Si -40.9 [32J
Tas Si3 -41.8 [32J
TaSi2 -32.4 [32]

Tb TbsSi3 -62.2 [31J ThO I -32-3.8 133J

TbsSic -7'1.3 [31J Tb2 0 3 -:16-'i.S [30J

TbSi -76.2 [31J
Tb3Sis -7.5.2 [31J
TbSiz -69..5 [11]

Th Th3Si2 -5·5.9 [30j ThO -303.3 (3)

ThSj -63.0 [30] ThO, -408.9 [30]

C<Jrlt ...
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Element SHieides D.H; Re! Oxides :lHj Rer

kJ/(mol.at) kJ/(mol.a.t)

Th Th3Si5 -59.• [30] ThO -303.3 [3J
ThSi2 -56.9 [30J ThO, -40$.9 [3D)

Ti Ti3 Si -53.0 [32] TiQ -271.3 [3D)
Tis Si3 -72..1 [32] ThOJ -304.2 [30.33]
TisSil -81.0 [32] Ti2 0 5 -307.4 [30j
TiSi -78.6 [32] Ti0 2 -314.9 [33J
TiSi2 -57.0 [32)

Tm Tms Si3 -62.9 [31J Tm203 -377.7 [33)
TmSi -76.4 [31]
Tm3 Sis -74.2 [31]

U traSi -23.0 [30) CO2 -361.2 [30J
U",.Si2 -34.1 [30] C,,09 -34.:- [3D)

eSi -42.3 [30j l'3 0 T -3·12.7 [33)

U3 Sis -44.3 [30J l:3 0 8 -324.9 [30J
USi2 -43.2 [30] COs -307.,'J [30]

USi3 -32.6 [30]

V V3 Si -45.2 [32] VO -215.9 [30j

V5 Sh -.58.0 [32] \'2 0 3 -243.8 [30j

VSi2 -40.2 [32] V3 0 5 -241.6 [33J
\, .. OJ -240.0 [33] .
\'02 -237.8 [30]
V,O, -221,·') [30J

W WsSb -16.9 [301 \\'0 2 -196.6 [30j

\VSi2 -31.0 [30] \\'2 0 " -202.1 (3)
\y03 -210.7 [30J

Y YSSi3 -61.4 [311 Y203 -38J.1 [JOJ
YS Si4 -70.4 [31J
YSi -75.5 [31)

Y3 Si" -74.9 [31J

Yb '\o"Sb -34.2 [31J Yb1 O.1 -362.9 POJ

YbSi -42.3 [31J

YbaSis -42.1 PIJ
YbSjz -38.9 [31J

Zr Zr~.si -54.'1 [3J Z,O -36·').3 [3J

ZrzSi -69.8 [3J Zr02 -366.9 [30J

Zr"Si3 -72.0 [3] ZrO.3 -2.')1.1 [3.3]

Zr35i2 -;",.0 [3J
Zr,,5if -77.8 [3J
ZrSi -77".4 [3J

ZrSi2 -53.1 [3J
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