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Abstract

Metal silicides continue to be an important part of the design philosophy in semiconductor

technology due to their application as contacts or interconnects. Among these silicides,

titanium disilicide is currently the most widely used as it possesses the lowest resistivity

(14f1£l-cm) of all silicides, a low contact resistance and a good thermal stability. Titanium­

silicide formation with and without capping layers, through diffusion barrier layers and on

stressed Si(100) substrate was studied.

The oxidation of titanium makes accurate kinetics measurements very difficult. Capping

layers, namely A120 3 and MgO, and sandwich technique were used in attempting to limit the

unwanted oxidation. It was found that both capping layers reduced the oxygen concentration

in the unreacted Ti film by 30% compared to the uncapped samples. It was also found that

the reaction was faster in the MgO capped samples and slower in the A120 3 capped samples.

In the sandwich technique, the oxygen concentration was found to be less by 35% and the

reaction was fast at high temperatures compared to the silicide formation in the

unsandwiched samples.

In attempting to control the metal concentration at the growth interface diffusion barrier layers

were used. Cr and Zr were used as diffusion barrier layers. Both barrier layers were found to

react with silicon to form CrSi2 and ZrSi2 respectively. It was found that both barrier layers

moved deeper into the samples as more silicide was formed on top, which indicates that Si is

the dominant diffusing species during Ti-silicide formation. Both barrier layers delayed the

formation of TiSi2·

Tensile and compressive stresses were induced by depositing different thicknesses of Si3N.

and Si02 on the backside of Si(100) wafers. The reflection of laser light was used to measure

the radius of curvature which was related to stress using Stoney's equation. It was found that

the silicide phase formation was faster in samples under tensile stress and slower in samples

under compressive stress. The cube root of time gave the best fit to the data for all sample

groups. Therefore the TiSi2 formation kinetics was neither diffusion nor reaction limited.



Singeniso

Emasilisayidi lenliwe ngalokusansimbi asachubeka nekubamba Iichaza lelikhUlu

ekutfutfukisweni kwetekhinoloji yemasekhethi etintfo tagezi. KUlamasilisayidi, iTiSi2

iseljentiswa kakhulu kunawowonkhe kulesikhatsi samanje ngenca yekutsi inerezistensi

lengaphasi kunawCHlnkhe emasilisayidi (14110-cm) kanye nestabilithi lesihle kakhulu.

Lomculu umayelana nekufundvwa kwekwakheka kweTiSi2 umakuseljentiswa emaleya

lasatimbonyo nobe angakaseljentiswa nendzima ledlalwa kusebentisa iSilikhoni (Si)

ledvonsekile.

IThithaniyamu (Ti) yaliwakakhulu ngekutsandza kuhlangana neoxygen, loku kwenta kutsi

kubematima kakhulu kufundza ngekukhula kweTiSi2 emva kwesikhatsi lesitsite. Kusebentisa

emaleya lasatimbonyo, njenge A120 3 ne MgO, kanye nekuhlanganisa emasampula lamabili

ndzawonye, ngitonatindlela letiseljentisiwe ekutameni kwehlisa lizinga lekuhlangana kweTi

kanye ne-oxygen lengafuneki. Kutfolakale kutsi emaleya laseljentiswe satimbonyo ehlise

linani le-oxygen ngemaphesenti layi 30. Kuphindze kwatfolakala kutsi iTiSi2 yakheke

masinyane kumasampula lambonywe ngeMgO uma achatsaniswa nalawo lambonywe nge

A120 3. Emasampuleni lahlanganiswe ndzawonye kutfolakale kuts linani le-oxygen lehle

ngemaphesenti layi 35. Nekwakheka kwe TiSi2 kutfolakale kutsi kwenteke masinyane

emazingeni ekushisa lasesetulu uma achatsaniswa nemasampula lahamba ngawodvwa.

Ekuzameni kucondzisa Iinani lemetali lapho kwakheka kwenteka khona, kuseljentiswe

emaleya lavumela ema-atomu kutsi ahambe emkhatsini nawo (diffusion barriers).

Kuseljentiswe iCr kanye ne Zr. Womabili lamaleya atfolakale kutsi ahlangene neSi kwakheka

iCrSi2 ne ZrSi2. Kuphindze kwatfolakala kutsi womabili lamaleya ahambele ekhatsi

nemasampula uma kwakheka isilisayidi lenyenti ngetulu. Loku kusho kutsi iSi ngiyo

lehambako uma kwakheka iTiSi2. Womabili emaleya akubambele kwakheka kwe-TiSi2.

Kudvonsekela ngaphandle (tensile stress) kanye nekudvonseleka ngekhatsi (compressive

stress) kwenliwe ngekutsi kuvuvutelwe emaleya lahlukene iSi3N. kanye ne Si02 ngasemuva

kwetingcwengcwe teSi(100). Kutfolakale kutsi kwakheka kwe-silisayidi kwenteke masinyane

emasampuleni ladvonsekele ngaphandle kantsi kwenteke kancane kUlawo ladvonsekele

ngekhatsi.
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Chapter 1

Background and Scope of investigation

1.1. Silicides in semiconductor technology

Silicon has become the dominant semiconductor material in integrated-circuit

technology because of its ability to grow a stable oxide [May-90]. Silicon dioxide

forms the basis of the planar technology. In industrial practice, silicon dioxide layers

are frequently formed by thermal oxidation of silicon in the temperature range 900 to

1200°C. The thermal oxidation process is one of the steps in the fabrication of silicon

semiconductor devices and integrated circuits. Thermal oxides are used to mask

selectively against dopant diffusion, to passivate device junctions, and for device

isolation. Fig 1.1 shows the cross section of a semirecessed oxide NMOS device (n­

channel metal-oxide-Si field-effect transistor).

Si p

Fig. 1.1 Schematic diagram of the cross section of semirecessed oxide NMOS device [May­

90]
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1.1.1. Device Integration

The concept of device integration is founded on the simple observation that the

computing power (or density of data storage) available on the surface of a chip

increases greatly as the size of the individual device features is reduced and the

devices packed very closely together [Gro-89]. The operating speed of a

microelectronic circuit is improved when the lengths of the interconnecting paths

between devices are shortened, and the power dissipated in devices also decreases

with size. The power consumption of a complete system can thus be reduced by

miniaturization of the component device. It was predicted that by the year 2000 it

would be possible to pack together about 1 billion (109
) individual devices onto the

surface of a silicon chip. Many of these densely populated chips contain mostly

metal-oxide-semiconductor (MOS) devices.

1.1.2. Metal-SiJicon Interaction

Metal silicides are widely used as contacts and interconnects in silicon based

microelectronic devices [Pre-97]. Metal silicides are usually formed by a reaction

between a deposited metal layer and a silicon substrate. The interactions between

metal film layers and silicon typically take place at temperatures well below the

melting point of the product and the reactants. The specific phase depends on the

temperature of formation. Disilicides, monosilicides and metal-rich silicide formation

takes place when bonded silicon and metallic bonded metal atoms react to form

compounds. The phase diagrams for binary metal-silicide-forming systems usually

show several equilibrium phases [May-90]. Some of these phases are present as

detectable growth phases under steady-state annealing conditions. In thin film

systems, only one compound phase usually forms between two components, silicon

and metal. It is believed that phase formation in thin films is dictated by kinetics

rather than by thermodynamics. After the metal layer has been totally consumed in

forming the first phase, a second phase, when present in the phase diagram, will

form at higher and/or at longer annealing times [May-90]. For a new phase to form, it

is necessary for the atoms of the metal and silicon to get together near the interface

and form a nucleus of the appropriate composition and structure. In a bulk system

usually most or all of the compound phases given by the phase diagram are found.

2



1.2. Titanium-Silicide Formation

Titanium silicide is a material of great technological importance because of its

widespread use in the self-aligned silicide (salicide) process for the fabrication of field

effect metal oxide-semiconductor transistors [Via-OD]. TiSi2 is currently the most

widely used silicide for ultra large scale integrated circuits as it possesses the lowest

resistivity of all silicides (see Table 1.1), a low contact resistance and a good thermal

stability [Waa-99]. The thermal stability of a silicide is its ability to resist degradation

when subjected to a prolonged heat treatment at high temperatures [Sab-OO]. To be

used in integrated circuits a silicide must have sufficient thermal stability to withstand

the entire thermal processing that is required such as layer deposition and dielectric

reflow. Thermal stability is affected by decreasing film dimensions (i.e. line width and

thickness) and by substrate nature (polycrystalline silicon). Therefore the thermal

stability will become more and more important in future.

Table 1.1: Comparison of resistivity values for some silicides and metals [Nic-83, Gr0-89].

Material Resistivity (j.LQ-cm)

CoSi 150

C02Si 66

WSh 55

NiSi2 39

Ni2Si 24

NiSi 20

CoSh 14

TiSh 14

Al 3

Cu 2

3



1.2.1. Phase Formation

Many studies have been carried out regarding first phase formation dUring the

reaction between a thin Ti film and a Si substrate [Pre-93B). The phase formation

sequence is by no means well established and varying reports can be found in the

literature. For example, the TiSi2 phase is reported to be the only phase found for

temperatures greater than 500·C [Bey-85). In another study TiSi2 was also reported

as a first phase, but titanium-rich silicides were observed to grow on top of the

disilicide layer [Ben-85]. Contrary to these reports, other studies show that all the

titanium is converted to TiSi prior to formation of TiSb at temperatures between 450

and 700·C [Pic-88]. In low temperature reactivity investigations a silicide

corresponding to the monosilicide was also found together with unreacted but

intermixed material. The formation of TiSi at temperatures of 450 [Nem-85] and

600·C [Wei-85] has also been reported for rapid thermal annealing (RTA). However,

not all RTA studies show the initial formation of TiSi, as there is evidence for the first

phase formation of TisSi. after 6s RTA at 600·C [Dex-88]. In contrast to reports of the

formation of an initial crystalline phase, the formation of an amorphous Ti-8i alloy

before the appearance of any silicide is reported for temperatures not exceeding

450·C. The complexity of the Ti-Si system is further reflected not only by the

conflicting reports on identification of a first phase, but also by numerous reports of

simultaneous phases that are found initially. A layered structure containing TisSb,

TiSi and TiSi2 is reported for e-beam-deposited titanium, while TisSi3, TisSi. and TiSi

were found initially at intermediates between 400 and 600·C [Lak-89]. On the other

hand the presence of TisSb and TiSi in sputter-deposited samples was reported

[Hsu-87].

1.2.2. Formation Kinetics

Growth kinetics of a reaction is classified into diffusion-eontrolled or reaction­

controlled kinetics. In the diffusion-eontrolled case the main characteristic is that the

thickness of the silicide formed increases proportionally to the square root of time.

The relation is given by >I = kDt, where x is the thickness of the growing phase, t is

the time and kD is the rate constant. The limiting step is the diffusion of one or both of

the components (Ti and Si in the case of Ti-silicide) across the growing layer. In the

reaction-eontrolled case the rate of formation is the limiting factor, hence reaction-

4



controlled. In this case the relation is given by x = kRt, where x and t are defined as

above and kR is the rate constant. The relationship between the rate at which the

phase formation increases in thickness and the time is dependent on whether the

diffusion or the reaction is the slowest part of the phase formation. The slower of the

two processes will dominate the kinetics. The kinetics of any system can be

determined by plotting x versus t'l2 and x versus t. If the x versus t'l2 graph gives a

straight line the kinetics is diffusion-controlled or non-linear. If the kinetics is reaction­

controlled x versus t will give a straight line graph (linear kinetics). Annealing thin

titanium on silicon at sufficiently high temperatures and sufficiently long time always

leads to the formation of TiSiz eventually [Lak-89], but the kinetics of the reaction is

not so reproducible [Hun-83). The kinetics of TiSiz formation depends upon the

orientation of the substrates, with TiSiz growing linearly with time on Si(111) and

parabolically with time on Si(100) [Pic-88). When the total silicide thickness is

considered, a nearly parabolic growth rate on all substrates is reported [Pic-88).

1.3.

1.3.1.

Prediction of phase formation sequence

Introduction

There has been considerable interest in predicting first phase compound formation

and subsequent phase formation sequence in binary thin film systems [Pre-93A).

Unlike the bulk case, not all of the compound phases present in the equilibrium

phase diagram are observed. In the case of silicides for instance, only one

compound phase usually forms between two components, silicon and metal. For

example, nickel films deposited on silicon (or vice versa) form an intermediate layer

of Ni2Si at temperatures above 200°C, with no indication of the presence of the other

eqUilibrium phases as long as both unreacted nickel and silicon are still available. For

much thicker diffusion couples, say greater than 10J.lm, usually most or all the

compound phases given by the phase diagram are found. The latter case is referred

to as the bulk case, in contrast to the thin film case, where single phase formation

usually takes place. Apart from the obvious academic interest, knowledge of phase

formation sequence should enable the materials scientist to control experimental

parameters in such a way as to form specific phases with desirable properties. One

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

5



states: 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.

1.3.2. Effective Heat of Formation Model (EHF)

The above-mentioned rule, however, does not make direct use of the thermodynamic

data, such as heats of formation and entropy. A fundamental approach in predicting

first phase formation was taken by Pretorius et a!. [Pre-93] by giving an extensive

description of the Effective Heat of Formation (EHF) model. In this model an effective

heat of formation is defined which depends on the available concentration of the

reacting atomic species at the growth interface. By choosing the effective

concentration of the reaction to be that of the composition of the lowest eutectic (or

liquidus minimum), the EHF model has been successfully used to predict silicide

phase formation sequence and to explain how the presence of impurities can alter

phase formation sequence.

The model is based in part of the fact that the driving force for a process to take

place can be given by the change in the Gibbs free energy,

(1.1)

For solid state interaction ~Ho is a good measure of the change in free energy ~Go

because the change in entropy ~so is usually only of the order of 0.001 kJ deg-' mol-'

of atoms. It should therefore be possible to use heats of formation to predict phase

formation sequence when activation or nucleation barriers do not exist, as a system

would always want to go to its lowest possible free energy state.

The reaction to form CrSi is favored when the available concentration matches the

compound concentration. An effective heat of formation AIr for a compound is

defined as:

o effectiveconcentration limiting element
MI'=H x d . I· .. I (1.2)

compoun concentration lITlltmg e ement

Where Mf' and MfD are expressed in kJ mar' of atoms. To illustrate the concept of

an effective heat of formation (Ml'), consider for example the solid state interaction

6



between Cr and Si to form the compound phase CrSi (Compound concentration of 50

at. % Si and 50 at. % Cr). Suppose we originally have an ensemble of 10 atoms at

the reaction zone, of which five are Si and five are Cr. In this case the available or

effective concentration of atoms that can partake in the reaction is 50 at. % Si and 50

at. % Cr. When phase formation takes place, all the available Cr and Si atoms would

be used up in the reaction and five CrSi molecules would be formed. Since all the

available atoms are used up in this reaction, the total amount of heat released would

be given by the standard heat of formation (LlHO). For this case the effective heat of

formation is equal to the standard heat of formation, Le. MI' =LlHO. Next consider the

case where there are only three Cr atoms in an ensemble of 10 atoms, the rest being

Si atoms. In this case the available or effective concentration of atoms that will be

engaged in the reaction is 30 at. % Cr and 70 at. % SL Now clearly, when forming the

compound phase CrSi, only three Cr and three Si atoms would be used, the rest of

the Si atoms being in excess. For this particular case it can be seen that Cr is the

limiting element in the reaction to form CrSi, while Si is in excess. For the above­

mentioned case, where the relative available concentrations at the growth interface

are assumed to be 30 at.% Cr and 70 at.% Si the effective heat of formation for

growth of CrSi is given by:

MI'= -30.2(0.30/0.50) = -18.1 kJ(mol.at.)"1 (1.3)

With eqn. 1.2 the effective heat of formation of any compound can be calculated as a

function of the concentration of the reacting species. For a relative Si concentration

less than 50 at. %, Si is the limiting element, whereas for larger silicon concentration

Cr becomes the limiting element. Such effective heat of formation diagrams can be

calculated for all the chromium silicides phases and are given with the Cr-Si phase

diagram in Fig. 1.2.

It can be seen that for each phase the most negative value of MI', and thus the

largest energy released from the system for each silicide that is forming, occurs when

the er and Si concentrations match that of a particular compound phase, e.g. CrSL In

such a case, as eqn. 1.2 clearly demonstrates the concentration ratio is unity.

Effective heats of formation diagrams are thus readily constructed by plotting the

heats of formation MIo, expressed in kJ(mol of atomsr1 of each compound in the

binary system at its compositional concentration and completing the triangulation by

connecting these points to the end points of the concentration axis.

7
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1.3.3. Concentration Controlled Phase Selection (CCPS)

The effective heat of formation and the phase diagram for the Co-Si system is given

in Fig. 1.3. During normal cobalt silicide formation the effective concentration at the

growth interface is controlled by the liquidus minimum. At this concentration

according to the EHF model, it can be seen from Fig. 1.3 that C02Si has the most

negative MI' and is expected to form first. For the case of thin Co on thick silicon all

the Co will be consumed to form C02Si and the effective concentration moves to the

left of the EHF model diagram (see Fig. 1.3) until an effective concentration of about

60 at. % is reached where CoSi formation should lead to the most negative MI'.

After complete transformation of C02Si to CoSi the effective Co concentration at the

growth interface decreases further to a concentration of less the 40 at. % Co, where

CoSi2 formation is thermodynamically favoured.

Epitaxial growth occurs when the atoms in the silicide are aligned with the atoms in

the underlying single crystal Si substrate [Waa-99]. Epitaxial silicides are found to be

advantageous due to their improved electrical resistance, uniformity, low contact

resistivity, and better thermal stability. CoSi2 can form epitaxially on all silicon

orientations as like silicon it crystallizes in the cubic system and has a close lattice

match with silicon. Growth of epitaxial cobalt disilicide on single crystal silicon has

been demonstrated by evaporating Co directly onto silicon in vacuum followed by

subsequent annealing. During heating C02Si is the first phase to form followed by

CoSi and subsequent CoS!, formation, the final phase forming at temperatures above

500°C.

It has been demonstrated that epitaxial CoS!, can be formed directly as the first

phase through the use of a Ti interlayer (see Fig. 1.4). In this approach the Co

diffuses through the Ti barrier layer and the process is referred to as titanium­

interlayer mediated epitaxy (TIME). It is thought that the Ti interlayer plays two roles,

namely, as a getterer for removing the native oxide layer on the Si surface and as a

barrier preventing C02Si and CoSi formation. It was proposed [Pre-97] that CoSi2 is

formed by concentration controlled phase selection (CCPS). A general approach is

also proposed whereby phase formation can be selected by controlling the
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concentration of the reactants at the growth interface. For the TIME case, the Ti

interlayer serves as a diffusion barrier to the Co thereby moving the effective

concentration to the region where CoSiz formation would lead to the biggest change

in free energy (see Fig. 1.3) and therefore CoSiz is formed first.

Another example of concentration controlled phase selection (CCPS) is the formation

of NiSiz at temperatures as low as 350°C in the presence of a NiZr diffusion barrier.

The normal temperature for NiSiz formation with single crystal silicon is above 750°C

and it is therefore interesting that NiSiz can form at temperatures as low as 350°C in

the presence of a NiZr diffusion barrier. This anomalous behavior can be explained

thermodynamically. In the case of normal NiSiz formation, NiSi reacts with single

crystal silicon to form NiSiz, whereas in Si<>/NiZr/Ni structures, NiSiz forms directly

as the first phase. The heats of reaction m~ for these two cases can be calculated

from the mOvalues as follows:

(i) Normal NiSiz formation (Si/Ni):

NiSi + Si

2(-42.4) 1(0)

m~ = (-3.1)/3=-1.0±4.4kJ (mol. at.r'

= NiSiz

3(-29.3)

(ii) NiSiz formation with barrier (Si/NiZr/Ni):

Ni + 2Si =

1~ 1~

m~ = (-87.9)/3 = -29.3 ± 2.9 kJ (mol. at.r'

NiSiz

3(-29.3)

The heat of reaction for NiSiz formation from the preceding NiSi phase, without

diffusion barrier is for all practical purpose zero and it is only at higher temperatures

that the entropy term in equation ~G = mO - T~So, makes the free energy

negative. In the case of NiSiz, first phase formation in Si<>/NiZr/Ni structures, the

heat of reaction is very negative, as there is direct interaction between Ni and Si and

a high temperature is therefore not needed to make the reaction thermodynamically

possible.

11



1.4. Scope of investigation

Titanium disilicide is currently the most widely used silicide for ultra large scale

integrated circuits, as it possesses the lowest resistivity of all silicides. The purpose

of this work was to understand better the phase formation by solid state interaction

between thin Ti films and Si substrate. Various thicknesses of titanium thin films were

deposited on to silicon substrates using a vacuum deposition chamber. Reaction was

induced by annealing samples in a vacuum furnace. Rutherford Backscattering

Spectrometry (RBS) and X-ray Diffraction (XRD) were used to identify the

composition and the crystallographic phases of the thin films. These experimental

techniques are discussed in Chapter 2. Titanium is known to be a getterer of oxygen

during titanium-silicide formation. In Chapter 3 the solid state reaction between Ti

thin film and Si substrate with and without capping layers is discussed. AI20 3 and

MgO capping layers and a sandwich technique were used in attempting to limit the

unwanted oxidation in the Ti-silicide formation. Chapter 4 deals with Ti-silicide

formation through diffusion barriers. er and Zr were used as barrier layers. It was

found that both barrier layers delayed the formation of the TiSi2 phase. The effect of

stress on Ti-silicide formation is discussed in Chapter 5. A metallic film (Si3N.) and

an insulator (Si02) were used to induce stress on the backside of the silicon

substrate. Si3N. causes tensile stress on the front side of the silicon substrate

whereas Si02 causes compressive stress. Summary and conclusion of this

investigation is presented in Chapter 6.
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Chapter 2

Experimental Procedure

2.1. Sample Preparation

Single crystal silicon wafers were used in this work. Samples were cut from 625flm

thick wafers to squares of 9 x 9 mm2 sizes. Si(100) wafers were used throughout this

study. The samples were first cleaned in an ultrasonic bath with organic solvents.

The cleaning was done in the following procedure: methanol, acetone,

trichloroethylene, acetone, methanol and finally distilled water. The samples were

then etched in a 20% solution of HF to remove the native oxide layer. After cleaning,

the samples were mounted on sample holders which were fitted into a high vacuum

evaporation chamber.

2.1.1. Vacuum Deposition

The evaporation chamber consisted of two areas, separated by a baffle valve (see

Fig. 2.1). The top area consisted of three crucibles onto which materials to be

evaporated were loaded, an electron gun, a quartz thickness monitor and a sample

changer. The quartz thickness monitor was used to determine the rate at which the

depositions were done as well as the thickness of the evaporated layers. The sample

changer can hold up to six sample holders. Each sample holder can hold up to ten

samples. The three crucibles were initially cleaned with fine emery paper before

loading the metals to be evaporated. The bottom area of the chamber consisted of

six ion pumps, a Ti-sublimation pump and a cryopanel. This part of the evaporator

13
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Fig. 2.1 A Schematic representation of the vacuum deposition chamber used to

prepare thin film structures.

was kept under vacuum during the cleaning of the crucibles and the loading of the

samples. This was done by keeping the baffle valve closed and keeping the ion

pumps switched on. The turbo and rotary pumps were used to reduce the pressure of

the top area to about 3 x 10-0 kPa. At this point the baffle valve was opened to allow

the ion pumps to reduce the pressure to 2 x 10-7 kPa. Liquid nitrogen was poured in

the cryopanel to make the pressure better than 3 x 10-8 kPa. The metal to be

deposited was first preheated to release adsorbants before the actual deposition was

carried out. After deposition the samples were allowed to cool down for an hour in

vacuum before being transferred to a vacuum furnace.
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2.1.2. Vacuum Annealing

After deposition the samples were loaded in a vacuum furnace. The furnace

consisted of a carousel, which can accommodate up to eight boats. Each boat, which

can load six samples, was first preannealed to release any adsorbed gases. The

boats were able to slide in and out of the tube furnace without breaking the vacuum.

A programmable Eurothenn unit was used to control the temperature of the furnace.

All anneals were done in vacuum at a pressure better than 3x10-" kPa. This pressure

was obtained by using a turbo pump and a liquid nitrogen cryopanel. Samples were

left to cool down for an hour before letting nitrogen gas in to break the vacuum.

2.2.

2.2.1.

Sample Characterization

Rutherford Backscattering Spectrometry

Rutherford backscattering spectrometry (RBS) is a simple, fast and direct method for

obtaining elemental depth profiles in solids [Chu-78]. During analysis by RBS, a

beam of monoenergetic and collimated alpha particles (4He nuclei) impinges on a

target and particles scattered backward by angles more than 90° from the incident

direction are detected. The backscattered particles are detected by a solid state

detector. There are three basic concepts, which are of importance in RBS, each

responsible for an analytic capability of the method:

(i) the kinematic factor k (mass analysis)

(ii) the differential scattering cross-section (quantitative analysis)

(iii) the energy loss (depth analysis)

15



Kinematic factor k

When a particle of mass m, moving with constant velocity, collides elastically with a

stationary particle of mass M, energy will be transferred from the moving to the

stationary particle. The energy of the backscattered particle is determined by its own

mass, the mass of the target atom and the scattering angle, measured in laboratory

coordinates. The typical geometry for backscattering is shown in Fig. 2.2. The

kinematic energy is defined as the ratio of the projectile energies after (E,) and

before (Eo) collision [Chu-78]. Making use of conservation of energy and momentum

it can be shown that:

(2.1)

This equation indicates the dependence of the energy of the backscattered particle

on the target mass. If the energy of the backscattered particle is measured at a

known angle e then the mass M of the atom from which it is scattered can be

calculated.

Fig. 2.2 A schematic representation showing an elastic backscallering of a light alpha

particle from a heavier atom.
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Differential scattering cross-section

The differential scattering cross-section is given by the following expression, in

laboratory coordinates [Chu-78]:

1
)1,)2

2 COSB+[I-(:sinBrJ 2

~ =[~~2J ---'--;-Sin~B-~[(m-.------,-,)2]Y,~
1- -smB

M

(2.2)

where z and Z are the atomic numbers of the projectile and target atoms

respectively, Eo is the energy of the projectile immediately before scattering and 0 is

the finite solid angle spanned by the detector. The following significant functional

dependences can be derived from the above equation:

(i) d~dQ is proportional to r-. Higher backscattering yields are possible

with heavier particle beams.

(ii) d~dQ is proportional to Z2. Backscattering spectrometry is much

more sensitive to heavy elements than to light ones.

(iii) d~dQ is inversely proportional to the square of the projectile energy

(0:: E-2
). The yield of scattered particles rises rapidly with decreasing

bombarding energy.

(iv) d~dQ is axially symmetrical with respect to the axis of the incident

beam and therefore is a function of eonly.

(v) d~dQ is approximately inversely proportional to sin' B when

m « M. This gives a rapidly increasing yield as the scattering angle e
is reduced.
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Energy loss dEldx

When a projectile penetrates a target, it loses its energy throughout its trajectory to

the electrons of the target atoms by ionization and excitation as well by nuclear

collisions. When the projectile undergoes an elastic collision it can change its

trajectory into an outward direction with respect to the target surface. During its

outward path it again loses energy to the target atoms until it emerges from the

target. By measuring the energy loss of the projectile as it moves into the sample and

;s backscattered onto the detector it is possible to determine the depth to which the

particle has penetrated. The energy loss per unit length is expressed as stopping

dE Th t· ct"·· ldE h N·th t·power, --. e sopping cross se Ion IS given as E =---, were IS e a omlc
~ N~

density of the target. Both stopping power and cross section are dependent on the

target composition and incoming beam energy. In general though for small variations

in energy the stopping power (::) does not change much and the relationship

between energy loss (Lill) and depth (t) can be expressed as Lill =[S), where [S]
is called backscattering energy loss factor. In the so called surface approximation,

where the target films is very thin, it can be assumed that (:) of the projectile does

not change and can be evaluated at the energy Eo for its incoming path and

El =KEo for its outgoing path. Thus, the energy lost by a projectile (mass m) which

was backscattered by an atom (mass M) at depth t, can be approximated as

(2.3)

where (), and ()2 are the angles of the incoming and outgoing particle with respect to

the normal. In a compound there will be more than one element say A and B in the

sample. The alpha particle scatters off only one atom and therefore only one of the
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(2.4)

elements in target. The energy loss of the alpha particle backscattered off element A

at depth t in a compound AmBo using the surface energy is given by:

LlliA=[S]AmBn t =( K A~ + 1 ~I ]t
eos(}l ~Eo eos (}2 ~KEo

where !<A is the backscattering kinematic factor of element A. Bragg's rule states that

E A• B• =meA +nE
B where eA and e

B are the stopping cross section of atoms A and

B respectively. The total energy loss of the charged particle in the compound AmBo

can thus be given as

(2.5)

The height of the spectrum H gives the number of backscattered particles with

energy in a certain energy enterval bE between E and (E+OE) and is given by[Che-

78]

H- n n(dCT)N OCT
- O'\dQ [S]eosB,

(2.6)

Where no is the number of incident particles, Q the solid angle of the detecting

system and N the atomic density, while (~) and [S] are given by eqns. 2.2 and

2.3 respectively. The height of the spectrum HA for element A in compound AmBo can

be given in the same way as equation.

~
dCT) bEH -n - N

A - 0 dQ A A [S]cosB,
(2.7)

Where NA refers to the density of atoms of element A in compound AmBo. A similar

equation holds for HB the height of the spectrum peak for element B. It is obvious that

NA and NB are proportional to m and n, thus
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HA a A ID [sJ~mB.

Ha aB n [s]~mB.

Where (JA is the average differential scattering cross section given by

a =~(d()) dO
A f.! df.!

A

(2.8)

(2.9)

2.2.2. X-ray diffraction

X-ray diffraction (XRD) is a quick and efficient technique for phase identification in

thin films. X-ray diffraction is most suited to films thicker than a few tenths of

nanometers (nm). To limit the penetration of the beam and enhance the diffraction

pattem of the film with respect to the substrate, glancing angle geometries are used.

Individual crystalline phases were identified by the characteristic diffraction patterns.

Such X-ray pattems also reveal information on the orientation and size distribution of

crystallites. X-ray techniques provide superior angular resolution and more accurate

structural data than available from electron diffraction but over a large volume area of

the sample.

The basis of X-ray diffraction is the well-known Bragg equation which describes the

conditions for constructive interference for X-rays scattering from atomic planes of a

crystal. The condition for constructive interference is

2dsinO =nA. (2.10)

with d the interplanar spacing, n the order of the reflection, A the wavelength of the

incident radiation and e the incident angle. The Bragg law requires that e and A be

matched for diffraction. By varying e and recording where constructive interference

occurs the d spacing of the crystal planes can be measured. Diffraction occurs from

crystallites which happen to be oriented at the angle to satisfy the Bragg condition.
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2.2.3. Stress measurement in thin films

(2.11)

Thin films deposited onto a substrate can bend the substrate as a result of thermal

stress. Thermal stress is generated when a film-substrate system experiences a

change in temperature. By measuring the change in wafer curvature and assuming

that the stress in the thin film (which must be much thinner than the wafer) is isotropic

the stress can be calculated using Stoney's equation

(
Esub )(d~Ub J(1 1)

O"film= l-u
sub

d
film

R-R
o

where O"film is the stress in the thin film (negative = compressive and positive =
tensile), Esub is Young's modulus and VSub is Poisson's ratio for the substrate, dsub and

dfffm are the substrate and film thickness, Ra is the initial radius of curvature before

film deposition and R is the measured radius of curvature after deposition. The

following assumptions are made when using Stoney's equation to calculate the

stress in the film from the radius of curvature of the sample.

• This is only true if dfffm « dsub
• The stress in the thin film is uniformly distributed throughout its thickness.

• There is zero stress in the center of the substrate when it is deformed. The stress

therefore changes sign from the front to the backside.

• The wafer deformation must be small in comparison to the substrate thickness.

The bow(b} of the sample (see Fig. 2.3) should be less than the substrate

thickness.

If the stress in the thin film is not isotropic then it will be biaxial with both components

in the plane of the film. There cannot be a stress component normal to the film

surface. If the stress is not isotropic the curvature must be measured as a function of

position and from there the stress field can be calculated. The substrate curvature is
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measured by scanning a laser across a line on the surface of the sample. During the

scan the position of the reflected light is measured with a position sensitive light

detector at a fixed distance from the sample. The scanning is done by a rotating

mirror and lens setup in such a way that for a flat sample the position of the reflected

light moves proportionally to the position of the laser spot on the sample. The

curvature of the sample can be deduced from the gradient of the reflected light

position versus laser spot position curve.

Silicon substrate

b

R

Fig 2.3 A Schematic representation of a curved sample with a thin film deposited on the Back

Side (BS) where b=bow, L=sample size and R=radius of curvature. A positive radius of

curvature means that the deposited film is under tensile stress and a negative radius would

mean that the film is under compressive stress. In this case the radius of curvature is positive.
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Chapter 3

Silicide formation in the Ti~Si system

3.1. Introduction

M~my studies have been carried out regarding first phase formation during the

reaction between thin TI films and Si substrates [Pre-93B]. Different groups have

reported TISi2, TisSh, TIsSi. and TISi being formed as first phase [Bey-85, Lak-89,

Dex-88, Nem-85]. The only phase given in the TI-Si equilibrium phase diagram that

has not been reported to form initially is TI3Si. When applying the effective heat of

formation model to the TI-Si system, the most important variable is the effective

concentration at the reaction interface. The effective heat of formation (EHF) and

phase diagrams of the TI-Si binary system are shown in Fig. 3.1. It can be seen that

there are two liquidus minima (or eutectics) with the same temperature of 1330°C. A

titanium-rich eutectic exist at 14 at. % Si and a silicon-rich eutectic is found at 84 at.

% Si. If the effective concentration at the reaction interface is 84 at. % Si then the

formation of the silicon-rich TISi2 is favored while an effective concentration of 14 at.

% Si favors the more titanium-rich silicides. The true effective concentration could be

anywhere between these two values and application of the EHF model therefore

suggests that a whole range of phases could be formed, as is found experimentally.

The native oxide layer usually found on silicon surface and the TI affinity for oxygen

further affect the effective concentration at the reaction interface.

TiSh is a polymorphic material [Man-95] and may exist in two crystalline phases,

namely the high resistivity (60 fLO-cm) orthorhombic base-centered C49 phase and

the low resistivity (14 r-LO-cm) orthorhombic face-centered C54 phase. The high
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resistivity C49 phase forms at temperatures ranging between 550 and 700°C and

then transforms into the low resistivity C54 phase at temperatures greater than

-750°C [Man-95]. The C54-TiSj, phase is currently the most widely used silicide for

ultra large scale integrated circuits, as it possesses the lowest resistivity of all

silicides, a low contact resistance, good thermal properties and is compatible with the

self aligned silicide process. A previous study done by Mann et. al. [Man-95] showed

that the low resistivity C54-TiSiz phase formation temperature could be lowered by

100-150°C by ion implanting a small dose of Mo into Si substrate before the

deposition of a Ti thin film.

Fig. 3.1 The effective heat of formation and phase diagram for the Ti-8i binary system. This

system has two Iiquidus (euteclics) minima at a temperature of 1330°C. A titanium-rich

eutectic exist at 14 at % Si and a silicon-rich eutectic is found at 84 at % Si.
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3.2.

3.2.1.

Phase Formation

RBS Computer Simulation

RBS data is analyzed using a specifically designed data manipulation package called

RUMP [000-85]. Spectral simulation is an extremely powerful tool for understanding

complex RBS spectra involving overlap of numerous elements or compounds. After

defining a theoretical sample structure consisting of numerous layers of varying

thickness, a simulation package will construct the theoretical spectrum used in an

interactive manner to arrive at a best set of parameters in the sample structure which

fit a given sample spectrum. RUMP includes a very fast and powerful simulation

package referred to as SIM. Used properly, SIM can provide reliable estimates for

layer thickness and compositions on extremely complex samples. The simulator in

RUMP is both accurate and relatively fast, allowing complex simulations to be

calculated in a few seconds. The accuracy of a simulation is limited primarily by

uncertainties in the stopping cross sections, non-Rutherford scattering cross sections

at low and high energies, and failure of Bragg's law for compounds. The RUMP

simulator can compute the spectrum for any laterally uniform sample consisting of as

many as 100 layers of 20 elements each. Non-uniform interfaces can be roughly

simulated by summing several simulations together, each with slightly varying

thickness. Impurities and diffusion profiles are simulated by generating relatively fine

layers with a slowly varying composition in each layer.

The RUMP simulation spectra of the different phases in the Ti-5i binary system are

shown in Fig. 3.2. The first spectrum shows a simulation of a titanium layer, 1200 A
thick, on a silicon substrate. If the titanium layer (1200 A thick) is assumed to

completely react with the silicon to form a titanium-rich silicide, a thickness of 1600 A
Ti3Si will be formed whereas if the silicon-rich silicide is assumed to be formed a

thickness of 3600 ATiSi2 is expected. It can be seen that after reaction the Ti signal

has spread, this is due to the presence of the Si atoms. The Si signal exhibits a step

corresponding to Si in the silicide layer. As the Si composition increases, so the Ti

height decreases. The ratio of the heights of Ti (HT]) and Si (HSi) in the silicide layer

gives the composition of the layer and can be calculated using equation 3.1.

(3.1)

where Nn , NSi are the atomic densities of Ti and Si respectively and an , as; are

scattering cross sections of Ti and Si respectively. Table 3.1 shows the height ratios
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of Ti and Si in the Ti-silicide layers and their corresponding phases. These ratios

were taken for incident alpha energy of 2 MeV.

Table 3.1 Height ratios of the Ti and Si in the silicide layers if the incident energy of the alpha
particles is assumed to be 2 MeV. This ratios gives the composition of the layer.

Compound Phase Heights ratios of Ti (HTi) and Si (Hs;)

TiaSi 7.26

Ti5Sb 4.01

Ti5Si4 3.04

TiSi 2.47

TiSi2 1.24
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Fig. 3.2 RUMP simulation spectra of different phases in the Ti-8i binary system. From the Ti

and Si height ratios the phase composition can be calculated.
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3.2.2. RBS measurements

Samples were prepared in a high vacuum electron beam chamber at a pressure

better than 3 x 10-8 kPa. They were made by depositing 1200 A of titanium thin film

on a Si(100) substrate. The reaction between the Ti thin film and Si was induced by

annealing the samples in a fumace at temperatures between 550 and 650·e for

different times. The annealing was also done in vacuum at a pressure better than 3 x

10-8 kPa.

The RUMP simulation showed that the unannealed sample had 1200 ATi thin film.

Fig 3.3 shows the RBS and simulation spectra of the sample annealed at 550·e for

30 minutes. The simulation revealed that the Si reacted with the Ti film to form 750 A

of TisSi4 and 550 A of TiSi, with 800 A of Ti film still unreacted. It was not clear which

of these two phases was formed first. The unreacted Ti film showed the presence of

20 at. % oxygen. Ti in particular has a very high affinity for oxygen. Oxygen can enter

the system either dUring the evaporation of the Ti film or during the annealing stage.

Fig. 3.4 shows RBS spectrum and an overlaid RUMP simulation of the sample

annealed at 550·e for 120 minutes. The simulation showed that 1200 A of TisSi4 and

750 A of TiSiz were formed before all the Ti had been consumed. The 600 A

unreacted Ti had 35 at. % of oxygen. Fig. 3.5 shows the non-linear growth of the

silicides as a function of time for samples annealed at 550·e. From the plots it can be

concluded that the thickness of the two phases increased simultaneously as the

annealing times was increased. The oxygen concentration in the unreacted Ti also

showed an increase.

Fig. 3.6 show RBS spectra and overlaid simulation of the sample annealed at 600·e

for 60 minutes. The sample formed 570 Aof T;s8i4 and 2250 Aof TiSi2 with 500 A of

Ti + 0 still unreacted. The overlaid simulation had the following structure: Si<1 DO:>!

2250 A TiSiz! 570 A TisSi4 ! 500 A Ti + O. The simulation also showed that there was

50 at. % oxygen in the unreacted titanium. The amount of TisSi4 formed at 600·e for

60 minutes (570 A) is less than what was formed at 550·e for 30 minutes. Therefore,

Fig. 3.6 shows that at 600·e some of the Ti-rich TisSi4 phase transformed to the Si­

rich TiSiz before the unreacted Ti was consumed. All annealed samples showed the

presence of oxygen in the unreacted Ti. The oxygen concentration was found to

increase throughout the Ti thin film as the annealing time was increased. The total

amount of oxygen in the unreacted Ti thin layer was found to be higher in the

samples annealed for longer times.
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Fig_ 3.3 RBS and an overlaid RUMP simUlation spectra of the sample annealed at 550'C for

30 minutes. The simulation revealed that 750 A of Ti5Sl, and 550 A of TiSi2 were formed. The

800 A unreacted Ti film showed the presence of 20 at. % oxygen_
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Fig. 3.4 RBS spectrum and RUMP simulation of sample annealed at 550'C for 120 minutes.

More Ti5Si. and TiSi2 phases were formed simultaneously. The oxygen concentration in the

unreacted Ti film increased to 35 at. %.
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simultaneously as the annealing times was increased.
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Fig. 3.6 RBS and RUMP simulation spectra of samples annealed at 600·C for 60 minutes.

The simulation showed that 570 Aof TisSi. and 2250 A of TiSiz were formed. The unreacted

Ti film showed the presence of 50 at % oxygen. Some of the Ti-rich TisSi< phase formed at

low temperature converted to the Si-rich TiSiz phase before the Ti thin layer is consumed.
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3.2.3. XRD simulation

Phase identification of an unknown phase in a thin film environment can be simplified

if the expected diffraction patterns of all the possible phases are known by using X­

ray Diffraction (XRD). The identity of the phases present can be determined by a

comparison between known data and an observed poly-erystalline diffraction pattern.

Powder diffraction patterns are used to do the phase identification [Cul-78]. The

powder patterns is a characteristic of that substance and forms a sort of a fingerprint

by which the substance may be identified. Any powder pattern is characterized by a

set of line positions 2e and a set of relative line intensities I. The angular position of

the lines depends on the wavelength used, and a more fundamental quantity is the

spacing d of the lattice planes forming each line. Each pattern is therefore described

by listing the d and I values of its diffraction lines. Since more than one substance

can have the same, or nearly the sarne, d value for its strongest line and its second

strongest line, each substance can be better characterized by using the d values of

its three strongest peaks [Cul-78].

Fig. 3.7 shows powder diffraction patterns of the titanium-rich TisSi. phase and the

monosilicide TiSi phase calculated using CCMiller [Chu-95] program. CCMiller

uses crystallographic parameters of metal silicide phases given in Pearsan's

Handbaak af Crystallagraphic Data far Inter-metallic Phases [Vi1-85] to display

calculated diffraction patterns of poly-erystalline specimen for X-ray diffraction. Poly­

crystalline standard specimen is prepared in such a way as to preclude any preferred

orientation. Fig. 3.7(a) and (b) shows that the TisSi. and the TiSi phases have the

strongest peak at 38.67° and 46.15° respectively. Therefore these two phases have

different 2evalues of the strongest peaks.

TiSi2 exists in two crystal phases. The metastable low temperature C49 phase and

the stable high temperature C54 phase. The high temperature C54 phase has a low

resistivity (14j.1ilcm) whereas the low temperature C49 phase has a high resistivity

(60j.1ilcm). Fig. 3.8(a) and (b) shows the powder diffraction patterns of the C49 and

the C54-TiSi2 phases respectively. The C49 show a strongest peak at 40.40° while

the C54 has a strong peak at 39.18°. Therefore the two crystallographic phases of

TiSh can be characterized by the 2evalues of the strongest peak.
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3.2.4. XRD Measurements

Samples were also analyzed using X-ray diffraction (XRD) to determine the

crystalline phases formed during reaction. XRD can easily separate the two

crystalJographic phases of TiSj, (C49 and C54). In thin films most of the diffraction

pattern lines are not shown. This is because the crystal planes in thin films are not

randomly oriented as in powder specimens.

Fig. 3.9(a) shows XRD spectrum of the as deposited sample. Only a reflection from

the Ti film was observed. No reflection from the Si substrate was seen because of

the Ti layer being too thick for the X-rays to penetrate to the substrate. Fig. 3.9(b)

shows XRD spectrum of the sample annealed at 550·C for 30 minutes. The XRD

results show that at this temperature a Ti-rich silicide, viz TisSi. and a Si-rich silicide,

TiSi2, had formed. This was shown by the strong TisS4 and the weak TiSb peaks.

The TiSi2 phase formed was the high resistivity C49 phase.

More C49-TiSi2 was formed after samples were annealed at 600·C for 30 minutes.

This was shown by the strong C49 reflection in Fig. 3.10(a). No TisSi. phase was

detected at this temperature. Therefore the TisSi. phase that forms when samples

are annealed at 550·C for 30 minutes, transforms to the TiSi2 phase if the sample is

annealed at higher temperature, 650·C for 30 minutes. Fig. 3.10(b) shows XRD

spectrum of sample annealed at 650·C for 30 minutes. Only reflections from the high

temperature C54-TiSi2 phase were seen. This means the high resistivity C49-TiSi2

phase has transformed to the low resistivity C54 phase. Although RBS show the

presence of oxygen in the unreacted Ti film of the annealed samples, no reflections

from titanium oxide compounds were detected with XRD.
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Fig. 3.10(a) shows XRD spectrum of the sample annealed at 600·C for 30 minutes. More

C49-TiSi2 has fonmed and no TisSi. was detected. Fig. 3.10(b) shows the spectrum of the

sample annealed at 650·C for 30 minutes. The C49-TiSi2 phase has transfonmed to the low

resistance C54-TiSi2 phase.
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3.2.5. Discussions

Several first phase formation have been reported for titanium thin-film reactions with

silicon [Pre-93B]. As mentioned before TiSiz, TisSb, TisSi4 and TiSi have been found

to form as first phase in the Ti-Si binary system. It is interesting to form TisSi4 and

TiSi as a first phase as non-congruent melting phases are usually not formed in thin

film silicide system. In this work, the RBS results showed that TisSi4 and TiSiz were

formed at low temperature and continue to grow simultaneously as the annealing

time was increased (see Figs. 3.3 and 3.4). At high annealing temperatures the

TisS4 phase converted to the silicon-rich TiSh phase. Previous work has shown that

silicon is the dominant diffusion species during Ti-silicide formation [Bot-92, Chu-75].

The growth of the silicide, as has been reported in the literature may be either

diffusion limited, in which case the silicide thickness grows non-linearly with time

[Hun-B3] or reaction limited in which case the thickness grows linearly with time [Pic­

Ba]. A possible cause of this inconsistency is the oxidation of the Ti-film. Titanium has

a very high affinity for oxygen. Initially the two reactions (Ti-oxide and Ti-silicide

formation) do not affect each other but as the reaction progresses the consumption of

Ti by the oxidation process on the surface of the sample results in the slOWing down

of the silicide growth. In this work the RUMP simulation of annealed samples showed

the presence of oxygen in the unreacted Ti film. The oxygen concentration increased

as the annealing time was increased.

The XRD results revealed that TisSi4 and TiSiz were formed at low temperatures (see

Fig.3.9(b». The TiSh that was formed is the high resistance C49 phase. The C49­

TiSiz phase transformed to the low resistance C54-TiSiz phase after annealing

samples at 650·C (see Fig. 3.10(b». Therefore, the XRD results agree with RBS

results that TisSi4 and TiSiz phases were formed at low temperatures. No reflection

from titanium oxide was shown by XRD.
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3.3. Oxidation Limiting Techniques

Titanium is known to oxidize very easily during titanium-silicide formation. The

oxidation of the titanium dUring the silicide formation makes accurate kinetic

measurement difficult. Oxygen can enter the system in two stages. The first stage is

during the evaporation of the titanium thin film and the second is during the annealing

stage. A previous work in attempting to limit this unwanted oxidation of the Ti film

was done by De Waal et. al. [Waa-99] by using titanium oxide (Iabeled as Ti-O) as a

capping layer in the Ti-silicide formation. The Ti-O deposition was done by bleeding

oxygen into the chamber while the Ti was deposited. It was found that the samples

capped with Ti-O reacted faster to form the C49-TiSiz phase than the uncapped

samples. De Waal argued that the Ti-O cap seemed to form a gettering site which

seemed to cleaned up the Ti film of oxygen acquired during the deposition process

an also forms a barrier for atmospheric oxygen in the furnace. In this work two

methods were used in attempting to limit the oxidation of the Ti thin film. In the first

method thin layers of Alz0 3 and MgO were used as capping layers. In the second

method a sandwich technique was used whereby two samples were annealed

together in the furnace with one sample on top of another with front sides facing each

other.

3.3.1. Capping Layers

Three sets of samples were prepared by depositing 1200 A of Ti onto a Si(100)

substrate using an electron beam vacuum deposition system with a base pressure of

3 x 10-8kPa. Two sets of samples were then capped with 250 A of AIz03 and MgO

respectively. The third set was used as a control (no capping layer). To induce

reaction, samples were annealed at 530·C for times ranging between 16 and 256

minutes in a vacuum furnace at a pressure better than 3 x 10-llkPa. Samples from

each set were annealed in the same boat.
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RBS Results

The RUMP simulation showed that the as deposited samples from each set had

1200 A of Ti thin film. The RBS results of the samples from each set annealed at

530·C for 16 minutes revealed that TisSi. was the phase to form. Fig. 3.11 shows the

RBS and RUMP simulation spectra of the sample capped with AI20 3 after annealing

at 530·C for 256 minutes. The RUMP simulation revealed that 700 Aof TisSi. and

600 Aof TiSh were formed with 700 Aof Ti + 0 still unreacted. The unreacted Ti film

showed a presence of 35 at. % oxygen. The uncapped sample annealed at this

temperature for the same time formed 750 Aof TisSi. and 800 A of TiSi2• The 600 A
unreacted Ti had 50 at. % oxygen.

Fig. 3.12 shows the RBS and RUMP simulation spectra of the sample capped with

MgO at 530·C for 256 minutes. The simulation shOWed that 750 A of Ti5Si. and 1200

Aof TiSh were formed with about 300 A of Ti + 0 still left unreacted. The simulation

also showed that 35 at. % oxygen present in the unreacted Ti thin film. Therefore, it

can be said that the Ti-silicide formation was faster in the sample capped with MgO

and slower in the sample capped with Ab03· All annealed samples from each set

showed the presence of oxygen in the unreacted Ti film. Both Ah03 and MgO capped

samples annealed the same time and at the same temperature showed the same

oxygen concentration in the unreacted Ti film. The total amount of oxygen in MgO

samples was less than in the AI,03 capped samples. It was found that the oxygen

concentration in the capped samples was less by 30% compared to the uncapped

samples.

Fig. 3.13 shows the TiSh thickness versus time plots of samples from each set

annealed at 530·C for varying times. From the plots it can be seen that the control

samples formed TiSi2 at 64 minutes whereas in the capped samples it only began to

form after annealing samples for 144 minutes. Therefore both caps delayed the

formation of the TiSi2 phase.
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Fig, 3.11 RBS and RUMP simulation spectra of the sample capped with 250 A of AI20 3

annealed at 530"C for 256 minutes, The simulation revealed that 600 A of TiSi2 and 700 A of

TisS4 with 700 A of Ti +°still unreacted.
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Fig, 3.12 RBS and RUMP simulation spectra of sample capped with 250 A MgO annealed at

530"C for 256 minutes. The simulation revealed that 1200 A of TiSi2 and 750 A of TisSi. were

formed with 300 A of Ti + 0 still unreacted.
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Fig. 3.13 TiSi2 thickness versus time plots of samples from each set after annealing at 530'C

showing non-linear kinetics. Both capping layers delayed the TiSi2 phase formation and the

reaction was found to be faster on the MgO capped samples.
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XRD Result

Fig. 3.14 to Fig. 3.16 shows the XRD spectra of a set of uncapped, MgO capped and

AI20 3 capped samples that have been annealed at 530·C for 64 and 144 minutes

(see summary in Table 3.2). The XRD results did not show silicide in the as

deposited sample. Samples annealed at 530·C for 64 minutes show the presence of

the TIsSi. phase in the uncapped and the MgO capped samples. This agrees with the

RBS results that TisSi. was the first phase formed. Not enough silicide was formed in

the AI20 3 capped sample to be detected by XRD. Samples annealed at 530·C for

144 minutes show reflections from the TisSi. and the TiSi2 phases in the uncapped

and the MgO capped samples whereas the sample capped with AI,03 shows only the

TIsSi. phase (as shown in Fig. 3.16). The XRD, therefore, agree with the RBS that

the reaction was slow in the sample capped AI,03 and faster in the samples capped

with MgO. In both samples that formed TISi2, only the C49 phase was present. All

samples annealed above 530·C for 16 minutes showed the presence of titanium

oxide, tentatively labeled Ti20. No Ti20 reflections were seen on the previous XRD

measurements (see Figs. 3.9 and 3.10). One difference being that the XRD analysis

was done immediately after annealing while in these samples it was done after a

week. The samples were exposed to air for long time which might have resulted in

oxidation.

Table 3.2 XRD results showing which compound phases were formed in the sample with

different capping layers after annealed at 530·C for varying times.

Temp and Time Uncapped MgO capped AI20 3 capped
Samples samples samples

530·C 16 minutes TIsSi. TIsSi., -

530·C 64 minutes TisSi., Ti20 TisSi." Ti20 Ti20

530·C 144 minutes TisSi., Ti2O, TisSi., Ti2O, TisSi., Ti20
C49-TiSi2 C49-TiSi2
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Fig. 3.16 XRD spectra of the samples annealed at 530·C for 144 minutes. The uncapped and

the MgO capped samples show reflections from the TIsSi. and the C49-TISi2 phases while

only the TisSi. phase was formed in the A120 3 capped samples. TI20 was present in all

samples.
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3.3.2. Sandwich Technique

Samples were prepared using an e-beam vacuum deposition system by depositing

1200 A of Ti thin film onto silicon substrates. Pairs of similar samples were

sandwiched together by putting one sample on top of the other sample with the front

sides facing each other (see Fig. 3.17). Sandwich and control (unsandwiched)

samples were subsequently annealed at 550, 600 and 650·C for varying times. One

pair of sandwich samples and one control sample were annealed in the same boat.

Si(100)

~f===== Ti thin film

Si(100)

Fig. 3.17 A schematic diagram showing how two samples were sandwiched together before

being loaded into a boat for annealing.

Fig 3.18 shows RBS and RUMP simulation of the sandwich and control samples

annealed at 550·C for 30 minutes. The RUMP simulation revealed that the sandwich

sample fonmed 550 A of the TisSi. phase with 1000 A of Ti + 0 still unreacted. The

control sample fonmed 750 Aof TisSi. phase and 550 Aof TiSi, with 750 Aof Ti + 0

still unreacted. It was found that the sandwich sample had 10 at. % oxygen in the

unreacted Ti whereas the control sample had 20 at. % oxygen. Although the oxygen

concentration in the unreacted Ti was found to increase in both sets of samples at

longer annealing times, it was less in the sandwich samples by -35%. Fig 3.19

shows RBS spectra of the sandwich and the control samples annealed at 600·C for

60 minutes. The simulation revealed that all the Ti film in sandwich sample reacted to

fonm 3800 Aof TiSi2 whereas the control sample formed 570 A of TisSi. and 2250 A
of TiSi, with 500 A of Ti + 0 still unreacted. The later sample had 50 at. % oxygen in

the unreacted Ti. Therefore at high temperatures the reaction in the sandwich

samples is faster than in the control samples.
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Fig. 3.18 RBS and RUMP simulation spectra of (a) the sandwich and (b) control samples

annealed at 550·C for 30 minutes. Only 550 A of the nsSi. phase was formed in the

sandwich sample while the control sample formed 750 A of TisSi. and 550 A of the TiSi2

phase. The sandwich sample showed 10 at. % oxygen in the unreacted Ti whereas the

control showed 20 at. % oxygen.
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Fig 3.19 RBS spectra of a sandwich and a control samples annealed at 600·C for 60 minutes.

All the titanium in the sandwich sample reacted to form the TiSi2 phase. The control sample

formed TisSi. and TiSi2 phases with 500 A of Ti + 0 still left unreacted. Therefore, at high

temperatures the reaction in the sandwich sample is faster than in the control sample.
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Some of the sandwich sample had a small portion that was not covered by the other

sample. RBS analysis was done on both the covered and the uncovered part of the

same sample. Fig. 3.20 shows the RBS spectra taken from the covered and the

uncovered parts of a sample annealed at 550°C for 120 minutes. It can be seen that

both parts of the sample formed equal silicide thickness. Fig. 3.21 shows the RBS

spectra taken from the covered and the uncovered parts of a sample annealed at

600°C for 60 minutes. It was found that all the Ti in the covered portion of the sample

has reacted to form TiSi2 whereas in the uncovered portion there was unreacted Ti

film left. Therefore, at low temperatures the reaction in both portions of the sample is

the same. At high temperatures the reaction is faster in the covered part of the

sample and slow in the uncovered part.

Energy (MeV)
1.0 1.5

30

-- Si/n 550°C 120min (Covered)
• Si/n 550°C 120min (Uncovered) Ti

1

10

'"0-~....
:><
'"0
~ 20 Si

.~ 1ca
8....
~

450400350250 300
Channel

200150
ol-,...,.......""T"'T"'T""I"''l"'T'"...,.,.....-TiIt-Iooflli-T"'T'"....,.II-T''!...,-p''PT'''I''''l'''''"'''"''

100

Fig 3.20 RBS spectra taken from !he uncovered and covered parts of a sample annealed at

550°C for 120 minutes. It can be seen !hat bo!h parts of the sample formed the same silicide

!hickness.
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Fig. 3.21 RBS spectra taken from uncovered and covered parts of a sample annealed at

600"C for 60 minutes. All the Ti film in the covered part of the sample has reacted to form the

TiSi2 while there's unreacted Ti film left in the uncovered part. Therefore, at high temperature

the reaction was faster in the covered part of the sample and slow in the uncovered part.
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3.3.3. Discussions

The RBS analysis showed that samples capped with MgO and AI20 3formed TisSi4 as

a first phase. The TiSi2 phase was formed after annealing samples for longer times.

The silicide thickness was larger in the samples capped with MgO than those capped

with Ah03 for samples annealed at the same temperature and same time (see Figs.

3.11 to 3.13). Therefore, the RBS analyses reveal that the reaction was faster in the

samples capped with MgO and slower in the samples capped with Ah03. Although it

seems that the capping layers did limit the effect of oxidation, RBS showed the

presence of oxygen in all the annealed samples.

The XRD analysis showed that the TisSi4 was the first phase to form in the sample

capped with MgO and it continue to grow (see summary in Table 3.2). Although

samples capped with A120 3 also formed TisSi4 as a first phase it was detected on

samples annealed for longer times. The C49-TiSh and the TisSi4 phases were formed

after longer annealing times in the samples capped with MgO while samples capped

with Ah03 formed only the TisS4 phase as shown in Fig. 3.16. All annealed samples

from each set showed the presence of Ti20. The XRD analysis, therefore, agree with

the RBS analysis that TisS4 was formed first in both MgO and Ah03 capped

samples. The two analyses also agree that the reaction was faster in the samples

capped with MgO and slow in the samples capped with A120 3. Therefore, MgO

seems the better capping layer of the two.

In the case of the sandwich technique, RBS results showed that the titanium-rich

TisSi4 phase was formed (see Fig. 3.18(a». Samples annealed at low temperature

showed that both the sandwich and the control samples formed the same silicide

thickness as shown in Fig. 3.20. At high temperatures it was found that the silicide

formation was faster in the sandwich samples and slower in the control samples.

Although the sandwich technique did not stop the unreacted Ti film from oxidizing,

the RBS results showed that the oxygen concentration was less in the sandwich

sample.
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3.4. Summary and Conclusion

The purpose of the study was to investigate the solid-state reaction in the Ti-8i binary

system and the effect of oxygen limiting techniques in TiSi2 formation. Samples were

prepared in a high vacuum deposition chamber with a base pressure of 3 x 10-8 kPa.

A thin layer Ti film was deposited onto a Si(100) substrate. Reaction was induced by

annealing samples at varying temperatures in a vacuum furnace. Both XRD and RBS

results showed that TisSi4 and C49-TiSi2 were formed at low temperatures. The high

resistance C49-TiSi2 phase was then transformed to the low resistance C54-TiSi,

phase at 650°C. Oxygen was present in the unreacted Ti film of the annealed

samples.

Two methods were used in attempting to limit the unwanted oxidation dUring Ti­

silicide formation. Capping layers, namely AI20 3 and MgO, and the sandwich

technique were used. Both capping layers were found to limit the oxygen

concentration in the unreacted Ti film by 30%. It was revealed that the MgO cap

enhanced the silicide formation while the AI,03 delayed the reaction. In the case of

the sandwich technique, it was found that at high temperatures the reaction was

faster in the sandwich samples than in the control samples. The sandwich samples

showed 35% less oxygen compared to the control samples.
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Chapter 4

Ti-silicide formation through barriers

4.1. Introduction

.Previous studies have shown that Si is the dominant diffusing species during solid

state reaction between titanium thin films and silicon [80t-92, Chu-75]. During silicide

formation this interlayer (marker) moves towards the surface [80t-82] of the sample if

the metal is the diffusing species to form a silicon-rich phase. A movement of the

interlayer (marker) deeper into the sample indicates that silicon is the dominant

diffusing species and a titanium-rich phase will be formed. In some of the stUdies a

radioactive 31Si (half-life, 2.62h) was used as a marker [80t-92]. This was achieved

by first depositing a few hundred angstroms of radioactive silicon onto a single­

crystal silicon substrate, followed by the deposition of a few angstroms of Ti film. It

was found that during the reaction the Si marker moved deeper into the sample and

that the Si diffusion takes place by substitutional (vacancy) diffusion mechanism.

During normal silicide formation between titanium thin film and silicon the effective

concentration at the growth interface is controlled by the liquidus minimum [Pre-93A).

Most of the titanium silicide phases found in the Ti-Si binary phase diagram have

been reported to form as a first phase [Pre-938] because of the existence of two

Iiquidus minima in the Ti-Si binary system (see Fig. 3.1). If an interlayer (marker) is

introduced between the titanium layer and the silicon substrate acting as a barrier

layer, it will decrease [Pre-97] the titanium or silicon concentration at the growth

interface depending on which material diffuses through the interlayer. The aim of this

work was to attempt to change the Ti-Si phase formation sequence by using such

diffusion barriers.
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4.2.

4.2.1.

er barrier layer

Sample Preparations

Two sets of samples were prepared in an e-beam high vacuum deposition chamber

at a pressure better than 2 x 10" kPa. This was done by first depositing 10 A of

chromium (Cr) on one set of Si(100) substrates. This was then followed by the

deposition of 1200 A of titanium film onto both sets of samples. The Cr layer in the

first set was used as an interlayer that acts as a barrier layer between the Ti film and

the Si substrate. The second set, without Cr layer, was used as control. Reaction

was induced by annealing samples in a vacuum furnace at temperatures between

570 and 800·C for 30 minutes. RBS and X-ray diffraction were used to analyze the

samples.

4.2.2. RBS Results

RUMP simulations of the as deposited samples from each set showed that 1200 A of

titanium thin layer was deposited. Fig. 4.1 shows RBS spectra taken from each set of

samples annealed at 570·C for 30 minutes. The RUMP simulation revealed that

450A of titanium-rich TisSi. phase was formed. The simulation also revealed that 800

A of TisSi. and 1000 A of TiSi2 were formed in the control sample. Therefore, the

silicide formation was faster in the control sample than on the sample with Cr barrier

layer Fig. 4.2 shows RBS spectra from each set of samples annealed at 660·C for 30

minutes. It can be clearly seen that all the Ti film in the control sample reacted to

form a silicon-rich TiSh phase. In the sample with a Cr interlayer, it was found that

TisSi. and a thin layer of TiSi2 were formed. The RUMP simulation showed that the

er interlayer reacted to form a CrSi2 phase. It also showed that the barrier layer

moved deeper into the sample as more Ti-silicide was formed. This indicates that Si

is the diffusing species during Ti-silicide formation.
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Fig. 4.1 RBS spectra taken from each set of samples after they had been annealing at 570·C

. for 30 minutes. A very thin layer of TisS4 was formed in the sample with Cr barrier layer

whereas TisS4 and TiSi2 were formed in the control sample. It can be seen that the reaction

was faster in the control sample and slower in the sample with Cr barrier layer.
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Fig 4.2 RBS spectra of samples from both sets of samples annealed at 660·C for 30 minutes.

All the Ti film in the control sample has reacted to form TiSi2 while samples with Cr barrier

layer had formed TisS4 and a very thin layer of TiSI2·
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4.2.3. XRD Results

Fig 4.3 to Fig. 4.6 shows a series of XRD spectra taken in 8-28 geometry from each

set of samples in the as deposited condition as well as after annealing at 570, 630

and 700·C for 30 minutes (as summarized in Table 4.1). Both as deposited samples

from each set showed strong peaks corresponding to Ti(002) (see Fig. 4.3). After

annealing samples at 570'C for 30 minutes, TisSi4 and TiSi, were formed in the

control sample. This is manifested by the well-defined TisSi4 and the weak C49-TiSi,

reflections (as shown in Fig. 4.4). Therefore XRD result agrees with the RBS result

that TisSi4 and TiSiz were formed in the control samples after annealed at 570·C for

30 minutes. The sample with Cr interlayer formed TisS4 and the monosilicide TiSi

phase. This was shown by the weak reflections from TisSi4(023) and TiSi(020). A

reflection from unreacted Ti film was also present. More C49-TiSiz was formed in the

control sample after annealing samples at 600·C for 30 minutes (see Fig. 4.5). This

was shown by the increase in intensity of the C49-TiSiz peak. No reflection from the

TisSi4 phase was detected. This means the TisSi4 phase converted to the silicon-rich

TiSi, phase. Sample with Cr barrier layer showed reflections from TisSi4(203) and

Ti(002). Therefore not enough TiSi, was formed to be detected by XRD. After

annealing samples from each set at 700·C for 30 minutes, the low resistance C54­

TiSi, phase was formed as shown in Fig. 4.6. This was shown by the well-defined

C54-TiSi, reflections from the control sample and weak reflections from the sample

with Cr barrier layer. Therefore the high resistivity C49-TiSiz phase was transformed

to the low resistivity C54-TiSiz phase.

Table 4.1: Summary of XRD results taken from samples with Cr barrier layer and control

samples after annealed at different temperatures.

Temperature & Time Control Samples Samples with Cr barrier layer

570·C 30 minutes TisSt., C49-TiSi2 TisSi4, TiSi

600·C 30 minutes C49-TiSi, TisSt.. TiSi

630·C 30 minutes C49-TiSi2 TisS"
660·C 30 minutes C54-TiSi2 TisSt.. C49-TiSi2

700·C 30 minutes C54-TiSi2 C54-TiSi2
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Fig. 4.3 XRD spectra taken from the as deposited samples of each set Both samples showed

well-defined reflections at 38.4· corresponding to TI(002).
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Fig. 4.4 XRD spectra taken from both sets of samples annealed at 570·C for 30 minutes.

C49-TISi2 and TIsSl, were formed in the control sample while TIsSl, and TISi were formed in

the sample with Cr barrier layer. A reflection from Ti was also present
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Fig. 4.5 XRD spectra taken from both sets of samples annealed at 630·C for 30 minutes.

More C49-nSi2 phase was formed in the control sample whereas not enough nSi2 was

formed in the sample capped with Cr barrier layer to be detected by XRD.
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Fig. 4.6 XRD spectra taken from both sets of samples annealed at 700·C for 30 minutes. All

samples formed the low resistivity C54-nSi2 phase. This was manifested by the well-defined

C54-nSi2 reflections in the control samples and the weak reflections in the sample capped

with Cr interlayer.
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4.3.

4.3.1.

Zr barrier Layer

Sample Preparation

Two sets of samples were prepared. In the first step 10A of zirconium (Zr) was

deposited onto one set of Si(100) substrates. This was then followed by the

deposition of 1200 A of Ti thin film onto both sets of samples. The Zr layer in the first

set was used as a barrier layer. Samples were subsequently annealed in a vacuum

furnace with pressure better than 3 x 10" kPa at temperatures ranging between 570

and BOO·e for 30 minutes. Sample analysis was done using RBS and XRD

techniques.

4.3.2. RBS Analysis

Fig. 4.7 shows RBS spectra in the as deposited condition as well as after annealing

at 570·e for 30 minutes. The RUMP simulation revealed that the as deposited

samples from both sets had 1200A of Ti thin layer. It also revealed that in the reacted

samples 500 A of Ti5S4 was formed in the sample with Zr barrier layer whereas BOO

A Ti5Si. and 1000 A TiSi2 were formed in the control sample. This shows that the

interlayer delayed the formation of the silicon-rich TiSi2 phase. It can be seen from

the figure that the Zr interlayer moved to lower energies after annealing. This means

the interlayer moved deeper into the sample as more Ti-silicide was formed on top of

the interlayer. Fig. 4.8 shows RBS spectra of samples from each set annealed at

660·e for 30 minutes. The simulation showed that the Zr layer reacted with silicon to

form ZrSi2. It also showed that TiSh and 800 A Ti5Si. were formed with 100 A Ti + 0

still unreacted. All the Ti film in the control samples reacted to form TiSh phase.

Therefore, these results agree with the results of the samples annealed at 570·e that

the Zr layer delays the TiSi2 formation. Since the interlayer was found to move

deeper into the sample during silicide formation, it follows that Si is the dominant

diffusing species dUring Ti-silicide formation.
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Fig. 4.7 RBS spectra taken from samples in the as deposited condition as well as samples

annealed 570·C for 30 minutes. Only a very thin layer of TisSi. was formed in the sample with

Zr barrier layer whereas TIsSI. and TiSi2 were formed in the control samples. The Zr interlayer

moved to lower energies after annealing.
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Fig. 4.8 RBS spectra taken from both set of samples annealed at 660·C for 30 minutes. All Ti

film in the control sample reacted to form TiSi2 whereas sample with Zr interlayer formed

TisSI. and TiSi2 with 100 Aof Ti + 0 still unreacted. The barrier layer moved deeper into the

sample.
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4.3.3. XRD Analysis

Fig. 4.9 to Fig. 4.12 shows a series of XRD spectra taken in 8-28 geometry from

both sets of samples in the as deposited condition as well as after annealed between

570 and 700·C for 30 minutes. In the as deposited samples from each set there was

evidence of hexagonal Ti. This was manifested by an intense peak at 38.4·

corresponding to Ti-hexagonal(002) as shown in Fig. 4.9. In the reacted samples, it

was found that TisSi4 and TiSi2 were formed in the control sample whereas TisSi4 and

monosilicide TiSi were formed in the sample with Zr barrier layer (see Fig. 4.10). This

was shown by the strong TisSi4 reflections and the weak C49-TiSi2 and TiSi

reflections. No reflections from TiSi2 were observed in the sample with Zr barrier

layer. Therefore, the XRD results agree with RBS that no TiSi2 was formed in the

sample Zr barrier layer annealed at 570·C for 30 minutes. The control sample

annealed at 660·C for 30 minutes showed that the C49-TiSh phase was transformed

to the high temperature C54-TiSh phase (see Fig 4.11). In the sample with Zr barrier

layer, it was found a C49-TiSi2 phase begun to form. The titanium-rich TisSi4 and

TisSh were also found to be present. Fig. 4.12 shows XRD spectra taken from both

sets of samples annealed at 700·C for 30 minutes. Samples from both sets showed

the presence of the low resistivity C54-TiSi2 phase. This was shown by the well­

defined C54-TiSh peaks. The summary of all the XRD results taken from samples

with Zr barrier layer and control samples after annealed at different temperatures is

shown Table 4.2.

Table 4.2: Summary of XRD results taken from samples with Zr barrier layer and control

samples after annealed at different temperatures.

Temperature and Time Control Samples Samples with Zr barrier layer

570'C 30 minutes li5S;" C49-liSi2 li5Si4, liSi

600·C 30 minutes C49-liSi2 li5Si4. liS;
630·C 30 minutes C49-liS;2 li5S;" li5Sb. liSi
660·C 30 minutes C54-liS;2 li5Si4, C49-liS;', li5Sb

700·C 30 minutes C54-liS;2 C54-liSi2
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Ti(002) were present in both samples. No silicide reflections were present
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Fig. 4.10 XRD spectra taken from each set of samples annealed at 570'C for 30 minutes. The

control sample formed TisSi. and C49-TiSi2 whereas TisSi. and the monosilicide TiSi were

formed in the samples with Zr barrier layer. No TiSi2 was formed in the sample with Zr barrier

layer.
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The C49-TiSi2 formed in the control sample was transformed to the C54-nSi2 phase. A C49­

nSi2 begun to form in the sample with Zr barrier layer. Other phases present were Ti5Si. and
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Fig. 4.12 XRD spectra taken from samples annealed at 700·C for 30 minutes. Both samples

from each set formed the low resistivity C54-TiSi2 phase.
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4.4. Summary and Conclusion

The RBS results taken from samples with barrier layers showed that at low

temperature the TisSi. was formed whereas in the control samples two phases,

namely, TisSi. and TiSi, were formed. A summary of the TisSi. and TiSi2 thickness

formed in the three different groups of samples after annealing at different

temperatures is shown in Table 4.3. Fig. 4.13 shows TiSi2 thickness versus

temperature plots of samples from each set after annealing between 570 and 800·C

for 30 minutes. It was not clear which of the two (TiSi2 and TisSi.) phases formed in

the control samples nucleated first. In the reacted samples it was found that both

barrier layers reacted with silicon to form CrSi, and ZrSi2 respectively. The rump

simulation revealed that both barrier layers moved to lower energies as the reaction

progresses. Therefore, the barrier layers moved deeper into the samples as more

silicide was formed which indicated that Si was diffusing through the barrier layer to

form silicide at the barrier-titanium interface. This results, therefore, agree with

previous work done by Botha et. al. [Bot-82] and Chu et. al. [Chu-75] that Si is the

diffusing species during Ti-silicide formation. It was found that the reaction in the

samples with barrier layers was slow compared to the reaction in the control

samples. Therefore the barrier layers slowed the silicide formation.

Table 4.3: A summary of phase formation measured in all groups of samples after annealing

at different temperatures.

Temperature & Phases Control Samples with Samples with
Time Formed Samples er Barrier Zr Barrier

570'C 30mi" TisSit BOO A 450A 500 A
TiSi2 1000 A oA oA

600·C 30mi" l1sSi.. 1150A 600 A 750A
TiSb 1600A oA oA

630·C 30mi" T~S4 B50A 10soA 1700 A
TiSi2 2200 A 300 A 450A

660·C 30mi" 11584 oA 2100A BOoA
TiSh 4200 A 600A 2BOOA

700'C 30m;" TisSit. oA oA oA
TiSb 4300 A 3900 A 4200 A

750'C 30mi" Ti5$4 oA oA oA
TiS~ 4400 A 4200A 4300 A

BOO'C 30mi" TisSit. oA oA oA
TiS~ 4500 A 4500 A 4500 A
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XRD results showed that no silicide was formed in the as deposited samples. In the

reacted samples, XRD revealed that at low temperature TisSi. and the monosilicide

TiSi were formed in the samples with barrier layers whereas TisSi. and C49-TiSi2

were formed in the control samples. Therefore the XRD results agree with RBS that

the barrier layers delayed the formation of TiSi2 phase. The TiSi2 phase was formed

at higher temperature although there was still the presence of the titanium-rich

phases. All samples formed the low resistance C54-TiSi, above 660·C.

Therefore it can be concluded that the Cr and Zr barrier layers delayed the TiSi2

formation. Silicon was found to be the dominant diffusing species during Ti-silicide

formation as reported before.
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Fig. 4.13 TiSi2 thickness versus temperature plots of samples from each set alter annealing at

different temperatures. It can be seen that at 600·C already a TiSi2 phase was formed in the

control sample whereas no TiSi2 was formed in both samples with barrier layers. Therefore,

both barrier layers delayed the formation of TiSi2•
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Chapter 5

Effect of stress on Ti-silicide formation

5.1. Introduction

As the device dimensions scale down to the deep submicron regime with a multilayer

structure, issues related to stress become troublesome in semiconductor device

fabrication [Che-99]. Stress can degrade gate oxides in metal-oxide-semiconductor

field effect transistors and cause cracks in interconnect lines [Che-OO]. A recent finite­

element calculation showed that the substrate regions at the oxide edge are

compressively stressed to a significant extent [She-96]. The stress level near the

silicon substrate surface inside the oxide openings is, therefore, of major concern to

the formation of silicides. Diffusion in thin films is known to be retarded under

compressive stress [Che-99].

Stress in uniform thin film structures can be classified as either coherency, thermal or

intrinsic (or growth) stress [Cam-99]. Coherency stress results when a thin film is

lattice matched to a substrate that has an equilibrium in plane lattice parameter

different from that of the film [Cam-99]. Thermal stress is generated when a film­

substrate system experiences a change in temperature. If the film and substrate have

different thermal expansion coefficients, a temperature change will result in a

difference in thermal expansion between the film and the substrate. Stress generated

during film growths that are not as a result of coherency or thermal effects are called

intrinsic.

Thermal stress can be used to engineer stress in a thin film system by depositing a

film with a different thermal expans·,on to that of the substrate. In this work different
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thicknesses of Si3N. and Si02 films were deposited onto the backside (SS) of silicon

wafers to induce different stress situations in the front side (FS) of the substrates.

The reaction between the differently stressed silicon wafers and a front side film of Ti

WaS then studied.

5.2. Sample preparation and stress measurements

Samples were prepared in two steps. The first step was to introduce stress by either

growing 8i02 or depositing Si3N. films of varying thickness onto the backside of a

Si(100) wafer. The second step was to deposit 500 A of titanium onto the front side of

the same wafer. Three groups of samples were made. One set had 400nm Si02 on

the backside and two sets had 200nm and 400nm Si,N., respectively. The reflection

of laser light was used to measure the radius of curvature of the samples.

Measurements were done before the first deposition and again after the first and

second depositions. Using Stoney's equation (eqn. 2.11) the stress in the deposited

thin films was calculated from these measurements. The stress measured in the

backside and front side films at room temperature is shown in Table 5.1.

Table 5.1: The radius of curvature and related stress values in thin films for different samples

after the backside and front side deposition respectively [Waa-99].

Si Radius R,,(SS-Sij fl.,,(FS-Sij Stress (SS-film) Stress (FS-film)
BSlilm

Undeposited

(m) (m) (m) (MPa) (MPa)

400nmSi3~ 121 24.79 1080 1459 33.2

200nmShN. 406 53.75 733 1345 97.9

4OOnmSi~ 165 -93.82 -4381 -385 -11.2
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During the deposition process, samples are heated and when they retum to room

temperature different thermal expansion coefficients causes different contraction in

the film. Insulators have a smaller thermal coefficient than Si while a metallic film

usually has a larger thermal expansion coefficient. Fig. 5.1 shows the contribution of

both the front side and the back deposition to the total stress in the sample. In the

case of thermally grown oxides the samples are heated to above 1aaaoe. Si02 being

an insulator tends to shrink less than silicon when cooled to room temperature.

Therefore, the silicon substrate experiences a compressive stress. A metallic film

tends to shrink more than the silicon substrate when cooled down to room

temperature. This means that the silicon substrate will experience a tensile stress.

The stress caused by Sj,N4 is positive (tensile). Therefore it has a large thermal

expansion coefficient than the silicon substrate and acts as a metallic film.

(a) (b)

Fig. 5.1 A schematic diagram showing how thin films with different thermal expansion

coefficients deposited on a 5i(100) wafer can cause stress on the silicon substrate. C and T

denote compressive and tensile stress, respectively.
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5.3. RBS Analysis

Samples from all three groups were annealed at 530, 600 and 650·C for varying

times in a vacuum furnace to induce reaction. Samples from each group were

annealed together in the furnace. Fig. 5.2 shows RBS spectra taken from each

sample group annealed at 530·C for 64 minutes. A 1 MeV beam was used to

improve the depth resolution. The RUMP simulation showed that the unreacted

sample had 500 A of titanium. The simulation also showed that in the reacted

samples, 1050 A of TiSi2 was formed in both samples with Si3N. deposited on the

backside. It also revealed that 50 at. % oxygen was prominent in the unreacted Ti

thin layer. The samples with Si02on the backside fanned only 450 Aof TiSi2and 390

Aof TIsSh phase. The unreacted TI layer also showed the presence of oxygen. Fig.

5.3 shows RBS spectra taken from each samples group annealed at 600·C for 10

minutes. The simulation showed that both samples with ShN. on the backside

formed 1600 A of TiSi2phase whereas the sample with 400nm Si02formed 1200 A

of TiS;2 phase.

As mentioned in Chapter 3, the TISi2 phase has been reported to grow with linear

[Pie-B8] and diffusion limited kinetics [Hun-83]. In this work the cube root of time gave

the best fit to the data and Fig. 5.4 shows a plot of TISi2 thickness versus the cube

root of time for the samples with 200nm Si,N., 400nm ShN. and 200nm Si02

deposited on the backside after being annealed at 530·C. A similar growth kinetics

for TISi, grown on Pd2Si was reported in the literature by Finstad et. aJ. [Fid-80]. He

found that the time dependence of TiS;2 fonnalion between a thin layer of Ti on

Si(111) substrate was found to be anomalous and close to the cube root of time. This

growth kinetic can be explained by a model proposed by Barg et. al. [Bar-92] which

say that this kind of growth can be achieved if the morphological silicide growth is an

Island not a planar growth. If the Island grows in width and depth (thickness)

simultaneously then its growth is proportional to the cube root of time.

From the RBS data it is clear that the amount of silicide fonnation depends upon the

backside film. It can be seen that the TI film reacted faster with Si on the sample with

ShN. on the backside (tensile stressed) than in the sample with the Si02 backside

film (compressive stressed). All samples showed presence of oxygen in the

unreacted titanium films. The oxygen concentration seems to increase in the

unreacted TI as the annealing time is increased.
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Fig.5.2 RBS spectra showing different TiSi2 thickness from each sample group after being

annealed at 530·C for 64 minutes. The unannealed sample had 500 Aof TI. A 1 MeV beam

was used to improve depth resolution.
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Fig. 5.3 RBS spectra taken from each samples group annealing at 600·C for 10 minutes. The

simulation showed that both samples with SiaN. on the backside formed 1600 A of TiSi2

phase whereas the sample with 400nm Si02 formed 1200 Aof TISi2 phase. A 2 MeV beam

was used in this case.
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Fig. 5.4 A plot of Ti5i2 thickness versus the cube root of time for samples with 200nm 5i,N••

400nm Si3N. (tensile stress) and 200nm 5i02 (compressive stress) deposited on the backside

after being annealed at 530·C. It can be seen that the cube root of time gave the best fit to

the data.
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5.4. XRD Analysis

Fig 5.5 to Fig. 5.8 show XRD spectra taken from two groups of samples with 400nm

SiaN. and 400nm SiOz deposited on the back side annealed at 530 and 600°C for

varying times taken in 28-8 geometry (see summary in Table 5.2). Both unannealed

samples showed strong peaks at 33.04° and 38.4° corresponding to body-centered

cubic Si and hexagonal Ti respectively (see Fig. 5.5). No silicide was detected in the

unannealed samples. In the samples annealed at 530°C for 16 minutes, it was found

that TisSia and TiSiz were formed in the tensile stressed (400nm SiaN.) sample

whereas only TisSi, was formed in the compressed stressed (400nm SiOz) sample.

This was manifested by the well-defined TisSia reflections and the weak C49-TiSiz

reflection (as shown in Fig. 5.6). The TiSiz formed in the sample with 400nm SisN.

was the high resistance C49 phase. Both samples formed the low temperature C49­

TiSiz after annealed at 530°C for 64 minutes and 600°C for 10 minutes as shown in

Figs. 5.7 and 5.8 respectively. Therefore, the XRD results agree with RBS that the

silicide formation was faster in the tensile stressed sample and slower in the

compressive stressed samples. Although RBS showed the presence of oxygen in the

unreacted Ti film, no reflection corresponding to titanium oxide was seen.

Table 5.2: XRD results showing which phases were formed in the samples from each group

annealed at 530"C, 600"C and 650°C for varying times.

Temperature and Time 200nmS;,~ 400nm S;,N4 400nmSiOz

530'C 16 minutes TisSh. C49-TiSi2 TI,S~. C49-TIS~ TIsSb

530'C 64 minutes C49-TiS~ C49-TISi, C49-TISi,

600'C 10 minutes C49-TIS~ C49-TISi, C49-TiSb

650'C 30 minutes C54-TIS~ C54-TISi, C54-TISi,
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films on the backside. Strong peaks at 33.04" and 38.4" corresponding to body-centered Si

and hexagonal Ti were present No silicide was formed at this stage.
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Fig. 5.6 XRD spectra taken from samples with 400nm Si3N. and 400nm Si02 films on the

backside annealed at 530"C for 16 minutes. Samples with 400nm ShN. formed TisSh and

C49-TiSh phases whereas only the TisSi3 was formed on the sample with 400nm Si02 on the

backside.
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Fig. 5.7 XRD spectra taken from samples with 400nm Sj,N4 and 400nm Si02 films on the

backside annealed at 530'C for 64 minutes. Both samples formed the high resistance C49­

nSi2 phase.
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Rg. 5,8 XRD spectra taken from samples with 400nm Sj,N4 and 400nm Si02 films on the

backside annealed at 600'C for 10 minutes. More low temperature C49-TiSi2 phase was

fonmed in both sample groupS.
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5.5. Discussions and Summary

The RBS results showed that samples with Si3N4 on the backside formed only the

TiSi2 phase at low temperature whereas TisSi, and TiSi2 were formed in the samples

with Si02 on the backside. This was also confirmed by the XRD results which

showed the C49-TiSi2 reflection on the samples with Si3N4 while reflections from the

C49-TiSi2 and TisSi3 were seen on the samples with Si02 on the backside. A similar

work was done by Cheng [Che-99] in which Si02 and CoSi2 films were grown on the

backside of a single-crystal silicon wafer to induce compressive and tensile stress

respectively. It was found that the contribution of stresses on the films from the

samples diminished with increasing temperature (see Fig. 5.9).

RBS results revealed that at high temperature all stressed samples formed the

silicon-rich TiSi2 phase. It was found that the tensile stressed samples formed the

same TiS/z thickness while the TiS/z thickness in the compressively stressed sample

was found to be 25% less. XRD also confirmed the formation of the high resistivity

C49-TiSi, phase in all samples annealed at 600·C for 10 minutes (see Fig. 5.8 and

Table 5.2). Therefore the reaction in the tensile stressed samples was faster than the

reaction in the compressively stressed samples. Cheng [Che-99] argued that an

increase in compressive stress on the surface of the Si wafer would lead to a loss in

vacancies as the system would try to accommodate the increase in pressure and an

increase in tensile stress would lead to an increase in vacancies. He further argued

that the compressive stress hinders the migration of Si through the TIISi interface so

that the formation of the TiS/z film is retarded and tensile stress promotes the Si

diffusion to facilitate the growth of TiS/z thih films.

In summary, the effect of stress on the formation of TiSi2 thin film was investigated.

Si02 and Si3N4 deposited on the backside of a silicon wafer causes compressive and

tensile stresses on the front side of the substrate respectively. Tensile stress was

found to enhance the growth of TiSi2 whereas compressive stress was found to

retard the TiSi2 growth.
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Chapter 6

Summary and Conclusion

Metal silicides continue to be an important part of the design philosophy in

semiconductor technology due to their application as contacts or interconnects. Metal

silicides are usually formed by a reaction between a deposited thin metal film and a

silicon substrate (single crystal or polycrystalline) followed by a heat treatment at an

appropriate temperature. Among these silicides, titanium disilicide is currently the

most widely used as it possesses the lowest resistivity (14 lJQ-cm) of all silicides, a

low contact resistance and a good thermal stability. To be used in integrated circuits

a silicide must have a sufficient thermal stability to withstand the entire thermal

processing that is required such as layer deposition and dielectric flow. In this

investigation the titanium-silicide with and without capping layers (Chapter 3), Ti­

silicide formation through diffusion barrier layers (Chapter 4) and Ti-silicide formation

on stressed Si(100) substrate (Chapter 5) was studied.

In Chapter 3 the normal solid state reaction between a thin layer of n on silicon

substrate was investigated. A thin n layer was deposited on Sit100) substrate in a

high vacuum evaporation chamber before annealing at different temperatures to

induce reaction. The phase formation and depth analysis was studied using XRD and

RBS. It was found that at 550'C the titanium layer reacted with silicon to form

titanium-rich n sS4 and a silicon-rich nSh phase. The nSh phase that was formed

was the high resistivity C49 phase. It was not clear which of the two phases was

formed first. The two phases were found to grow simultaneously as the annealing

time was increased. At 600'C some of the titanium-rich nsSi. phase was converted

to the silicon-rich C49-nSb phase. The high resistivity C49-nSi2 was then

transformed to the low resistivity C54-nSi2 phase at 650'C. Previous studies

regarding first phase formation during the reaction between n films and silicon
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substrate have shown that TiSi2, n sSi4, TisSi3and nSi [Pre-93B] were fooned as first

phase. The only phase given in the Ti-Si equilibrium phase diagram (see Fig. 3.1)

not reported to form initially is Ti3Si.

All annealed samples showed the presence of oxygen in the unreated Ti film. The

oxygen concentration was found to increase throughout the n film as the annealing

time was increased. Oxidation of titanium during n-silicide formation makes accurate

kinetics measurements difficult. Oxygen can enter the system either during the

evaporation of the n film or dUring the annealing stage. Capping layers and a

sandwich technique were used in attempting to limit the unwanted oxidation. Ah03

and MgO were used as capping layers. It was found that both capping layers

reduced the oxygen concentration in the unreacted Ti layer by 30%. The total amount

of oxygen in the MgO capped samples was less than in the AI20 3capped samples. It

was also found that the reaction was faster in the MgO capped samples and slower

in AI20 3samples. In the sandwich technique, samples were prepared by putting one

sample on top of another similar sample with the front sides facing each other before

annealing in a vacuum furnace. It was found that the sandwich technique reduced

the oxygen concentration by 35% compared to the control samples. At high

temperatures the reaction was faster in the sandwiched samples. A similar work

done by de Waal et. al. [Waa-99] showed that using titanium oxide (Iabeled as Ti-O)

as a capping layer can speed up the C49-TiSi2 phase formation. He argued that the

Ti-O cap seemed to foon a gettering site which cleaned up the Ti film oxygen in the

furnace.

In Chapter 4 the effect of diffusion barrier layers on Ti-silicide foonation is reported.

Cr and Zr were used as diffusion barrier layers. The results showed that TisSi4 was

the first phase to form. Both barrier layers reacted with silicon to foon crSi, and ZrSi2

respectively. It was found that both barrier layers moved to the lower energies as the

reaction progresses. Therefore, the barrier layers moved deeper into the samples as

more silicide was formed which indicates that Si was diffusing through the barrier

layer. Both barrier layers delayed the nSi2 foonation. In agreement, previous studies

have shown that Si is the dominant diffusing species during solid state reaction

between titanium thin film and silicon [Bot-92, Chu-75].

The effect of stress on Ti-silicide formation is reported in Chapter 5. Stress was

induced in the silicon substrate by either depositing Si3N4 or growing Si02 onto the

backside of the substrate. The backside film deforms the sample due to differences
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in thermal expansion coefficients which leads to stress throughout the substrate.

SiaN. has a large thermal expansion coefficient than silicon and therefore caused

tensile stress on the front side of the substrate. SiOzbeing an insulator has a smaller

expansion coefficient than silicon and therefore caused compressive stress on the

front side of the substrate.

The reflection of laser light was used to measure the radius of curvature of the

samples. Measurements were done before the first deposition and again after the

first and second depositions. Stoney's equation was used to calculate stress in the

deposited thin films from these measurements. Samples were prepared by

depositing 200nm and 400nm SiaN. (tensile stress) and 400 SiOz (compressive

stress) on the backside of the silicon substrate prior to the deposition of the Ti thin

layer. These samples were subsequently annealed at different temperatures for

varying times to induce Ti-silicide formation.

It was found that samples with Si,N. on the backside formed the C49-TiSi2 phase

and the TisSi3 phase at low temperature whereas only the Ti5Sia phase was formed in

the samples with Si02 deposited on the backside. All samples formed the low

resistivity C54-TiSiz phase at 650·C. In this work the cube root of time gave the best

fit to the data in all the three sample groups. Therefore the C49-TiSiz formation

kinetics was neither diffusion nor reaction limited. There was no marked difference in

the C49-TiSi2 kinetics in the samples with SiaN. on the backside. The reaction rate of

TiSi, formed in the samples with Si02 was found to be less than that of the samples

with SiaN. on the backside. Therefore, the compressive stress in the substrate

causes slower silicide formation. This results were in agreement with a previous work

done by Cheng et. al. [Che-99] which also showed that tensile stress speeded up the

TiSi2 growth.
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Appendix A
X-ray diffraction and Crystallographic data of Ti-silicide

phases

Table 1: Crystal parameters of different titanium-silicide and oxide phases.

Phase Crystal Name of Space Lattice Constants (A)

system Structure group a b c

a-Tt Hexagonal Mg P6,lmmc 2.95 2.95 4.68

Body-eenlered
Si cubic

C la3 6.64 6.64 6.64

Tt.S;' Hexagonal MnsSb P6,/mcm 7.44 7.44 5.14

Tt.S" Tetragonal Zr.S" P4,2,2 6.71 6.71 12.19

TtSi Orthorhombic FeB Pnma 6.54 3.64 4.997

Base-eenlered
C49-TtSi2 orthorhombic

ZrSh Cmcm 3.62 13.76 3.60

Face-eenlered
C54-TtSi, orthorhombic

TtSi2 Fddd 8.27 4.80 8.55

Tt20 Hexagonal P.3ml 2.96 2.96 4.85

Table 2: Characteristic lines used for the hexagonal Ti5Si3 identification.

29 in degrees {h k I} values Intensity

12.27 110 100%

21.32 111 5.8%

27.64 310 19.6%

36.29 321 4.2%

37.38 330 7.2%

39.48 420 11.8%

43.42 421 12.5%

45.29 510 4.6%

48.87 511 6.3%
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Table 3: Characteristic lines used for the tetragonal TisSi4 identification.

29 in degrees { h k I } values Intensity

38.67 1221 100%

37.25 1213 78.60%

41.66 115 75.30%

43.08 302 73.10%

34.99 1 14 . 31.10%

56.93 1411 22.60%

63.29 1404 17.90%

80.83 523 17.60%

166.43 1423 17.50%

144.22 1223 14%

61.68 1420 12.90%

148.77 320 12.80%

145.25 312 12.40%

Table 4: Characteristic lines used for the monosilicide TiSi identification.

29 in degrees { h k I } values Intensity

46.15 112 100%

36.9 ~10 94.50%

~1.22 12 1 1 94.10%

38.52 102 85.60%

33.36 11 1 75.90%

45.31 301 55.70%

50.09 020 47.30%

64.94 122 31.90%

69.82 321 27.80%

32.68 201 22.00%

68.15 213 20.50%

59.37 401 20.40%
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Table 5: Characteristic lines used to identify the high resistivity C49-TiSi2
hpi ase.

29 in degrees {h k I } values Intensity

140.4 1 31 100%

39.23 060 17%

87.93 331 15.20%

50.35 200 14.60%

50.66 002 14.40%

31.45 130 12%

f46.92 061 11.70%

27.95 021 10.80%

88.3 350 10.40%

It1.15 150 8.90%

74.22 202 8.60%

87.32 262 6.10%

Table 6: Characteristic lines used to identify the low resistivity C54-TiSi2
hPI ase.

28 in degrees { h k I } values Intensity

39.18 311 100%

43.31 022 73.70%

49.82 313 47.70%

42.28 OOlt 39.70%

67.36 315 18.40%

68.87 331 17.10%

72.05 602 14.90%

76.68 333 12.40%

23.87 111 12.20%

80.46 520 10.90%

78.03 026 11.80%
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