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Abstract

The paper is devoted to the analysis of internal stresses generated in the silicon substrate during the ion beam sputter
deposition (IBSD) which is used to produce a titanium coating and a material interface which is a mixture of Si and Ti
and is denser than the original Si substrate. The stress in Si-Ti coating is difficult to measure but it can be evaluated by
one of numerical methods. Much easier is to measure a variation of stress between interface layer and silicon part of coat-
ing by applying the Raman micro-spectroscopy.

The numerical model of IBSD can be split in two sub-models: the first one is for elastic collisions of substrate atoms
with ion impinging into the substrate, and the second is for the generation of coating structure created.

Two programs: SRIM and TRIDYN, are used to this purpose. These programs are applied at the first stage of calcu-
lations based on binary collision approximation (BCA) with Monte Carlo (MC) algorithm and neglecting plastic effects.
The energy loss for impinging ions appears because of their collisions with substrate atoms and appearance of a scattering
angle for both particles. In each iteration of BCA the energy loss is evaluated. The density profile in respect of coating
depth is calculated by using TRIDYN. On the basis of the density profile, the structure of coating can be determined from
the Cerius® program by using models of molecular dynamics (MD). Following this, stress in the coating can also be eva-
luated. Macroscopic properties of Si-Ti sample are computed assuming that the energy of thermodynamic system is
changing but the system volume is constant. Such thermodynamic system is known also as NVT particle ensemble. The
coating process is controlled by parameters such as: beam current of sputtered atoms, temperature of a substrate, and

time. It is assumed that the energy of sputtering beam is equal to15keV.

Key words: molecular dynamics, stress, IBSD, binary collision, coating

1. INTRODUCTION

The paper aims for
— Evaluation of stresses in Si-Ti coating,
— Prediction of mechanical properties of coatings,
— Proposition of growth model of coating.

In this paper a silicon-titanium bi-layer system is
applied as the intermediate sub-layer.

Properties of such coating are strongly related to
the microstructure and internal stresses that can be
modify by introducing of intermediate sub-layer.
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Numerical simulations are conducted for
amodel of a silicon-titanium system formed by ap-
plying one of ionic methods, e.g. the ion beam sput-
ter deposition (IBSD) or the ion beam assisted depo-
sition (IBAD). The numerical model of IBSD con-
sists of two sub-models. The first one determines
binary collisions, i.e. the Coulomb type collisions,
and the second one, which is based on the molecular
dynamics, is used for determination of molecular
interactions. The density of atoms through a depth of
a substrate is evaluated from the TRIDYN program.
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Stresses in coating structure are evaluated by using
the Cerius® program.

Angle to surface

3. MATHEMATICAL MODEL OF ENERGY
LOSS IN TRIDYN

The collision scat-
tering angle, the elastic

SRIM normal: 45 degree
s )
Result: The quantity Substrate: Si TRIDYN Cerius energy loss, local and
of sputtered ions is Result: Stress (by 1 1 el .
calculated as a Result:f?epth molecular nonlocal electronic en-
; S - rofile i
function of kinetic 70— p dynamic) ergy losses are calcu-
energy. Energy: 20eV, 100eV Depth profile: fant
Si[%] | Ti[%] | Density lated for each projectile.
0 100 0,0568 :
5 100 | 00568 The total energy loss is
s 1 99 | 00567 calculated as a sum of
Ton bea'm Ar 90 10 0,0504 . . .
Energy: 15keV 100 0 0,0498 BIESS elastic and inelastic
Angle to surface normal: 67 degree
Substrate: Ti energy loss.
Fig. 1. Block diagram of stress analysis. Etotal = AEn + AEel - (1)

2. GENERAL DESCRIPTION OF SRIM AND
TRIDYN PROGRAMS

The program TRIDYN [3], based on the Monte
Carlo binary collision approximation (BCA) code of
SRIM [9], is described in detail in [1,9]. Computa-
tions proceed according to the main program dia-
gram shown in figure 2. The main loop is built for
all projectiles. In the beginning of iteration, projec-
tile parameters are set and a collision cascade is
initiated. Next, trajectories of projectile and recoil
atoms are calculated. Finally, at the end of iteration
the relaxation of the structure, i.e. the dissipation of
all kinetic energy, should be observed. General de-
scription of program flow is depicted in figure 2.
More detailed information can be found in [1].
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Fig. 2. The flow chart of the TRIDYN algorithm [1].

Energy transferred during nuclear elastic colli-
sion is defined by

AE, = yEsin’ l; (2)
where:
4M M,
=i 3)
" (M ML)

and 4 is the scattering angle computed by the
‘magic formula’ [5], where the universal two bodies’
potential is used [9] as is proposed by Biersack [2].
The program TRIDYN is based on the model of
binary collisions and the concept of an interatomic

potential:
2
oK)
r a

where 7 is interatomic separation, e is the electronic
charge, Z;, Z, are atomic numbers of elements in

“4)

. . ryo. . . .
collision, ¢(j is the screening function, and a is
a

the screening length.
The screening function can be approximated by

¢U =Y Cexp-d, Dy, Y G =g(0)=1
a i=1 a
Q)

where C; and d; are constants chosen for the poten-
tial [1].

The screening length depends on Z; and Z, and
can be written:
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oz 088530, ©
3

1 1

72 +72

where a is the Bohr radius, Z;, Z, are atomic num-
bers of elements in collision.

The inelastic nonlocal electronic energy loss
(INEEL) is evaluated by the Linhard-Scharff for-
mula. The local electronic energy loss (LEEL) can
be determined by the Oen-Robinson formula.
INEEL is independent of the impact parameter [1,2]

and is defined by
AE, =L,NS,(E), (7

where S, is the Linhard-Scharff stopping cross-

where E is energy and the parameter £, is de-
fined by

7

1
_1.212(eV)? A’Zf Z,
3

k, ©)

2

2
3 3
VAR VA

2 1

M}

with M; as an atomic mass of the first element, Z; as
an atomic number of the first element, and Z, as an
atomic number of the second element.

LEEL is related to the distance of closest ap-
proach in the atomic collisions [1,2] and is defined
by

a

0.045 exp(— o.3r°j
S

section, L, is a distance covered by a particle be- AE,, = - . (10)
tween collisions, and N is a target density.
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Fig. 3. The scheme of IBSD process (A) and results from SRIM (B) and TRIDYN (C) programs.

The Linhard-Scharff stopping cross-section is
expressed by

S, =k,E?, (8)

where 7; is the apsis of trajectory which depends on
the impact parameter p and energy E, « is the screen-
ing length, S, is the Linhard-Scharff stopping cross-

section.
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4. QUANTITY OF IONS AND DENSITY
PROFILE EVALUATION IN SRIM AND
TRIDYN

First part of calculations is conducted by the
SRIM program which solves the problem, where the
argon ion beam of energy 15keV impinges on tita-

nium substrate at angle of 67° to the surface normal.
The quantity of sputtered ions is calculated as
a function of kinetic energy. The next part of calcu-
lations is performed by using the TRIDYN program
where a density profile of Si-Ti coating is evaluated.
Sputtered ions have various energies. The problem is
solved for two values of kinetic energy: 20eV and
100eV, and for a beam impinging at 45 degrees to Si
substrate. The resulting thickness of produced coat-
ing is 540A.

The IBSD process scheme is shown (part A) of
figure 3 together with corresponding results (parts B
and C). Quantity of sputtered ions is drawn against
kinetic energy (part B) and the density profile of
coating through the depth is shown part C.

5. METHOD OF STRESS CALCULATIONS
IN CERIUS?

Calculations in the second stage of problem so-
lution are conducted according to the diagram de-
picted in figure 5.

Assign initial positions to
atoms =), choose At

v
Calculate forces F =-V V(r(’))
" and acceleration , — r
m
v
Move atoms

P = 0 LA +%aAt2 +...

v

Increase time ¢ =7+ At

All iterations

Fig. 4. General algorithm for simulation of molecular dynamics

[4].

Firstly, the virtual structure of coating defined
by a concentration of atoms in relation to depth and
the initial configuration of particles is generated with
help of TCL script in Cerius’. Force interactions
between particles, trajectories of particle motion and
the final configuration of particles in a coating are
evaluated for such virtual structure. Trajectories of
atoms result following integration of the Newton
equation of motion. Force interactions between at-
oms are evaluated by using the concept of the uni-
versal force field (UFF) [4]. The new configuration
of particles becomes more realistic and for this
structure a stresses field is calculated.

6. STRESS MEASUREMENTS

The confocal dispersion Raman micro spectros-
copy is used to measure variations of internal
stresses between a substrate and an intermediate
layer called also the interface. A substrate is the
silicon target on which a titanium thin layer is de-
posited by using IBSD method.

The variation of stress is evaluated on the basis
of Raman spectrum focusing initially a laser beam in
a substrate and secondly the focus is situated in the
interface area. The length of the applied laser beam
is 532 nm and its power is 50 mV.

The shift of the silicon pick denoted as A@ is
measured along the vertical axis and is evaluated as
the difference between the pick’s position in figure
7(A) and the pick’s position in figure 7(B). This
shift is the data for calculation of the variation of
internal stress o between the intermediate layer and
the silicon substrate. The relation [7,8] between A
and o is given by the formula

o(MPa) =~ —Cg x Aw(cm™) (11)

where Cg, is a parameter which can assume one of

two values: 434 or 518.

7. RESULTS

7.1. Numerical results

The gradient density profile of coating is shown
in figure 5a, and the ratio of titanium to silicon
through a coating and substrate thickness is shown
in figure 5b.

Stresses evaluated by Cerius® along the main
three axes by using the molecular dynamic are pre-
sented in figure 6 for various temperatures.
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lon bea titanium substrate. Stress intensity

// // / / is approximately equal to

5 GPa and oscillates
around a linear function
_ -5
Percentage ratio titanium to silicon y= —4x107x +5.0986 .

100 % 9%  10%2% 0% The particle concentration
and stress decreases going
deeper under surface of the

substrate.
Analysed
part of coating
a b
Fig. 5. The gradient of density profile in Si-Ti coating (a) and the ratio of titanium in silicon (b).
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Fig. 6. Stresses in Si-Ti coating.
The stresso,. is inversely proportional to the 7.2. Stress measurement results

substrate temperature starting from approximately

4.60 GPa for 200 K. Non-uniform titanium concentra- The Raman spectrum is determined by using the

software OMNIC developed by Thermo Electron
Corporation. The spectrum picks, shown in figure 7,
stress in a coating leads to expansion of a coating. are described by using the concept of Voigt’s func-

tion produces tensile stresses o . High positive

Values of stresses:o, , 0., are negative and range tion.

from -0.7 to -0.5 GPa and getting lower with tempera- The variation of internal stress, evaluated from
ture increase. A relatively high compressive stress in the equation (11), for Aw =0.140cm™ equals to -
coating is producing higher fracture toughness of the 88 MPa.

substrate. It is observed in higher temperatures, that
bombarding ions loss less energy than in lower tem-
peratures that leads to the reduction of stresses in the
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Table. 1. Silicon picks.

: FWHH A
Focus of the laser beam in Peak Type Center of pick X Height i rej
Raman spectroscope cm cm
In silicon substrate Voigt 520.129 260065.0313 1.9933 2480010.5000
Inside th?;;:”“ed‘ate Voigt 520.269 755.4141 21161 5639.7910

where FWHH stands for the Full Width at Half Height.
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Fig. 7. Raman spectrums for the silicon substrate (a) and inside the intermediate layer composed of Si and Ti atoms (b).

8. CONCLUSIONS

A thin layer of titanium coating has been depos-
ited on a silicon substrate and following that the
significant difference of internal stress is observed
between the substrate and the intermediate layer.
This observation motivated the authors to investigate
the possibility to determine residual stresses pro-
duced by IBSD methods. Two methods suitable for
this purpose are identified: the first one utilizes suc-
cessively three software packages: SRIM, TRIDYN
and Cerius® , and the second one is based on the
Raman spectrum shift measured firstly in a virgin
substrate and secondly in the intermediate layer. The
first method determines stress values through the
thickness of a sample but the second method evalu-
ates the difference stresses between the Ti/Si inter-
mediate layer and Si substrate. The results can be
compared only for one depth value. Such conclusion
could be evaluated as very poor but it has a signifi-
cant value because it gives the opportunity to verify
data identified for numerical calculations and partial
numerical results against physical measurements.
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ANALIZA NAPREZENIA W POWLOCE
KRZEMOWO-TYTANOWEJ WYTWORZONEJ
PRZEZ ROZPYLANIE JONOWE

Streszczenie

Artykut ten poswigcony jest analizie naprezen wewngtrz-
nych wygenerowanych w powloce krzemowej w czasie nakta-
dania warstwy metoda rozpylania jonowego (NWMPJ), ktora
zostala wykorzystana do wytworzenia powtloki tytanowej na
powierzchni probki wykonanej z krzemu. Warstwa posrednia
jest mieszaning krzemu i tytanu i ma wigksza gesto$¢ niz podio-
ze krzemowe. Naprgzenie w warstwie przejsciowej trudno jest
zmierzy¢ ale mozna je obliczy¢ metodami numerycznymi. La-
twiejszym zadaniem jest zmierzenie réznicy napr¢zen migdzy
warstwa posrednia i krzemowym podtozem, co mozna wykonac
przy uzyciu mikro-spektroskopu Ramana.

Model numeryczny NWMPJ mozna przedstawi¢ jako proces
ztozony z dwodch czesci: modelu sprezystych zderzen atomow
podioza z jonami penetrujacymi podioze i modelu tworzenia
struktury powtoki.

Przestawiony problem mozna numerycznie rozwiazaé przy
uzyciu dwoch programéw: SRIM i TRYDYN. Pierwsza czg§¢
rozwiazania bazuje na obliczeniach sprezystych zderzen dwu-
czasteczkowych (SZD), gdzie wykorzystano metod¢ Monte

Carlo. Energia jonéw penetrujacych podioze jest rozpraszana na
skutek zderzen z kolejnymi atomami podloza. W nastgpstwie
tego mozna obserwowac zmiany kata rozpraszania dla czastek.
W kazdej iteracji SZD oblicza si¢ stratg energii czastki atakuja-
cej. Rozklad gestosci warstwy posredniej oblicza si¢ w progra-
mie TRIDYN. Na podstawie tego rozkladu mozna okresli¢
strukture powtoki uzywajac programu Cerius®, gdzie wykorzy-
stano modele dynamiki molekularnej. Wyniki tych obliczen
pozwalaja na okreslenie naprezen wewngtrznych w powtoce.
Makroskopowe wiasciwosci probki Si-Ti okresla si¢ nume-
rycznie przyjmujac, ze energia ukladu termodynamicznego
w czasie obrobki warstwy wierzchniej zmienia si¢ ale objgtosé
uktadu jest stata. Taki ukltad termodynamiczny jest znany jako
uktad kanoniczny NVT (cigzar molowy (N), objctos¢ (V)
itemperatura (T)), gdzie energia proceséw endotermicznych
i egzotermicznych jest wymieniana z termostatem (termostat
Nosé-Hoovera i dynamika Langevina). Proces powlekania jest
kontrolowany przez nast¢pujace parametry: strumien wiazki
rozpylonych atomow, temperatura podloza i czas. Zatozono, ze
energia strumienia rozpylonych atomoéw jest rowna 15 keV.
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