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I am among those who think that science has great beauty.
A scientist in his laboratory is not only a technician: he is also a child

placed before natural phenomena which impress him like a fairy tale.

Maria Sklodowska—Curie
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Chapter 1

Introduction

This dissertation is the result of a project that was performed in cooperation between the
Surface and Interface Physics Group of the Institute of Physics of the Karl-Franzens Uni-
versity Graz and Infineon Technologies Austria AG company — the Infineon’s Technology
Development Centre in Villach. The purpose of this work was to develop a method of
low temperature titanium silicide formation, which would find applications in a back side

metallization process of silicon wafers at Infineon.

Titanium silicides are materials that find many applications in microelectronics. High
thermal stability, low resistivity and good adhesion to silicon make them a good equiva-
lent to currently used materials. They form an ohmic contact to silicon, so that they can
be used as metallization layers and interconnections. For example they can be used as
contacts on sources, gates, and drains of MOSFETSs and for interconnections in logic and
memory devices [34, 46].

If titanium is brought in contact with silicon and the system is heated up, a chemical re-
action takes place, which results in titanium silicide formation. Depending on the applied
temperature, different titanium silicides can be formed that differ in chemical composi-
tion, crystal phase, electrical and elastic properties. But when the temperature reaches
~ 700°C the titanium silicides transform into a stable phase of lowest resistivity — a face
centered orthorhombic C54 TiSiy (Titanium silicide phase transformations are described
in details in Chapter 2).

The formation temperature of the low resistivity C54 TiSiy (700°C') is much to high to be
applied in an industrial back side metallization process, where the maximum temperatures
allowed cannot exceed 350°C', because the high temperature could destroy the structures

fabricated at the front side of the wafer. Therefore in this work a room temperature tita-
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nium silicide formation was investigated by an innovative method called ion beam mixing
(IBM). In this process the titanium deposited onto the silicon surface is subsequently bom-
barded with Ar™ ions. The incident Ar™ ions transfer their kinetic energy to the Ti atoms
enabling their diffusion at the Ti/Si interface and the formation of the silicide (Chapter
2 gives more explanations). Titanium silicide formation was studied under ultra high
vacuum (UHV) conditions using surface sensitive techniques, like XPS, UPS and LEED.
The crystal phase of the silicides was checked by GIXRD in the Siemens Laboratories in
Munich, Germany. The properties of the electrical contact and the adhesion to silicon
were studied at Infineon in Villach. Chapter 3 describes in details the UHV systems were

the experiments were performed and the principles of the measurement methods.

In Chapter 4 the experimental results are presented and discussed. Titanium growth
at room temperature on Si(111) is presented in section 4.2. Titanium silicide formation
by thermal annealing was studied in order to investigate the titanium silicide phase trans-
formations and the electrical properties of the formed contact — the results are presented
in sections 4.3, 4.4 and 4.5.

Titanium silicide formation by ion beam mixing is described in section 4.6. Such as-
pects of the silicide formation by IBM as mixing rate (4.8) and surface morphology of the
IBMed samples (4.10) were studied. Electrical properties of the IBMed Ti/Si contact are
presented in 4.9.

Computer calculations of the ion beam mixing process based on Monte Carlo algorithms
were applied to perform ’virtual experiments’, which simulated the real experiments in
the laboratories. The results are shown in section 4.7.

Thermally assisted ion beam mixing - an interesting experiment that combines the ion
beam mixing and the thermal annealing was performed at the temperature of 200°C' and
it is described in section 4.11.

Also the ion beam mixing of titanium evaporated onto silicon covered by a native SiOs
layer was studied. In the semiconductor processing it can happen, that the silicon clean-
ing procedure is not performed in the UHV chamber, where the titanium evaporation and
IBM takes place. In this case the silicon wafer is exposed to the atmosphere for some
time, which causes the oxidation of the silicon. Therefore the IBM of Ti/SiOy/Si system
was investigated and the results are presented in section 4.12.

Finally, section 5 gives a summary and a collection of the results obtained.



Chapter 2

Fundamentals

2.1 Titanium Silicides

Titanium silicides are the materials that are formed when the silicon and titanium are
brought into contact and the chemical reaction between them is thermally initiated. At
room temperature there is no titanium silicide formation observed, but when the tem-
perature exceeds 300°C' the metal rich silicides (Ti3S%, Ti5S4y, Ti5Si3, Ti5Siy [44]) are
created [15, 69, 75, 17, 14]. With further annealing, when the temperature is increased
to ~ 450°C, the T'iS7 is formed. Once the T%S7 is formed and the temperature rises
to ~ 550°C' the TiSi, nucleates and it forms the C'49 crystal phase. The C49 TSt
is a metastable phase and when the heating temperature reaches ~ 700 — 750°C' the
C49 TiSi, phase transforms into the low resistivity C'54 T'iSiy [39, 46]. The C54 is the
final phase of the TiSi5 and once it is formed no further phase transformation is observed
[39, 27, 46, 32]. The titanium silicide reaction sequence is presented in Fig. 2.1 and the
crystal structure of the C49 and C54 is shown in Fig. 2.2. Both C49 and C54 phases
are low resistivity materials (Table 2.1) with good adhesion to silicon and the C54 shows
a very good thermal stability. These properties make them a great equivalent for cur-
rently used materials in microelectronics, especially in all the applications that require

the formation of metalizations and interconnections [46, 34, 32].
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Figure 2.1: The chemical reaction sequence of the titanium silicides.

b) €54 TiSi 5

o Ti atom

Figure 2.2: Two crystal phases of the TiSis: the base centered orthorhombic C49 silicide phase

a) C49 TiSi,

o Si atom

a) and the face centered orthorhombic C54 silicide phase b).

2.2 Ion beam mixing

2.2.1 Ion-solid interactions

Let’s assume that under UHV conditions an energetic ion impinges on the solid target
surface. The Fig. 2.3 presents the possible ion-solid interactions that may occur during

the ion-target surface collision.

Sputtering

The sputtering process, also called ion etching, occurs as the result of a series of elastic

atomic collisions where the kinetic energy is transferred from the incident ions to the
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properties

C49 TiSi,

C54 TiSi,

crystal structure

base centered orthorhombic

face centered orthorhombic

cell parameters [47, 44]

a 3.62A 8.252A

b 13.76A 4.783A

c 3.605A 8.540A

formation temperature 550°C 650-700°C'

melting point [46] 1540°C
resistivity [uQem] 60-80 12-15
Young modulus, E [GPa] [62] 192 252
Poisson’s ratio, v [62] 0.29 0.26
Hall coefficient, Ry [105c¢m?/C] -21.2 -4.0

Table 2.1: Properties of the C49 and C54 titanium silicides. Hall coefficients were measured

at room temperature at the field of 1.5T

target atoms, which results in ejecting target particles from the target surface [54, 26, 77].

The sputtering process is characterized by the sputtering yield Y, which is defined by:

_ number of sputtered atoms

number of incident ions

(2.1)

The sputtering yield Y depends on the structure and the composition of the target

material, the parameters of the incident ion beam and the geometry of the experimental

system. The typical values of Y range from 1 to 10 [54].

Energy loss

An incident ion after hitting the target surface penetrates into the target and while travel-

ing through the matter it looses continuously its energy due to two mechanisms [54, 26, 24]:

1. nuclear collisions, collisions with atoms in the target material,

2. electronic collisions, in which the moving ion excites (excitation process) or ejects

(ionization process) the electrons from the target atoms.
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Figure 2.3: The picture [54] presents the possible ion-solid interactions. The Ry, is the projected

range of a single ion.

The energy-loss rate dFE /dx of an energetic ion penetrating the matter is called the stop-

ping power and can be expressed by the following equation:

dE _dE| | dE
d:v_dxn dx

where the subscript n represents the nuclear stopping power, and the subscript e denotes

(2.2)

€

the electronic stopping power.
Additionally to the stopping power it is also convenient to speak about the stopping

cross-section, which is defined as:
dE/dx

S = N

(2.3)

where N is the atomic density.

By a single nuclear collision an ion transfers kinetic energy to the target atom. The
transfered energy ratio between the incident ion and the recoiling atom for nuclear stop-

ping is [54]:
Ey  4M,M,

Ey (M + M,)?

where the Ej is the initial kinetic energy of the incident ion, Fs is the kinetic energy of

Eycos*¢ (2.4)

the recoiling target atom, ¢ is the recoil angle, and M; and M, are the atomic masses of

the ion and the atom.
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The energy transferred by the ion to the target electrons (electronic stopping) is con-
sidered separately for low and high ion energies. Electronic stopping for low ion energies
is described as [54]:

dE|  8mée’ag Z17/6Z2 (v ) (2.5)

dx . 4w (733 4+ 72/%)3/2 ™
where v is the ion velocity, vy is the Bohr velocity of an electron in the innermost orbit of
a hydrogen atom (vy = 2.2 x 10%¢m/s), M; and M, are the masses of the two interacting
elements in the atomic mass units, Z; and Zs are the atomic numbers of the two interacting
elements.

Electronic stopping for high ion energies is given by [54, 76]:

dE

B 2m 72t
dr|

E

M1> I 2mv>
n
1

Nzy ( (2.6)

e Me

where m, is the electron mass, I represents the average excitation energy of an electron,
E = Mv?/2 and n., = NZ,, with N given by the atomic density in the stopping medium,
M, and M, are the mass of two interacting elements in atomic mass units, Z; and Z, are

the atomic numbers of two interacting elements.

A recoil atom is produced when an energetic ion collides with it and permanently
relocates it from its lattice site. If the energy transfered to the recoil is larger than its
displacement threshold energy FEj, it can continue to knock other atoms and produce
secondary recoils, which can also displace another atoms. Such an phenomenon results in
many collision and displacements events and is called a collision cascade.

The displacement threshold energy E, is defined as the minimum energy required to
produce a stable interstitial-vacancy (Frenkel) pair, and the typical values of the E; range
from 20-30eV [49].

A collision cascade may result in transferring a large amount of energy into a cluster of
atoms which could create a thermal spike. The thermal spike causes the local melting of
the material and destroys significantly the crystal structure. The duration of a thermal
spike is approximately 10~ s and for materials with average atomic number less than 20

no thermal spikes are expected [49, 54].

Ion range

An ion, while penetrating the solid, experiences many collisions with atoms and electrons,
it looses its energy and finally gets implanted into the target material. The distance

travelled between the collisions and the amount of energy lost per each collision are



CHAPTER 2. FUNDAMENTALS 8

lon stops

Target
surface

Figure 2.4: The path of an energetic ion in a solid during an ion implantation process. The
picture shows the total ion path R and the projected ion range R,. As the ion moves through the

solid it collides into the stationary target atoms, which changes its direction.

random processes and are different for every ion. The penetration depth, or the ion range
R, are dependent on the rate of energy-loss along the ion path [26]:
0 dE 0 dE
" Jr dEjdz /E NS(E) (2.7)
where Fj is the ion incident energy as it penetrates the solid.
Usually in ion implantation the total distance R travelled by an ion is not important, but

the projection of R normal to the surface, called the projected range R,. The difference

between the ion range R and the projected ion range R, is illustrated in Fig. 2.4.

2.2.2 Ton beam mixing process

The target that is being bombarded by ions undergoes many atomic rearrangements.
When this process takes place at the boundary of two materials the interface mixing
appears (Fig. 2.5). This phenomenon is known as the Ion Beam Mixing (IBM) [7, 11, 12].

The IBM process governed by the transferring of the energy to both atoms and elec-
trons of the target solid is called the ballistic mixing. If an energetic ion hits the target
atom, the atom recoils many lattice sites away from its initial location. The process re-
sults in atomic mass transport through the repeated collisions and this is the simplest
form of the ballistic mixing, called the recoil mixing. In order to make the recoil mixing

as effective as possible, the recoil should travel the largest range possible. The maximum
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Figure 2.5: The graphical interpretation of the Ion Beam Mixing (IBM) at the interface of

two materials.

range of the recoil will be obtained when the collision between the ion and the atom is
a perfect head collision (maximum kinetic energy transfer from the ion to the atom is
obtained, Eq.2.4). Usually only few collisions are the perfect head collisions, so the re-
coils produced in such a process will have lower energy and their trajectory will not be
in forward direction. During the IBM experiment one should increase the probability of
the head collisions by positioning the ion gun normal to the target surface.

The efficiency of the recoil mixing can by significantly improved when multiple displace-
ments of the target atoms occur from a single incident ion - a collision cascade appears.
The ballistic mixing dominated by the collision cascades is called the cascade mixing.
Unlike in the recoil mixing, when a recoil receives a large amount of energy in a single
displacement, the atoms in collision cascades experience many uncorrelated relocation

events. The thermal spikes may occur during the cascade mixing.

Mass transport mechanisms

The ballistic mixing dominates for low ion energies and heavy ions (nuclear stopping is
dominant) [54]. In this case the collision cascades are the real driving force of the mass
transport, because they cause the relocations of the target atoms [8, 67]. But if the target
is bombarded with high-energetic ions (hundreds of keV and more), the nuclear stopping

power is negligible and the electronic stopping dominates the process. In this case the
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nuclear collisions contribute only a little to the energy loss, because the ion energy is lost
by electronic interactions (electronic excitation and ionization) with the target electrons.
Here the initiation of atomic transport by the incident ion is much less obvious. In order
to explain what really causes the mixing in the electronic mixing regime the idea of the
nuclear track was introduced [10, 8, 9, 11]. If a high energy ion penetrates a solid it
leaves behind a highly excited electronic system in a small cylindrical zone around its
path, with a high electron deficiency in its centre - a nuclear track [10]. This electronic
excitation energy could be transferred into the kinetic energy of the target atoms by two
different mechanisms: an electron-phonon coupling or a Coulomb explosion.

The Coulomb explosion concept assumes that the electrostatic repulsion between the posi-
tively charged atoms in the centre results in an explosion-like atomic motion perpendicular
to the track [8].

The electron-phonon coupling concept presumes that electron-phonon coupling results in
heating of the lattice and the generation of a Gaussian-like temperature profile around
the ions path. For sufficiently large energy loss of the ion, the temperature may rise above

the melting point and a molten cylinder of some nanometers in diameter forms [9].

2.2.3 Compound formation model for IBM

IBM is a diffusion-like process that supports the intermixing of the two elements. It was
also observed that the IBM process can initiate the chemical reaction between the two
mixed reactive elements.

In 1993 a theoretical model for compound formation during the ion beam mixing was
introduced by J. Desimoni and A. Traverse [19], and in 1996 an extension to this model
in the thermal spike mixing regime was proposed by S. Dhar, Y. N. Mohapatra and V.
N. Kulkarni [20].

The target configuration as assumed for the ion beam mixing model in case of a
compound formation [19] is presented in Fig. 2.6. So let us assume that after the ion
irradiation fluence ¢, the sample has a configuration as presented in Fig. 2.6.

There are three layers: the first layer of atoms A with the atomic concentration C4, a
mixed layer with the compound A, B, with the thickness X and the atomic concentration
of C, and the third layer of atoms B with the atomic concentration C'z. Let us consider
A and B as the infinite reservoirs of atoms, and that under the ion irradiation only A
atoms penetrate into the mixed layer A,B, (only A atoms are mobile). The A,B, layer
is saturated with the A atoms, so the A atoms can only diffuse through the A,B; and
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Q
o

Figure 2.6: Target configuration assumed for the ion beam mixing model for compound forma-
tion [19]. Both A and B layers are the infinite reservoirs of atoms (Cy and Cp are the atomic
concentrations of A and B atoms). Ji is the diffusion fluxz according to the 1. Fick Law of
Diffusion, and Jo is the flux caused by the chemical reaction rate k for the Ay,By compound. X

1s the thickness of the mized layer.

finally arrive at the A,B,/B interface with the atomic concentration C;. At this interface
the A atoms can chemically react with the B atoms and form a new layer of the A,B;,/B
compound. Let us define the two fluxes J; and J; as shown in Fig. 2.6. J; is the diffusion
flux of A through the A,B,/B layer, and according to Fick’s First Law of Diffusion we
have:

ac Cy—C;

where D is the diffusion coefficient induced by the ion irradiation. The flux J; is defined

as:

Jy = kC; (2.9)
where k£ is the chemical reaction rate. The growth rate of the mixed layer can be repre-
sented by:

dX X
Np—— = Ny¢' — 2.1
T AP o (2.10)

where N4 is the number of A atoms per unit volume presented in A, By, equal to aC'/(a+b).
We assume that during the ion irradiation the ion flux ¢’ is kept constant, so the time ¢
can be replaced by ¢/¢'.
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The material flow through the sample must be constant, so:

dX
and
D(Cy — C}) /X = kC; (2.12)

Eliminating C; in terms of Eq. 2.12 and integrating Eq. 2.11 with the assumption that
X =0 for ¢ = 0 we obtain the equation:

Nu¢'kX? + 2N ¢’ DX — 2C4Dk¢ = 0 (2.13)

Equation 2.13 is a standard quadratic equation, where X is the variable. Depending on

the fluence range we can obtain different solutions. Let us define a critical ¢. such that:

a 1CD¢

=2 = 2.14
¢ Ll + b} CAk’Q ( )

For ¢ >> ¢, the squared thickness X2 changes lenearly with ¢

¢
X?=2{C4/[a/(a+D) C}Da (2.15)
and for ¢ << ¢, the squared thickness X? varies as ¢?
& 2
X? ={kCa/[a/(a+ 1) C} <¢>/> (2.16)
The coefficient D in the Eq. 2.15 is the diffusion coefficient described as:

D = (0.2F;¢' /C)(u?) (N Ey) (2.17)

and represents the diffusion coefficient in in the case of low F}; (density of the deposited en-
ergy deposited in nuclear collisions corresponding to the collision cascade regime), where
= (4MsMp)/(M4+ Mg)* with M4 and Mp the atomic masses of the components. The
A constant is the stable distance between a vacancy and an interstitial, usually taken as

Inm [5] and Ep is the displacement threshold energy.

Mixing rate

The mixing rate is a very important parameter that describes the IBM process. By
definition the mixing rate is the square thickness of the mixed layer X? divided by the
ion dose ¢ [19]:
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2

mixing rate = 3 (2.18)

Considering the compound formation, thus combining the equations 2.15 and 2.17 we
end up with the expression for the mixing rate in the collision cascade mixing regime in

case of one mobile atom A:

5 wemel [O'QF%QMT 219

For high densities of the deposited energy F,, the influence of the thermal spikes

must be considered. In the compound formation model [19] the following expression was

proposed for the mixing rate in the thermal spike regime:

X? 2C K, F?
e {[a/ (a+ b)]C} ' [CS/BAE;J (2.20)

where AH,,, is the cohesive energy, and K; = 0.0035nm is the parameter which value

was deduced from the the experimental results [19].

2.2.4 Computer simulations

Computer calculations are an important tool that can simulate the ion-solid interactions
very precisely. The simulations enable us to estimate by calculations some parameters that
are impossible to be studied experimentally. As an addition to the experimental results

the simulations can give us a much better understanding of the investigated process.

Monte Carlo simulations

Monte Carlo is a well-known city of Monaco that is especially famous for casinos, where
so called 'luck’ depends very often on the roulette (a very primitive random number gen-
erator) and is governed by the laws of statistics and probability. Monte Carlo also gave
its name to the computational method that tries to solve each problem according to the

following algorithm:

1. initiate randomly the input conditions, then
2. execute the deterministic calculations on them,
3. repeat 1 and 2 n-times and when it’s done,

4. gather the results of all the calculations into the final result.
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The randomly repeated action and the unpredictable nature of each single result reminds
a little bit of gambling in a casino.

Because of the reliance on the random numbers and the repeated calculations, the Monte
Carlo (MC) method is very suitable for computers. MC algorithms started being im-
portant especially in the second half of the 20th century, when the computers became
more accessible and their computing power grew significantly, so they allowed to perform
complicated calculations in reasonable time. They quickly found many applications in
many areas of science and engineering.

Ion-solid interactions are very suitable to be simulated using the Monte Carlo method.
The result of the calculation requires averaging over many simulated particle trajectories
and can give the information about the ion range, energy distribution, sputtering process,
energy loss and many more. A large number of MC programs has been developed until
now. The software package SRIM (the Stopping and Range of Ions in Matter) [77] was
chosen for all the computer calculations presented in this work. The SRIM package con-
tains the TRIM code (TRIM stands for the Transport of Ions in Matter) that is one of
the most commonly cited programs for ion-solid interactions. It has been developed since
the 1980s by J. F. Ziegler and J. P. Biersack in the USA and is distributed freely in the
internet under http://www.srim.org/. The program allows the user to define the target
materials, to set up the ion beam parameters and for the given number of ions it follows
each ion into the target and makes the detailed calculations of the energy transferred to
every target atom. It tracks the collision cascades that every ion caused and also the
sputtering phenomenon, ionization and phonon production. It also calculates the 3D ion
distribution and the target damage, and many more parameters of the ion bombardment
process that are impossible to be measured. It all makes the TRIM code a very inter-
esting tool to study the ion beam mixing of the Ti/Si interface. The only disadvantage
of the TRIM is that it does not consider the titanium silicide formation under the ion
bombardment.

All the calculations in this work were performed with SRIM-2006.02 package with the
Stopping Power code version 2003. The simulations were run on a desktop PC with Intel
Pentium 4 1.70GHz CPU and 256MB of RAM with Microsoft Windows XP operating

system.

Molecular dynamics simulations

Molecular dynamics (MD) calculations may be also applied to study the ion-solid inter-

actions. In principle the MD calculation involves modeling the system where atoms are
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allowed to interact for some period of time under the specified conditions and governed
by the specified laws of physics. In the ion-solid bombardment process the molecular
dynamics simulations may be used for example to model the real-time collision cascade
evolution, the defects evolution, liquid-like effects in the solid (during the thermal spike)
and final defect states. The real-time evolution of the collision cascade can not be mea-
sured experimentally for many reasons, for example because of its very short time scale
(10~'2s), but it could be modeled with MD methods.

It was observed with MD simulations, that a collision cascade consists of three phases
[54, 49, 67]:

1. Collisional phase - lasts for a few tenths of a picosecond, this phase lasts while all

recoiling atoms are capable of producing any further displacements.

2. Thermal spike phase - represents a special condition of a collision cascade when a

thermal spike appears and a local melting of the substrate is observed.

3. Relaxational phase [66] - the last phase of the collision cascade when close unstable

Frenkel pairs recombine.

The effects of bkeV collision cascades on defects in crystal structure of silicon were
already studied by the means of molecular dynamics calculations [55, 56, 60]. The simula-
tions revealed that the 5keV collision cascades are broken down into subcascades and then
form isolated liquid-like areas. When theses zones cool down (when the atoms reach the
thermal equilibrium) they form amorphous-like ‘damage pockets’. At high temperatures

these pockets anneal out rapidly, but at room temperature they remain stable.

In this work no Molecular Dynamics simulations were performed. This was due to the
fact, that there is no available code that could be easily adopted to the Ti/Si interface.
So the MD simulation would require the development of a dedicated computer program

and it would reach far beyond the time scale of this work.
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Experimental techniques

3.1 UHY deposition

A silicon crystal under atmospheric pressure is always covered with a 15-20A [61] thick
layer of SiOs, because of the oxidation process - the chemical reaction between the silicon
and the oxygen, that occurs at room temperature if only an Oy molecule hits the silicon
surface. Moreover, the surface is always contaminated with carbon, or other atoms that
have accidentally struck the surface and have been adsorbed. Also the atmospheric gasses
(e.g. COy) may diffuse into the bulk of the crystal. So the silicon’s surface under the
atmospheric pressure is very far away from the ideal surface. There is the same problem
with the titanium: in the atmosphere the titanium reacts immediately with the oxygen
and forms a thin layer of the TiOy on its surface. Since the aim of this work is to study
the chemical reactions at the silicon/titanium interface, it is crucial to have very clean
silicon surfaces covered with pure titanium layers. It is also necessary to deposit titanium
onto silicon with the precision of atomic layers. All these conditions may be fulfilled only

under ultra high vacuum (UHV) conditions.

3.1.1 Monolayer equivalent

In this work all the titanium coverages are given in equivalent monolayers (MLE). A
monolayer by definition is a single layer of atoms (or molecules) that covers the substrate
crystal surface.

The deposition rate is measured by the quartz microbalance which measures the change of

the resonant frequency related to the deposited mass per em?. The microbalance control

16
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unit displays this frequency change in digits and the sensitivity of one digit is set to
1-1078g/cm?.

1 MLE Ti on Si(111)

The Si(111) surface has the surface density of 1.18 - 10" atoms/cm?.

1 mol of Ti = 6.022 - 10%atoms (Avogadro constant)....... 47.867¢
1.18 - 10%atoms/cm?.......x[g]

1.18:10'%atoms/cm?-47.867g
6.022-1023atoms

r=9.37-10"%g/cm?

If 1 digit corresponds to 1-1078g/cm? it means that it is necessary to measure 9.37

digits in order to evaporate 1 MLE of Ti onto Si(111).

1 MLE Ti on Si(100)

The Si(100) surface has the surface density of 0.69 - 10'°atoms/cm?.

1 mol of Ti = 6.022 - 10**atoms (Avogadro constant)....... 47.867¢
0.69 - 10"atoms/cm?.......x[g]

__ 0.69-10%atoms/cm?-47.867g
- 6.022-1023atoms

T =5.48-10"8g/cm?

So if 1 digit represents 1-107%g/cm? of the deposited mass, it means that it is necessary

to measure 5.48 digits in order to evaporate 1 MLE of Ti onto Si(100).

3.1.2 Tooling factor

Sometimes the geometry of the vacuum chamber may prevent positioning the quartz
microbalance exactly at the same position and exactly in the same way as the sample is.
Let’s consider that the quartz microbalance crystal is tilted 45° against the vapour beam
like presented in the Fig. 3.1

Let’s further assume that the microbalance spot area is a circle and the cross-section
area of the vapour beam is also a circle. If the microbalance crystal is perpendicular to the

vapour beam the evaporated particles bombard the whole microbalance surface evenly.
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Figure 3.1: Tilted quartz microbalance and its projection (ellipse)

But if the microbalance is tilted, the cross-section area of the bombarded microbalance
area changes into an ellipse.

Let’s assume the diameter of the quartz microblalnce is R, so its area is:

R 1
S = 7r(§)2 = Zw}? (3.1)
and when the microbalance tilts at 45° the area of the cross-sectional area (ellipse) is:
r R 1 _,
—go .= == 2
So L 47TR cosa (3.2)
so the ratio T is:
Si 1
T=_+= 3.3
Sy cosa (3.3)

and we call it the tooling factor. If the o = 45° than T' ~ 1.41.
So the deposition rate measured with the microbalance must be multiplied by the tooling

factor T in order to obtain the relevant deposition rate on the sample.
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3.2 Photoemission spectroscopy

The photoelectric effect was first described by Albert Einstein in 1905 and it refers to the
phenomenon in which the electron is ejected from the solid, after the absorption of the
electromagnetic radiation energy. Such an ejected electron is called a photoelectron. The

photoelectric effect is described by the following equation:

Epin =hv — Ep — ¢ (3.4)

where FEj;, is the kinetic energy of the ejected photoelectron, hv is the kinetic energy of
the incident photon (h is the Planck constant and v is the photon wave length), Ep is
the binding energy of the electron and ¢ is the work function of the material.

If the energy hv of the incident photon and FEjy;, of photoelectron is known, it is possible
to obtain the information about the chemical composition, electronic structure and the
valence band of the material from which the photoelectron was emitted. This investiga-
tion techniques are generally known as a photoemission spectroscopy or a photoelectron
spectroscopy. [4]

So the photoemission spectroscopy requires a special apparatus that at least consists of:
light source, electron detector and the electron analyzer. In most cases the photoemission
spectroscopy is performed with monochromated light, and the light sources are the helium
discharge lamp (for ultra-violet light emission) and the X-ray source (for the X-ray light

emission).

The mean free path of the electrons in the solids depends strongly on their kinetic
energy and forms a 'universal curve’ presented in Fig. 3.2 In the discussed photoemission
spectroscopy the photoelectrons gain kinetic energy not greater than 1200eV so their pen-
etration depth should not exceed ~ 20A. That makes photoemission spectroscopy surface

sensitive and suitable to study the growth of the materials on a substrate.

Usually, the studied sample is a couple of centimeters away from the electron ana-
lyzer, so it is absolutely necessary to run the measurement under the ultra high vacuum

conditions, in order to prevent the photoelectrons from colliding with other gas particles.
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Figure 3.2: Mean free path of the electrons as a function of their kinetic energy [43]

3.2.1 XPS, depth profiling with XPS

XPS [57] stands for the X-ray Photoemission Spectroscopy, because in this technoque
the x-ray gun is used as a light source. It is also known as ESCA (Electron Spectroscopy
for Chemical Analysis).

The x-ray source emits the electromagnetic radiation of hrv = 1253.6eV for the MgKa
anode and hv = 1486.6eV for the AlK« anode. The XPS technique is used to determine
the chemical composition and the electronic core level states of the investigated sample.
It is very surface sensitive because it excites the electrons in the studied solid that lay not
deeper than 10 — 20A.

A typical XPS spectrum is plotted as the number of detected photoelectrons versus their
binding energy. Each chemical element creates a specific set of XPS peaks that differ in
height and shape at specific binding energies, so it is possible to identify every element

that lies on the surface of the investigated sample.
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Depth profiling with XPS

As discussed above the XPS is a technique that excites the electrons in the very surface
region, but very often it is necessary to study the chemical composition of the layers that
lay much deeper in the bulk. Such studies may be performed using the method called
depth profiling [57]. In the depth profiling the surface of the sample is subsequently
investigated by the means of XPS and sputtering. XPS reveals the chemical composition
of the sample and the sputtering process removes the atoms (or molecules) from the
surface layers, so it is possible to explore deeper layers in the bulk. The ion beam used for
sputtering can be optimized and calibrated so that it is possible to estimate the depth of
the sputtered crater. With all this knowledge it is possible to obtain the depth profile - a
plot with the target depth on the x axis versus the atomic concentration of the identified
chemical elements on the y axis.

Depth profiling is especially needed when one wishes to study the buried interface at the
boundary of two materials.

The disadvantage of the depth profiling is that it is a destructive method that destroys
the investigated sample (sputtering).

3.2.2 UPS

UPS [57] stands for the Ultra-violet Photoemission Spectroscopy and it is the technique
that uses the ultra-violet (UV) light in order to obtain the photoelectric effect.

A helium discharge lamp provides the UV radiation for both Hel (hrv = 21.2¢V') and He2
(hv = 40.8¢V) lines. The technique is even more surface sensitive than XPS and allows
to study layers not thicker than 2—6A. Due to the low energy of photons it is not possible
to excite the deep core levels of the atom and only the electrons from the valence band
and the shallow core levels can be ejected. So UPS finds applications in determining the

valence band states of the studied material.

3.3 LEED

The diffraction is a common method for the investigation of the periodic structures. If
an electron beam incident on a surface is diffracted by the atom of the surface, the
diffracted beams, collected on a fluorescent screen, give a particular diffraction pattern
(Fig. 3.3). This surface investigation method is known as the Low Energy Electron
Diffraction (LEED) [36, 57, 72, 58|.
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Fluorescent
screen

2D lattice

Figure 3.3: Schematic drawing of the LEED system [72]. A beam of electrons is directed on
the crystal surface. The diffracted beams are collected on a fluorescent screen (the LEED pattern

is observed).

The conditions under which a diffraction pattern is obtained are defined by the two
equivalent principles of von Laue and Bragg [36]. These conditions predict the formation
of a diffraction pattern if the incident beam is specularly reflected by the atoms of the
surface and if they interfere constructively.

In order to be able to interpret the diffraction pattern it is good to recall the concept
of the reciprocal space [36, 58]. In 2-dimensional space the 2-dimensional reciprocal space

is spanned by the 2 unit vectors of the reciprocal unit mesh:

- 62 X 1
by =2 3.5
L T (@ x ) (3:5)
- 61 X 17
by =2 )
2 T _’2 (C?l X n) <3 6>
and
G = hby + kb, (3.7)

where a; is the first real space unit cell vector, dy is the second real space unit cell
vector, 51 is the first reciprocal space unit cell vector, 52 is the second reciprocal space
unit cell vector, and 7 is the vector normal to surface.

It can be also represented as:
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6] =2 (3.8)

TS
|d@1siny|

6] = 2 (3.9)

(rereme—
|@zsiny|
where 7 is an enclosed angle between a} and a3. This construction is very useful upon

considering the 2 dimensional Laue conditions which state:

a1 Ak = 2rh (3.10)

@Ak = 27k (3.11)

and Ak = k'—k. They principally represent the conservation of energy and momentum
between the incident wave vector k and the emerging wavevector k. These equations can
be fulfilled whenever Ak equals a reciprocal lattice vector G. So the LEED pattern is
the Fourier transformation of the surface structure in real space. By back transforming
the reciprocal lattice via the equations given above it is possible to analyze the surface

structure.

3.4 Ex-situ investigations

All the previously described techniques were used in in-situ experiments, which means
all the silicon samples preparation, modification and investigation was done in one UHV
chamber. But it was also necessary to study the samples with other techniques that were
not available in the vacuum chambers, or it was not possible to apply them under UHV
conditions. That is why it was needed to perform ex-situ investigations: to take samples
out of the vacuum and transport them into another systems.

GIXRD measurements were performed by Siemens Laboratories in Munich (Germany) in
order to study the crystal phase of the titanium silicides.

TLM measurements were done at Infineon Technologies in Villach in order to investigate
the electrical parameters of the formed titanium silicides — silicon contact.

Non contact atomic force microscopy was done in AFM System in the Institute of Physics
of Karl-Franzens University Graz and its purpose was to study the surface topography of

the titanium silicides formed by different methods.
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Figure 3.4: Derivation of the Bragg Equation: 2dsinf = nA

3.4.1 GIXRD

When the X-rays pass through the matter, the radiation interacts with the atoms in
the solid which results in scattering of the radiation. In the crystalline materials the
atoms are organized in planes and the distance between the planes is similar to the X-ray
wave length. This means that interference can take place. As a result one observes a
diffraction pattern where the X-rays are emitted from the solid at different angles. Those
characteristic angles are based on the spaces between the atoms which are specific for
different materials. This phenomenon is described by the Bragg Law [36]. The Bragg
Law was derived from the experiments with the diffraction of X-rays on different crystal

substrates and is mathematically expressed as:
2dsinf) = nA (3.12)

where

e n an integer,

e )\ is a wavelength of the incident electromagnetic radiation,

e d is the spacing between the planes in the atomic lattice,

e 0 is the angle between the incident rays and the scattering planes.

The graphical representation of the equation 3.12 is presented on the Fig. 3.4.
According to the phenomenon described by the Bragg Law a new technique, called
Grazing Incidence X-Ray Diffraction (GIXRD), was developed. In this technique the
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crystal sample is irradiated by the X-rays at grazing angles and the intensity of the re-
flections for different angles is detected. The grazing incidence of the X-rays make this
technique surface sensitive. With GIXRD it is possible to identify the crystallographic
structure of the studied crystal and also the preferred orientation in the polycrystalline
samples. Each material gives its characteristic diffraction pattern so it is easy to identify
the material by comparing the diffraction data against the already existed and maintained
databases.

All the GIXRD diffraction patterns presented in this work were measured ex-situ by

Siemens Laboratories in Munich (Germany).

3.4.2 Noncontact AFM

Atomic Force Microscopy (AFM) [52] was invented by Gerd Binning, Calvin F. Quate
and Christopher Herbe in 1986 and it is a very important tool for measuring and ma-
nipulating the matter at the nanoscale. The AFM is called 'microscopy’ which reminds
of ’looking at the surface’ like it is performed by optical microscopes, but in fact the
AFM principle relies on ’sensing’ the surface with a mechanically controlled probe. The
operational principle and the AFM apparatus is shown in the Fig. 3.5 If the tip of the
cantilever is approached to the sample surface, the forces between the tip and the surface
cause the deflection of the cantilever. The deflection of the cantilever is detected by the
laser-photodiode system in that way, that the laser light is shone onto the cantilever and
then is reflected onto the array of photodiodes. The photodiodes detect the changes in
the position of the laser spot and the computer transforms this data into the length units.
In this study the noncontact AFM mode with the frequency modulation was used, which
means the cantilever was constantly vibrating over the investigated surface. The vibration
was caused by the piezoactuators embedded into the console.

The result of the AFM presents the topography of the studied surface and also the rough-

ness of the surface can be obtained.

3.4.3 TLM

TLM stands for the Transmition Line Method and it is a very widely used method
in semiconductor physics for measuring the contact resistance between a metal and a
semiconductor. The method involves patterning the metallization layer of the investigated
sample. The pattern should form separated contacts (pads) and the resistance between

them is measured by attaching four probes to a pair of contacts, applying the voltage
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Figure 3.5: Image of an AFM cantilever approaching the surface (a) and the optical method
for detection of the console bending (b) [40]

between two probes and measuring the resulting current with two other probes (Fig.
3.6). The current flows from the first current probe through the metalization layer, the
metal-semiconductor junction, through the bulk of the semiconductor, the second metal-
semiconductor junction, the second metalization layer to the second current probe. So
the resistance obtained from the current and voltage measurement is the sum of the
contact resistance of the first and the second contact and the resistance of the bulk
semiconductor between the contacts. If such a measurement is repeated for the couple of
next neighbouring contacts one can obtain a plot of resistance versus the contact distance.
This plot must be linear, because the resistance changes linearly with the length according
to the R = p% (1 - length, A - cross-sectional area of the resistor) formula. The slope of
the plot is the sheet resistance.

If one applies the voltage to a pair of contacts, then changes it and also measures the
current, it is possible to obtain the current-voltage (I-V) characteristic of the contact.
Its shape gives information about the type of the created metal-semiconductor contact

(linear for ohmic contact and exponential for Schottky contact in case of a forward bias).

3.5 Experimental setup

3.5.1 Silicon substrates

The silicon crystals used for the titanium silicide formation studies were cut from the
silicon wafers delivered by Infineon Technologies Austria A.G. company by the chip plant
in Villach. The wafers were 6” n-type Si(111) and 8” n-type Si(100).

The wafers were cut into samples using a pencil with a diamond tip. Each silicon sample

was a rectangle with the dimensions of ~ 1em x 0.5cm.
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Figure 3.6: The illustration of the contact resistance measurement by the TLM method

In order to introduce the silicon samples into the ultra high vacuum chamber it was nec-
essary to mount them on the Omicron-type sample plates that are compatible with most
of the sample holders used in the institute. The sample plates were made of molybdenum,
because the silicon does not form compounds nor alloys with the molybdenum in the tem-
perature range (up to 750°C') used during the titanium silicide investigations. The sample
plates have also four small tantalum studs so it is possible to attach the silicon sample to
the sample plate by spot-welding tantalum clamps to the tantalum studs and clamping the
silicon crystal. The tantalum clamps were cut from high purity (99.9%) 0.100mm thick
tantalum foil. The sample plates were made by the fine precision mechanics Workshop in

the Institute of Physics of Karl-Franzens University Graz.

3.5.2 SCIENTA UHV System

Most of the experimental results presented in this work were done in the ultra high vac-
uum system called the "SCIENTA System”, Fig 3.7

The system consists of three chambers: preparation, analysis and the fast-entry cham-
ber, that are separated by gate valves. In order to obtain the UHV conditions the SCI-
ENTA system is constantly pumped by a set of pumps: turbomolecular pump, roughing
pumps, ion pumps and sublimation pumps. The exact position of the pumps in the cham-
bers is presented in Fig. 3.8. The base pressure in the system is kept in the 10 x 1~ mbar
range and such conditions can be obtained after about 12 hours of the system bake-out.

The sample transportation in the system is carried out by the Omniax 600 sample ma-



CHAPTER 3. EXPERIMENTAL TECHNIQUES 28

Figure 3.7: SCIENTA Lab in 2007
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Figure 3.8: SCIENTA UHV System.
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nipulator and a magnetic transfer rod. The magnetic transfer rod transfers the samples
in the horizontal direction between the fast-entry chamber and the preparation chamber.
The sample manipulator enables to move the sample between the preparation chamber
and the analysis chamber in the vertical direction. It has also a sample holder that was
designed and made by Prof. Michael G. Ramsey and Ing. Kurt Ansperger in the Institute
of Physics of the Karl-Franzens University Graz. The manipulator rod can be also rotated
what enables positioning of the sample against different devices in the chambers.

It is also possible to heat the samples attached to the manipulator by indirect heating.
The sample head is electrically isolated from the sample plate and has a spot-welded spiral
shaped tungsten filament (grounded at one side) behind the sample plate. The indirect
heating is possible when the current of about 2.0A flows through the tungsten filament
and a positive high voltage (up to 1000V) is applied to the sample plate. The high voltage
attracts the electrons from the filament and the electrons emitted from the filament hit
the sample plate what increases its temperature. There is a chromel-alumel thermocouple

mounted on the sample head that can be used for measuring the temperature.

The fast-entry chamber is used as a sample magazine that can store up to five sam-
ples. This chamber is valved off from the preparation chamber so it can be vented and
opened without any influence on the pressure in the preparation and analysis chambers. It
is pumped by a roughing pump and a turbomolecular pump. After opening and replacing

the samples the chamber must be baked-out for about seven hours.

The preparation chamber is equipped with:

e the ion gun with the ion source (ISE10 by Omicron Vakuumphysik GmbH) - used
for the argon ion bombardment of the samples in order to sputter-clean them or
for the IBM process. The ion gun operates in an argon pressure of the order of
3.0—6.0x 10~ %mbar (measured by the ionization gauge in the preparation chamber)

and accelerates the argon ions up to 5keV.

e the EGN4 electron beam evaporator manufactured by Oxford Applied Research
company, which was used for the precise titanium deposition. Titanium was evap-
orated from high purity (99.99+%) 2mm thick titanium rods. The titanium evapo-
ration takes place when the rod is bombarded by the electron beam with a power
of 13 —16W. The electron beam bombardment causes local melting of the titanium

rod and also partly the ionization of the evaporated particles. The measured ion
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current ranged from 11-15nA. During the evaporation the system pressure rose but

was never higher than 2.0 x 10~%mbar.
e a quartz microbalance to control the titanium deposition rate

e a LEED optics for low energy electron diffraction to study the surface structure of

the investigated crystals
e a mass spectrometer to monitor the pressure of th residual gases in the chamber
e an ionization gauge to measure the system pressure.

The analysis chamber is used for photoemission measurements, so it contains:

e the high resolution SCIENTA SES-200 hemispherical electron analyzer. The SES-
200 is equipped with an electron detector with a CCD camera for electron imaging
and the computer software package for data acquisition, processing, storage and

analysis.

e twin anode water-cooled x-ray gun for XPS studies. The gun was mounted on the
linear motion facility so it was possible to approach the gun to the sample to the
distance of ~ 2c¢m during the XPS measurement. The X-ray source was mounted
in that way that there was an angle of 45° with respect to the analyzer lenses, when
the sample was positioned for normal emission. The gun was always operated at
the power of 300W (15kV of voltage and the emission current of 20mA) with the
Mg anode. During the XPS measurement the pressure in the analysis chamber

increased, but was never higher than 7.0 x 10~1%mbar.

e UV discharge lamp used in UPS studies. It is possible to excite He I and He II
radiation by controlling the partial pressure in the discharge lamp. The discharge
conditions for He I were obtain by the partial pressure of 3 x 107'mbar in the
first pumping stage. The helium flow through the lamp also caused the rising of
the He pressure in the analysis chamber to ~ 1.5 x 10~8mbar. The UV lamp was
mounted that the angle between the lamp and the analyzer lenses was 45°, when
the sample was positioned for normal emission. By rotating the sample on the
manipulator it was possible to measure the UPS spectra at normal emission and at

normal incidence.

e ionization gauge to control the the chamber pressure
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Temperature calibration in SCIENTA

In order to study titanium silicide formation by thermal annealing it was necessary to
measure the sample annealing temperature very precisely. The sample manipulator in
SCIENTA UHV system is equipped with a thermocouple embedded in the sample head,
so the thermocouple does not measure the temperature exactly on the sample surface.
Therefore it was necessary to calibrate it - to find out how the temperature on the sample
surface depends on the electron beam power and the electron bombardment time.

A silicon sample was prepared that a chromel-alumel thermocouple was squeezed between
the surface of the silicon crystal and the spot-welded tantalum strap that holds the silicon
sample. The thermocouple was in direct contact with the silicon crystal so it measured
the temperature exactly on its surface. The sample was annealed for 30 min for different
electron beam powers (ranging from 5W to 30W) and both thermocouple readings were
compared and transformed into a heating time versus heating power plot. So in the
future experiments with thermal annealing it was not necessary to mount a thermocouple
on the sample surface, it was only necessary to keep constant heating power and measure
the annealing time and read the temperature from the previously obtained heating time

versus heating power plots.

Ton flux measurement in SCIENTA

In the IBM process it is crucial to control not only the energy but also the fluence of the
incident ions.

The argon ion current was measured in the configuration schematically presented in Fig.
3.9.

The ion bombarded sample is grounded and the current is measured with a multimeter.
But the value of the measured current depends not only on the number of the incident
ions. During the bombardment process many ion-atom collisions appear on the target
surface what results not only in sputtering of the target atoms but also ionization process
of the target atoms may take place. The free electrons from the ionized target atoms may
be supplied with enough kinetic energy to leave the surface of the target, and this would
be measured by the multimeter as an additional plus charge in the target. So the value
of the measured current would be the superposition of the ion current and the ejected
electrons current. To avoid this misleading measurement the sample is biased with the 9V
battery so the positive voltage is on the sample. The positive plus charge should attract
the ejected electrons and pull them back to the target or just prevent the electrons from

leaving the surface. On the other hand the positive voltage is low enough not to repel
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Figure 3.9: Ion current measurement in SCIENTA Lab
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significantly the plus charged ions reaching the surface.

The ionization process of the target is significant and can be simulated with the TRIM
code. In Fig. 3.10 and in Fig. 3.11 the results of the calculations are presented. The
simulations were run for 60A of Ti on 150A of Si for 100 000 ions bombarding the surface
at 0° with different kinetic energies: 1.30, 1.80 and 2.30keV.

In figures 3.10 and 3.11 one can see that the ionization process takes places mostly in
the near surface region. The argon ions loose, depending on the energy, approximately
5-7¢V /A in ionizing the target about 10A deep. Deeper in the target the process rapidly
looses its intensity due to the general loss of the kinetic energy of ions. The recoiled tar-
get atoms also partly loose their energy in ionization processes and they loose maximum
6—9eV/A at the target depth of 17A. The maximum peak height is shifted in case of the
recoils deeper into the target. It all means one can expect many free electrons in the
surface region from the ionized target atoms that could be ejected from the surface if only
supplied with enough kinetic energy.

During the current measurement in SCIENTA Lab in the configuration of the Fig. 3.9 the
ion current under the Ar pressure of 4.0 x 10~ %mbar ranges from 2.5 - 3.54A depending on
Ar ion energy (energy range: 1.30 - 2.30keV). If the battery is removed from the system

the current increases to 5.0 - 6.0uA due to above described phenomenon.

In order to estimate the ion dose it is required to know not only the ion current, but
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Figure 3.12: Ion current as the function of the filament position (in horizontal and vertical

direction).

also the area of the ion bombarded spot. It was calculated according to the following
procedure: ion beam was directed at the tungsten filament of the manipulator and the
filament current was measured. By moving the manipulator in vertical and horizontal
directions and measuring the changes in the ion current, the spot size was estimated. In
Fig. 3.12 it is shown how the ion current changes by changing the filament position in
horizontal and vertical direction.

The spot width is considered to be the width at FWHM which is about 12.8mm in
horizontal direction and about 12.7mm in vertical direction. The spot area was estimated

to be a circle with a diameter of approximately r = 12.75mm.

With the precise knowledge of the ion current and of the ion bombarded spot area it
is finally possible to calculate the ion dose.

The ion dose for 5min of ion bombardment with the ion current kept constant at 2.5uA
can be calculated as follows.

The spot area is A = 7 - (6.375)>mm? = 1.26cm?. A single argon atom becomes an
ion when it looses at least one electron, which means its electrical charge is equal to

g = +1.602 - 1071°C. In 5min time the sample receives the electrical charge from ions

that is equal to:

q=25-10"%4-300s = 7.5-10"*C (3.13)

If the overall electrical charge carried by all the ions during 5min time of the ion bombard-

ment is 7.5 - 10~*C and one argon ion carries the electrical charge of ¢ = +1.602-10~*C,
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Figure 3.13: SPECS Lab in 2007

it is easy to calculate that the total number of ions that hit the target per cm? (ion dose

¢) was:

b= 7.5-107*C 1
1,602 10719C  1.26cm?
Using the above method it is possible to calculate the ion dose ¢ for different bombardment

=3.7-10%ions/cm? (3.14)

times and different ion currents.

3.5.3 SPECS UHYV System

All the depth profiling experiments and also the studies of the Ti/SiO,/Si interface were
done in another UHV system called the ”SPECS System” (Fig. 3.13). The system consists
of three chambers: the fast-entry chamber, the analysis chamber and the preparation
chamber and they are separated from each other by gate valves. The base pressure in the
system is lower than 2.0 x 107'%mbar and such conditions may be obtained after about
12 hours of the system bake-out. The geometry of the system and the position of all its

components is presented in Fig. 3.14.
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Figure 3.14: SPECS UHV System

The small fast-entry chamber is used only for inserting the samples into the vacuum
without any need of the bake-out. The chamber is pumped out by the roughing pump
and the turbomolecular pump and the pressure is monitored by the ionization gauge. The
chamber may be valved off from the analysis chamber so it can be easily vented and opened
without disturbing the pressure in the overall system. When the new sample is inserted
it takes about 30min of pumping to reach the high vacuum conditions (p ~ 10~ "mbar).
The samples may be stored on a sample carousel which may hold up to six samples. In
order to transport the sample from the fast-entry chamber into the analysis chamber it is
necessary to open the valve between the two chambers which always leads to a very short

pressure rise in the analysis chamber up to ~ 10~?mbar.

The analysis chamber is used for the photoemission studies of the samples and also for

sputter-cleaning the samples and the ion beam mixing process. It is equipped with:

e PHOIBOS 100 MCD-5 hemispherical photoelectron energy analyzer. The data ac-
quisition and processing is computer controlled and supported by the SpecsLab

(version 2.32) software package.
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e SPECS-XR50 twin anode water-cooled X-ray source for the XPS measurements.
The x-ray gun is mounted on a linear motion facility so it is possible to approach
the gun to the sample during the measurement to about 2cm. The gun is positioned
at the angle of about 45° to the sample, when the sample is positioned for the normal
emission. During all the measurements done in this work the x-ray gun operated
at the power of 300W (anode voltage 10kV, emission current 30mA) with the Mg
anode which gave a reasonable number of counts in XPS spectra. During the x-ray
gun operation the pressure in the analysis chamber rises, but it is never higher than
4.0 x 10~ Ombar.

e SPECS IQE-11/35 ion gun for the ion bombardment of the samples used for sputter
cleaning and the ion beam mixing purposes. The ion gun consists of an ion source
that operates under the argon pressure of about 4.0 x 10~ "mbar and repels the ions
to the sample with the kinetic energy up to bkeV. With the ion gun control unit
it is possible to set up precisely the area bombarded by the ion beam (ion beam
scans through this area). For the ion beam mixing experiments this area was set
to 10.00mm x 10.00mm and for the depth profiling experiments the area was set to
4.00mm x 4.00mm.

e ionization gauge to monitor the system pressure.
e ion pump
The preparation chamber is used for the titanium deposition so it contains:

e clectron beam evaporator for titanium evaporation. The titanium was evaporated
from the high purity titanium rod (99.99+%) of the diameter of 2mm. Titanium
evaporation took place, when the titanium rod was bombarded by the electron
beam with the power of P ~ 13 — 15W. During the titanium deposition process the

pressure in the chamber rose, but it was always lower than 3.0 x 10~ %mbar.

e quartz microbalance to control the titanium deposition rate. The microbalance was
mounted on a linear motion facility and is positioned at the angle of 45° against the
evaporator. Such a mounting of a microbalance was forced by the geometry of the
preparation chamber and the distribution of the flanges in the chamber. The angle
of 45° between the microbalance and the evaporated titanium beam influences the
evaporation rate, so the measured rate by the microbalance must be multiplied by

the tooling factor of ~ 1.41.

e ionization and pirani gauge to monitor the pressure in the chamber.
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e pumps: roughing pump, turbomolecular pump, titanium sublimation pump (TSP)

The sample transportation between the analysis chamber and the preparation cham-
ber is carried out by the magnetic transfer rod presented in Fig. 3.14. It is also possible
to rotate the sample on the transfer rod. This feature enables to position the sample at
different angles against the ion gun what is crucial for sputtering and the ion beam mixing

experiments.

The manipulator enables the sample transportation between the analysis and the
preparation chamber. The manipulator is equipped with a sample head compatible with
the sample plates used in SCIENTA system. It also contains a heating system for indirect
heating and a chromel-alumel thermocouple embedded in the sample head to control the
temperature.

The ion current in SPECS system was measured in the configuration from Fig. 3.9.
The ion current depends strongly on the argon pressure and the chosen ion energy like
presented in Fig. 3.15. The area of the ion bombarded spot was fixed and equal to 1lem?,
so it is possible to calculate the ion dose as previously described in the section about the
SCIENTA system. The ion dose was needed for the IBM of the Ti/SiOy/Si experiments

described in the experimental part of this thesis.

Depth profiling in SPECS Lab

The main purpose of the experiments in SPECS Lab was to investigate the mixing rate of
the Ti/Si bilayers, and therefore it was necessary to perform depth profiling experiments.
In the depth profiling experiments the sputtering of Ti/Si samples was performed by Ar™*
bombardment 45° to the sample surface, and the kinetic energy of ions was 3.0keV. The
area of the ion bombarded spot was fixed and equal to 1ecm?. After each sputtering step the
sample surface was studied with XPS. It was needed to perform about 40 sputtering steps
in order to completely remove the mixture of Ti,Si, layer and to reach clean silicon. The
argon pressure during the sputtering was kept constant and was equal to 2.0 - 10~ mbar.
The whole depth profiling experiment was computer controlled by a dedicated computer
program (SpecsLab version 2.30.44), which task was to steer the sputter gun and XPS
control units, and also to do the measurement data acquisition. In order to provide
an efficient information flow between the computer and the control units, a small local
network based on a standard TCP/IP data transmission protocol was built. Such an

infrastructure made the depth profiling process fully automated: sputtering parameters
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Figure 3.15: Ion current as the function of the argon pressure, emission 10.00mA (SPECS

UHYV system).

and XPS measurement parameters were set up at the beginning of the experiment and

then the whole process was run automatically by the computer.



Chapter 4

Experimental results and discussion

4.1 Silicon cleaning procedure

All the silicon samples before inserting them into the vacuum were rinsed in deionized
water and then dipped in alcohol and ultra-sonic cleaned. After taking the samples from
the alcohol bath, the surface of the silicon was dried with the high purity pressurised air.
Then the samples were inserted into the vacuum system and there degassed for 5-6h at
a temperature lower than 600°C'. The heating temperature was increased slowly in steps
in that way, so that the system pressure was always in low 10~%mbar range. At the
temperature of 600°C' the native oxide layer is still preserved and protects the silicon
surface from contaminants [72]. In order to remove the layer of the native silicon dioxide
from the silicon, the samples were sputter-cleaned with Ar ions. The ion energy was as
low as 1.0keV and the sputtering time was 15 — 20min. In SCIENTA Lab the sputtering
angle (the angle between the sample and the sputter gun) was 70° and in SPECS Lab the
sputtering angle was 45°. According to the sputtering simulations of SiOy/Si with the
TRIM code (Fig. 4.1) the best sputtering angle is 70 — 75° because it gives the highest
sputtering yield possible for the ion energy of 1.0keV (Y =~ 7.5). The ion energy was set
to 1.0keV because the argon ions do not penetrate very deeply into the target material
(ion range about 15A) and do not cause any significant damage to the crystal structure.

After the sputtering process the samples were flashed to ~ 1000°C' for a few seconds in
order to remove the shallow implanted argon and to reconstruct the crystal structure of the
clean silicon. During flashing the system pressure was always in 10~ 1%mbar range. After
flashing the cleanliness of the silicon was checked with XPS and/or LEED (in SCIENTA
Lab). In case of the LEED, the Si(111)-(7x7) and the Si(100)-(2x1) reconstructions were
observed. Fig. presents the LEED pattern of the Si(111)-(7x) surface after the cleaning

40



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 41

L 35 o
J -
74 e [ B N
- \ 30 4 .

6 " N
K] Ve \ - .
[T 1 =25 - .
= 54 s \ =< \\.
[s)] ) N
c = ™,
S % 20 4 .
2 /l “ | N
= ‘.
5 S N
o 3- / L] Bl LN
0 ,/-' 154 ..\\

2 7 ‘m.

n “m—m -
| 10 "
"
— 77T T——T—— T T T T T T T T
0 10 20 30 40 50 80 70 80 0 20 40 60 80

a) Sputtering Angle [°] b) Sputtering Angle [°]

Figure 4.1: The sputtering yield vs. the sputtering angle (a) and the Ar ion range vs. the
sputtering angle (b), obtained from the TRIM code. The target material is defined as 154 of
Si0y on the 45A of Si. The ion dose is 100000 Ar ions and the ion energy is 1.0keV. The
density of the SiOq is set to 2.533g/cm? [59].

procedure.

4.2 Ti growth on Si(111) at room temperature

Titanium was deposited in steps onto the clean Si(111)—(7x7) surface at room tempera-
ture in order to study the titanium growth and the titanium silicide formation at room
temperature. After each titanium evaporation step the XPS spectra of Si 2p and Ti 2p

regions were taken. The experiment was done up to two different titanium coverages:

e 8 ML of Ti - in order to investigate the titanium silicide formation at the very Ti/Si

interface,
e 20ML of Ti - in order to study the titanium growth.

The results of both experiments are presented in Fig. 4.3 and Fig. 4.4.

Fig. 4.3 presents XPS spectra of the Si 2p and Ti 2p3/, peaks taken after the indicated
titanium evaporation steps. The Si 2p peak decreases in height with the increasing Ti
coverage (Fig. 4.4), it does not loose its symmetry. The binding energy of the Si 2p
peak does not change significantly for the Ti coverage of 1-8ML. For the Ti coverage of
10-20ML it shifts by ~ 0.1eV into lower binding energies. The Ti 2p3/, peak increases in
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Figure 4.2: LEED pattern of the Si(111)-(7x7) surface (E=60eV).

height with the increasing Ti coverage (Fig. 4.4). With the increasing Ti coverage the Ti
2p3 /o shifts by ~ 0.1eV into lower binding energies.

The above mentioned properties of the Si 2p and the Ti 2p3/, peaks during the Ti evapora-
tion suggest, that there is no significant titanium silicide formation at room temperature.
The small binding energy shifts (~ 0.1eV') for the Si 2p are observed only for high ti-
tanium coverages (more than 8ML) when the Si 2p peak is low and broad, due to the
lower number of detected photoelectrons. Under such conditions the energy shift of only
~ (0.1eV could be considered as a statistical error. For the Ti 2p3/, peak the energy shifts
of ~ 0.1eV are observed for very low Ti coverages. For the same reasons as in the case
of the Si 2p, the peak shifts of Ti 2ps/, should not be considered as a sufficient proof
of a titanium silicide formation. These conclusions stay in a good agreement with the
literature [15, 17, 69, 75].

For the titanium coverages up to 4ML the Ti 2ps3/, growths linearly with the titanium
coverage and the Si 2p decreases in height linearly (Fig. 4.4). For higher Ti coverages
both peaks show non-linear behaviour. From the literature it is known that for the low Ti
coverages (up to 4ML) the titanium growths in layer-by-layer mode and then in Stranski-
Krastanov mode [3]. So the change from the linear to non-linear behaviour in growth
observed for Si 2p and Ti 2ps/, peaks in Fig. 4.4 suggests the change in the growth mode

from the layer-by-layer mode to Stranski-Krastanov mode.
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Figure 4.3: Ti growth on Si(111) at room temperature. XPS spectra of the Si 2p and Ti 2p3/2
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Figure 4.5: The evolution of the Si 2p and Ti 2p3;9 XPS peaks during the thermal annealing
of the Ti/Si(111) interface (Ti coverage: 20ML).

4.3 Titanium silicide formation by thermal annealing

As it was discussed above there is no chemical reaction between the silicon and titanium
at room temperature, and therefore the titanium silicide formation by thermal annealing

was investigated.

4.3.1 In-situ photoemission and LEED studies on Si(111)

20 ML of Ti were deposited at room temperature onto the clean Si(111) crystal. After
the titanium deposition the sample was annealed in steps and after each annealing step
the XPS and UPS spectra were taken. During the heating the system pressure rose, but
it was always in 10~?mbar range. Fig. 4.5 presents the results of the XPS measurements

as a function of the measured temperature.

After the evaporation of the 20 ML of Ti the silicon peak is very small and starts
growing when the temperature rises and at the same time the Ti 2ps/, decreases in size.
Such a behaviour indicates the interdiffusion between the two elements.

The described experiment was repeated many times and it was observed that both peaks
shift in binding energy position. The detailed analysis of the peak shifts is presented in
Fig. 4.6. Fig. 4.6 presents the average peak shifts for a series of five experiments. For
the temperature lower than ~ 400°C' the Si 2p peak shifts to the lower binding energy
and reaches its minimum at ~ 98.4eV. For higher temperatures it shifts back to higher

binding energies and stops at ~ 99.1eV. The Ti 2p3/; moves almost linearly to higher
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Figure 4.6: The average XPS peak shifts of the Si 2p and Ti 2p3 /5 during the thermal annealing
of the Ti/Si(111) interface (Ti coverage: 20ML).

binding energies, when the applied temperature does not exceed ~ 420°C. With further
annealing up to ~ 470°C, the peak moves very rapidly to higher binding energies and
reaches its maximum at ~ 453.8eV/. With further annealing the Ti 2ps/, peak shifts to
lower binding energies and at 650°C' it reaches ~ 453.7eV. It is important to notice that
the Si 2p XPS peak shifts are much more significant than those of the Ti 2p3/,. The max-
imum binding energy difference for the Si 2p peak is 0.8 — 0.9eV" and for the Ti 2ps/, it’s
only 0.2eV. The XPS peak shifts with binding energies give the information that a new
chemical state between the titanium and the silicon was formed. The detailed analysis of

the titanium silicide phases is presented in the next section.

The changes in XPS peak heights (Fig. 4.5) of Ti and Si indicate that the surface
atomic concentrations of the two elements change. The changes of the atomic concentra-
tions on the surface were calculated using the XPS atomic sensitivity factors (ASF) and
the XPS peak areas. The peak areas were calculated with the SCIENTA analysis software
and the ASF for the Si 2p was taken as 0.27 and for the Ti 2p3/; as 1.2. The result is
presented in Fig. 4.7 and shows how the Si to Ti concentration ratio changes with the
annealing temperature. For temperatures up to ~ 300°C the Si to Ti concentration rises
linearly with temperature and is less than 0.25. In the temperature range 300 — 450°C),
where the formation of the TiSi is expected, the Si/Ti ratio rises to 0.5. With further
annealing the Si concentration with respect to Ti rises linearly much faster and at about
570°C' (which is the formation temperature of the C49 TiSiy) reaches ~ 2. Then the Si/Ti

ratio is almost constant and its value is a little more than 2, even if the temperature is
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further increased and reaches 650°C. 2/1 is the ratio of Si to Ti in the perfect TiSiy
silicide, so the results presented in Fig. 4.7 suggest that above 570°C' the TiSi, is formed.
The above presented method of estimating the atomic concentration with ASF factors is

subjected to a certain error::

1. ASF factors are estimated for the pure elements (e.g. Ti or Si) and they might be
different when the two elements form a compound (like it happens in case of this

system).
2. There is always a calculation uncertainty in peak areas of about 10%.

During the thermal annealing of the Ti/Si(111) interface, UPS spectra were also taken
and they are presented in Fig. 4.8. The last two spectra were taken in the temperature
range that is high enough to form the C54 TiSiy (up to 650°C'). These spectra do not
change its shape - the peaks are at the same energy position and the ratio between them
does not change. So it means that the C54 phase was formed and it does not transform

into any other silicide phase.

The titanium silicide formation during the thermal annealing was also studied by
the means of the LEED. After the cleaning of the Si(111) the LEED pattern of the
Si(111)-(7x7) was observed. After the room temperature titanium deposition the pattern
disappeared. After each annealing step the sample was examined with LEED, but no

diffraction pattern was observed. So it means that no ordered titanium silicides are formed
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Figure 4.8: UPS spectra of the thermally annealed Ti/Si(111) interface (Ti coverage: 20ML)

on Si(111) by thermal annealing when they are heated up to 700°C. This conclusion was

already mentioned in the literature [42].

4.3.2 In-situ photoemission and LEED studies on Si(100)

Titanium silicide formation by thermal annealing was studied on the Ti/Si(100) interface
by means of XPS, UPS and LEED. The Si(100) was cleaned and 20ML of titanium were
deposited onto it at room temperature. Then the sample was thermally annealed by in-
creasing the temperature in steps and between the annealing steps the XPS, UPS and
LEED measurements were performed. The system pressure during the thermal annealing
increased but always stayed in 10~?mbar range.

Fig. 4.9 presents the experimental results of the XPS measurements. The silicon is com-
pletely covered with 20ML of Ti and when the temperature rises, it starts diffusing to the
sample surface (Si 2p peak increases its height). At the same time the Ti 2pz/, decreases
in height. Such changes in concentration of these two elements on the sample surface

prove there is an intensive intermixing of Si and Ti induced by the temperature. The
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Figure 4.9: The evolution of the Si 2p and Ti 2p3,5 XPS peaks during the thermal annealing
of the Ti/Si(100) interface (Ti coverage: 20ML).

changes in atomic concentration on the sample surface were estimated using the XPS
ASF factors of Si and Ti and the area of both peaks and are presented in Fig. 4.10. At
low temperatures (room temperature to 300°C') the change in Si/Ti ratio is very small
(very small diffusion). But when the temperature is increased to 470°C' the concentration
changes linearly and faster, and for higher temperatures it changes significantly fast also
in a linear way. In the temperature range 600 — 650°C' the atomic concentration ratio be-
tween the Si and Ti is very much like 2. It shows that TiSi; was formed and the measured
temperature suggests that it could be the C54 crystal phase. In this temperature range
the concentration ratio does not change so abruptly, because the C54 TiSiy is the final
crystal phase and it does not nucleate into any other phase, so the Ti/Si ratio is almost

constant.

The shape of the plot presented in Fig. 4.10 for Si(100) is very similar to that presented
in Fig. 4.7 for Si(111). It means that the intermixing between Si and Ti during the thermal
annealing does not depend significantly on the silicon surface orientation. For both silicon
surfaces the intermixing is very low for < 300°C' where only metal reach titanium silicide
formation is expected. For the 300°C' < T < 470°C' the intermixing speeds up and
the TiSi is expected to be formed. If the temperature is above 600°C' the Si/Ti ratio
stabilizes at ~ 2 and slows down significantly. It suggests that TiSi, is formed and it does
not change its phase any more.

The XPS peak shifts were studied in details and the analysis is presented in Fig. 4.11.
When the temperature is increased from room temperature to about 470°C the XPS Si

2p peak moves by ~ 1.0eV in binding energy to lower energies. For ~ 470°C' it reaches its
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Figure 4.11: The XPS peak shifts of the Si 2p and Ti 2p3/o during the thermal annealing of
the Ti/Si(100) interface (Ti coverage: 20ML). RT stands for room temperature’.

minimum and with further annealing it shifts back to higher binding energies and stops
at ~ 99.1eV. The Ti 2p3/, shifts to higher binding energies until the temperature reaches
510°C' (maximum energy shift). Then the Ti 2ps/, peak moves to lower binding energies
and stops at ~ 453.8eV when the temperature reaches 650°C'.

The XPS peak shifts observed for the thermally annealed Ti/Si(100) (Fig. 4.11) are very
comparable to those observed for the Ti/Si(111) system (Fig. 4.6). So they are not
significantly dependent on the silicon surface orientation. The shifts in binding energy of

the XPS peaks are due to the change in chemical environment of the studied elements.
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Figure 4.12: UPS spectra of the thermally annealed Ti/Si(100) interface (Ti coverage: 20ML)

Ti and Si form silicides that change from Ti,Si, to TiSi and finally into TiSis, which is
observed by the XPS peak shifts in binding energy. The detailed analysis of the XPS
peak binding energy position with respect to the titanium silicide phase is presented in
the next section.

The annealing process of the Ti/Si(100) was also studied with UPS and the results are
presented in Fig. 4.12. It shows the evolution of the valence band of the formed materials.
The last two spectra measured for the temperatures higher than 600°C" are expected to
be TiSi,.

LEED was used to study the structure and orientation of the formed titanium silicides.
The clean Si(100) covered with 20ML of Ti did not give a diffraction pattern. After each
annealing step of the Ti/Si(100) the sample was studied with LEED, but no diffraction
pattern was observed. It leads to the conclusion that the titanium silicides formed by

thermal annealing on Si(100) are disordered in the temperature range up to ~ 650°C.
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4.4 Titanium silicide phase identification

The previous investigations of the thermally annealed Ti/Si interface have shown that
the heating induces the intermixing of the Si and Ti and also supports the silicide forma-
tion. It would be very useful to assign the XPS peak position to the respective titanium
silicide phase. In order to identify the phase of the formed titanium silicides, the GIXRD
technique was used.

GIXRD is the technique in which the X-rays penetrate much deeper into the bulk of the
crystal than in case of UPS or XPS. As it is a less surface sensitive technique, it was
necessary to prepare samples covered with much thicker Ti layers. So 90.5ML of Ti were
deposited at room temperature onto clean Si(100) crystal. Then the sample was annealed
for 20min at 700°C. The system pressure during the annealing process was monitored
and it was always in 10™mbar range. The temperature of 700°C' is sufficient to allow
the C54 TiSiy formation. And it was experimentally checked that the annealing time of
20min is long enough to allow the diffusion of Si through the thick Ti layer to the sample
surface (Si/Ti ratio on the surface is 2/1, Fig. 4.13).

It is very important that the whole volume of the deposited titanium reacts with the

silicon, so the bulk and the surface of the sample are homogeneous. The titanium layer
of 90.5ML thickness corresponds to ~ 271A. The XPS penetrates the sample up to 20A
and UPS only up to ~ 6A, but the XRD gets into the bulk as far as ~ 100A. So if
the annealing time was relatively short, the silicon would react with the titanium near
the buried Ti/Si interface only. In this case the XRD would show the titanium silicides
formed in the bulk near the interface region, but it would be no use to study the sample
with XPS and UPS, because the surface would differ significantly from the bulk.
After the annealing the chemical composition of the sample surface was studied with XPS
(Fig. 4.14) and the valence band was studied by the means of UPS (Fig. 4.15). Then the
sample was taken out from the vacuum chamber and transported to Siemens Labs in
Munich (Germany) were the GIXRD measurement was done (Fig. 4.16).

Fig. 4.13 presents the XPS survey spectra right after the annealing process. Although
the system pressure during the heating process was low (in 10~2mbar range) there is a
low carbon contamination visible (C 1s peak on the spectra), and also a small amount
of oxygen was found on the surface (O 1s peak). The Si to Ti ratio was estimated using
the XPS ASF factors and the Si 2p and Ti 2p3/, peak areas obtained by the computer
analysis of the detailed spectra of these two peaks (Fig. 4.14). The Si/Ti ratio turned out
to be 1.96, which is almost exactly the atomic concentration ratio in TiSis.

Fig. 4.14 shows the detailed XPS spectra of the Si 2p and the Ti 2p3/, taken immediately
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Figure 4.13: XPS survey spectra of the annealed Ti/Si(100) sample. Annealing temp. 700°C,

annealing time: 20min, Ti coverage: 90.5ML. The Si/Ti atomic concentration ratio is 1.96.
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Figure 4.14: XPS Si 2p and Ti 2p spectra of the annealed Ti/Si(100) sample. Annealing temp.
700°C, annealing time: 20min, Tt coverage: 90.5ML
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Figure 4.15: UPS spectra of the annealed Ti/Si(100) sample. Annealing temp. 700°C, an-

nealing time: 20min, Ti coverage: 90.5ML

after the thermal annealing process. The Si 2p binding energy position is 99.15eV, which
means it is shifted by ~ 0.15eV to lower binding energies with respect to the pure silicon.
The peak is symmetric and its shape is very comparable to the shape of a pure Si 2p peak.
At the binding energy of ~ 103eV a very small peak is visible, what indicates that the
silicon is a little oxidized by the oxygen that contaminates the surface (see Fig. 4.13). The
"annealed’ Ti 2p consists of the two spin orbit split doublets which do not differ in shape
(distance in binding energy between doublets, height ratio of the two doublets) from the
pure Ti 2p. But the whole Ti 2p is shifted in binding energy by ~ 0.3eV with respect to
the pure Ti 2p to higher binding energy.
The XPS peak shifts of Si 2p and Ti 2ps/, are comparable to the peak shifts observed
during the thermal annealing experiments with the lower (20ML) titanium coverage.
The UPS spectrum of the annealed sample is presented in Fig. 4.15. The spectrum is
very featureless and differs significantly from the UPS spectra obtained from the previous
experiments with the low (20ML) titanium coverage. It is so, because during the inter-
mixing of the Ti and Si, the material looses its surface orientation features. The surface

orientation features are not lost in case of the low Ti coverages.

Fig. 4.16 presents the results of the GIXRD measurement of the studied sample. The
sample had to be transported to the Siemens Labs in Munich and therefore it had been

exposed to the atmosphere for about one week, before it was investigated by GIXRD. It
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Figure 4.16: GIXRD spectra of the annealed Ti/Si(100) sample. Annealing temp. 700°C,

annealing time: 20min, Ti coverage: 90.5ML

is unclear what the influence of the atmosphere on the sample was. The surface of the
sample must have been contaminated with carbon and the oxygen must have oxidised
the silicon and TiOy maybe formed at the surface. Fortunately the GIXRD penetrates
deeply into the bulk, so that the surface signal is only a fraction of the detected signal.
That is why the exposure to the atmosphere should not have a significant influence on the
detection of the titanium silicide phase. The sample, after it had arrived to Siemens Labs,
was not cleaned, nor modified in any way. It was only inserted into the GIXRD system
and studied with GIXRD. The result of the measurement (Fig. 4.16) shows that the C54
TiSis is identified as the dominant phase. The peaks which are the reflections from the
CbH4 TiSiy are marked with the green lines at the bottom. The green lines represent the
reference peaks heights and positions for the C54 phase and they were taken from the
computer data base, so that the identification of the GIXRD peaks is possible. Other
peaks in the spectra were identified as the reflections from the sample holder and they
do not origin from the sample itself. No presence of other titanium silicide phases was

detected. Probably they exist in such low amounts that the detection was not possible
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(it was impossible to distinguish the corresponding peaks from the background noise).

It was also interesting to repeat the experiment described above, but with lower anneal-
ing temperatures, and detect with GIXRD also the C49 TiSi, phase. Such experiments
were performed according to the following procedure: Si(100) was cleaned and 90.5ML
of Ti were deposited at room temperature, the sample was annealed at 550°C', because
the formation of the C49 phase was intended. The experiment did not succeed, because
it was not possible to obtain the 2:1 Si to Ti ratio on the surface (according to the XPS
measurements). The experiment was repeated many times and the annealing time was
prolonged up to 2 hours, but the results were not successful. The explanation of this
phenomenon is based on the diffusion theory. As it is known from the literature, that
silicon is the main diffusive species in the Ti/Si system [64]. The silicon crystal may be
considered as an infinite source of atoms, because it is much thicker than the titanium
layer. So in this case the Fick’s First Law of diffusion (Eq. 2.8) may be applied to describe
the diffusion process. The diffusion flux is reciprocally proportional to the thickness of the
diffusion path, so the thicker the layer the lower the diffusion flux. For the Ti coverage of
20ML, the Ti thickness is so low that the diffusion is possible even low low temperatures.
For the temperatures as high as ~ 650°C' the temperature is high enough to support the
diffusion of the silicon through the thick 90.5ML. But at the temperature of ~ 550°C' the
diffusion coefficient is not high enough to support the diffusion through 90.5ML of Ti.

Since was proven with GIXRD that the C54 TiSi; was formed, so it is possible to
assign the XPS Si 2p peak position to the appropriate titanium silicide phase, and use
this result as a reference for next investigations. For this reason only the Si 2p peaks will
be analysed and Ti 2ps/, will be skipped, because its shifts are much less pronounced. It
has been shown in the literature [38] that the Si 2p in titanium silicide can be fitted using
doublets, which represent the spin orbit split Si 2p;/, and Si 2ps/, states. Each doublet
should have the same parameters (peak height ratio, binding energy difference) as the
pure Si 2p doublet. According to the literature [31] the pure Si 2p doublet consists of two

peaks separated from each other by 0.6eV in binding energy and the height ratio between
Si2p1/2
Si2p3/2
the discussed doublet that differs only in binding energy position. The energy of 99.12eV

should be assigned to the C54 TiSiy, 98.80eV to the metastable C49 TiSi; and 98.54eV
to the TiSi [38]. The binding energy difference between the C49 and C54 crystal phases
is ~ 0.3eV.

Fig. 4.17 shows the fitted Si 2p peak of the previously identified (GIXRD) C54 TiSiy. The

them is

= % So the titanium silicide Si 2p peak should be successfully fitted with
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Figure 4.17: Fitted XPS Si 2p spectra of the annealed Ti/Si(100) sample (annealing temp.
700°C, annealing time: 20min, Ti coverage: 90.5ML). Si 2p fitted with two doublets that corre-
spond to the different titanium disilicide phases: 99.1eV - C54 TiSip, 98.80eV - C49 TiSip.

fitting was done using the fitXPS 2.12 computer program [2]. On the measured spectra
(open circles in the Fig. 4.17) the Si 2p is positioned at 99.15eV binding energy. The peak
was fitted with two doublets that differ in binding energy, which proves the co-existence
of two components: the doublet at 99.1eV correspond to the C54 TiSiy and the doublet
at 98.80eV corresponds to the C49 TiSiy. It was not possible to fit the Si 2p peak with
more doublets. The peak height of the C49 component is significantly lower than the
height of the C54. So the investigated sample consists of a mixture of TiSi, silicides,
but the C54 phase is dominant. These conclusions from the Si 2p fitting agree with
the theory [39, 46](it is expected to form C54 TiSiy by thermal annealing at ~ 650°C')
and the GIXRD measurement (C54 was identified, other phases [if exist] are the minority).

4.4.1 Detailed titanium silicide phase analysis

It was shown that the XPS peak positions may be assigned to respective titanium silicide
phases, and that the peak height of the fitted doublets corresponds to the amount of
its compound. With this knowledge a detailed phase analysis of the XPS peaks of the
thermally annealed samples (Ti coverage of 20ML) was done. Let’s analyse the titanium

silicide phase transformations of the thermally annealed Ti/Si(111) interface according
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Figure 4.18: The fitted Si 2p XPS spectra of the thermally annealed Si/Ti(111) sample at

lower temperatures (up to ~ 520°C ).

to the XPS measurements (Fig. 4.5). Fig. 4.18 presents the XPS fitting results of the
Si 2p peak measured after annealing the Ti/Si(111) interface at low temperatures (up to
520°C'). The Si 2p peak measured on the sample surface annealed at 470°C' (Fig. 4.18a)
is at 98.39eV, and it could be fitted with two doublets. This is the Si 2p peak that is
the most shifted one to the lower binding energy during the whole annealing process.
The small doublet with the 2ps/, peak at 98.49eV corresponds to the TiSi silicide. The
second doublet is significantly bigger in height and it is positioned at 98.18eV, so this
peak should be assigned to a mixture of metal-rich titanium silicides (Ti,Si,). Thus, after
annealing the sample up to 470°C' there is a mixture of titanium silicides at its surface,
the metal-rich silicides are dominant and the TiSi phase starts to be formed. When the
sample was further annealed to 520°C' (Fig. 4.18b) the Si 2p peak moved to higher binding
energies and its maximum intensity is at 98.72eV. This peak shift indicates a significant
phase transition that can be investigated by the XPS fitting. The Fig. 4.18b shows the
fitted Si 2p with one doublet. The position of the higher peak in the doublet is 98.51eV,
which is the binding energy position of TiSi. The attempts of fitting more doublets into
the Si 2p did not succeed, which indicates that the sample is very homogeneous at this
stage and consists mainly of TiSi silicide.

The presented data analysis agrees well with the theoretical predictions [15, 69, 75, 17, 14]:
at 470°C' the sample consists mainly of metal-rich silicides with a little amount of TiSi, at
520°C' the metal rich silicides are fully transformed into the metastable TiSi phase, which

is the major phase.
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Figure 4.19: The fitted Si 2p XPS spectra of the thermally annealed Si/Ti(111) sample at high
temperatures (570°C' and 650°C').

The phase analysis of the Ti/Si(111) interface at high temperatures was also done.
Fig. 4.19 presents the fitting results of the XPS Si 2p peak measured when the Ti/Si(111)
sample was annealed up to 570°C' (Fig. 4.19a) and 650°C' (Fig. 4.19b). Fig. 4.19a shows
the Si 2p peak at 98.87eV fitted with one doublet. The binding energy of the fitted
doublet is 98.76eV, so the doublet should represent the C49 TiSi;. The attempts of
including more doublets did not result in a good fitting, so the C49 is the only phase
here. The second XPS Si 2p peak (Fig. 4.19b) was measured after heating up to 650°C,
it is positioned at 99.1eV and was fitted with two doublets. The C49 TiSiy doublet (at
98.81eV) is much smaller than the second doublet at 99.02eV of binding energy. This
binding energy (99.02eV) is very similar to the theoretically predicted binding energy for
the C54 TiSiy (99.1eV), so the doublet should be considered as the C54 TiSiy doublet.
So the sample consists of a mixture of the TiSi, silicides in two crystal phases: C49 and
Cbh4, but according to the fitted doublet heights, the C54 is the dominant phase.

The results of the phase analysis presented above are in a good agreement with the theory:
at 570°C the metastable C49 TiSi, is the only phase, and when the sample is annealed up
to 650°C' the C49 TiSi; nucleates into the stable C54 TiSiy, which becomes the dominant
phase. The two phases co-exist and if only the sample were annealed for a longer time,
the C49 would fully transform into the C54 phase.

The binding energy peak positions of the fitted doublets are not always exactly the same
as those theoretically predicted. In case of TiSi the binding energy difference between

the theoretically calculated peak position and the fitted peak position is never higher
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Figure 4.20: TLM results of the Ti/Si(100) annealed to 350°C (Ti coverage: 90.5ML). The

specific contact resistance of the interface is p. = 0.72m€ - mm?.

than 0.05eV. In case of C49 TiSi; the binding energy difference between the theoretically
calculated peak position and the fitted peak position is never higher than 0.04eV. In case
of the C54 TiSiy this energy difference is 0.1eV. Theoretically the C49 and C54 doublets
should be separated from each other by ~ 0.3eV of binding energy. In the experimental
data they are separated from each other by 0.21eV.

4.5 Electrical properties of the Ti/Si interface

The electrical properties of the Ti,Si,/Si interface formed by the thermal annealing where
studied ex-situ by the means of the TLM method and the titanium silicide phase was iden-
tified by the GIXRD.

90.5ML of Ti were deposited at room temperature onto the in-situ cleaned Si(100) sub-
strate. The sample was then annealed in vacuum for 11 min at 350°C'. It was taken out
from the vacuum chamber and transported to Infineon Technologies company in Villach
in order to examine the formed interface by the TLM. The Fig. 4.20 shows the results of
the TLM measurements for different pads. All the characteristics are linear, what proves
a good ohmic behaviour of the contact. The specific contact resistance of the interface
is p. = 0.72m€ - mm?. According to the previous experiments and the titanium phase

analysis of the thermally annealed Ti/Si(100) interface, the silicides formed at 350°C" are



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 60

a mixture of the metal-rich silicides (Ti,5i,). TLM results (Fig. 4.20) show that Ti,Si,
form ohmic contacts with the silicon.

One should not forget that the Ti,Si, is a metastable phase and that it would transform
into other titanium silicide phases, if only higher temperature was applied to the sample.
The silicides during the phase transformations change not only the resistivity, but also
the crystal structure. So if the Ti,Si, layer is used as a contact material to silicon and
it is also covered with other materials that form a capping layer (as it often happens in
metalization layers used in microelectronics), the phase transformation could result in
changing the resistivity of the interface and it could also give an additional mechanical

stress to the layers that it is covered with.

The electrical properties of the TiSiy/Si interface were also studied by TLM. Two
samples were prepared in-situ in the following, that 90.5ML of Ti were deposited at room
temperature onto the clean Si(100) crystal. Then the samples were annealed, the first one
for 12min at 720°C' and the second one for 18min also at 720°C'. The system pressure
during the annealing process was monitored and it was always in 10~ %mbar range. After
the annealing the samples were taken out from the vacuum chamber and sent for GIXRD
and TLM measurements.

The results of the GIXRD measurements are presented in Fig. 4.21 and Fig. 4.22.
According to the GIXRD measurements, the sample that was annealed for 12min (Fig.
4.21) consisted of a mixture of C49 and C54 TiSi, silicides, but the C49 phase was the
dominant phase. In Fig. 4.21 the GIXRD spectrum is presented and the red lines on the
spectrum correspond to the identified C49 TiSi;. The green lines are at the 20 position
of the C54 TiSiy. Although the annealing temperature (720°C') was high enough to form
the C54 phase, the annealing time was to short to transform the previously formed C49
phase fully into the C54.

The GIXRD spectra shown in Fig. 4.22 is the spectrum measured on the sample that
was thermally annealed for 18min at 720°C'. The sample consists exclusively of the C54
TiSis. The green lines marked on the spectra correspond to the identified C54 phase. No
other phase was detected, which means that the annealing temperature and the annealing
time were sufficient enough to allow the titanium silicides to nucleate into the C54 crystal
phase and the sample is homogeneous.

On both GIXRD spectra there are the peaks marked as 'sample holder’. These reflections
come from the sample holder material only and they do not origin from the studied sample.

Both samples after the GIXRD measurements were studied by TLM. Fig. 4.23 presents
the TLM measurements of the C49-TiSi,/Si(100) interface. The V-I characteristics were
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Figure 4.21: GIXRD spectra of the annealed Ti/Si(100) sample (12min at 720°C'). C49 TiSiy

phase was identified as the dominant phase.
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Figure 4.22: GIXRD spectra of the annealed Ti/Si(100) sample (18min at 720°C'). C54 TiSiy

was identified as the dominant phase.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 62

] Cc49 Tisi,
0,2 1 ,
1 p=0.12 mamm
0,14
E 0,0+
> ]
-0,14
— distance: 3 pads
distance: 2 pads
-0,2 4 distance: 1 pad
distance: 0 pads

T T d T y T T T T T 1
-06 -04 02 0,0 0,2 0.4 086
L[A]

Figure 4.23: TLM results of the C49 TiSiy/Si interface prepared by thermal annealing at
720°C' for 12min of the in-situ prepared 90.5ML-Ti/Si(100) interface. The GIXRD spectra of

the sample is presented in Fig. 4.21. The specific contact resistance is p. = 0.12m£) - mm?.
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Figure 4.24: TLM results of the C54 TiSiy/Si interface prepared by thermal annealing at

720°C' for 18min of the in-situ prepared 90.5ML-Ti/Si(100) interface. The GIXRD spectra of

the sample is presented in Fig. 4.22. The specific contact resistance is p. = 0.18m$) - mm?.
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measured for the very neighbouring pads and for the next three pads. The contact shows
a good ohmic behaviour - all characteristics are linear on the full current scale. The mea-
sured specific contact resistance is p. = 0.12m€Q - mm?. Fig. 4.24 shows the measured V-I
characteristics of C54-TiSiy/Si(100) interface. The TLM was done for the neighbouring
pads and for the three next pads. All the characteristics are linear (ohmic contact) and

the obtained specific contact resistance is p, = 0.18m$Q - mm?.

The TLM measurements show that the resistance of the C49 phase (0.12m - mm?) is
very comparable to that of the C54 phase (0.18mf2 - mm?). The difference in resistance
is only 0.06€2 - mm?, so both values are of the same order of magnitude. The difference
in the results of the TLM is rather the measurement uncertainty which could appear
because of the samples treatment: they were measured ex-situ, after exposing them to
the atmospheric pressure they got oxidized, before the TLM measurement they were not
cleaned. Besides the sample with C49 consists of a mixture of C49 and C54 silicides, what

could also change the resistance.

Summarizing thus, it was shown in these experiments that Ti,Si, and TiSi, silicides
are low resistivity materials that form an ohmic contact to the silicon. The specific contact
resistance of both TiSiy crystal phases is approximately 4-6 times lower than that of the
Ti,Si,,.

4.6 Titanium silicide formation by ion beam mixing

The previously described investigations have shown that the titanium silicides are suitable
materials for low resistivity ohmic contacts. Unfortunately the formation temperature of
the stable C54 TiSi, phase is as high as ~ 650°C, what makes the C54 formation by
thermal annealing unsuitable for the back side metallization process. It would be best if
there was a possibility to initiate the chemical reaction at the Ti/Si interface and to mix
Ti and Si bilayers at room temperature. As it is shown in this chapter, the ion beam
mixing is a method, that could give such results and could be used as a substitution to

thermal annealing.

In all the IBM experiments the ion gun used was the Ar sputter gun, which limited
the kinetic ion energy to 5.0keV. It is useful to consider the stopping power that slows

down the Ar ions penetrating the Ti and Si layers, because the Ar ions interact with
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Figure 4.25: The stopping power of Ar penetrating the Si obtained from the TRIM code. The
stopping power plots are presented for high kinetic energies of Ar (a) and for ion energies up to

5.0keV (b). The IBM ion kinetic energy range that was used in this work is marked in (b).
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Figure 4.26: The stopping power of Ar penetrating the Ti obtained from the TRIM code. The
stopping power plots are presented for the high Ar kinetic energies (a) and for the ion energies

up to 5.0keV (b) IBM ion kinetic energy range that was used in this work is marked.

both Ti and Si atoms during the IBM process. Figures 4.25 and 4.26 show the stopping
power that slows down the Ar ions penetrating the Si (Fig. 4.25) and the Ti (Fig. 4.26)
calculated using the TRIM code.

Fig. 4.25a shows that for the low energetic Ar ions that penetrate the Si, the nuclear
stopping dominates the process. It reaches its maximum at ~ 22.0keV and then starts
to decrease. The electronic stopping power does not have a maximum, but it growths
exponentially-like up to ~ 131keV, where the values of the nuclear stopping and the
electronic stopping are equal. From this point the electronic stopping growths linearly.

Fig. 4.25b presents the stopping power plot in the ion energy scale used in the studies



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 65

= 140,04 —. 100,01
o 12001 °%-
80,0
(o)} '
c  100,0+ =
o o
c 80,0+ c 60,01
R Rl
3 99 B 400
et —
Q i O
@ 400 3
o ‘o 20,04
09_ 20,0 : : 09_
projected ion range| \— Projected ion range\
0.0 LN N S I S DR R I A DL A R I B RN B R S 0»0 T T T T T T T T T 1
0 1k 2k 3k 4k 5k Bk 7k 8k 9k 10k Q0,0 2,0k 4,0k 8,0k 8,0k 10,0k
a) lon Energy [eV] b) lon Energy [eV]

Figure 4.27: Projected Ar range vs. the Ar kinetic energy in Si (a) and in the Ti (b).

presented in this work. For the ion energies up to 5.0keV the nuclear stopping power
significantly dominates over the electronic stopping power. The IBM ion energy range, in
which all the IBM experiments were done, is marked on the plot. In this plot the nuclear

stopping power is 6-8 times higher than the electronic stopping power.

If a low energetic Ar ion travels through the thick Ti layer, it mainly looses its energy
due to the nuclear stopping power (Fig. 4.26a. The nuclear stopping power increases up to
~ 30keV and then starts decreasing. The electronic stopping increases and for ~ 149keV
it is equal to the nuclear stopping. Fig. 4.26b shows that for the ion energies used in
this work (IBM range is marked on the plot) the nuclear stopping power significantly

dominates over the electronic stopping and its value is 8-10 times higher.

According to the presented TRIM calculations the Ar ions of Ej;, < 5.0keV slow down
mainly due to the nuclear collisions while traveling through Ti/Si bilayers. The value of
the nuclear stopping power for Ti is higher than for the Si in the discussed ion energy
range. The titanium has higher material density (4.52g/cm?) than silicon (2.32g/cm?)
and the titanium atom has a higher atomic weight (47,9 amu) than a silicon atom (28,08
amu), which means the amount of lost energy in nuclear collision is greater for Ar-Ti
collisions, and the probability of an Ar-atom collision in Ti is higher than in Si. It all
results in a higher nuclear stopping power for Ti.

Fig. 4.27 presents the projected ion range for Ar ions penetrating the Si (a) and Ti (b),
calculated with the TRIM code. For Ar kinetic energies Fy;, > 1.0keV the projected ion
range growths linearly-like with the ion energy. The Ar ions of energies from 1.0-3.0keV

(ion energy range used for investigations in this work) should not penetrate the pure Si
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deeper than ~ 70A and the pure Ti deeper than ~ 50A.

4.6.1 Photoemission studies of the IBMed Ti/Si(111)

The IBM experiment was performed on Si(111) covered in 20ML of Ti, deposited at room
temperature. The Art ion beam was directed at the sample surface at normal incidence.
The Ar* ions bombard the surface with a kinetic energy of Ej;, = 1.30keV and the ion
dose was precisely controlled by the ion current measurement and the ion bombardment
time (this procedure has been described in details in the previous chapter). After irradi-
ating the sample with a specific ion dose, the photoemission studies (XPS and UPS) were
performed in order to monitor the changes in the chemical composition, to investigate the

titanium silicide phases, and to observe the valence band evolution.

Fig. 4.28 presents the XPS spectra taken after the IBM process of the Si 2p and the
Ti 2p3/, as a function of ion dose. At the beginning, when the Si is covered in 20ML of
Ti, the Si 2p intensity is very low. With increasing ion dose, the Si 2p increases in height
and also shifts in binding energy. The Ti 2p3/, has the highest intensity right after the
Ti evaporation, and its height decreases with the ion irradiation. Also an energy shift
for Ti 2ps/, is visible. Such peak behaviour proves there is an intermixing of Si and Ti,
because the surface concentration of silicon increases and the one of titanium decreases.
The both peaks evolve in a very comparable way, like the Si 2p and Ti 2ps/» peaks during

the thermal annealing experiment (Fig. 4.5).

A detailed XPS peak shift analysis was done, according to the XPS data from Fig.
4.28, and the results are presented in Fig. 4.29. When the ion dose increases, the Si 2p
peak shifts into lower binding energies in almost linear way, and it reaches its minimum
value of ~ 98.3eV. Then it moves back to higher binding energies and it reaches about
99.1eV. So, the maximum energy difference observed for the Si 2p shift is ~ 0.9¢V. This
peak behaviour is very similar to the Si 2p peak shifts observed during the thermal anneal-
ing experiments (Fig. 4.6). The Ti 2p3/2 first shifts to higher binding energies, when the
ion dose increases, and reaches its maximum value at ~ 453.96eV. Then the peak shifts
back to lower binding energy and stabilizes at ~ 453.90eV. The maximum binding energy
shift observed is ~ 0.35eV. The Ti 2p3/, peak shifts in the presented IBM experiment
are very comparable to the shifts of the Ti 2ps/, observed during the thermal annealing

process (Fig. 4.6).
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Figure 4.28: Ion beam mixing of the 20ML-Ti/Si(111) bilayers at room temperature with the
Ar beam at 1.830keV normal to the target surface. The XPS spectra show how the Si 2p and the

T 2p39 change with the ion dose.
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Figure 4.29: The XPS peak shifts of the Si 2p and Ti 2p3/, during the IBM of the Ti/Si(111)
interface (Ti coverage: 20ML) at room temperature. Ar beam is normal to the surface, Ar

kinetic energy is Ei., = 1.30keV .

The valence band evolution of the ion-beam bombarded sample was studied by means
of UPS, and the results are presented in Fig. 4.30. The peaks in the last three spectra
do not change significantly, which indicates there is not much change in the chemical
composition of the sample surface. For the same ion dose the XPS Si 2p peak position
is ~ 99.1eV, which corresponds to the C54 TiSiy phase (mixture of silicides, where C54
dominates in quantity) according to the previous phase analysis with XPS peak fitting.
The peak at ~ 9eV, which appears after the sample has received the ion dose of ~

18.5 - 10'%ion/cm?, is the peak related to the presence of Ar on the sample surface.
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Figure 4.30: The evolution of the valence band of the Ti/Si(111) sample during the IBM
process at room temperature (irradiation with Ar™ ions at the kinetic energy of 1.30keV, normal

to the surface).

The sample was also studied with the LEED, but no LEED pattern was observed
during the whole IBM process, which indicates that the surface was disordered. Also, the
silicides formed by the thermal annealing did not give any diffraction pattern. For the
IBM process the appearance of an ordered LEED pattern is less expected, because the

Ar™ ions destroy the surface structure.

The described experiment has shown that the titanium silicide formation on the
Ti/Si(111) system by IBM is similar to the silicide formation by thermal annealing. The
changes in the intensities of the XPS peaks indicate the intermixing of the two elements.
The XPS peak shifts of the Si 2p and the Ti 2p3/, during the IBM are very similar to the

shifts during annealing, so the silicide phases change in the same sequence.

4.6.2 Photoemission studies of the IBMed Ti/Si(100)

Titanium silicide formation by IBM was also studied on the Ti/Si(100) interface by the
means of XPS, UPS and LEED. 20ML of Ti were deposited at room temperature onto the
clean Si(100) crystal, and the sample was IBMed with the Ar™ beam normal to the sample

surface. The Art ion energy was set to 1.30keV, and the ion dose was precisely controlled.
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Figure 4.31: Ion beam mizing of the 20ML-Ti/Si(100) bilayers at room temperature with the
Ar beam at 1.30keV normal to the target surface. The XPS spectra show how the Si 2p and the
Ti 2p3/9 change with the ion dose.
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Figure 4.32: The XPS peak shifts of the Si 2p and the Tu 2p3/, during the IBM process of the
Ti/Si(100) interface (Ti coverage: 20ML) with Ar ions at 1.30keV, bombarding the sample at

normal incidence.

During the IBM process the XPS and UPS spectra were taken in order to examine the
changes in chemical composition on the sample surface, to observe the titanium silicide
phase transformation (according to the XPS peak shifts) and also to study the valence
band evolution.

The XPS spectra taken during the IBM are presented in Fig. 4.31. It is shown how
the Si 2p and the Ti 2ps/, change with the ion dose. Such peaks behaviour was already
observed during the thermal annealing experiment of the Ti/Si(100) system (Fig. 4.9).
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Figure 4.33: The evolution of the valence band of the Ti/Si(100) sample during the IBM

process at room temperature (irradiation with Ar™ ions at the kinetic energy of 1.30keV, normal

to the surface).

The XPS peaks also shift in binding energy, and the analysis of the Si 2p and the Ti
2p3/o peak shifts is presented in Fig. 4.32. The presented XPS peaks behaviour and the
energy shifts are almost the same as the shifts observed for the Ti/Si(100) during the
thermal annealing process (Fig. 4.11).

Fig. 4.33 shows the UPS spectra measured for different ion doses during the IBM
experiment. The last three spectra do not differ much - there is no more peak trans-
formation. At the binding energy of ~ 9eV a peak develops, which is related to the Ar
presence on the sample surface.

The UPS spectra of the thermally annealed Ti/Si(111) (Fig. 4.8) and the Ti/Si(100) (Fig.
4.12) differ in the peak evolution, and also the final spectra are different. But the UPS
spectra of the IBMed Ti/Si(111) (Fig. 4.30) and the Ti/Si(100) (Fig. 4.33) also differ in
the peak evolution, but they final 2-3 spectra are much the same in shape. These spectra
are very featureless with one flat peak at ~ 2.5¢V and a pronounced Ar-related peak at
~ 9eV. The thermal annealing process of a thick 90.5ML Ti layer on Si(100) at 700°C
for 20min also resulted in a similar featureless UPS spectra (Fig. 4.15), but without the
Ar peak at 9.0eV (there was no argon bombardment). This sample was studied by the
GIXRD and the C54 TiSi, phase was identified. So the annealed 90.5ML-thick Ti on
Si(100) and the IBMed Ti/Si(111) and Ti/Si(100) give very similar, almost featureless
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UPS spectra. This phenomenon is due to the fact, that the IBM process destroys locally
the crystal structure, due to the ion-target atoms collisions. Since the UPS is also sen-
sitive to the surface structure (the UPS spectra of the annealed 20ML-Ti/Si(111) and
the 20ML-Ti/Si(100) are different), the IBMed samples are similar in UPS, due to the
destroyed crystal structure of the silicon. Also the annealed 90.5ML-Ti/Si(100) surface
looses its silicon surface properties, because of the very thick titanium coverage and a

long-term intense diffusion/intermixing process.

The Ti/Si(100) sample was also investigated with the LEED during the ion beam
mixing. After each ion bombardment step the sample surface was examined with the
LEED. No diffraction pattern was observed for any ion dose, what means that the formed
titanium silicides had no particular orientation. Also the thermally annealed Ti/Si(100)
did not give any diffraction pattern at the temperature ranging from the room tempera-
ture up to 650°C. During the IBM process the ion beam additionally disturbs the surface

structure, and therefore no diffraction pattern is expected.

The described experiment has shown that with the IBM it is possible to obtain the
same results like with the thermal annealing, but at room temperature. The room temper-
ature IBM causes the Ti/Si bilayers to mix at their interface and it initiates the chemical

reaction between them.

4.6.3 IBM of the Ti/Si(100) for different Ar" energies

It was an interesting task to find out how the ion energy influences the titanium silicide
formation during the IBM process. Therefore the IBM of the Ti/Si(100) bilayers was
studied for three different Art energies. The 20ML of Ti were deposited in UHV onto
the clean Si(100) substrate. Then each sample was irradiated with the same dose of Ar™
ions normal to the sample surface, but at different ion energies: 1.30keV, 1.80keV and
2.30keV. During the IBM process the sample was examined by the means of the XPS and
UPS.

Fig. 4.34 presents the XPS measurements during the IBM with the Ar™ ions at the
kinetic energy of Ey;,, = 1.80keV. Fig. 4.35 shows the experimental results of the XPS
measurements during the IBM process for the 2.30keV of Ar™ kinetic energy. When the
IBM process starts, the Si 2p peak increases in height, and the Ti 2ps/, decreases. This

peak behaviour is identical to the peak behaviour observed for the lower 1.30keV ion
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Figure 4.34: Ion beam mixing of the 20ML-Ti/Si bilayers at room temperature with the Ar
beam at 1.80keV normal to the target surface. The XPS spectra show how the Si 2p and the Ti

2p3/2 change with the ion dose.
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Figure 4.35: Ion beam mixing of the 20ML-Ti/Si bilayers at room temperature with the Ar
beam at 2.30keV normal to the target surface. The XPS spectra show how the Si 2p and the Ti

2p3 /o change with the ion dose.

energy.

Both peaks also shift in the binding energy, as the ion dose increases. For both ion
energies the Si 2p peak shifts to the lower binding energies and reaches the minimum value
of ~ 98.3eV. Then it shifts back into the higher binding energies. The Ti 2p3/2 moves
first in higher binding energies, when the IBM process starts. It reaches its maximum

value of ~ 453.9eV and then moves back to lower binding energies. This behaviour is
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Figure 4.36: XPS peak shits of the Si 2p and the Ti 2p3/, during the room temperature IBM

process for different ArT energies.

observed for 1.80keV and 2.30keV. The peak movements are the same, like the movements
observed for 1.30keV.

Fig. 4.36 presents the peak shifts of the Si 2p and the Ti 2p3/, during IBM process for the
three different Ar* energies - 1.30keV, 1.80keV and 2.30keV. As one compares the shifts of
both peaks for different binding energies, it is clearly visible that the higher Ar* energy,
the faster the peaks shift. For 2.30keV the Si 2p reaches its minimum binding energy
after only ~ 5min of IBM, and for 1.30keV it reaches its minimum after ~ 20min. The
Ti 2p3/, shifts to its maximum binding energy position only after ~ 25min of IBM with
2.30keV, and it takes about 50min for the same shift, while bombarding the sample with
Ar™ at 1.30keV. As the peak shifts are related to the titanium silicide phase formation,

it means that the phase transformation happens faster for the higher Ar* kinetic energies.

Fig. 4.37 shows the valence band evolution studied by the means of the UPS during
the Ar™ ion bombardment for two different energies: 1.80keV and 2.30keV. On both UPS
series the peak at ~ 9.0eV develops, which is the peak that proves the Ar presence on
the studied surface. The UPS spectra evolution ends with the featureless spectra with a
flat peak at ~ 2.5eV and ~ 9eV (Ar). Also the UPS spectra taken for the 1.30keV finish

their evolution with such a spectrum.

If one compares the UPS spectra from the Fig. 4.37 and the Fig. 4.33, it is clear that
the spectra for the same ion dose consist of different peaks for different ion energies. So
it means, that the speed of the titanium silicide phase transformation is different for dif-

ferent ion energies.
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Figure 4.37: The evolution of the valence band of the Ti/Si(100) sample during the IBM
process at room temperature (irradiation with Art ions at the kinetic energy of 1.80keV and

2.30keV, normal to the surface)

Let us compare the XPS and the UPS spectra for a specific ion dose for the three
different Ar* energies, in order to analyse the titanium silicide phase transformation and
the intermixing in more details.

Fig. 4.38 shows the comparison of the XPS spectra for the three samples irradiated by

different Ar™ ion energies for the same ion dose of 29.6 x 10'%ions/cm?, and the spectra
of the clean Si and the 20ML of Ti on the Si are given as a reference. The Si 2p peaks
differ in intensity and peak position: the higher the ion energy, the higher the intensity.
The Ti 2ps/, peaks are smaller for higher ion energies. The interdiffusion at the Si/Ti
interface is greater for higher ion energies.
The peaks are not only different in height, but they are also shifted in binding energy,
so different titanium silicides were formed. The lower the ion energy, the more the Si 2p
peak is shifted to the lower binding energy with respect to the clean silicon. The Ti 2p3/,
shifts to higher binding energies for the ion energies of the 1.30keV and 1.80keV, but it
shifts back to the higher binding energy for the argon energy of 2.30keV.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 75

] XPs si2p |xPs Tizp,,

) - clean Si . clean Si
. clean Ti
clean Ti
B | =—1.30keV
= 1.30keV 2 7| —1.80kev
@ 1 ——1.80keV @ 5 20Ka
S 4 ——2.30keV R
I5 - 15
kS =

T T T T T T T T T T T T T T T T T v T T 1
103 102 101 100 99 98 97 96 457 456 455 454 453 452 451
Binding Energy [eV] Binding Energy [eV]

Figure 4.38: The comparison of the XPS spectra showing the Si 2p and the Ti 2p3/; peaks
taken for the samples irradiated with the ion dose of 29.6 x 10%ions/cm? and for different Ar™
ion energies (1.30, 1.80 and 2.30keV).
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Figure 4.39: XPS fitting of the Si 2p, the 20ML-Ti/Si(100) sample bombarded with Ar™ at
1.30keV, the ion dose 29.6 x 10%i0ons/cm?.

The detailed titanium silicide phase analysis of the XPS Si 2p peaks is shown in Fig.
4.39, 4.40 and 4.41. The peaks were fitted with the Si 2p doublets, and the binding en-
ergy position of the doublets was assign to the appropriate titanium silicide phase. The
Si 2p peak measured on the sample bombarded with the lowest ion energy (1.30keV) is
positioned at 98.62eV, and was successfully fitted with two doublets (Fig. 4.39). The
largest peak represents the TiSi (98.54eV), and the smaller the Ti,Si, (98.28eV). It was

not possible to fit the Si 2p peak with more doublets, so the sample consists only of two

titanium silicide phases.
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Figure 4.40: XPS fitting of the Si 2p, the 20ML-Ti/Si(100) sample bombarded with Ar™ at
1.80keV, the ion dose 29.6 x 10%ions/cm?.
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Figure 4.41: XPS fitting of the Si 2p, the 20ML-Ti/Si(100) sample bombarded with Ar" at
2.30keV, the ion dose 29.6 x 10%%ions/cm?.

The Si 2p peak of the sample bombarded with Ar™ at 1.80keV is positioned at 98.86eV,
and it was fitted also with two doublets (Fig. 4.40). The binding energy of the largest
Si 2p3/2 is 98.80eV, what means it is a C49 TiSis. The second doublet with its binding
energy of 98.54eV represents the TiSi silicide, which is the minority phase.

Fig. 4.41 shows the fitting of th Si 2p of the sample irradiated with the Ar" ions at
2.30keV. The Si 2p peak position is 98.92eV and it was fitted with the two doublets. The
dominating phase is the C49 TiSi,, which is represented by the tallest peak at 98.78eV.
The very small doublet at 99.09eV corresponds to the C54 TiSi,.

As the phase analysis shows, there the ion energy has a significant impact on the titanium
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Figure 4.42: The comparison of the UPS spectra taken for the samples irradiated with the ion
dose of 29.6 x 10%ion/em? and for different Ar™ ion energies (1.30, 1.80 and 2.30keV).

silicide phase transformations. The samples that received the same ion dose but at dif-
ferent energies consist of different titanium silicides. The phase transformation happens
faster for higher ion energies. The sample irradiated with the ions of 1.30keV represents
the early stage of the silicide formation, that is comparable to the thermal annealing at
~ 450°C, where the TiSi is the dominant phase. The sample bombarded with the higher
energetic ions (1.80keV) already consists mostly of the C49 TiSi, phase. The TiSi already
transformed into the C49, and only very little of it can be detected. This sample is com-
parable to the thermally annealed one at ~ 550°C. In the third sample (2.30keV) the
whole TiSi has transformed into the C49 TiSi, and the C49 phase started to transform
into the stable C54 TiSi, phase. The Cb4 TiSi, exists in a very small quantity, which

means that the nucleation process has just started.

In Fig. 4.42 the UPS spectra are compared taken for the samples bombarded with the
same ion dose of 29.6 x 10%ion/cm?, but for the different kinetic energies of the incident
argon ions. KEach spectrum contains the peak at ~ 9eV, which is due to argon. The
spectrum for the highest argon energy (2.30keV) consists of only one flat peak at ~ 3eV/ .
This spectrum is very much like the UPS spectrum in the end of the silicide nucleation
process, observed for the all previous IBM experiments, and it represents the mixture of

the C49 and C54 TiSi silicides. That agrees well with the phase analysis presented above
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Figure 4.43: Si 2p and the Ti 2p3/y XPS spectra of the Ti/Si(100) sample IBMed with the
Art ions at 1.30keV. Titanium coverage is 15ML.

(Fig. 4.41), where the TiSi; was the only silicide detected. The UPS spectra for 1.80keV
and 2.30keV are similar in shape, but the peak at ~ 6eV is more pronounced for the
Ar* 1.80keV. Both samples consist of the TiSi, but in different quantity (more TiSi for
the 1.30keV sample). But the second component is different for each sample - Ti,Si, for
the 1.30keV sample, and the C49 TiSi, for the 1.80keV sample. The second component

causes the change in the UPS spectra between the two samples.

4.6.4 IBM of the Ti/Si(100) for different Ti coverages

All the previous IBM experiments were performed on the silicon substrates covered with
20ML of titanium. The results of the experiments presented in this section show, how the
IBM changes, when the Si is covered with different titanium coverage. So additionally
to the IBM at 1.30keV of the 20ML-Ti/Si(100) system, two other experiments were per-
formed under the same conditions, but with the titanium coverage of 15ML and 10ML.
During the IBM experiment the samples were studied by the means of the XPS and
the UPS. The samples were irradiated with Ar' ions in steps and the ion dose was pre-

cisely controlled. After each ion bombardment step the XPS and UPS spectra were taken.

Fig. 4.43 presents the XPS spectra of the Si 2p and the Ti 2p3/, binding energy regions
for the IBMed 15ML-Ti/Si(100) sample, IBMed with Ar™ at 1.30keV. With the increasing
ion dose, the Si 2p peak increases its height and also shifts in binding energy in the way
that was observed also for the 20ML-Ti/Si(100) sample (Fig. 4.31). Simultaneously the
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Figure 4.44: Si 2p and the Ti 2p3/, XPS spectra of the Ti/Si(100) sample IBMed with the
ArT dons at 1.30keV. Titanium coverage is 10ML.
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Figure 4.45: XPS peak shits of the Si 2p and the Ti 2p3 o during the room temperature IBM
process for different titanium coverages (10-20ML) at constant Ar™ energy of 1.30keV. Substrate:

Si(100).

Ti 2p3/, decreases in height and also shifts in binding energy like it was observed for the
20ML sample.

In Fig. 4.44 the XPS spectra of the IBMed 10ML-Ti/Si(100) sample are presented. The
behaviour of the Si 2p and the Ti 2p3/s peaks is very comparable to the peak behaviour
observed for the samples with the thicker titanium coverage.

As one compares the Si 2p growth for the three different Ti coverages, it is noticeable that
the Si 2p grows fastest for the thinnest Ti coverage (10ML). So the interdiffusion takes

place more intensively for the lower titanium coverages.
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Figure 4.46: The evolution of the valence band of the Ti/Si(100) sample during the IBM
process at room temperature with Art at 1.30keV. Ti coverage is 15ML and 10ML.

The XPS peak shifts of the Si 2p and the Ti 2p3/, for different titanium coverages
and constant Ar™ kinetic energy (1.30keV) were analysed. The peak shifts in binding
energy versus the IBM time are presented in Fig. 4.45. For all the titanium coverages the
Si 2p peak moves first to the lower binding energy, and than it shifts back to the higher
binding energy. So the sequence of the titanium silicide transformation is the same for
all the Ti coverages. The Si 2p peak of the 10ML sample reaches the minimum binding
energy faster than on the other two samples. The Si 2p peak of the 15ML sample moves
to its minimum binding energy position after ~ 10min of IBM, and the Si 2p peak of the
20ML sample reaches the minimum position after ~ 20min. This difference in the speed
of the Si 2p peak movements shows clearly that the titanium silicide phase transformation
happens faster for the samples with lower Ti coverages.

All the Ti 2p3/, binding energy shifts presented in Fig. 4.45 are very similar for all the
titanium coverages. Peaks move in a comparable way: first to the higher binding energy,
then after reaching the maximum, they move slightly back to the lower binding energies.
So the titanium silicide phase transformation takes place in the same sequence for all the

investigated titanium coverages.
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Figure 4.47: The comparison of the XPS spectra of the Si 2p and the Ti 2p3/o peaks taken for
the samples irradiated with the ion dose of ¢ = 29.6 x 10'%ions/cm? at 1.30keV, but for different
Ti coverage: 20ML, 15ML and 10ML on Si(100).

Fig. 4.46 presents the UPS spectra taken during the IBM with Ar™ at 1.30keV of the
two Si(100) samples covered in 15ML and 10ML of Ti. Both series of UPS spectra end
up with a flat spectrum consisting of an argon peak at 9eV and a flat peak at ~ 3eV.
Such a spectrum also exists for the sample covered by 20ML of Ti (see Fig. 4.33), but the
evolution of the spectra is fastest for the lowest Ti coverage sample (10ML). It agrees well
with the XPS results, which have shown that the XPS peak move faster (silicide phase

changes faster) for the low coverage samples.

Let us now analyse the titanium silicide transformation in more details, and let us
compare the XPS and UPS measurements for the specific ion dose. Fig. 4.47 shows the
XPS spectra of the three samples covered in 20ML, 15ML and 10ML of Ti, irradiated
with Ar™ at 1.30keV with the ion dose ¢ = 29.6 x 10'i0ons/cm?. The lower the titanium
coverage, the more Si 2p peak is shifted to the higher binding energy. The lower the
titanium coverage, the smaller the Ti 2p3/, peak. The Ti 2ps/, peaks also differ in the
binding energy position. The Ti 2pz/, of the 20ML sample is positioned at 453.87eV,
the 15ML Ti 2ps3/o at 453.79e¢V and the 10ML Ti 2p3/, at 453.7eV. So the three samples
received the same ion dose, but they have different atomic concentration on the surface
(different XPS peak heights) and a different titanium silicide phase was formed (different
XPS peak shifts).

Figures 4.48, 4.49 and 4.50 present the fitted XPS Si 2p peaks from Fig. 4.47. Each
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Figure 4.48: The fitted XPS spectra of the Si 2p for the 20ML-Ti/Si(100) sample. The ion
dose ¢ = 29.6 x 10%%ions/cm? and the Art energy Eyip = 1.30keV .
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Figure 4.49: The fitted XPS spectra of the Si 2p for the 15ML-Ti/Si(100) sample. The ion
dose ¢ = 29.6 x 10%%ions/cm? and the Art energy Eyip, = 1.30keV .

Si 2p peak was fitted with the FitXPS 2.12 program [2] with the silicon doublets. The
binding energy of each silicon doublet corresponds to the appropriate titanium silicide
phase, and the doublet height corresponds to the quantity of the silicide phase.

Fig. 4.48 presents the fitted Si 2p peak of the 20ML—-Ti/Si(100) sample. The binding
energy of the measured Si 2p peak is 98.62eV, and it was successfully fitted with two dou-
blets. The largest peak is positioned at 98.57eV, which corresponds to the TiSi silicide.
The second doublet represents the metal-rich titanium silicides (T1,Si,) and its binding
energy position is 98.24eV. It was not possible to fit more doublets. So the sample consists

of the two titanium silicides: TiSi (dominant) phase and a little bit of the Ti,Si,,.
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Figure 4.50: The fitted XPS spectra of the Si 2p for the 10ML-Ti/Si(100) sample. The ion
dose ¢ = 29.6 x 10"%ions/cm? and the Art energy Eyip = 1.30keV .

Fig. 4.49 shows the fitted Si 2p peak of the 15ML-Ti/Si(100) sample. The measured peak
is positioned at 98.94eV and it was fitted only with one silicon doublet at 98.80eV. The
binding energy of the doublet suggests it is a good C49 TiSis.

Fig. 4.50 presents the obtained fitting results of the sample with the thinnest titanium
coverage (10ML). The binding energy of the measured Si 2p peak is 99.01eV. It was fitted
with the two doublets: a larger one at 98.80eV, and the smaller one at 99.10eV. So the
sample consists of a mixture of two titanium silicides. The dominant phase is the C49
TiSiy, and the other phase is the C54 TiSi,.

These fitting results show that the thinner the titanium coverage, the faster the titanium
silicide phase changes. The three samples that differ in Ti coverage, but were IBMed with
the same conditions, have slightly different chemical composition. The 20ML sample con-
sists of mainly the TiSi phase. In the 15ML sample only the C49 TiSi, was detected, so
the TiSi had been fully converted. In the sample with the thinnest titanium coverage,
the C49 and the C54 TiSi, phases coexist. So the same ion dose of 29.6 x 10'%ions/cm?
initiated the C54 TiSi, nucleation for the 10ML sample, but it formed only the TiSi in
the 20ML sample.

Fig. 4.51 presents the UPS spectra taken for the three sample bombarded with the
same ion dose (29.6 x 10'%ions/cm?) with the same Ar" kinetic energy (1.30keV), but the
samples had different Ti coverage: 20ML, 15ML and 10ML. The spectra for 10ML and
15ML consist of the argon peak and also at the flat peak at ~ 3eV. These two spectra

are very much like the UPS spectra in the end of the silicide nucleation process, observed
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Figure 4.51: The comparison of the UPS spectra taken for the samples irradiated with the ion
dose of 29.6 x 10'%ions/cm? at 1.30keV, but for different Ti coverage: 20ML, 15ML and 10ML
on Si(100).

for the all previous IBM experiments, and it represents the mixture of the C49 and C54
TiSi, silicides. This agrees very well with the presented above phase analysis with XPS
fitting. The analysis proves the existence of these two titanium silicide phases: C54 and
C49 TiSisp in the 10ML sample, and C49 TiSiy in the 15ML sample. The UPS spectrum
of the 20ML sample consists of different peaks at ~ 0.5eV, ~ 3eV and ~ 6eV. This
spectrum is the spectrum of the TiSi, which was detected as the dominant phase by the

analysis with the XPS fitting.

4.7 Monte Carlo simulations of the IBMed Ti/Si sys-

tem

This section presents the Monte Carlo simulations of the ion beam mixing of the Ti/Si
bilayers, performed with the TRIM program. The purpose of the calculations was to sim-
ulate the IBM process under the same conditions, as the real experiments performed in
the UHV. The results of these virtual experiments give better understanding of the IBM
process, and also give the information about many IBM parameters that are not possible

to be measured. The parameters of the calculations (e.g. incident ion angle, ion energy,
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Figure 4.52: The results of the TRIM simulations presenting the sputtering yield (Y) vs. the
sputtering angle (a), and the total target displacements vs. the sputtering yield (b). The target
material was titanium and it was bombarded with the Ar™ ions at 1.30keV, 1.80keV and 2.30keV.

target material) were set up as in the real laboratory experiments, in order to simulate

the experiments as precisely as possible.

4.7.1 Mixing and sputtering

During the IBM process the kinetic energy of the impinging ions is used not only for
mixing of the two elements, but it can also lead to the sputtering effect. So every IBM
process consists of mixing and sputtering, but the sputtering effect in the IBM process is
not desired, because it leads to the material loss. What is more: the energy absorbed by
the target atoms is not used for mixing, but it is wasted on ejecting the particles from the
sample surface. So the sputtering yield should be as low as possible in the IBM process.
The sputtering yield depends on many parameters, such as the ion energy, angle of ion
incidence, atomic mass of ions and target atoms [54]. Atomic masses of ions and target
atoms are defined by the chemical elements, that take part in the experiment (Ar, Si, Ti),
and, of course, they cannot be changed. But the ion energy and the angle of the ion inci-
dence are the parameters that can be set up, and the sputtering yields can be calculated.
Fig. 4.52a presents the results of the TRIM calculations of the sputtering yield Y versus
the sputtering angle, for the Ar' ions bombarding the titanium surface with 1.30keV,
1.80keV and 2.30keV. The angle of 0° means, that the ion beam is normal to the target
surface. The maximum sputtering angle is 89.9°, because the ions bombarding the surface

at 90° would, in ideal case, only slide on the target surface. In Fig. 4.52a it is shown, that
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Figure 4.53: Projected argon range (Ar™ bombarding the titanium surface) as a function of

the sputtering angle. The plot obtained by the means of the TRIM code.

the sputtering yield depends strongly on the sputtering angle. For all the ion energies the
lowest value of the sputtering yield is in the 0 — 10° range, and it is lower than 1.4. The
highest value of the sputtering yield is in the 70 — 75° range. The Y depends also on the
Art energy, and the higher the energy, to higher the sputtering yield Y.

Fig. 4.52b shows the calculations of the total target displacements caused by an impinging
ion as the function of the sputtering angle. The displacement is every collision that causes
a permanent dislocation of the target atom from its lattice site. The number of target
displacements depends on the Ar* energy in that way that the higher the energy, the more
target displacements per ion. In the range of 0 — 45°, the number of target displacements
is constant and it has the highest value. For the sputtering angles > 45°, the number of
target displacements decreases for all the ion energies. It is crucial in the IBM to have
the greatest number of the target displacements, because the target displacements are
responsible for the mixing effect.

The sputtering angle of 0° is the best angle for the IBM purposes, because it results in the
lowest sputtering yield Y, and it also provides the greater number of target displacements
possible. That is why all the previously described IBM experiments were performed with
the ion beam bombarding the target normal to its surface.

One could also consider the IBM at ~ 85 — 89°, because it gives a very low sputtering
yield. But such an angle is not advisable, because it causes a very small number of the

target displacements, so the mixing efficiency would be very low.

If Ar"™ ions bombard the target surface, they can penetrate into the bulk and get im-
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Figure 4.54: The percentage of the backscattered argon ions as a function of the sputtering

angle. The graph was obtained by the TRIM code.

planted, or they can also be backscattered into the vacuum, because the ion-atom collision
could change the ion direction and backscatter it. Both discussed effects - implantation
and backscattering, depend on the sputtering angle and the ion energy. They also depend
on the atomic masses of the ions and target atoms.

Fig. 4.53 presents the results of the TRIM calculation of the projected range of the
implanted argon ions/atoms for three different argon energies: 1.30keV, 1.80keV and
2.30keV. The projected argon range depends strongly on the ion energy, and the higher
the energy, the longer the ion range. The longest projected ion range is for the angle of

~ 0°, so one should expect relatively deep argon implantation during the IBM process.

The ion backscattering process is also considered by the TRIM calculations and Fig.
4.54 shows the number of backscattered ions (as the % of all the incident ions) as a
function of the sputtering angle. The plot is an average taken for the three Ar* energies
(1.30keV, 1.80keV and 2.30keV). At the sputtering angle of 0° there is less then 5% of all
the incident argon ions backscattered into the vacuum. So during the IBM process the
majority of Art ions (equal to ~ 95% of the ion dose) is implanted into the target mate-
rial. Such an implantation supports the mixing process, because the more ions penetrate
the bulk of the target, the more energy is transfered into the target atoms.
Summarizing: the best angle of ion incidence for the IBM is 0° (normal incidence), be-
cause it results in the lowest sputtering yield, greatest number of target displacements
(efficient mixing), and only few per cent of the ions are backscattered. The best angle of
ion incidence for the sputtering is 70 — 75°, because it results in the highest sputtering

yield, lower number of target displacements (so it does not disturb the crystal structure
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Figure 4.55: TRIM calculations of the sputtering yield and the projected ion range for different

Ti/Si systems, that were studied experimentally.
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Figure 4.56: Argon ion/atom distribution in the target for the constant Ti coverage (20ML) but

different Ar™ energy (a) and for the constant Art energy of 1.30keV and the different titanium

coverage (b). The graph was obtained by the TRIM code.

of the bulk) and a very low range of the implanted ions.

The Fig. 4.55 shows the detailed calculations of the sputtering yield and the projected

ion range for the experimentally studied Ti/Si systems. For the Ti/Si systems with the
same titanium coverage of 20ML the highest sputtering yield Y=1.328 was obtained for
the highest Ar™ energy E = 2.30keV, and the lower the Art energy, the lower the sput-
tering yield. For the Ti/Si systems bombarded with the constant Ar* energy of 1.30keV
and covered with the different thickness of the Ti, the sputtering yield changes in such a
way, that the lower the Ti coverage, the lower the sputtering yield.
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4.7.2 Ion distribution in the target

Fig. 4.56 presents the calculated final Ar distribution in the target (after the samples have
been irradiated with the 100000 ions). The calculations were performed for a constant
Ti coverage (20ML) but different Art energy (a), and for a constant Ar* energy, but
different titanium coverage (b). The thickness of the 20ML of Ti was estimated to be
~ 60A and the interface between the Ti and the Si is marked in Fig. 4.56a. All the plots
presented in this figure have a significant peak in the Ti region, which corresponds to
the projected ion range. The highest projected ion range have the ions with the highest
2.30keV energy (~ 41A). For the lower Ar" energies the projected ion range is shorter -
34A for 1.80keV, 28A for 1.30keV (see Fig. 4.55). The peaks for higher ion energies are
also broader, which indicates that the argon concentration is more homogeneous. At the
interface between the Ti and the Si all the graphs have a shoulder. The shoulder is due
to the difference in the bulk density between the titanium and the silicon. Titanium bulk
density is 4.5189g/cm? and it is larger than that of the Si - 2.3212¢g/cm3. So it is much
easier for the Ar™ ions to travel through the silicon than through the titanium, because
argon ions experience less nuclear collisions in silicon. That is why the shoulder in the
silicon region has a more gentle slope.

Fig. 4.56b presents the ion distribution for the same ion energy (1.30keV), but different
Ti coverages. All the graphs also have shoulders at the interface of the Ti and the Si.
All the peaks are located also in the titanium region, even for the thinnest Ti layers. So
the titanium acts as a good barrier for the ions and prevents them from penetrating into
the silicon. The projected ion ranges are very similar for all the coverages: 20ML - 284,
15ML - 30A, 10ML - 35A.

The TRIM simulations presented in Fig. 4.56 show that for all the performed IBM ex-
periments the titanium acts as a barrier for the ions, and most of the Ar is implanted
shallow in the Ti region. The advantage of this phenomenon is that the Ar* ions do not

penetrate deeply into the bulk of the silicon and they do not destroy its crystal structure.

4.7.3 The distribution of the absorbed energy

Fig. 4.57 presents the calculated distribution of the ion energy absorbed by the target
atoms. The graph presents the calculations performed for the same titanium coverage of
20ML, but different Ar™ energies, and the same ion energy, but different Ti coverages. All
the graphs show that most of the kinetic energy of the ions is always absorbed in the very
surface region, approximately up to 10A. So the Art ions lose their kinetic energy by the

nuclear collisions with the surface atoms, because the nuclear stopping power dominates
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Figure 4.57: Energy from ions absorbed by the target atoms calculated with the TRIM code.
The graphs show the calculations for the same Ti coverage of 20ML and different ion energies,

and the same ion energy (1.30keV) but different Ti coverage.

this process (Fig. 4.26). Such an energy loss prevents the ions from penetrating deeply
into the bulk, so their projected ion range is short (Fig. 4.56). The target atoms absorb
the kinetic energy and then they can form collision cascades that transfer the kinetic

energy toward the Ti/Si interface and they contribute to the mixing process.

As it has been already discussed, the Ar ions loose their kinetic energy mainly due to
the nuclear collisions with the target atoms. Such a collision may result in the relocations
of the target atoms, but the ion energy could be also used to increase the energy of the
phonons. If a target atom was hit by another atom (or ion) it could be relocated from
its lattice site, if the gained energy is greater than the displacement energy. If the gained
energy is lower than the displacement energy, the atom will only oscillate around its equi-
librium state and would not be able to move one atomic spacing away from its original
site. In this case the atom energy contributes to the phonon energy of the studied crystal.
The phonon energy can be increased not only by the native target atoms, but also by the

ions that are implanted into the target during the IBM process.

Fig. 4.58 presents the distribution of the ion energy loss (Fig. 4.58a) and the recoil
energy loss (Fig. 4.59b) on phonons calculated with the TRIM code for the 20ML-Ti/Si
system for the three different Art kinetic energies. The ions produce the phonons mainly
in the near surface region. For all the three Ar" energies the ion energy loss peaks have
maxima not deeper than 25A and the higher the energy, the broader and the lower the
peak. The recoils also contribute to the phonons (Fig. 4.58b), but they loose the energy
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Figure 4.58: Ion energy loss on phonons (a) and recoil energy loss on phonons (b) calculated
for the three different Art kinetic energies (1.30keV, 1.80keV and 2.30keV) for the IBMed
20ML-Ti/Si bilayers.
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Figure 4.59: Ion energy loss on phonons (a) and recoil energy loss on phonons (b) calculated
for the different titanium coverages (20ML, 15ML and 10ML) for the Ti/Si system IBMed with
Art at 1.30keV

on phonons deeper than ions - the maxima of the energy lose peaks are deeper than 25A.
The recoils transfer on average 10 times more energy to the phonons, than the ions do.

Fig. 4.59 shows the distribution of the ion energy loss (Fig. 4.59a and the recoil energy
loss (Fig. 4.59b on phonons calculated with the TRIM code for the Ti/Si system bom-
barded with the Art at 1.30keV for different titanium coverage. The ion energy loss and
the recoils energy loss does not depend significantly on the titanium coverage. The ions
lose maximum energy on phonons at ~ 16A, which is always in the titanium region for

all the simulated systems. The maximum value of the recoil energy loss is at ~ 22A
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Figure 4.60: Ion energy loss on ionization (a) and recoil energy loss on ionization (b) calculated

for the three different Ar™ kinetic energies (1.30keV, 1.80keV and 2.30keV) for the IBMed

20ML-Ti/Si bilayers.
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Figure 4.61: Ion energy loss on ionization (a) and the recoil energy loss on ionization (b)

calculated for the different titanium coverages (20ML, 15ML and 10ML) for the Ti/Si system

IBMed with Art at 1.30keV

and this is also independent on the titanium coverage. Also in this case the recoils loose

approximately 10 times more energy on phonons than the ions.

The ion energy transfered into the target material may be also used to create sec-

ondary ions. An argon ion, while penetrating the target, may collide into an atom, and

the collision process may result in ejecting an electron from the atom (ionization). The

ionization process may be also supported by the recoils, which also take part in the colli-

sion process in the target.
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Figure 4.62: Energy loss for ions and recoils.

Fig. 4.60 shows the calculation of the energy loss on ionization, performed for the 20-
Ti/Si target bombarded with the three different Ar™ kinetic energies. For all the three
Ar™ energies, the ions create the ions mainly at the surface (Fig. 4.60a). The deeper into
the target, the ion energy loss on ionization decreases in a linear-like way. The maximum
of the recoil energy loss is at ~ 12A (Fig. 4.60b). The maximum values of the ion and
recoil energy loss are of the same order, and the higher the Art energy, the higher the
energy loss.

Fig. 4.61 presents the results of the calculation of the energy loss on ionization, performed
for the Ti/Si system bombarded by the Ar™ at 1.30keV, but covered in different thick-
ness of the titanium (20ML, 15ML and 10ML). Fig. 4.61a shows the ion energy loss on
ionization. The ion energy loss does not depend significantly on the titanium coverage,
and the maximum value of the energy loss is at the very surface region. The recoil energy
loss also does not depend strongly on the thickness of the titanium layer (Fig. 4.61Db).
The maximum value of the recoil energy loss is at ~ 12.5A. The graphs for 10ML and
15ML have a shoulder at the interface of the Ti and the Si. There is no shoulder for 20ML.

Fig. 4.62 gives the summary of the energy loss calculations and shows how much
energy (in per cents) an average ion and an average recoil loses its energy on. The calcu-
lations were performed in order to simulate all the studied Ti/Si systems (with different
Ti coverage and different Art energy). For all the examined systems an average ion loses
approximately 10% of its energy on the ionization process, 4-6% is given to the phonons,
and ~ 2% of the energy is used to create the vacancies in the target. So the greatest

amount of the ion energy is used to create other ions (ionization). It happens because
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Figure 4.63: Replacement collisions calculated for the IBMed Ti/Si system for the constant
titanium coverage of 20ML, but the different Art energy (a) and for the constant Ar™ energy,
but the different Ti coverage (b).

the positively charged Ar ion moves through the matter, attracts the electrons from the
target atoms, collects them and finally becomes an atom, what is the main driving force
of the ionization process.

The recoils transfer approximately 60% to phonons, they lose about 18-21% on ionization,
and ~ 3% on the creation of the vacancies.

The Fig. 4.62 shows, that the ions lose about 18% of their whole energy, and the recoils
loose about 85% of their whole energy. The ions loose only ~ 18% according to the
calculations, because they contribute to the ionization process and they transform into
atoms. After they have been transformed into atoms, they are not considered by TRIM
in the ion statistics, but in the recoil statistics. So an average ion becomes an atom after
it has lost ~ 18% of its energy. An average Ar" ion should become an atom after it has
travelled ~ 10A through the target, because the ions lose most of their energy in the very
surface region (see Fig. 4.57), and the ionization process is also most intensive there (Fig.
4.60 and 4.61).

4.7.4 Collision events

The distribution of the replacement collision events in the target, caused by the ion bom-
bardment, was calculated with the TRIM code and the results are presented in Fig. 4.63.
Fig. 4.63a shows the distribution of the replacement collisions calculated for the constant
Ti coverage of 20ML, but for the three different Art energies - 1.30keV, 1.80keV and
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2.30keV. The higher the Art energy, the more replacement collisions in the target take
place. The maximum number of the replacement collisions is in the titanium region, and
the higher the Ar™ kinetic energy, the deeper the maximum. Another peak appears at
~ 64A - almost at the Ti/Si interface. This peak appears due to the difference in the dis-
placement energy between the titanium (25eV) and the silicon (15eV) [77]. The titanium
has a bigger displacement energy, so the same amount of kinetic energy transferred into
the cluster of titanium atoms would cause lower number of displacements than in the case
of silicon atoms. That is why at the interface of the Ti/Si another peak appears. The
existence of this peak at the Ti/Si interface is desirable, because the more collision events
at the interface, the better mixing of the two elements. The highest peak at the interface
is observed for the highest Art energy of 2.30keV. It agrees well with the previous exper-
iments, in which the fastest titanium silicide phase transformation was observed also for
this system (see Fig. 4.38).

Fig. 4.63b shows the distribution of the replacement collisions calculated for the constant
Ar™ energy, but for different titanium coverages (20ML, 15ML and 10ML). The highest
peak (the greatest number of the replacement collisions) is at ~ 19A and it is indepen-
dent on the titanium coverage. The second peak appears at the Ti/Si interface, and its
position depends, of course, on the titanium thickness. This peak is the highest for the
lowest titanium coverage (10ML). It stands in a good agreement with the experimental
results (Fig. 4.47), where it was observed, that the fastest silicide phase transformation

takes place for the thinnest titanium coverage.

4.8 Mixing rate

In this section the calculations and the measurements of the mixing rate of the Ti/Si
bilayers IBMed with the Ar™ are presented. The theoretical calculations are compared

with the experimental results and the conclusions about the mixing regime are given.

4.8.1 Mixing rate calculations

The mixing rate for the Ti/Si system IBMed with the Art ions was calculated according
to the compound formation model for the IBM [19], described in the 'Fundamentals’ sec-
tion. The calculations were performed for the mixing rate in the ballistic mixing regime

and in the thermal spike regime.
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Mixing rate in the ballistic mixing regime

The mixing rate in the ballistic (collision cascades) mixing regime at the boundary of
the two elements is described in the Eq. 2.19. The Equation 2.19 assumes, that only
one element (A atom) is a mobile species. In case of the Ti/Si system the silicon is the
mobile species, because it has significantly lower displacement energy and lower the lattice
binding energy [77]. The expression for the mixing rate in the ballistic mixing regime can
be written as:

X2 A2

Bt = - = {2Csi/[a/(a + B)]Cia} - [(0:2F/Ca) (") (55—

5 )] (4.1)

where
a =1, b= 2 - stoichiometry of the TiSiy
Eis; = 15eV - the displacement energy of the Si (taken from the TRIM database)
Fp - the density of the deposited energy at the Ti/Si interface calculated with the TRIM
A = 1lnm - a stable distance between a vacancy and an interstitial [19]
Cg; = 0.0489at/ A3 - the atomic concentration of the silicon
Css = O.O71at/A3 - the atomic concentration of the C54 TiSi,
and
4Myg; - Mr;

H= g + M) Mszi M;)g (4.2)
where
Mg; = 28amu - the atomic mass of the Si

Mr; = 48amu - the atomic mass of the Ti

The mixing rate in the ballistic mixing regime was calculated according to the Eq.
4.1 for all the experimentally studied Ti/Si systems, and the results are presented in the
Table 4.1. The value of the mixing rate is different for different Ti/Si systems, because
they have different density of the deposited energy Fp (Table 4.1). The density of the
deposited energy at the Ti/Si interface depends on the Ar™ kinetic energy so that the
higher the ion energy, the higher the Fp. And the lower the Ti coverage, the higher the
Fp, because the titanium acts as a barrier for the ions and for the collision cascades on
their way to the interface. The mixing rate is proportional to the Fp, so the higher the
Fp, the higher the mixing rate kp,;.

For the Ti/Si systems covered by 20ML of Ti and IBMed with different Ar™ energies, the
highest values of the ky,; and the Fp were calculated for the system bombarded with the
highest Art energy of 2.30keV. And if the Art energy decreases, so does the ky,; and the
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Fp.

For the Ti/Si systems IBMed with the constant Art energy of 1.30keV, but covered with
different titanium thickness, the highest value of the ky,; and the Fp was calculated for
the system with the lowest Ti coverage of 10ML. The values of the k;,; and the Fp de-

crease with the increasing titanium coverage.

Mixing rate in the thermal spike regime

The mixing rate in the thermal spike regime at the interface of the two elements is given
by the Eq. 2.20, according to the compound formation model for the IBM [19]. This
equation in the case of the Ti/Si system can be written as:

X2 5

krg = i {2Cg;/]a/(a+b)]C54} - [KlFf/(C&{gAHcQah)] (4.3)

where

K; = 0.0035nm - the parameter, its value suggested in [19]

AH?2, = 22.52¢V?/at* - the average cohesive energy of the Ti/Si system squared. The
AH,,, was calculated as an average value of the cohesive energy of the silicon AH..,_g; =
4.62eV/at [41] and the cohesive energy of the titanium AH,,,_7; = 4.87¢V/at [35]

and the p is described in the Eq. 4.2.

The mixing rate in the thermal spike regime was calculated according to the Eq. 4.3
for all the experimentally studied Ti/Si systems and the results are presented in the Table
4.1.

For the Ti/Si systems covered in 20ML of Ti and IBMed with different Art energies, the
highest values of the kg was obtained for the system bombarded with the highest Ar™
energy of 2.30keV. And when the Ar" energy decreases, so does the mixing rate kpg.

For the Ti/Si systems IBMed with the constant Ar* energy of 1.30keV, but covered with
different titanium thicknesses, the highest value of the kyg was calculated for the system
with the lowest Ti coverage of 10ML. The values of the kg decrease with the increasing

titanium coverage.
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Ti coverage 20ML | 20ML 20ML 15ML 10ML
Art kinetic energy | 2.30keV | 1.80keV | 1.30keV | 1.30keV | 1.30keV

FpleV/A] 590 | 259 0.59 3.47 13.38

Kyt [nm?] 457 | 201 0.46 2.69 10.36

ks [nm4] 183.72 35.41 1.84 63.54 944.88

Table 4.1: The calculated mizing rate of the Ti/Si in the ballistic mixing regime (kpgu) and in
the thermal spike regime (krs). The density of the deposited energy Fp at the Ti/Si interface
was calculated with the TRIM.
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Figure 4.64: XPS spectra of the Ta 4f and the O 1s taken during the depth profiling of the
Tay 05 /Ta sample.

4.8.2 Mixing rate measurements

This section presents the measurements, from which the mixing rate of the 20ML-Ti/Si
IBMed with Art at 1.30keV was obtained. The mixing rate is the parameter of the IBM
process that describes how the thickness of the IBMed interface changes with the ion dose.
Therefore it was needed to IBM Ti/Si samples with different ion doses and then depth
profile them. From the depth profiles one can obtain the thickness of the interface and

compare it for different ion doses.

The depth profiling experiments were done using an Ar™ ion beam at 3.0keV with 45°
to the target surface, the argon pressure was kept constant and equal to 2.0-10~"mbar. It

was not known how the ion beam of this particular parameters sputters the crater in the
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Figure 4.65: Depth profile of the TagOs/Ta sample showing the XPS peak heights of the Ta

4f7/2 and the O 1s as a function of the sputtering time.

target, so the reference sample of the native tantalum oxide was depth profiled in order
to estimate the sputtering speed. The thickness of the native TasO5 on the Ta substrate
is well known and equal to 1000A. Fig. 4.64 shows the results of the depth profiling with
the XPS of the TayO5/Ta. The XPS spectra of the Ta 4f and the O 1s were taken after
each sputtering step. The sputtering step was set to 10min for the first six sputtering
steps, and then the it was set to 2.0min. The difference between the oxidised Ta and the
pure Ta is very well pronounced, so there is no doubt when the TayO5/Ta interface was
reached. The Ta 4f;/, and the O 1s peak heights were measured after each sputtering
step and they were plotted as a function of the sputtering time (Fig. 4.65). The depth
profile presented in Fig. 4.65 shows that the amounts of the O 1s and the Ta 4f;/, are
almost constant in the first 60 minutes of the process, so it means the ion beam drills
through the TayOj layer. After 60 minutes of the sputtering process the amount of the O
1s decreases, and the amount of the Ta 4f;/, increases, what indicates, that the Tay,O5/Ta
interface was reached.

The sputtering yield of the 1000A of the Tay,Os5 is different than the sputtering yield of
the 1000A thick TiSiy, because these two materials have different surface binding energies
and the lattice binding energies (according to the TRIM database [77]). The sputtering
yields of the Tay;O5 and the TiSi, were calculated with the TRIM and they are equal to:
Yra,0, = 7.788 and Yr;g;, = 3.870. The ratio };TT“iQSO;" = 2.012 indicates, that a TiSiy layer
would be sputtered approximately two times slower than the Tay,Os layer of the same
thickness. With this knowledge the thickness of the depth profiled Ti/Si samples was

estimated in all the experiments shown below.
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Figure 4.66: Depth profiles of the 20ML-Ti/Si interface IBMed with the Ar™ at 1.30keV
with different ion doses: 9- 10 Ar/em?(a), 1.5 - 10 Ar/em? (b), 2.5 - 10 Ar/em? (¢) and 3.5 -
10 Ar /em? (d).

Fig. 4.66 presents the results of the depth profiling of the four 20ML-Ti/Si samples,
that were IBMed with Ar™ at 1.30keV with different ion doses: 9 - 101 Ar/ecm?(4.66a),
1.5-10% Ar /em?(4.66b), 2.5- 10" Ar /em?(4.66¢) and 3.5- 10" Ar/em? (4.66d). From each
of the depth profiles presented in Fig. 4.66 the thickness of the interface was calculated as
the difference of the silicon concentration from 55% to 95%. The silicon was considered
here in the calculation, because it is the mobile species in the Ti/Si system, and it diffuses
into the titanium layer. So the changes in the silicon concentration are more relevant to

the mixing process.

The thickness of the interface obtained from the results presented in Fig. 4.66 was
squared and plotted in Fig. 4.67 as a function of the ion dose. The measurement points
form a linear function, and the slop of the function is the mixing rate of the studied Ti/Si

system, and it is equal t0 keyp = 0.647Tnm*.
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Figure 4.67: Interface variance of the mized Ti/Si bilayers as the function of the ion fluence.

4.8.3 Conclusions

One should compare the theoretically calculated values of the mixing rate in the ballistic
mixing regime and in the thermal spike regime of the 20ML-Ti/Si IBMed with Ar* at
1.30keV (Table 4.1) with the experimentally obtained value. The value of the mixing
rate obtained from the experiments is Ky < Kegp < krg, but the difference between the
kezp and the kpg is ~ 1.20nm?*, and the difference between the kezp and the kpyy is only
0.18nm*. It means the ballistic mixing dominates the process and only very few thermal
spikes are expected.

The mixing process of the 20ML-Ti/Si IBMed with the Ar™ at 1.30kV is a diffusion-
controlled process, because the interface variance as the function of the ion dose is a
linear function (Fig. 4.67). It means that the titanium silicide formation and the growth
of the silicide layer is not influenced by the kinetics of the chemical reaction between the
titanium and the silicon. The growth speed of the titanium silicide layer depends only on

the diffusion of the silicon into the titanium region.
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Figure 4.68: The distribution of the energy absorbed by the target atoms from ions (a) and
the distribution of the collision events (b) during the bombardment of the Ti/Si system with the

ArT don beam at 45° to the target surface.

Uncertainty of the depth profiling measurements

Every measurement method changes the measured objects, also in the case of the depth
profiling experiments presented above. The depth profiling involves bombarding the tar-
get surface with the ions in order to sputter the material and then study the chemical
composition of the uncovered layers. The ion beam in this case should cause the sput-
tering effect, and the ion mixing effects are not desired. In case of the depth profiling
experiments presented above, the ion beam was positioned at 45° to the target surface
(because of the geometry of the UHV chamber) and the Ar" ions bombarded the surface
with the energy of 3.0keV. Some part of the ion energy in this process is used for sput-
tering the target atoms. But some part of the kinetic energy of the ions transferred into
the target atoms would not cause the sputtering of the atom, but its movement in the
direction of the interface - it would support the mixing effect. The TRIM calculations of
the ion bombardment of the 20ML-Ti/Si with Ar™ at 3.0keV at 45° to the sample surface
were performed in order to simulate the depth profiling process. The simulation does not
correspond exactly to the real experiment, because the samples had been IBMed before
they were depth profiled, so they consist of the mixture of different titanium silicides. But
the simulation gives an idea how the ion beam of such parameters influences the sample.
According to the TRIM simulation, the depth profiling process results in a high sputter-
ing yield Y = 2.82, and the projected range of the implanted argon ions of 36.7A. The
distribution of the energy absorbed by the target atoms from argon ions is presented in
Fig. 4.68a. The greatest amount of the energy is absorbed by the target atoms in the very
surface region (up to 1OA), which supports the sputtering effect. The energy absorbed by
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the surface atoms is also used to relocate the atoms towards the Ti/Si interface, which
results in a high number of the replacement collisions (Fig. 4.68b) deeper in the target
at ~ 20A. The number of the replacement collisions decreases towards the interface, but
right after the Ti/Si interface (at about 70A) another peak appears, what indicates there
is an intermixing at the interface region.

So the depth profiling process contributes to the interface mixing and to the titanium
silicide formation. Since all the depth profiled samples received the same treatment (were
depth profiled under the same conditions), the influence of the depth profiling should
be almost the same for each sample. That is why the calculation of the changes in the
interface thickness between different samples should be correct. But no titanium silicide
phase analysis was done, because the depth profiling experiment supports the interface

mixing and changes the titanium silicide phase.

The studied Ti/Si system differs a little bit from the A/B system proposed by J.
Desimoni and A. Traverse [19] and described in the 'Fundamentals’ section. The Desimoni
and Traverse model assumes that the interface between the A and B elements is buried
under the very thick layer of A and the ion-induced mixing appears there. The model
neglects the sputtering effects that appear on the ion bombarded surface of A. In case of
the studied Ti/Si system, the titanium layer is very thin, so the sputtering plays a more
important role during the IBM process. The interface of the IBMed Ti/Si system is in the
surface region (its evolution is studied by the surface sensitive techniques - XPS, UPS),
so it broadens because of the ion-mixing effects, but at the same time it also gets thinner
because of the sputtering. That is the reason why all the mixing rate measurements were
performed for the relatively low ion doses, because for the low ion doses, the sputtering

effect is less significant.

4.9 Electrical properties of the IBMed Ti/Si

The electrical properties of the IBMed Ti/Si interfaces were studied ex-situ by the means
of TLM. The samples were prepared in-situ according to the following procedure: silicon
samples were introduced into the UHV, degassed, sputter—cleaned, 20ML of Ti were de-
posited at room temperature and then the samples were IBMed in order to form titanium
silicides. After the IBM process the samples were studied with the XPS, and then covered
with 50ML of Ti. Then the samples were taken out from the UHV chamber and trans-

ported to Infineon Technologies in Villach in order to perform the TLM measurements.
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Figure 4.69: XPS (a) and TLM (b) measurements of the 20ML-Ti/Si sample IBMed at room
temperature with the Art at 1.30keV. Ion dose was ¢ = 29.6 - 10%ions/ecm?, substrate: n-type
Si(100).

The 50ML-thick titanium layer acts as a capping layer that protects the titanium silicides
from oxidization and contamination that would occur after the samples have been exposed

to the atmosphere.

The first IBMed sample received the Ar™ dose of ¢ = 29.6 - 10%%i0ns/cm? at the ion
energy of 1.30keV. The results of the XPS measurement of the Si 2p are presented in Fig.
4.69a. After the ion bombardment the Si 2p is positioned at 98.61eV. The detailed tita-
nium silicide phase analysis by fitting the XPS Si 2p peak shows that the sample consists
of a mixture of silicides, but the TiSi is a dominant phase. The second identified silicide
phase represents the metastable Ti,Si, titanium silicide. The TLM measurements (Fig.
4.69b) show that the I-U characteristics of the electrical contact is linear, so the contact
is ohmic. The obtained specific contact resistance is p = 0.31m$ - mm? and this value is

of the same order as the resistance of the contacts formed by thermal annealing (see Fig.
4.20, Fig. 4.23 and Fig. 4.24), but higher than the resistance of C49 TiSiy and C54 TiSis.

The ion beam mixing process involves the ion implantation and the ion doses used in
the experiments described in this work are relatively high (of the order of 10%ions/cm?).
Since argon is a noble gas, it does not react chemically with the target atoms. But does
the presence of argon influence the resistivity? According to the TRIM calculations the
projected ion range, in the case of the 1.30keV ion energy and the 20ML titanium cover-
age, is ~ 28A (Fig. 4.56), so most of the ions do not penetrate into the bulk of the silicon.

Usually the argon can be removed from the sample by annealing/flashing the sample, so
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Figure 4.70: The XPS (a) and the TLM (b) measurements of the 20ML-Ti/Si sample IBMed
at room temperature with the Art at 1.30keV, and then annealed at 350° for 12min. Ion dose
was ¢ = 29.6 - 10%ions/cm?, substrate: n-type Si(100).

if the argon is not implanted very deeply, the annealing/flashing process should remove a
significant amount of it.

Another sample was prepared according to the same procedure, as the sample described
above (20ML-Ti/Si IBMed with Ar™ at 1.30keV, ion dose ¢ = 29.6 - 10"ions/cm?), and
then it was annealed for 12min at the temperature of 400°C in order to remove the
implanted argon. The purpose of the experiment was to investigate if the argon con-
tamination influences the resistivity. The XPS spectrum of the Si 2p after the annealing
process is presented in Fig. 4.70a. The Si 2p peak is positioned at 98.7eV, it is shifted by
~ 0.1eV to higher binding energy with respect to the not-annealed sample (Fig. 4.69a).
The peak could be fitted with two doublets that correspond to two different titanium sili-
cide phases - TiSi and Ti,Si,, and the TiSi is the dominant phase. There is significantly
more TiSi in the annealed sample, because the annealing process supported the phase
transformation from the Ti,Si, to the TiSi. The temperature of 400°C' was high enough
to cause the T%,S%, — T'1S7 phase transformation, but it was not high enough to allow
the transformation from the TiSi into the C49 TiSi,.

XPS spectra of the Ar were taken before the annealing process and after the annealing
process. The results are presented in Fig. 4.71. The argon peak is lower after the thermal
annealing process so the amount of Ar has thus decreased. If the sample were annealed
for a longer time, or at higher temperature, the amount of argon would decrease more
significantly. But since the purpose of this experiment was to investigate the difference in

the contact resistance of the samples which differ only in the argon concentration, it was
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Figure 4.71: The XPS spectra of argon on the surface of the IBMed (Art at 1.30keV, ¢ =
29.6 - 10%ions/cm?) and annealed (400°C for 12min) 20ML-Ti/Si(100) bilayers, taken before

and after the thermal annealing.

crucial not to anneal to much (so that the silicide phases do not change significantly).

The contact resistance of the sample was studied by the means of TLM and the results are
presented in Fig. 4.70b. The sample shows a good ohmic behaviour (linear I-U character-
istics) and the obtained specific contact resistance is p = 0.29m - mm?. The resistance
of the sample depleted with argon (annealed) is only 0.02mS) - mm? lower than the re-
sistance of the not-annealed sample. Since the samples have a very similar composition
(TiSi is a dominant titanium silicide phase), the argon has no influence on the quality of

the electrical contact.

Furthermore, the C54 TiSiy was formed on the n-type Si(100) by room temperature
IBM with higher ion dose (Art at 1.30keV, ¢ = 1.1 - 10'%ons/cm?) and the properties
of the electrical contact were studied. Fig. 4.72a shows the XPS spectrum of the Si 2p
binding energy region taken right after the IBM process. The binding energy of the Si 2p
peak is 99.06eV, and it was successfully fitted with the two doublets. The largest fitted
peak correspond to the C54 TiSiy, and the smaller peak corresponds to the C49 TiSi,.
The sample was covered with the capping layer (50ML of Ti) and studied ex-situ with the
TLM, and the results are presented in Fig. 4.72b. The contact shows an ohmic behaviour,
and the value of the obtained p is very comparable to the corresponding p value measured
on the C54 TiSi, formed by the thermal annealing at ~ 650°C' (see Fig. 4.24).
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Figure 4.72: The XPS (a) and the TLM (b) measurements of the 20ML-Ti/Si sample IBMed
at room temperature with the Art at 1.30keV. Ion dose was ¢ = 1.1 - 10'%ons/cm?, substrate:

n-type Si(100).

4.10 Surface morphology of the IBMed samples

The surface morphology of the 20ML-Ti/Si(100) system was investigated by the means of
noncontact Atomic Force Microscopy (AFM). The purpose of these studies was to find out
how the ion beam of argon influences the surface morphology, and how the morphology
of the thermally annealed Ti/Si system differs from the IBMed Ti/Si system.

Four Si(100) silicon substrates were cleaned, 20ML of Ti were deposited onto them,

and Cb4 titanium silicide was formed on their surfaces using different methods:
1. thermal annealing at 700°C' for 4min
2. IBM with Art at 2.30keV (¢ = 33.5 - 10"%i0n/cm?)
3. IBM with Ar" at 1.30keV plus annealing at 350°C for 10min (¢ = 33.5-10'%ion/cm?)
4. IBM with ArT at 1.30keV (¢ = 33.5 - 10'%i0n/cm?)

The annealing temperature and the annealing time in case of sample no. 1 were se-
lected so that the C54 TiSi, was formed. The ion dose for the other three samples was
sufficient enough to form the Cb54 titanium silicide phase. Sample No. 3 was annealed
at low temperature (350 °C') for 10min after the IBM process in order to remove the
implanted argon from its surface.

After the silicide formation process the samples were examined with XPS in order to

check the Si 2p peak position - the silicide phase. All the Si 2p peaks were positioned at
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Figure 4.73: The 3D view of the surface of the thermally annealed sample (no. 1) with the
C54 TiSiy on Si(100).

~ 99.1eV, which corresponds to the C54 phase.

After the silicide formation process the samples were removed from the vacuum chamber
and inserted into the AFM UHV System, where their surface roughness was studied with
the AFM. During the transportation process from the SCIENTA System to the AFM
System, the samples were exposed to the atmosphere. Possibly the samples surfaces were
contaminated with some carbon and oxidised during the transportation and it is not
known what influence this has on the surface morphology. But all the samples received
the same treatment (were under the atmospheric pressure for approximately the same

time) and the effect of the oxidation should be similar for all of them.

The surfaces of all the four samples were investigated with the AFM under the system
pressure of the order of 1071%mbar and the surface roughness was calculated with the SPIP
[1] computer image analysis software for scanning probe microscopy. Fig. 4.73 presents
the 3D view of the AFM image of the sample no. 1 (thermally annealed). Fig. 4.74 shows
the 2D AFM images of the four studied samples. What is to be noticed is that the sample
prepared by the thermal annealing (no. 1) has significantly larger grains on its surface as
compared to the others. The heating at 700°C' causes the surface particles to agglomerate
into grains, which does not happen under the room temperature ion bombardment.

The surface roughness average S, and the root mean square S, were calculated by the
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Figure 4.74: AFM images of the C5/ TiSip/Si(100) samples, where the C54 phase was formed
by: thermal annealing at 700° C for 4.0min (no. 1), IBM with Art 2.30keV (no. 2), IBM with
Art 1.80keV (no. 3), IBM with Art 1.30keV + annealing at 350°C for 10min (no. 4).

SPIP, from the experimentally obtained AFM surface images (Fig. 4.74). The roughness

average S, is defined as:

M-1N-1

%= 3% X X lwu) (1.4

k=0
where the p is called the mean height and it is equal to:
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and the M and N are the image dimensions, x and y are the coordinates of the currently
calculated height.

The root mean square roughness parameter is defined as:

M-
S, =
“ MN = =

1N1

2w, ) — pl (4.6)

where the p parameter is defined in Eq. 4.5, M and N are the image dimensions, x

and y are the coordinates of the currently calculated height.

Sample No. 1

(annealed 700°C')

Sample No. 2

(IBM Art at 2.30keV)

Sample No. 3
(IBM Art at 1.30keV

+350°C' for 10min)

Sample No. 4

(IBM Art at 1.30keV)

S.[nm]

0.838

0.393

0.47

0.277

1.03

0.498

0.59

0.352

Sy [nm)]

Table 4.2: The surface roughness of the C54 TiSis/Si(100).

The calculated roughness parameters are given in the Table 4.2. In general all the
examined surfaces are very smooth - both roughness parameters S, and S, are < 1.03nm.
The annealed sample (no. 1) has the highest roughness of all the investigated samples.
The second roughest surface is the surface from the sample no. 3 - the one that was IBMed
and annealed at low temperature. The smoothest samples are the IBMed samples, and
the smoothest one is IBMed one with Ar™ at 1.30keV. The samples 3 and 4 were both
IBMed at 1.30keV, but the sample no. 3 was additionally annealed and it is about 40%
rougher (concerning both S, and S, parameters). Clearly the thermal annealing roughens
the surface and the ion bombardment smoothens it. During the thermal annealing the
pronounced grains are formed on the surface and they significantly increase the surface
roughness. The grain formation process is very well visible at the annealing temperature
of 700°C' (Fig. 4.74-1), but it also appears at 350°C. The grain formation is not so clearly
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Figure 4.75: A TRIM simulation result showing the energy distribution of the ion-beam-induced
displaced target atoms reaching the surface. The atoms with the energy lower than 4.8¢V (surface
binding energy) cannot leave the surface and do not contribute to the sputtering yield, but they
contribute to the surface diffusion leading to smoothing. The simulation was performed for the
Art dons bombarding the Ti/Si surface with the energy of 1.30keV and 2.30keV normal to the

surface. The ion dose was 100000 ions.

visible, but the annealing at this temperature results in higher surface roughness in com-

parison to the not-annealed sample (compare the samples no. 3 and no. 4).

The ion beam smoothing effect appears when an ion beam smoothens out the surface
features, and this effect is widely described in the literature [45, 28, 6]. As the AFM
results have shown, this effect also appears during the IBM (Ar* at 1.30-2.30keV) of the
20ML-Ti/Si(100) system. The smoothing mechanism can be understood better by more
detailed analysis of the ion-surface bombardment process. The Fig. 4.75 presents the
results of the TRIM simulations showing the energy distribution of the ion-beam-induced
displaced atoms reaching the surface. The calculation was performed for the Ar™ ions
bombarding the surface with the energy of 1.30keV and 2.30keV normal to the surface,
the ion dose was 100000 ions. The kinetic energy of the atoms on the plot is the energy
normal to the surface. The energy of 4.8V, marked on the plot, is the average surface
binding energy of the sample, and it was estimated by the TRIM code. So all the atoms
that arrive at the surface with the energy 0eV < Ky, < 4.8eV can not be sputtered
(they do not increase the sputtering yield). As it is presented in Fig. 4.75 the number of
atoms reaching the surface with the energy < 4.8eV is significant. These atoms can not
overcome the surface binding energy, but they can translate parallel to the surface. Such

a movement is called a surface diffusion and it causes the ion beam smoothing effect.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 112

The thermal annealing also supports the surface diffusion, because it increases the mobil-
ity of the atoms. But the thermally annealed surface atoms form grains, and the IBMed
atoms do not. The IBM counteracts the grain formation, because the Art ions modify
the surface constantly. The ion-atom collisions crack and sputter the grains, which finally

makes a very smooth surface.

Another interesting phenomenon that was observed and described in the literature [45]
is the surface ripple formation caused by an ion beam. The ripples are periodic surface
structures that can be described by a wave length and an amplitude. The existence and
the features of the ripples depend on the chemical composition of the target material, the
structure of the target surface, but also on the parameters of the ion beam (ion type, ion
energy, incidence angle and also the ion dose).

The ripple formation on the argon sputtered Si(100) was studied and reported in the
literature. If the argon ions bombard the Si(100) surface with the energy of 0.75keV at
the angle of 67.5° normal to the surface, they shape ripples of A = 0.57um [22, 45].

The ripples on the native SiO, (oxide formed on Si crystal) were also observed, when
the sample was bombarded with argon ions. For argon beam at the angle of 45° to the
surface, and the Art energy ranging from 0.5-2.0keV, the ripples wavelength is 0.2um <
A < 0.55um [25].

It is questionable if the ripple formation appears also on the Ar™ bombarded Ti/Si target.
The AFM images (Fig. 4.74) are squares of 200nm x 200nm and no periodic structures
are observed there. So if ripples are formed, their wavelength must be greater than
the image size. One could expect that the ripple wavelength should be of the order of
A = 200—500nm (according to the previous investigations on Si(100) and SiOs substrates),

but this hypothesis was not verified in this work.

4.11 Thermally assisted ion beam mixing

All the experiments discussed in the previous sections were aimed at the titanium sili-
cide formation by the thermal annealing or by the ion beam mixing. During the thermal
annealing, the temperature is the factor that allows the intermixing of the Ti/Si bilayers
by increasing the atoms mobility. As it was shown, the thermal annealing may be very
well substituted by the ion beam mixing at room temperature. In the case of IBM, the
kinetic energy of ions is absorbed by the target atoms in nuclear collisions and it is used

for interface mixing and compound formation. What if these two different methods were
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Figure 4.76: The XPS spectra of the Si 2p taken during the TAIBM at 200°C (a) and
taken during the room temperature IBM. The substrate is 20ML-Ti/Si(100), the Art energy
s 1.30keV.

combined in order to increase the mixing rate? The experiment would require heating
the sample during the ion bombardment, and that is why such a method is called the
thermally assisted ion beam mixing (TAIBM) [54].

A TAIBM experiment, in case of the Ti/Si system, should be supported by a temperature
that is not higher than about 300°C', because the purpose of this work is to create the
silicides at low temperatures. Below 300°C' there is no significant silicide formation at the
Ti/Si interface, so it would be interesting to enhance the annealing at T< 300°C' with the
ion bombardment.

The TAIBM experiment was performed on the Si(100) substrate covered with 20ML of
Ti, deposited at room temperature. The sample was then heated to 200°C and at the
same time bombarded with Ar™ ions with a kinetic energy of 1.30keV. After the TAIBM
process the XPS and UPS spectra were taken. All the XPS and UPS spectra were taken
after the same ion dose irradiations like during the room temperature IBM at 1.30keV,

so the results are comparable.

Fig. 4.76a presents the XPS spectra of the Si 2p peak during the described TAIBM
experiment. Fig. 4.77 shows the series of XPS peaks of the Ti 2ps/, binding energy re-
gion. The Si 2p increases in height with the ion dose, and the Ti 2p3/, decreases. So the
intermixing between the two layers takes place. Fig. 4.76 b shows the Si 2p peak evolution
for the room temperature IBM also at 1.30keV. The Si 2p peak growth is the same for
the IBM and the TAIBM, which indicates the temperature has very little impact on the
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Figure 4.77: The XPS spectra of the Ti 2p3/; taken during the TAIBM at 200°C'. The substrate
is 20ML-Ti/Si(100), the Art energy is 1.30keV.

99,2 - The shift of the XPS Si 2p The shift of the XPS Si 2p
453,90
99,0 =
%' D 453,85
>, 98,8 >
2 D 453,80
o) )
S 986 S
o D 453,75
o o)}
= £
5 984 T 453,70
| = c
m o ——IBM
98 24 —e—TA IBM 453,85 —e—TA IBM
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
ion bombardment time [min] ion bombardment time [min]

Figure 4.78: Peak shifts of the XPS Si 2p and the Ti 2ps3/5 peaks during the room temperature
IBM and during the TAIBM at 200°C. The substrate is 20ML-Ti/Si(100) and the Ar™ energy
is 1.30keV.

diffusion process. The temperature of 200°C' does not increase significantly the mobility
of the atoms and its contribution to the mixing process is negligible in comparison to the

ion bombardment.

The detailed XPS peak analysis was done for the Si 2p and the Ti 2psz/, and it is
presented in Fig. 4.78. There are also plotted the peak shifts of the Si 2p and the Ti 2p3/,
during the room temperature IBM at 1.30keV (according to the data from the Fig. 4.76b),
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Figure 4.79: The valence band evolution of the TAIBMed 20ML-Ti/Si(100) (Art at 1.30keV,
T=200°C') obtained be the means of UPS.

so the comparison of the peaks movements is possible. The Si 2p peaks from the IBM
and the TAIBM experiments shift in exactly the same way, and the both peaks reach its
minimum binding energy after they have received the same ion dose. The binding energy
difference between the two Si 2p plots in never greater than 0.08eV. The XPS Ti 2ps/-
peaks also shift in the same way with the ion dose - they move to the higher binging
energy first and both reach its maximum value at the same time. Then they move back
to lower binding energies. The maximum difference in binding energy of the two peaks is
always lower than 0.07eV.

According to the peak shift analysis there is no significant difference in the titanium sili-
cide phase transformation between the IBM and the TAIBM. The silicide phase changes
in the same sequence and with the same speed. The temperature of 200°C' does not
speed up the phase transformation — its contribution to the titanium silicide formation is
negligible in the TAIBM process.

The evolution of the valence band of the TATBMed Ti/Si(100) sample (Ar* at 1.30keV
normal to the surface, T' = 200°C) is shown in Fig. 4.79. The last three spectra do not
differ from each other, and they are similar to the last three spectra measured during
the standard room temperature IBM process at 1.30keV. Also the argon peak at ~ 9eV

appears on the spectra.
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Figure 4.80: Depth profile of the Ti/Si0s /Si system formed by the room temperature deposition
of the 20ML of titanium onto the Si(100) substrate covered with the native SiOo layer.

All the described above measurements have shown that there is no difference between
the room temperature IBM and the TAIBM (200°C, Ar* at 1.30keV) applied to 20ML-
Ti/Si(100). The temperature of 200°C' is to low to support the intermixing of the studied
bilayers, or to speed up the silicide phase transformation, and its contribution to the
process is negligible. No further experiments with the TAIBM were performed, because
they would require increasing the annealing temperature, which is not consistent with the

purpose of this work.

4.12 IBM of the Ti/Si0O,/Si(100) interface

It was of technological interest to investigate the ion beam mixing of the Ti/SiO/Si
system, formed by the room temperature deposition of the titanium onto the silicon sub-
strate covered with the native SiOy layer. In all the experiments presented below, the
n-type Si(100) was used as a substrate material. The silicon substrates were not sputtered
cleaned before the Ti evaporation, they were only degassed for 5-6 hours at the tempera-
ture ~ 500°C.



CHAPTER 4. EXPERIMENTAL RESULTS AND DISCUSSION 117

4.12.1 Photoemission studies of the IBMed Ti/Si0,/Si(100)

If titanium is evaporated onto the SiO,, it reduces the Si replacing the Si-O bonds by the
Ti-O bonds, and this chemical reaction takes place even at room temperature [14]. Thus,
after the titanium evaporation onto the SiO,/Si one should expect a TiO, layer at the
interface. In order to investigate this phenomenon, the depth profile of the Ti/SiO,/Si
(Ti coverage - 20ML) system was investigated. The depth profile was done for the Ar™
beam incidence of 45° with an ion energy of 3.00keV. The results (peak heights of the Si
2p, Ti 2pgz/5 and the O 1s versus the Ar sputtering time) are presented in Fig. 4.80. After
the first sputtering steps the amount of oxygen increases, and then the oxygen decreases
in the same way, as the Ti does. It suggests that almost the whole titanium layer has
reduced the SiO, and formed TiO,.

The IBM of the Ti/SiOy/Si system was studied by the means of the XPS for different
Ar™ kinetic energies. 20ML of Ti were deposited onto the degassed SiO,, and the sample
was IBMed with the Ar"™ ions bombarding the sample normal to the surface. During the
IBM the XPS spectra of the sample surface were taken and the results are presented in Fig.
4.81. Three binding energy regions were investigated that correspond to the Si 2p (4.81a),
Ti 2p3/, (4.81b) and the O 1s (4.81c). Fig. 4.81d shows how the peak heights (normalized
to 1) change with the ion bombardment time. The peaks for the time ¢t < Omin are the
peaks from the spectra taken before the titanium evaporation (clean native SiOg). The
peaks for the time t = Omin are the peaks from the spectra taken right after the titanium
deposition. That is why the amount of the silicon and the oxygen decrease dramatically,
and the titanium peak has the highest intensity ever. With the ion bombardment time
the intensity of the Ti 2ps/, decreases constantly. The intensity of the O 1s increases, and
after ~ 20min of the IBM it changes very slowly. At the same time the Ti 2ps/5 slows
down to decrease. The Si 2p increases in height very slowly, and after ~ 50min of the
IBM it speeds up its growth (at the moment when the O 1s speeds up to decrease). The
peak behaviour suggests there is no ion beam mixing, but a slow sputtering process. The
silicon does not diffuse to the surface, and it starts to increase its intensity only after the

mixture of the titanium and the oxygen has been sputtered away.

In the time range between 20 — 50min of the IBM (Fig. 4.81d) there is very little of
silicon, and the amount of titanium and the oxygen changes very slowly. The XPS spectra
of the Ti 2p3/, taken at this time differ from the pure titanium spectra, because a third
peak at ~ 458.8eV develops. The XPS spectrum of the Ti in the pure TiO, consists of the
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Figure 4.81: XPS spectra of the IBMed (Art at 1.30keV) Ti/SiOy/Si system: Si 2p (a), Ti
2p3/2 (b,) O 1s (c), and the analysis of the peak heights (d).

Ti 2p3 /9 positioned at 458.8eV and the binding energy difference between the Ti 2ps/, and
the Ti 2py/p is A = 5.54eV. Fig. 4.83 presents the spectrum of the Ti 2p3/, binding energy
region during the IBM process after 25min of IBM (ion dose ¢ = 18.5 - 10'%ions/cm?),
which is a mixture of metallic Ti and oxidised Ti.

The IBM of the Ti/SiO2/Si at 1.30keV does not result in the ion beam mixing. It causes
slow sputtering and it additionally supports the chemical reaction between the Ti and the

O what leads to the TiOy formation.

A similar experiment to the one described above was performed, but the ion angle
of incidence was 45° to the sample surface. During the ion bombardment, the chemical

composition of the sample was investigated by XPS. The results are presented in Fig.
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Figure 4.82: The XPS spectrum of the clean surface of the pure TiOy crystal, taken by
Mag. Stephen Berkebile in SCIENTA Lab.

4.84. The peaks height analysis (Fig. 4.84d) shows that the peaks grow in the same way
as did during the IBM at normal incidence to the target surface. The amount of oxygen
increases, it reaches its maximum, and then decreases. At the same time the amount of
titanium decreases constantly, and the amount of the silicon increases. The silicon peak
during this experiment growths significantly faster than during the previous experiment
(IBM at normal to the target surface). The Si 2p peak does not shift significantly in the
binding energy, the titanium silicide formation is therefore not indicated. The Ti XPS
peak also develops the third peak at ~ 458.8eV', but it decreases in height faster, then
during the previous experiment. Summarizing: IBM at 45° does not cause the titanium
silicide formation (no Si 2p peak shifts). It only sputters the material faster (Si 2p growths
faster, Ti 2p decreases faster), because of the higher sputtering yield for the angle of 45°

than for the normal incidence.

Since the ion beam mixing at 1.30keV did not result in the titanium silicide formation,
it was attempted to IBM the Ti/SiO,/Si samples with the Ar™ at higher kinetic energies.
Fig. 4.85 presents the XPS spectra of the Si 2p, Ti 2p and the O 1s peaks of the IBMed
Ti/Si0y/Si at Art at 1.80keV. During the IBM process, the Si 2p peak increases in height
and it also shifts in binding energy (Fig. 4.85a). First it shifts to lower binding energy,
and then it shifts back to higher binding energy - the behaviour typical for the titanium
silicide formation, as observed previously. The Ti 2p decreases in height with the IBM
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(Fig. 4.85d), and it consists only of the two doublets (Ti 2ps/, and the Ti 2p;/,) and
no peak typical for the TiOy at ~ 458.8¢V is formed (Fig. 4.85b). The peak also moves
towards higher binding energies first, and then it shifts back - typical behaviour for the
titanium silicide formation. The oxygen is removed quickly from the sample, leaving only
the two elements - the Ti and the Si - on the surface.

The IBM at 1.80keV removed quickly the oxygen, and left the Ti and the Si, so the tita-

nium silicide formation was possible. The diffusion of the silicon to the surface was more
efficient.

The IBM of the Ti/SiOy/Si was also performed for the Ar™ ion kinetic energies of
2.30keV and 3.0keV. The samples were investigated with the XPS during the ion irradia-
tion process and the results are presented in Fig. 4.86 (for 2.30keV) and in Fig. 4.87 (for
3.0keV). In both cases the Si 2p peak increases in height with the ion dose, but it growths
faster for the higher ion energy (compare the final Si 2p peak heights for the 2.30keV [Fig.
4.86a] and for the 3.0keV [Fig. 4.87]). The Si 2p peak also shifts in binding energy in a way
typical for the ion induced titanium silicide formation process (it moves to lower binding
energies first, and then back to higher binding energies). The Ti 2p peaks decrease in
height with the ion dose and they also shift in binding energy, like during the titanium
silicide formation process. The Ti 2p peaks do not change their shape significantly, and

no peak at ~ 458.8eV was identified, which indicates there was no TiO,, formation during
the process.

120
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Figure 4.84: XPS spectra of the IBMed (Art at 1.30keV at 45° to the target surface)
Ti/Si0q/Si system: Si 2p (a), Ti 2p3s2 (b,) O 1s (c), and the analysis of the peak heights
(d).

According to the experiments described above, only the ion beam mixing with the
Art at the kinetic energies Fy;, > 1.30keV caused the titanium silicide formation. The
energy of 1.30keV did not support the Si diffusion enough, and the IBM process resulted

only in the TiO, formation and in the slow sputtering of the target material.

4.12.2 Computer simulations of the IBM of the Ti/Si0,/Si(100)

The ion beam mixing process of the Ti/SiO,/Si layers was simulated with the TRIM

program. In all the simulations the thickness of the native silicon dioxide was set to 20A.
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Figure 4.85: XPS spectra of the IBMed (Art at 1.80keV normal to the target surface)
Ti/Si0q/Si system: Si 2p (a), Ti 2p3ss (b,) O 1s (c), and the analysis of the peak heights
(d).

Fig. 4.88 presents the calculated distribution of the energy absorbed from the Ar
ions by the target atoms during the IBM of the Ti/SiO,/Si with Art at different kinetic
energies at normal incidence. Most of the ion energy is absorbed in the very surface region
— up to ~ 30A. This phenomenon does not depend significantly on the ion energy. But
the ion energy influences the amount of the absorbed energy — the higher the ion energy,
the more ion energy is absorbed. The energy distribution in Fig. 4.88 suggests, that argon
ions lose the majority of their kinetic energy in collisions with the titanium atoms in the
surface region. The titanium atoms use the absorbed ion energy to form the collision
cascades that transfer the energy deeper into the sample. So the dominant driving force

of the interface mixing is the collision cascade mixing.
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Figure 4.86: XPS spectra of the IBMed (Art at 2.30keV normal to the target surface)
Ti/Si0q/Si system: Si 2p (a), Ti 2p3s2 (b,) O 1s (c), and the analysis of the peak heights
(d).

Fig. 4.89 presents the distribution of the replacement collisions during the IBM of the
Ti/Si02/Si with Ar™ at different kinetic energies at normal incidence. For 1.30keV there
are no replacement collisions at the Ti/SiO,, as well as at the SiOy/Si interface. That
explains why there was no interface mixing observed with the XPS for 1.30keV during
the IBM experiments.

The higher the Ar™ kinetic energy, the more the replacement collisions at the SiO/Si
interface. That is the reason why it was experimentally observed with XPS, that the
mixing process is more intense for higher argon energies.

The number of the replacement collisions decreases abruptly at the Ti/SiOs interface.

According to the TRIM database, the SiOy has higher lattice displacement energy than
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Figure 4.87: XPS spectra of the IBMed (Art at 3.00keV normal to the target surface)
Ti/Si02/Si system: Si 2p (a), Ti 2p3js (b,) O 1s (c), and the analysis of the peak heights
(d).

the Ti and the Si. That is why the number of the replacement collisions decreases in the
Si04 layer - it is necessary to provide target atoms with more energy in order to relocate
them, so the relocation is less probable. The number of the replacement collisions in-
creases again in the Si region, because the silicon atoms need less energy to be relocated
and the relocation is more probable.

One should not forget, that the nuclear collisions are not the only factor that causes the
mixing of the SiOy layer. The SiOs is also in direct contact with the titanium, which
causes the TiO, formation, which results in the thinning of the SiO, layer. But this effect

(chemical reaction) cannot be simulated with TRIM.
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Figure 4.88: The distribution of the energy absorbed by the target atoms during the IBM of
the Ti/Si0s/Si with Ar™ at different kinetic energies at normal incidence.

Fig. 4.90 shows the argon distribution after the IBM of the Ti/SiO,/Si with Ar™ at
different kinetic energies at normal incidence. The projected ion range is always in the
titanium region, and only few argons penetrate deeper into SiO, and Si. The higher the

Ar™ energy, the more argon ions/atoms penetrate into the silicon.

Figures 4.91 and 4.92 present the final 3D argon distribution after the IBM of the
Ti/SiO9/Si with Art at 1.30keV and 3.0keV at normal incidence. For the energy of
1.30keV the argon atoms are shallowly implanted and their spacial distribution is elliptic.
For the energy of 3.0keV the argon atoms are more spread over the target volume. They

are deeper implanted into the target and their spacial distribution is spherical.
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Figure 4.89: The distribution of the replacement collisions during the IBM of the Ti/Si0Os/Si
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Chapter 5

Summary

The aim of this work was to form titanium silicides on a silicon substrate at the tem-
peratures lower than 350°C' so that it could find applications in the fabrication of the
Ti-silicide/Si contacts, to be used in the backside metallization process of silicon wafers.
Since the low resistivity C54 TiSi, crystal phase is formed at ~ 650°C, it was of scientific
and technological interest to initiate the titanium silicide formation at room temperature.
Therefore, the room temperature titanium silicide formation by ion beam mixing (IBM)
was investigated in this work. Titanium silicide formation was studied in-situ under UHV
conditions by means of the surface science techniques, like XPS, UPS and LEED, and it
was also studied ex-situ by GIXRD (in the Siemens Laboratories in Munich) and non-
contact AFM. The properties of the electrical contact (current—voltage characteristic and
contact resistance) were investigated by TLM at the R&D Centre of Infineon Technologies
in Villach.

Titanium growth at room temperature on clean n-type Si(111) substrates was studied
with XPS. It was found that for titanium coverages up to 4ML the titanium growths in
a layer-by-layer mode, and for higher coverages its growth mode changes to a Stranski-
Krastanov mode. The detailed analysis of the XPS peaks of Si 2p and Ti 2p3/, proved

that there is no chemical reaction between the silicon and titanium at room temperature.

Titanium silicide formation by thermal annealing was investigated for n-type Si(111)
and n-type Si(100) substrates. The clean silicon crystal was covered with 20ML of Ti and
then thermally annealed in steps up to ~ 700°C', in order to initiate the chemical reaction
between titanium and silicon. After each annealing step the samples were studied with

XPS, UPS and LEED in order to investigate the interdiffusion process, titanium silicide
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phase transformations, valence band evolution and the surface orientation of the formed
structures.

The analysis of the XPS spectra show that the high temperature promotes the inter-
diffusion between silicon and titanium, and that the titanium silicide formation takes
place. The formed silicides are disordered on both Si(111) and Si(100) surfaces, because
no LEED pattern was observed.

The thermally annealed samples were studied with TLM to investigate the electrical prop-
erties of the formed contact. The samples were annealed in order to form C49 and C54
TiSiy phases and the formed titanium silicide phases were confirmed by GIXRD. The
samples were TLMed and the measurement revealed that both C49 and C54 silicides
form a good ohmic contact to silicon and the specific contact resistance is very low (lower
than 0.18mf2 - mm?). The analysis of the mechanical contact revealed that the titanium
silicides have very good adhesion to silicon and no peeling effects were observed.

The titanium silicide crystal phases were studied ex-situ by GIXRD. The Ti/Si sample
was annealed up to 700°C' in order to form C54 TiSi,, its surface was studied by XPS,
UPS and LEED, and then it was measured ex-situ with GIXRD. The C54 TiSi; was iden-
tified, and it was possible to assign the C54 phase to a corresponding XPS peaks. The
detailed analysis of the XPS peaks with fitting based on GIXRD measurements enabled
to distinguish different titanium silicide phases. The XPS Si 2p peaks were fitted with
doublets that represent the spin orbit split of Si 2p into Si 2p;/, and Si 2ps/, states. The
fitted doublets differ in binding energy position and the position of the doublet corre-
sponds to the different titanium silicide phases. This method allows to distinguish the
titanium silicide phases (according to the doublet position) and their amount (according

to the doublet intensity) using only the XPS spectrum of Si 2p.

The above described experiments with the thermal annealing of Ti/Si bilayers proved
that the titanium silicides are suitable materials for low resistivity, ohmic contacts. Un-
fortunately the very high formation temperature of the contact makes them practically
unusable in back side metallization process. That is why the room temperature titanium
silicide formation by ion beam mixing was a subject of further investigations.

The IBM experiments were performed using the Ar* ion beam directed normal to the
sample surface. The titanium coverages were as low as 20ML, so that it was possible to
use for IBM an ion gun with ion kinetic energies up to only 5.0keV. During all the IBM
experiments the kinetic energy of Art ions ranged from 1.30keV — 3.0keV.

The ion beam mixing was performed on both Si(111) and Si(100) substrates and during
the IBM process the samples were examined with XPS, UPS and LEED. The behaviour
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of the XPS Si 2p and Ti 2ps/, peaks during the IBM process is the same as during the
thermal annealing. Also no LEED pattern was observed, what is expected, because the
ion bombardment disturbs the structure of the target material.

IBM was also performed on Si substrates covered with different Ti coverages (from 10ML
to 20ML) and bombarded with different Ar* kinetic energies (1.30keV — 2.30keV). The
purpose of the experiments was to find out how the Ti thickness and the ion energy in-
fluences the titanium silicide formation. The analysis of the XPS and UPS spectra shows
that the higher the Ar™ kinetic energy, the faster the titanium silicide transforms into a
stable Cb4 TiSiy phase, and the higher the Ti coverage, the slower is the silicide phase
transformation.

The electrical properties of the contact formed by the IBM of Ti/Si bilayers were exam-
ined by TLM. The electrical contact has good ohmic properties and the contact resistance
is almost the same as in the case of the thermally annealed Ti/Si bilayers. The adhesion
is as good as it was observed for thermally annealed samples.

The influence of argon, which was implanted during the IBM process, was investigated by
comparing two samples: the first one was IBMed, the second one was IBMed and annealed
at 400°C' for 12main in order to remove the implanted argon. The TLM measurements show
that there is no difference between the two contacts and the implanted argon has therefore
no influence on the quality of the electrical contact. The mixing rate of the IBMed Ti/Si
system with Art at 1.30keV was obtained experimentally and compared to the mixing
rate values obtained from the calculations based on a compound formation model for
IBM. The value of the experimentally obtained mixing rate (ke,, = 0.647nm?) is similar
to the calculated value of the mixing rate in the ballistic mixing regime (kyq = 0.46nm?),
which suggests the ion mixing takes place in the ballistic mixing mode. Thermal spikes
are not expected during the IBM and the interface mixing is driven by collision cascades.
The squared thickness of the ion mixed Ti/Si interface changes linearly with the ion dose
and IBM in this case is a diffusion—controlled process. It means the titanium silicide
formation and the growth of the titanium silicide layer is not influenced by the kinetics
of the chemical reaction between the titanium and the silicon. The growth speed of the

titanium silicide layer depends only on the diffusion of the silicon into the titanium region.

A TRIM computer program was used to simulate the IBM of the Ti/Si interface. With
the simulations for different Art energies and different Ti coverages it was possible to ob-
tain important data for every experimentally studied Ti/Si system, such as sputtering
yields, projected ion ranges of implanted argon ions/atoms and the argon distribution

in the target, distributions of the energy absorbed by target atoms, ionization process,
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distribution of the collision events in the target and more. The simulation results gave
better understanding of the IBM process and enabled the analysis of phenomena that are

not possible to be studied experimentally.

The surface roughness of the IBMed and annealed samples was investigated ex-situ
by means of noncontact AFM. The purpose of these studies was to find out how the ion
beam of argon influences the surface morphology and how the morphology of the ther-
mally annealed Ti/Si system differs from the IBMed Ti/Si system. Four Ti/Si samples
were prepares and the C54 titanium silicide was formed on their surfaces using different
methods: IBM at different Ar™ kinetic energies and thermal annealing. All the studied
surfaces were very smooth (surface roughness average always S, < 0.85nm), but the an-
nealed sample was the roughest. It was discovered that the ion beam of Art at 1.30keV
— 2.30keV smoothens the surface features, which is called an ion beam smoothing effect.
On the surface of the thermally annealed Ti/Si sample pronounced grains were formed.
The grain formation process is very well visible at the temperature of 700°C', but it also
appears at 350°C'. The grain formation results in higher surface roughness in comparison
to IBMed samples.

In the previously described experiments the titanium silicides were formed by ther-
mal annealing or by ion beam mixing. But also Thermally Assisted Ion Beam Mixing
(TAIBM) was performed, which involved annealing and IBMing of samples at the same
time. Since the purpose of this work was to form titanium silicides at temperatures lower
than 400°C, the temperature of 200°C' was chosen for the TAIBM experiment. The IBM
was performed with the Ar™ at 1.30keV. During the process the sample surface was in-
vestigated with XPS and UPS. The results of the measurements show that there is no
difference between the room temperature IBM and the TAIBM at the T' = 200°C. The
temperature of 200°C' is to low to support the intermixing of Ti/Si bilayers and to speed
up the titanium silicide phase transformation and its contribution to the whole process

in negligible.

The IBM of Ti/SiO4/Si interface was also investigated. The interface was formed by
room temperature deposition of titanium (20ML) onto a silicon substrate covered with a
native SiO, layer. The IBM was performed for different Ar™ kinetic energies: 1.30keV,
1.80keV, 2.30keV and 3.00keV. During the IBM experiment the samples were examined
with XPS with the focus on Si 2p, Ti 2p3/; and O 1s binding energy regions. The ion
energy of 1.30keV is not high enough to support the intermixing at SiO,/Si interface
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and therefore no ion beam mixing phenomenon is observed. The analysis of the XPS Ti
2p3 /o peak suggests the formation of Ti,O, during the ion bombardment. Argon energies
Elin > 1.30keV are high enough to initiate the silicon diffusion into the titanium region
and the titanium silicide formation takes place. The oxygen is removed at the beginning

of the IBM process and no Ti,O, is observed.

The purpose of this work was to form titanium silicides at room temperature and
this goal was achieved by applying an ion beam mixing method. Good properties of
the electrical contact formed by IBM and its good adhesion to silicon make IBM a good

equivalent to thermal annealing.
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