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Abstract

Molecular dynamics simulations based on the modified embedded atom method
were applied to study the formation of thin Au films on the Si(100) substrate. Differ-
ent Au coverages were used to study how the Au concentration affected the structure
and morphology of the thin Au film on the Si substrate. It was found that Au atoms
re-evaporated from the Si surface below 1 ML coverage at room temperature, and
became more stable when the coverage was increased. Above 1 ML, all the Au atoms
stayed on the Si substrate without re-evaporation. In our simulations, no Au/Si inter-
mixing was observed within the simulation time of 41.25 ps below 3 ML Au coverage
at room temperature. We also calculated the surface stress as the system evolved with
time. The calculations showed the surface stress oscillated intensively at the begin-
ning of the simulations and became stable when the system approached equilibrium.
Comparing the surface stress of the system at different Au coverages, we found that
the surface stress became smaller when the Au coverage was increased. Lastly, we
studied the influence of temperature on the Au/Si interactions. Our results showed
Au and Si intermixed above 2 ML Au coverage at 800 K, indicating that the Au/Si

interactions could be enhanced by increasing the temperature.
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Chapter 1

Introduction

1.1 Motivation

fromn silicon, these cantilevers are typically between 200-300 pm in length, 30-50 pm
in width and 0.5-1 ym in thickness. Owing to thelr small size, cantilever sensors
are extremely sensitive to changes of mechanical properties such as surface stress, [t
has been reported that the sensitivity of a cantilever can be at the nanogram (107%),

daaliez (007 Jemiginle [0 0 ARl ()9 ) scale aad the response
thme can be less than milliseconds (1],

Fi:u:r::d; Deflection of the cantilever due to change of surface stress in molecular
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In static mode, the molecular detection event can be kdentified as a cantilever
deflection. When molerules adsorb on one side of the cantilever, a change in surface
stross canses the cantilever to bend downwards as shown in Figure 1.1. The cantilever
deflection can be measured by a laser beam reflected from the apex of the cantilever
into a position sensitive detector as shown in Figure 1.2 When the laser beam
in reflected, the displacement of the reflected spot s proportional to the cantilever
deflection; therefore, using a photodetector which detects the displacement of the
reflectad spot, defloction of the cantilever can be monitored,

Cantilever sensors have been used to study the adsorption of self-assembled mono-
layers. The IBM group first performed studies of the adsorption of alkanethiol
molecules on gold-voated micro-cantilevers (2], Alkanethiols (HS{CH,),CH;) are hy-
drocarbon chains with & sulfur atom at one end as shown in Figure 1.3(h), in which
the red sphere denotes the S atom while the rest shows the hydrocarbon chain of the
maolecule. These molecules form well defined, strongly bonded self-assembled mono-
layers (SAM) on gold. Figure 1.3(a) shows alkanethiols binding to a gold-coated
cantilever forming a self-assembled monolayer. The SAM causes a change in surface
stress of the Au film which in tum causes the cantilever to bend. The solid red lines
in Figure 1.3(a) represent the incident and reflected laser beams used to monitor the
deflection of the cantilever.
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Figure 1.3: Self-assembled monolayer on the gold-coated cantilever. (a] Formation
of the self-assembled monolayer when the alkanethiols bind to a gold-coated cantilever,
(b} Structure of the alkanethiol molecule.

After the IBM work it was shown by Godin et al. that the response of cantilever
sensors to alkanethoils depends on the morphology of the gold film (3], In their
study, two types of gold films were prepared: one with a relatively small average
grain size, and the other with a large average grain size. Figure 1.4 shows STM
images of these two gold films, These two types of gold on cantilevers were then
exposed to alkanethiols and the deflection and surface stress were measured. Figure
1.5 shows the deflection (left ordinate) and surface stress {right ordinate) as a function
of time as alkanethiols adsorbed on the two gold-coated cantilevers with two different
marphologies. The red curve shows the deflection and surface stress of a small grain
gold-coated cantilever while the black curve shows the deflection and surface stress
of a large grain gold-coated cantilever as they react with alkanethiols. As can be
seen, the cantilever with large grain gold underwent a much larger deflection than

the cantilever with small grain gold. We can aleo see that the SAM grown on large-
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grained gold exhibits a long-term increase in surface stress, which is not observed for
the SAM grown on small-grained gold,

Figure 1.4: STM images (3 pm = 3 pm) of (A) large-grained gold and (B) small-
grained gold. These STM images were obtained by Godin ef. al. at McGill university

[3]-

Cantilawar
Defection (um)
ec EEL LS

EEsBB2e:
Surface Stress (Nim|

El:llini;ﬁi;
Time (hours )

Figure 1.5: The cantilever deflection and surface stress induced during the formation
of the SAM on gold-coated cantilevers. This graph was obtained by Godin et el at
MeGill university [3].

Therefore, since the sensitivity of the cantilever sensors depends on the marphol-
ogy of the top Au flm, it is important to understand the deposition process of gold on
the silicon cantilevers. Deposition of gold on silicon substrate has been investigated
by many groups; however, there are significant disagreements on the experimental
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results among different groups [4-17]. To understand what influences the morphology
of gold on silicon, we have written a program based on the Modified Embedded Atom
Method (MEAM) to conduct a theoretical investigation on the Au/Si system. The
main objective of this project is to study the behavior of Au atoms deposited onto a

Si(100) substrate and measure the surface stress of the system using the MEAM.

1.2 Background

The MEAM is a semi-empirical model based on the embedded atom method (EAM).
Compared with ab initio calculations, it is less computationally demanding, thus
more feasible for calculating large scale structures in which ab intio calculations are
limited. The EAM was first proposed by Daw and Baskes, based on density functional
theory in 1983 to study the hydrogen embrittlement in metals [18]. In 1984, the Rose
equation was derived as the universal equation to express pair potentials in the EAM
[19]. In 1987, Baskes modified the EAM to include directional bonding and applied
it to silicon. In 1989, the silicon EAM model was extended to the silicon-germanium
system and was renamed the MEAM [20]. In 1992, the original MEAM was applied
to 26 elements: ten fce, ten bee, three diamond cubic, and three gaseous materials
[21]. In 1994, MEAM was improved for HCP crystal structure [22]. The accuracy of
different MEAM calculations has been examined by many different studies [23-28].
In these studies, the lattice constants, elastic constants, cohesive energy, vacancy
formation energy, and the structural energy difference were calculated and found to
agree quite well with experimental results.

More recently, an MEAM investigation of the Au/Si interface was performed by C.

L. Kuo and P. Clancy at Cornell University [29]. Their simulation was concerned with
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three issues: critical coverage of Au atoms for Au/Si intermixing, Au concentration in
the intermixed region and the influence of temperature on the Au/Si interaction. To
our knowledge, this is the first theoretical investigation on these controversial issues

and provides a basis for comparison for our simulations on the Au/Si system.

1.3 Scope of this Thesis

This M.Sc.thesis is a continuation of work started during the summer 2005 by under-
graduate student John Braeckmann during an NSERC USRA position in our research
group. In that time, John wrote an MEAM program and applied it to the Si(100)
reconstruction and deposition of 10 Au atoms on a Si(100) surface. The purpose of
this thesis is to improve the program originally written by John Braeckmann and to
extend its application to study different situations in depositing Au onto the Si(100)
surface.

In Chapter 2, the theoretical foundation for the MEAM is given. Chapter 3
outlines the computational details and steps used for validating the code used in
our simulations. Chapter 4 discusses the results from our simulations, including the
Si(100) reconstruction and the adsorption of Au atoms on the Si(100) surface. Fi-

nally, the conclusions obtained from this study will be presented in Chapter 5.



Chapter 2

Theory

In this Chapter, the first section discusses the formalism of the Modified Embedded
Atom Method. Following this, the two computational methods used in this work,
conjugate gradient minimization and molecular dynamics are described. The last

section discusses the surface stress tensor.

2.1 Modified Embedded Atom Method (MEAM)

MEAM is based on a quasiatom theory in which the system is modelled as ions
embedded within an electron gas [30]. The ion and its electronic screening cloud
constitute a unit called a quasiatom. In the MEAM formalism, the energy of each

quasiatom is given by the expression:
L N
Ei=F(p:) + 3 Z%‘j("‘z‘j)sz‘j (21)
J#

where the embedding energy F; is calculated as a function of the background electron

density p;, @;; is the pair interaction energy and r;; is the distance between atoms ¢
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and j. S;; is the many body screening function which will be defined in 2.1.3. N is
the number of atoms in the system.
The total energy of a system containing N atoms is the sum of the individual

atomic energies:

N
Ew=)_E. (2:2)
i=1

In order to calculate the total energy of the system, functional forms for F;, p; and

©;; must be determined.

2.1.1 The Embedding Function

The idea of the embedding energy originates from quasiatom theory based on density
functional theory. The embedding energy F; is the energy needed to embed an atom
into the background electron density at site 7. According to first principles calcula-
tions, some important information about the the general behaviors of the embedding
function is known: it should go to zero at zero electron density and have a negative
slop and positive curvature for the background electon density in metal31, 32, 33].
Then by fitting the function with elastic constants, lattice constants, sublimation en-
ergy and vacancy formation energy, the expression for the embedding energy can be

empirically determined as:

Fy(p;) = AiEf% In (%) (2.3)

where EY is the cohesive energy of atom 4, Z; is the number of nearest-neighbors of
atom ¢ and A; is a parameter to be fitted (see Section 2.1.5 for details). It has been

shown that Equation 2.3 can give the correct relationship between the bond length

and the number of bonds [20].
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2.1.2 The Background Electron Density

The Embedded Atom Method (EAM) expresses the background electron density at
atom ¢ as a sum of the individual atomic electron densities of all other atoms. While
this works well for metallic systems, its applicability is limited to systems where forces
do not require a non-radial dependence. Thus, EAM cannot model covalent systems.
To remedy this, MEAM was developed [34] whereby the background electron density
contains three angular terms in addition to the familiar radial term of the EAM.
Therefore the MEAM electron density takes the following form where each term is

given an appropriate weight ¢,:

N .12
= e [Z £ (ﬁz(‘l)> } (2.4)

=0

where

_(o) Zpa(o) (i) S (2.5)
J#
2 3 N ro 2
(ﬁ’(l)) = !Z 2 ("‘ij)Sz‘a} (2.6)
o=1 Lj#i "

2

9 3 N a8 2 ) 2
(2) ij a(2) a(2)
(p’ ) - Z [Z z7]-2,]/)_7 ('rz] gl § Z P (le ij

af=1 Lj# W J#i

2

(pl )> - ZS: [Z%Pa(g) (7‘2‘1')51']}" (2.8)

a,fBy=1 Lj#i 4
In Equations 2.5 to 2.8, o, 5 and v = 1, 2, 3 correspond to the z, y, and 2
directions respectively, such that rf; is the z, y or 2 component of the vector 7j;.
Each p‘;(l) (ri;) represents the atomic electron density of atom j at a distance r;; from

¢ and takes the form of an exponential decay:
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a(l) / e . T35
pj(l) (rij) = pj exp [—/3](-” (T—g — 1)} (2.9)

J
where 7 is the equilibrium nearest-neighbor separation for atom j. In Equation 2.9,
p; and ﬂj(-l) are parameters representing the electron density scaling factor and the
rate of electron density decay respectively. Determination of the parameters ¢;, p

and ﬂ](-l) will be discussed in detail in 2.1.5.

2.1.3 The Many Body Screening Function

In the MEAM, a many body screening function S;; was introduced by Baskes (21] to
limit the range of interactions of the atoms. S;; defines the screening between atoms
¢ and j due to the presence of other atoms in the system so that the interaction
between atoms that are not nearest neighbors are reduced. In this scheme, the atomic
electron densities and the pair potential are multiplied by S;;; thus, if the atoms are
unscreened, S;; = 1, and if they are completely screened, S;; = 0. S;; depends on
all of the other atoms in the system and is written as a product of partial screening

functions S

Sy = Hl]c\;éi,jsijk~ (2.10)

Different models have been used to find a functional expression for S;;,. The
original model used a form containing a singular point and thus induced difficulties in
minimization and molecular dynamics calculations. As a consequence, a new simpler
screening function was developed by Baskes et al. [35] and was used in this study.
In this model, to define the range of screening, S;; is calculated by considering an
ellipse passing through atoms 7, j and k as shown in Figure 2.1 where the minor axis

is determined by atoms ¢ and 7. Atoms outside the dashed curve do not screen atoms
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x/( g-rij)

Figure 2.1: Screening of atoms ¢ and j by neighboring atom & [35].

7 and 7 while atoms inside the solid curve screen atoms ¢ and j completely. Therefore,

to calculate S;;, the equation of the ellipse should be determined, which is given by

b 2 Tid .
o+ % = (L) (2.11)
where the parameter C' is determined by
2 (2 2 2
Co14ol (e +rd —r3) (2.12)
= . Iy .
Tij — (rf - 7']21;)

Then the partial screening function is given by

0 it X <0

2

Sark=19 1-(1-X)" fo<X<1 (2.13)

1 itX>1

where X = (ﬁﬂéﬁ:) In Figure 2.1, C,,,, corresponds to the dashed ellipse and
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(a) (b)

Figure 2.2: Screening of atoms 7 and j by neighboring atom % in (a) fcc and (b) bec
crystal lattice.

Cin corresponds to the solid ellipse. In this study and in most MEAM simulations,
Cgz = 2.8 and Chy;, = 2.0, which are determined according to the crystal structure
of the system. These values are chosen so that the interactions are limited within the

first nearest neighbors [35].

To see how the ellipse in Figure 2.1 can be related to the screening function in
Equation 2.13, two cases can be considered to facilitate understanding: in the FCC
structure, if atom ¢, j and k are the three nearest neighbors (Figure 2.2 (a)), no
atoms are screened because ¢, j and k are all first nearest neighbors with each other,
thus Sj;x = 1. As in this case, atom k is equidistant from atoms ¢ and j and they
form an equilateral triangle, we have C' = 3 > 2.8, which yields S;;x = 1 according
to Equation 2.13. In the BCC structure, if atoms ¢ and j are the second nearest
neighbors and atom k is the first nearest neighbor to i and j (Figure 2.2 (b)), then
atom j is screened from atom ¢ by atom k, thus S;;; = 0. As atom 7, j and k form
a right-angled isoceles triangle, we have C' = 2 which yields S;;; = 0 according to
Equation 2.13. Considering these two expamples, it is reasonable that Equation 2.13

may be used as an numerical expression of Figure 2.1 and the screening function.
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2.1.4 The Pair-Interaction Function

Equation 2.1 has a pair interaction term ¢ which should be determined. To obtain the
expression for ¢, the Rose Equation was derived [19]. This is a universal equation to
calculate the energy of an atom in a reference structure as a function of the distance
between the atoms. The reference structure is a perfect crystal structure with no

defect. If the system is in the reference structure, the energy of atom 7 can be express

as:
« 67;@*3 *
EXfr)y=—E{1+a" + " exp(—a®) (2.14)
7.
a* = (—e — 1) (2.15)
L
9B,

a; = (2.16)

B
where 7 is the distance between any two atoms, r{ is the nearest neighbor distance
in the reference structure. §; is determined by adjusting the repulsive and attractive
energies in the MEAM potential to fit the Local Density Approximation (LDA) cal-
culations [29]. B; and ; are the bulk modulus and the atomic volume of atom 4,

respectively.

When the system contains only one atomic species ¢, the mathematical expression

for ;; can be derived as described below.

Applying Equation 2.14, Equation 2.1 becomes
1
Eji(riy) = F (pfef (u;)) + §Zi<;9u' (735) (2.17)

where, in the reference structure, all the nearest-neighbors of atom ¢ are equidistant
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fce | bee | diamond | NaCl
Z; 121 8 4 6
V1ol o 0 0
P10 0 0 0
s 010 22 0

Table 2.1: Geometrical factors required for calculating the background electron
density in the reference structure.

so that no screening occurs. Rearranging the above equation gives:

@i (1ij) = 'g‘ [E" (rij) — F; (P:Ef (Hj))] : (2.18)

i

When dealing with the reference structure, certain geometric relationships exist so
that the summations of Equations 2.5 - 2.8 can be replaced with geometrical factors

sfl) such that

3
re 1 D =(Drefys
A (rg) = =\ DBy
i\ =0
3

1 E : 0] (1) ¢
= —_— S t a’(l) . 219

=0

As an example, the summation of Equation 2.5 can be replaced with Z;:

. ref a
p§0) (7'1']) Zip; © (’ZJ) (2.20)

) — =72 (l) for { = 1 — 3 depends on the particular crystal structure

Then we have s;
being used as the reference structure. Table 2.1 provides these factors for the face-
centered cubic (fcc), body-centered cubic (bee), diamond and B1 (NaCl) structures.
Putting these factors according to the corresponding structure into Equation 2.18,

the expression for the pair-interaction function between atoms of the same species
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can be largely simplified.

For the case where there are two atomic species, we denote the pair potential func-
tion as ¢;;. For notational purposes, assume atoms i and j are of different atomic
species. Before finding ¢;;, an appropriate reference structure must be determined.
In most situations, the two atomic species of interest will exist in some thermody-
namically stable compound and the crystal structure they form can be used as the
reference. When two materials do not form a thermodynamically stable compound
(i.e. gold and silicon), first principles calculations can be performed to determine the
reference structure. In their work, Kuo and Clancy [29] used the B1 (NaCl) structure
as a reference of a Au/Si compound. In this kind of structure, the total energy per

atom can be written as:

1
E;(rij) = 3 (Eatomi + Eatomy) (2.21)

where FEgiom; and Egiom; are the energy for atom 7 and j. Therefore, the same proce-
dure used to obtain ¢;; can now be used for ¢;; where the reference structure has Z;;
nearest-neighbors:

u 1
EY (ry) = 3

ref (.. fef

Rearranging the above equation gives:

ref (p. ref (r,.
oot )= (25400 - (00) ] e

In the NaCl structure, each atom 7 has Z;; nearest-neighbors of type j. Therefore,

1
i (1) = ——

1

_(oyef R a .
P('O) (ry5) = Zijpj(O) (rig)- (2.24)

1
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(l)ref _ pZ(Z)ref _ —(3)ref =0

And, for all atoms p P, (see Table 2.1), so we have :

7

re Zz [
ot (rij) = -p_;pj(O) (755)- (2.25)

i

Submitting Equation 2.25 into Equation 2.23 gives

a(0) a(0) /.
! u Zz Py (Tl) Zz A T ) :
wij (135) = 7= | 2B (ry) = Fy (—”——J) — F; (#pp—fl)” . (2.26)
J J

v

Z; 5
2.1.5 Determination of the MEAM Parameters

In the MEAM equations, there are several parameters to be determined from bulk
properties, such as A; in Equation 2.3, ; in Equations 2.5 to 2.8 and /3](.” in Equation
2.9. A; can be determined by fitting the fce-bee energy difference derived experimen-
tally from phase diagrams or theoretically from first principles calculations. In Yuan

et al’s work, the following equation was used to calculate A; for Li [25]:

0.6084; = 0.5 + 9% (2.27)
1

where Ej,_; is the structure energy difference between fcc and bec and Ef is the

cohesive energy.

The electron density weights ¢; and exponential decay factors ﬂ](-l) are related to
elastic constants of the reference structure [21]. As Baskes explained in Ref. [21],
in general, the values of /31-(1) were not well determined because they were highly
correlated and were chosen somewhat arbitrarily; however, small variations in the
chosen values did not seem to be particularly important in the calculations of bulk

properties such as the surface energy and structural energy of the system.



CHAPTER 2. THEORY 17

Another parameter that may be required is the electron density scaling factor

€

Py

€

Pi

It can be seen from Equations 2.4 - 2.9 that p; appears in the numerator and
appears in the denominator in the expression of the background electron density.
Therefore, if a system is comprised solely of one species of atoms, pj divides out and
becomes irrelevant, thus is often set equal as 1; if not, it can be obtained by fitting
the vacancy formation energy. In Kuo and Clancy’s work [29], it was shown that the

vacancy formation energy could be given by
Ef =2z (Ef” - Ef”) (2.28)

which contained the electron density scaling factors pf implicitly. In Equation 2.28,
Ez-(l) is the energy per atom for a perfect crystal and Ei(g) is the energy for the neigh-

boring atom, and they always correspond to atoms of different species.

The necessary fitting parameters in MEAM equations were calculated by Baskes
[21] for ten fcc, ten bee and three diamond materials (refer to Table 2.2). Kuo and
Clancy [29] calculated a second set of parameters for Au and Si and also provided
those needed to describe Au/Si interactions (refer to Table 2.3). In their study, the
B1(Nacl) structure was taken as the reference for the Au/Si system because no ther-
modynamically stable Au/Si compound has been found in nature. Since all the fitting
procedures were based on this assumption, the reliability of these parameters can be
questioned. In this study, we used parameters calculated by Kuo and Clancy for the

Au/Si(100) system. Looking for better parameters is part of our future work.
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Table 2.2: MEAM fitting parameters as calculated by Baskes [21]
Ei _rf o A B0 B pY B0 Y #) 4P Y
Cu 3540 256 5.11 1.07 363 22 60 22 1 314 249 295
Ag 2850 288 589 1.06 446 22 6.0 22 1 5.54 245 1.29
Au 3930 288 6.3¢4 1.04 545 22 6.0 22 1 1.59 151 2.61
Ni 4450 249 499 1.10 245 22 6.0 22 1 357 160 3.70
Pd 3910 275 643 1.01 531 22 60 22 1 234 138 4.48
Pt 5770 277 644 1.04 467 22 60 22 1 273 -1.38 3.29
Al 3580 286 4.61 1.07 221 22 60 22 1 -1.78 -221 8.01
Pb 2040 350 6.06 1.01 531 22 6.0 22 1 274 3.06 1.20
Rh 570 269 600 1.05 113 1.0 20 10 1 299 461 4.80
Ir 6930 272 652 105 113 1.0 20 1.0 1 1.50 8.10 4.80
Li 1650 3.04 297 087 143 10 10 10 1 026 044 -0.20
Na 1.130 3.72 364 090 231 10 10 "'1.0 1 355 0.69 -0.20
K 0941 463 390 092 269 10 10 10 1 510 0.69 -0.20
V 5300 2.63 483 1.00 411 1.0 1.0 1.0 1 420 410 -1.00
Nb 7470 286 479 1.00 437 10 10 10 1 376 383 -1.00
Ta 8089 286 490 099 371 10 1.0 10 1 469 335 -1.50
Cr 4100 250 5.12 094 322 10 10 10 1 -0.21 1226 -1.90
Mo 6.810 2.73 585 099 448 1.0 1.0 10 1 348 949 -2.90
W 8660 274 563 098 398 1.0 1.0 10 1 316 825 -2.70
Fe 4290 248 507 089 294 10 10 10 1 394 412 -1.50
C 7370 1.54 431 180 550 43 3.1 6.0 1 557 1.94 -0.77
Si 4630 235 487 1.00 440 55 55 55 1 313 447 -1.80
Ge 3.850 2.45 498 100 455 55 55 BH5 1 402 523 -1.60
Note: In Baskes MEAM §; =0
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Au Si | Au/Si
A, [1.04 | 1.00
o | 634 | 487 | 3.76
B9 545 | 44
AV 12 | 55
2| 60 | 55
g 12 | 55
§ ]0.066 | 0.000 | 1.270
E° | 393 | 463 | 4.93
re | 2.88 | 2.35 | 2.58
p¢ | 087 | 2.05
S| 1
#1259 | 2.05
¢t | -1.00 | 4.47
3 1 451 | -1.80

Table 2.3: MEAM fitting parameters as calculated by Kuo and Clancy [29]

2.2 Conjugate Gradient Minimization

Conjugate gradient methods can be used in minimizing a multidimensional function.
When a one dimensional function f(z) is minimized, we need to test the variable z
with different values to find the minimum. Since all these different values of x are
in the same direction, a one dimensional minimization is called a line minimization.
When an N-dimensional function f(x) is minimized, if we start at a point xo and
proceed in a direction n to test different variables, then f(x) can be minimized lo-
cally from X to xg + n like the one dimensional minimization. Thus, we can break
the N-dimensional minimization into many small line minimizations along different
directions so that variables along the N directions can be tested to find the global
minimum of f(x). To fulfill this, the function should proceed to another point v to
perform another line minimization once a local minimization from xg to xo + n is

finished. Determination of the direction of v is the main task in multidimensional
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minimization. It is very important due to its influence on the accuracy and efficiency
of the minimization.

Conjugate gradient minimization distinguishes from other minimization methods
in its way of choosing the direction of n and v. It is known that once f(x) is mini-
mized within xq and x( + n, the gradient of the function must be perpendicular to n
at the line minimum. Then the condition that the motion along v does not ruin the
minimization along n is that the gradient stays perpendicular to n. This principle
can be seen more explicitly in a simpler case: if the 3-dimensional function f(z,y, 2)

has been minimized from 0 to xg at T, along x direction, we have

s of.  Of.  Of. )
Vi@.y,2) (Zmin:0,0) <3TI + Byy * 92" (Zmin,0,0)
of
- = 2.2
61: (m'minaoyo) 0 ( 9)

where f(z,y,z) is the gradient of f(z,y,2), 2, ¥ and % are unit vectors in the z, y
and z directions. Equation 2.29 shows when f(x,y,z) is minimized at (@, 0,0)
from 0 to zo, its gradient at (Zmin, 0,0) is perpendicular to & . Then when we want
to minimize f(z,y, z) in another direction so that it is minimized globally, the most
efficient way is to move in the & = &,,;, plane, in which any gradient of f(@mn,y, 2)
is still perpendicular to the z direction. Proceeding in other directions out of the
T = Tmin plane will increase the value of the function in the x direction, thus ruining
the minimization along the x direction.

Therefore, we need a numerical expression to describe the condition that the
gradient of f(x) stays perpendicular to n while moving along v . If we take a particular

point x" as the origin of the coordinate system with the coordinates x, then f{x) can
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be approximated by its Taylor series:
/ 1 2 1
f(x) =f<x) +Zi{:$j+—;%mimj+m:c—b-x+§x-A-x. (2.30)

where ¢ = f(x'),b = —Vf'x,, Al; = ,9%%1']‘1)(,-

According to Equation 2.30, the gradient of fcan be calculated as
Vi=A -x—bh. (2.31)
When the function is calculated along some direction, the change of Vfis
5(VH =A-(6(x)). (2.32)

The condition that the gradient of f(x) stays perpendicular to n while moving along
v requires that

0=n-6(Vi=n-A-v. (2.33)

As n is known and A is determined by Equation 2.30, v can be calculated according to
Equation 2.33. When Equation 2.33 holds for two vectors n and v, they are said to be
conjugate with each other [36]. If the successive line minimizations are done along the
conjugate set of directions, it continually refines the direction toward the minimum
without ruining the previous minimization; thus, it requires a smaller number of the

iterations in the program and provides more efficient convergence to minimum.

2.3 Molecular Dynamics (MD)

Because conjugate gradient minimization does not consider thermal motion, it is

useful for finding the 0 K equilibrium of a system. The equilibrium configurations
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at non-zero temperature can be determined using molecular dynamics, which can be
combined with MEAM (MEAM-MD) to solve dynamic problems such as simulations
of reaction processes. Molecular dynamics (MD) is an iterative process perfectly
suited for today’s computers. Its strength lies in its ability to follow time dependent
trajectories of a many particle system using Newtonian mechanics, which is what a
Monte Carlo (MC) simulation fails to do. Hence, MD is capable of moving a system

with a particular set of initial conditions towards equilibrium.

2.3.1 The Verlet Velocity Algorithm

Before MD begins, expressions for energy, force, velocity and position must be known.

In this study, the force acting on the i** atom is given by (refer to 3.2.3 for derivation):

- N N
™ms {ZF (p;) Vzpj + ZS’“@” (rij) Ty ZZ @ik (Tjk 615jk}
J# J=1 k#j
(2.34)
where the force is denoted by mass multiplied by acceleration to avoid confusion with
the embedding function F;(p;) shown in Equation 2.3.

The initial position 7% and initial velocity @iy are given as the input before the
simulations. Given these initial conditions, the velocity ¥; and position 7; can be
obtained by numerically integrating the acceleration. In this study, we use the verlet
velocity algorithm, which is shown schematically in Figure 2.3, as the technique for
the numerical integration. The verlet velocity algorithm was chosen not only for its
simplicity but also because it is based on a second order Taylor expansion which
minimizes round-off errors. In the verlet velocity algorithm, the velocity of the 7t

atom at the (n + 1)* iteration is written as
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. _ I -
'Ui,n+1 = ’Uz‘,n + 3 ((Li,n+1 + ai,n) At (235)

4

and the position of the i** atom at the (n + 1) iteration as

1 2
Fi,n-&—l = Fi,n + 'ﬁi,nAt + 561,11 (At)‘ . (236)

Therefore, the verlet velocity algorithm starts with 7; , and 4, and calculates @, ,
in the n*® iteration. It provides both the atomic positions and velocities at the same
instant of time. Compared with other algorithms such as the original verlet algorithm
and predictor-corrector method, it requires less computer memory, because only one
set of positions, forces and velocities need to be stored at any one time [37]. This

algorithm also conserves energy well even with relatively long time steps.

2.3.2 Temperature Control

An important aspect of molecular dynamics is temperature control. It is useful to
attain the desired temperature during equilibration so that the molecular dynamics
simulations can be performed at a constant temperature. In this method, the tem-
perature of the system is controlled by adjusting the velocities, which ensures the

equipartion of energy is satisfied. The equipartition of energy principle is given by

d
K= 5NkBT (2.37)

where K is kinetic energy, d is the number of degrees of freedom per particle, kg is

Boltzmann’s constant and T is temperature. For atoms moving in three dimensions

d = 3. Therefore, T is given by
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Compute the (n+1)th position of each atom:

- - 1 -
Yin+tl =lin + Vi.nAt + —a,;,,Atz

A

Update the velocity of each atom:

-

- 1-
Vi,no =Vin + Eai,nAt

A

Compute the (n+1)thacceleration of each atom by
first calculating the force:

a. F.‘,n+1 = —VE,.,M,1
~  Finu
b- Ain+sl = s
m

A
Compute the (n+1)t% velocity of each atom:

- —

- 1- . 1 -
Vinsl = Vig, + Eai,nHAt =Vin + > Ain +Qins1 ) AL

Figure 2.3: Flowchart illustrating one step of the verlet velocity algorithm.

N
m 5
= ;7 2
T 3NkB§ v, (2.38)

=1

Once velocities have been calculated, T is compared to the desired, user-specified
temperature Tp. If these two temperatures do not match , the atomic velocities are

adjusted using the following relation:

. /Tp -
Vi new = TDvi,old‘ (239)
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Start

Y
Determine the initial positions and
velocities and obtain number of
simulation time steps nsna and desired
temperature Tp from user.

4

Adjust atomic positions based on
thermal expansion

A

From these initial conditions, compute
the n=0 energy, force and acceleration
of each atom.

Y

Does n=ngna? > Finish

N

A
Calculate the actual system
Temperature and scale velocities if
T#Tp

A
Step through Verlet velocity algorithm
(Figure 2.1) to obtain the (n+1)th position,
velocity and acceleration of each atom.
Calculate kinetic and potential energy.

Y

Increase n by 1

Figure 2.4: Flowchart illustrating molecular dynamics. n is the number of iteration.
T is the temperature of the system.
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Whenever T and T differ, thermal energy (heat) must be added to or removed
from the system via Equation 2.39. Energy stability occurs once the system reaches
a state of thermal equilibrium 7" = Tp, at which point heat is no longer added or
removed. Henceforth, equilibrium will represent this state. Above all, Equations
(2.1), (2.34), (2.35), (2.36) and (2.39) can be used to completely describe an MEAM-

MD simulation. Figure 2.4 provides a flow chart illustrating the process.

2.4 Surface Stress Tensor

Surface energy is defined as the energy required to create a unit area of surface
[38]. Creating the surface consumes energy because the bonds between the atoms are
destroyed when the bulk is cleaved into two parts; thus, the surface is less energetically
favorable and contains more energy than the bulk does. If Ey and Ey are the energy

of the system before and after the surface is created, then we have

Ef = 2E, + E (2.40)

where 2F is the energy difference which is positive. As two surfaces are created when
a bulk is cleaved into two parts, E, is the energy required to create each of these two
surfaces. In this study, before the bulk is cleaved to form the surface, the system has
a reference structure with all the atoms placed at their equilibrium positions; thus,
Ey = NE, in which E. is the cohesive energy and N is the number of the atoms in
the system. Ef can be calculated from Equation (2.1). Therefore, we can define the

energy to create a surface as

E,= . (2.41)

N
> E,-NE,
=1

[
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If A, is the area of each surface, the surface energy can then be expressed as

1
24,

o . (2.42)

N
Y E; - NE,
=1

Since the cohesive energy E. depends on temperature, the surface energies calcu-

lated under different conditionals are comparable only at the same temperature.

Suppose now that the surface area changes due to some internal or external force.
It can be assumed that the changes in energy caused by these forces are described
by linear elasticity theory. The variable used to quantify these effects is the surface

stress tensor 7. Elements of the surface stress tensor 744 are given by [39]:

_ 1 09(d4,) o o
v (2.43)

where €, is an element of the strain tensor. A negative 7,3 tends to increase the
surface area whereas a positive 7,3 tends to decrease it.

The physical interpretation of the nine components of 7 is as follows. First,
consider an imaginary cube surrounding the surface. Along each face of this cube are
three stress components: one direct stress and two shear stresses. A direct stress tends
to change the volume of the cube (i.e. expansion or compression) while a shear stress
tries to alter the shape of the cube whilst keeping the volume unchanged. Because
the system is in static equilibrium, only three of these faces and their stresses need
to be considered. Hence, a second rank tensor with nine components is required to

describe all of the stresses:
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T —> )

Figure 2.5: A visualization of the nine components of the surface stress tensor.

These nine components, however, are reduced to six unique components because

static equilibrium requires 7,y = Typ, Tor = Tz and 7T, = T;,. For example, if

Tey F Tyz, @ moment would exist and the cube could rotate about the z-axis. In

the subscript notation, « is the direction of the stress and [ is the direction of the

normal of the plane upon which the stress acts. Figure 2.5 gives a diagrammatical

representation of T Combining Equation 2.43 and Equation 2.42, we have:

ToB

L 9 5 p, | (2.45)
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It has been shown [40] that Equation (2.45) can be expressed as a derivative with

respect to interatomic distances rather than a derivative with respect to a strain:

OF;
Tap = — ZZ ﬁdfﬁ (246)

i ki

Now substituting Equation 2.1 into Equation 2.46, we have:

Tap = -—ZZ Tk gra { “”%Zm’%ﬂ%

i ki g
= (1) 21 |95,
- __Z F] 6 a+ Z ”Sw+ Z‘Pw 7ij) 6r;§]
i k#i

= —_Zg ik F; (ps) (9 ZZ Z‘P” rij) = (dik — Ojk) Sij

i k#i i k#L j#i
- 2.4 Zkz;; zkg‘:% Tij) (90‘

i ) j#i
- —_Zi:kz;ézr F ( 8 o 2A Z; 1k;(pz] TZ]) szzj (247)
+ A Zkz sz‘Pz] (711) » JkSzJ A ZZ sz‘Pm Tij 37‘“

i ki J#i i k#i J#i

Because the summation over k in the second term of Equation 2.47 does not in-
clude 7 and the Kronecker delta is non-zero only when k& = i, this term disappears.
Similarly, the Kronecker delta in the third term of Equation 2.47 removes the sum-

mation over j, leaving the final expression:
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Ta,@ = __ZZ z] z 'L.

i g

T A, Z > 1% () i ror S0 (2.48)
i g#

- ZA ZZ sz‘Pz](er a'
iokAL g

Therefore, using MEAM formalism Equation 2.43 can be calculated.
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MEAM programs

In this chapter, details about the MEAM-MD simulations such as the cut-off distance,
periodic boundary conditions and determination of the time step will be discussed.
This chapter also includes the steps taken to validate the code by examining the
conjugate gradient minimization, calculations of surface energy and the expression of

the force in the MEAM program.

3.1 Details about the MEAM-MD Simulations

3.1.1 Cut-off Distance

In the MEAM program, besides the screening function, another scheme used for
further limiting the range of interaction is the cut-off distance. By introducing the
cut-off distance, interactions between atoms are considered only within a certain
distance. Therefore, the calculations are simpliﬁed and the computation time can
be reduced. The interactions can be ignored beyond the cut-off distance because
the potential energy between two atoms and the atomic electron density (Equation

2.9) both approach zero [41]. Figure 3.1 shows that the two body potential and the

31
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atomic electron density of the Si atoms vanish beyond 5.0 A. Before the program
was applied, a suitable radial cut-off distance was determined for a system of 8x8x8
Si atoms. Different values for the cut-off distance were tested in the program and
the corresponding total energies were calculated. It was found that when the cutoff
distance was greater than 4.23 A, the calculated total energy stayed constant. This
indicated that 4.23 A was the shortest cut-off distance which ensured all the nonzero
interactions were included. Therefore, in this study, the cut-off distance was chosen

as 4.23 A and interactions between atoms were not included beyond this distance.

2.5

Potential{eV)
Atomic Electron Density

2.5 35 4.5 5.5 5.0

r(A) r(A)
(a) (b)

Figure 3.1: (a) Potential energy as a function of separation distance between two Si
isolated atoms. (b) Exponential decaying of the atomic electron density of Si atoms.

3.1.2 Period Boundary Conditions

In MEAM-MD simulations, periodic boundary conditions were applied to minimize
finite size effects. With periodic boundary conditions, the simulation region is mapped
topologically so that there are infinite copies of the boxes in all directions. In Figure

3.2, the central box is surrounded by imaginary neighbors. The coordinates of the
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image atoms in the surrounding box are related to those in the center box by simple
translations. In this configuration, any atom that leaves the simulation from one side
of the box re-enters the simulation region from the other side of the box. For example,
suppose the z coordinate is defined to be between —L,/2 and L,/2, where L, is the
width of the box in the = dimension, then if x > L,/2, it is replaced by = — Ly;
if # < —L,/2, it is replaced by « + L,. Another consequence is that atoms in the
box are able to interact with atoms in the neighboring box near the boundary, which
means atom ¢ in the primary box in Figure 3.2 can interact with atom j in box III.
If the distance between atom 4 and j ;; > L, /2, it is replaced by x;; _ L; similarly,

if z;; < —Lg/2, it is replaced by z;; + L.

I OII QIII O
OO OO OO
o O o O 0o O
n Q ‘lv O
OO‘ OO
O O | o O
VIIO OVIO OVO O
O O O
c O o O |0 O
Lx

Figure 3.2: Two dimensional box in the periodic boundary conditions.

In MD simulations, if no periodic boundary conditions were applied, the atoms
in the finite system would be affected by the boundaries of the system. Therefore,
the finite system cannot produce reliable results to study the corresponding infinite
system [42]. With periodic boundary conditions, we can use systems containing 500-

1000 atoms to simulate infinite systems with the thermostat turned off. In this
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study, periodic boundary conditions were applied in the (100) and (010) directions.
Because the normal of the Si(100) surface is in the z direction, no periodic boundary
condition need be applied in the (001) direction. For our calculations, we chose a two

dimensional box with a surface size that contained & x 8 atoms.

3.1.3 Determination of the Time Step

The size of the integration step At in Verlet velocity algorithm plays a significant
role in the effectiveness of MD routine. If At is too small the evolution of the system
will be too slow. If on the other hand At is too large the numerical integration
is inaccurate. Luckily, conservation of energy provides a means of determining At:
one must ensure the sum of the kinetic and potential energies for the entire system
remains constant for an extended period of time [42]. The optimum choice of At is
the largest possible value allowed before the energy of the system ceases to be stable.
In our simulations, this value is found to be 4.125x107!% s. This time step is taken

100,000 times in the simulation; thus, the simulation length is 4.125 x 107! s.

3.2 Validating the Code

Once the fundamental MEAM programs had been written, the original author John
Braeckman performed initial tests to ensure the accuracy of the calculations, including
conjugate gradient minimization, the surface energies and the force expression given

by Equation 2.34. The methods used to calculate these quantities are described below.

3.2.1 Test of Conjugate Gradient Minimization

To test the accuracy of conjugate gradient minimization in the MEAM simulations,

we used a system of three Si atoms forming an equilateral triangle. Then, the con-
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figuration corresponding to the minimum energy was obtained by conjugate gradient
minimization. Different initial configurations (not too far away from equilibrium) were
tested, and as expected, the final configurations were identical after minimization. In
the final configuration, the three Si atoms still formed an equilateral triangle, but
the side length was changed. The final side length was 2.5452 A and the minimized

energy was -8.8345 eV.

L 2.0 25 3.0 3.5 4.0 4.5 5.0 5.5 6.0
Energy 8.7669 -8.7825 -6.3467 -3.1745 -1.4057 -0.5887 -0.2393 -0.0956 -0.0378
L 2.51 2.52 2.53 2.54 2.55 2.56 2.57 2.58 2.59
Energy -8.8035 -8.8188 -8.8289 -8.8340 -8.8340 -8.8294 -8.8206 -8.8072 -8.7900
L 2.541 2.542 2.543 2.544 2.545 2.546 2.547 2.548 2.549

Energy -8.8340 -8.8345 -8.8345 -8.8345 -8.8345 -8.8345 -8.8345 -8.8345 -8.8340

Table 3.1: Total energy of the Si quilateral triangle Maple 7 and a Fortran program
with different side lengths L. Values for the energy are given in eV. Values for the
side lengths L are given in A.

To check this result, it is necessary to use a different method to get the equilibrium
configuration. We constructed several equilateral triangles with different side lengths
and calculated their energy with Maple 7 and a Fortran program. It was found that
these two programs gave the same results which might ensure the accuracy of the
calculations. We started these calculations from using different side lengths from 2.0
to 6.0 A which were equally separated by 0.5 A. The results are shown in the first
two rows of Table 3.1. It can be seen that the side length which gave the minimum
energy might be around 2.5 A. Then we set the range of the side lengths from 2.51 to
2.59 A and found the minimum energy should be given by a side length between 2.54
and 2.55 A as show in the fourth row of Table 3.1. The last two rows of Table 3.1
show the energy of the Si equilateral triangles with side length from 2.541 to 2.549 A
It was verified that the minimum energy -8.8345 eV did exist and the corresponding

side length could be localized between 2.542 and 2.548 A, which agreed to the result
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obtained from conjugate gradient minimization within 0.2%.

3.2.2 Surface Energy

Calculating the surface energy requires one to first calculate Equation (2.1), the most
important equation in the MEAM formalism. Therefore, it is imperative that this
equation should be calculated properly.

Using our code with the parameters given in table 2.2, the surface energies of the
(100} and (111) faces were calculated for the same ten fec, ten bee and three diamond
materials used by Baskes [21]. The results of our calculations are given in Table 3.2
and are compared to Table V of [21]. As can be seen, all surface energies agree within

1%. Any discrepancies can be attributed to computational precision.

(100) __(100)® _ (1i1) __ (1i1)® {160y (100)° __ (1i1) (11" (100)___(100)" __ (iil) (11"
Cu 1653 1651 1411 1409 i 131 431 311 379 T 6242 6195 5121 5082
Ag 1277 1271 1093 1087 Na 288 288 202 202 Si 1883 1878 1256 1253
Au 1085 1084 887 886 K 182 182 125 125 Ge 1660 1658 1156 1154
Ni 2437 2435 2039 2036 vV 2499 2490 1811 1805
Pd 1663 1659 1385 1381 Nb 2791 2788 2027 2018
Pt 2171 2167 1659 1656 Ta 3299 3292 2310 2305
Al 902 897 621 618 Cr 1230 1230 1246 1247
Pb 425 424 367 366 Mo 2124 2122 1862 1861
Rh 2901 2002 2597 2598 W 2650 2646 2251 2247

Ir 2900 2907 2828 2835 Fe 2298 2289 1727 1720

2Data from Reference [21]

Table 3.2: Surface energies for various materials and crystal faces using the param-
eters of Baskes [21]. The results are compared with those calculated by Baskes in
[21]. Values are given in erg/cm?.

3.2.3 Expression of the Force

The expression of the force can be determined by the derivative of equation 2.2. In

this study, the force acting on the i** atom is given by:

N N _ N N
- ’ = ’ T4 1 =
mi -G = — E F; (pj) Vips + E Sijeij (T35) # +5 E E wjk () VaSie ¢ (3.1)
3=1 J# ” 3=1 k#j

which is derived as described below.
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In the MEAM, the potential energy of a system of N atoms is

Etot -

[ =

.
.I_I.

It
"MZ
31
L\)I —

ZZ J/\ TJ;‘ . (32)
J=1 k#j

<
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—

The force acting on atom 4 is given as

a; ~
“L = —ViBi
my
aE’tot 8Etot A aEltot A
= - T+ + Z). 3.3
( Oz, ‘ Ay y 0z (3:3)
Therefore, the main task is to find the expression of %ﬁl using Equation (3.2):
8Etot Al )90, 1 Al  Orse 95
ZF] Brz_‘_ ZZ J"%k (k) B, + Pk oz, |-
j=1 J=1 k#j
(3.4)
Since 7k = /% + Y5 + %, EL becomes:
87‘]';\
8l‘i N
(3.5)

where z;; = z; — z), and 6,4 is a Kronecker delta (1 if p = ¢ and 0 if p # ¢).



CHAPTER 3. MEAM PROGRAMS 38

So, putting Equation 3.5 into Equation 3.4 we have

OF N p 1 N N
tot ‘I\
oz, Z (‘3_ 522 P (rse) N — =0
Jj=1 = 7& .7
N N
1 8S;k
- 522 kP (0 °kz+ ZZ%L(W -
J=1 k#j ] 1 k#j
N
’ ap Tk
= ZF] (p]) a 2 2 Zszszk zl\) !
Jj=1 ki Tik
N N
OS &
B MG NES 3) pERLL
J# J =1 k+#j Iz
(3.6)
But, r;; = 75 and ¢, (1) = ¢, (ri;). Therefore, the above equation becomes
J J NN %] ¥
aEtot al / 8[) 1 N Tik
= F ot} S,
ox; ng: J +22 zk%k Tzk) Tk
L‘z
+ 2 ZSZJSOLJ 1.] — + ZZSOJI“ ]k (37)
J#i J =1 k#j

Because the summations in the second and third terms both go from 1 to N and both

skip over 7, they can be combined into a single summation, which leads to

aEIiEot _ ZN:F/( 8PJ+ZS (7 )T_M
6177; j p o ; — zk‘pzk ik i

N N
1 OS5 .
+ 3 Ez E# Pik = oz, (3:8)
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The expressions for 6—5% and %ft are obtained by replacing x in Equation (3.8)
with y or z. Then substituting the results into Equation (3.3), we can get Equation
3.1.

Unfortunately, the mathematical complexity of the background electron density

and the screening function makes writing the expressions explicitly here impractical.

After the expression of the force had been obtained, we need to ensure its accuracy
so that it can be used in the MEAM-MD program mumeas.f. A system of five Au
atoms and a system of five Si atoms were created and these two systems were then
used as input into mumeas.f and the forces acting on each atom were compared to
those calculated by the Maple 7 program. The calculation showed that the results
from the two programs agreed, verifying that mumeas.f could correctly evaluate

Equation 3.1. Table 3.3 shows the calculated forces acting on each atom in these two

systems.
Maple 7 F, K, F. mumeas.f F, F, F,
Aul -19.4118 -8.9018 -0.1544 Aul -19.4118 -8.9018 -0.1544
2  18.4355 -8.6644  -0.0151 2  18.4355 -8.6644  -0.0151
3  -0.0074 15.0816 0.0425 3 -0.0074 15.0816 0.0425
4 0.5862 1.3290 23.7494 4 0.5862  1.3200 23.7494
5 0.3975  1.1556 -23.6223 5 0.3975  1.1556 -23.6223
Sil -19.3372 -9.5439  -0.1886 Si1 -19.3372 -9.5439  -0.1886
2 18.2756 -9.1768  -0.0004 2 182756 -9.1768  -0.0004
3 0.0669 16.2658 0.0712 3 0.0669 16.2658 0.0712
4 0.6177 1.3381 23.1030 4 0.6177  1.3381 23.1030
5 0.3770 1.1168 -22.9852 5 0.3770 1.1168 -22.9852

Table 3.3: Comparison of forces calculated by Maple 7 and mumeas.f. Values are
given in eV/A.
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Results

Once it had been established that the programs could correctly evaluate the MEAM
equations, molecular dynamics simulations were performed. This chapter discusses
results from these simulations, including the Si(100) surface reconstruction and ad-
sorption of Au atoms on the Si(100) surface at room temperature. Similar studies
were also performed at higher temperatures, such as 350 K, 800 K and 1200 in order
to study the influence of temperature on Au/Si interactions. When discussing the
results of the simulations, we focused on how the coverage and temperature affected
the structure, morphology and surface stress of the Au layers. The time step in the
molecular dynamics simulations was 4.125 fs. There were 100000 steps during the

simulation, corresponding to a simulation length of 41.25 ps.

4.1 Simulations of Si(100) Reconstruction

4.1.1 Si(100) Relaxation at 0K

The first step of our study was to calculate the inter-layer relaxations of the Si(100)

surface at 0 K. Inter-layer relaxations are changes in the atomic spacing between layers

40
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as the system relaxes to equilibrium at 0 K. In our simulations, the Si substrate slab
size was 8x8x8 with periodic boundary conditions applied in the (100) and (010)
directions. To mimic bulk conditions, the atoms in the bottom two layers of the
Si(100) substrate were fixed at the positions in the reference structure. Under this
condition, it was considered that the fixed bottom atoms were too far off to interact
with the atoms above the fixed region; therefore, the substrate could then be viewed
as extending indefinitely like a bulk. All the Si atoms were initially positioned in
a diamond lattice with an inter-layer spacing of 1.357 A. Since at 0 K, the atoms
had minimal thermal vibrations and their movement was restricted in the x and y
direction because of the periodic boundary conditions, the atomic separations in the
x and y directions were not changed after the relaxation. The inter-layer relaxation
did however increase by 6.2% between the first and second layer, 0.7% between the
second and third layer and 0.0% between the other layers. Calculations of the system
energy showed that the surface energy decreased from 0.103 eV/ A? to 0.099 eV/ A2
and the total energy decreased from -2274 eV to -2277 eV after relaxation.

In the bulk, the equilibrium distance between two layers is determined by various
attractive and repulsive forces in the solid. When the surface is created, this balance
is destroyed and the atoms at the surface therefore relax either inwards or outwards
[43]. Our result shows that the Si(100) surface experienced an outward relaxation at 0
K, indicating the atomic separation in z direction was increased. Because the Si atoms
did not move in the x or y direction, the separation of the atoms was increased, causing
a weaker interaction between the atoms. At 0 K, the energy of the system mainly
came from the atomic interactions; therefore, these outward relaxations reduced the

surface energy and hence were energetically favorable.
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4.1.2 Si(100) Reconstruction at 293K

Once conjugate gradient minimization had found the 5i(100) relaxation at 0 K, the
results were used as initial conditions to calculate the 81{100) reconstruction at 203 K
with molecular dyvnamics. The bottom two layers were fixed as discussed in Section
4.1.1.

The cutput showed that the Si{100) surface had spontanecusly reconstructed by
forming dimers along the (110} direction (Figure 4.1). Spontaneous reconstroctions
suggested that a lower energy atomic configuration existed. Table 4.1 compares the
0 K surface energies, total energy of the system and inter-laver relaxations of 51(100)
when in the reference structure, once relaxations had been considered and after re-
constructing, o is the surface energy while Fyy is the total energy of the system. Ay

is the inter-layer relaxation between layer ¢ and layer 3.

Figure 4.1: 5i{100} substrate
(a) before reconstruction and ()
after reconstruction at 203 K.
The surface atoms are shown in
vellow. The bulk atoms are
shown in hlue.

The formation of dimers during the Si{ 100} surface reconstruction indicates that
when the surface is created by cleaving the bulk, some dangling bonds with higher
energy are formed. This higher energy can be lowered during reconstruction when 5i
atoms bind together to form dimers. These dimers that form along the (110} direction
have been observed in experiments [44. 45 and calculations [46, 47, 45|, In the STM

experiments, Wolkow observed the asymmetric 8i dimers during Si{100) reconstruc-
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Table 4.1: Surface energy, total energy amd inter-laver relaxations of Si(100) for
various atomic configurations.  Values for the surface energy are given in eV/A%
Values for the energy are given in eV, Values for inter-layer relaxations are expressed
as a percentage of the equilibrinm separation.

.C'n.nﬁf_'iu_ml'i-:m & Few A A Ay

Beference k103 -2274
Redasced 0,099 2277 +6.2 0.7 4L

Reconstructed (L0G5  -220) - 1) +2.7 4+

(a)

Figure 4.2: Configurations of the (a) symmetric{unbuckled) and (b) asymmet-
ric{buckled ) 5i dimers on the Si(1(0) substrate,

tion at 120 K, while these dimers changed the orentation to get an average symmetric
appearance at room temperature|d44|. Tromp et al’s studied atomic structure of the
clean Si(100) surface. The samples were heated to 1323 K during 2 minutes and then
cooled down graduoally during 3-4 minutes, The STM images showed both symmetric
and asymmetric dimers appeared in almost equal proportions [45]. It was explained
in their study that the energies of the symimetric and asvminetric dimers were nearly
degenerate and might be present st the same time, In Fipure 4.2, we show the 5
dimers on the reconstructed Sif 100) surface. The 51 dimers are shown in vellow while
the other 5i atoms are shown in blue. Figure 4.2{a) shows the 5i dimers which are
symmetric with respect to the (110) direction. Figure 4.2 (b) gives an example of the

configurations for the asymmetric 5i dimers on the S5i(100) substrate, We can see in
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each of these Si dimers, the Si atom at the left hand side is above the Si(100) surface,
ruining the symmetry of the dimer along (110} direction in the Si(100) surface plane.
In our simulation, the symmetric Si dimers as shown in Figure 4.2(a) were observed,
consistent with results calculated by Baskes [46], but in contrary with first principle
calculations [47, 48] which observed asymmetric dimers buckled inward or out of the
Si(100) surface. As the experiments observed both symmetric and asymmetric dimers
at the same time, these different calculations may have shown different behaviors of

the system during Si(100) reconstruction.

4.2 Simulations of Au Layers on the Si(100) Sub-
strate

In this section, we placed Au atoms on Si(100) surface at various coverages and
temperatures. The initial separation distance between the bottom Au layer and the
Si(100) surface was approximately 3.0 A for all the simulations in this study; however,
this distance is not critical because the system can relax to the same equilibrium even

if the initial conditions are slightly different [29].

4.2.1 Au Layers on the Reconstructed Si(100) Substrate at

203 K

We first placed 6.7% ML! Au on a reconstructed Si(100) substrate at 293 K, and
then increased the coverage to 21.3%, 33.3%, 42.7% and 66.7%. The initial positions

and velocities of Si atoms were determined by the output of the previous analysis

11 ML is defined as 15x 10 Au atoms in the fec(111) configuration, corresponding to 100% coverage
of Au atoms on Si(100) surface. The number of Au atoms in the 2 and y direction was chosen
according to the size of the box in periodic boundary conditions.
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discussed in section 4.1.2.

Figure 4.3: Au atoms on the reconstructed Si(100) substrate at 293K below 1
ML coverage. Initial configurations of the system when the Au coverage is (a)6.7%
(€)21.3% (€)33.3% (g)42.7% (1)66.7%. Final configurations of the system when the
Au coverage is (b)6.7% (d)21.3% (£)33.3% (h)42.7% (j)66.7% ML.

45
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Figure 4.3 shows the initial and final configurations at 41.25 ps for Au atoms on
a reconstructed Si(100) substrate below 1 ML coverage. The Au atoms are shown in
yellow, the reconstructed Si(100) surface is shown in green and the other Si atoms
are shown is blue. When the Au coverage was low (6.7% and 21.3%), most Au atoms
re-evaporated from the substrate at the end of the simulations(Figure 4.3(b)(d)).
At 33.3% coverage, about half of the Au atoms re-evaporated (Figure 4.3(f)). Figure
4.3(h) shows when 42.7% ML Au with reflecting symmetry along the z and y axis was
placed on the substrate, all the Au atoms could stay on the Si(100) surface. In Figure
4.3(i), we can see when the coverage was increased to 66.7%, but with lower symmetry,
there were still Au atoms re-evaporated at the end of the simulation. As we collected
these results at 41.25 ps when re-evaporation was still going on, it can be expected
that if the simulation time had been longer, all the Au atoms might evaporate from
the substrate. To confirm this speculation, we increased the simulation time to 200
ps and re-ran these programs. It was found that below 42.7% Au coverage, fewer Au
atoms stayed on the Si substrate (Figure 4.4 (a)) while at 42.7% and 66.7%, all the

Au atoms stayed at the Si substrate (Figure 4.4 (b)(c)) at the end of the simulations.

According to our simulations, re-evaporation of the added atoms on the substrate
does occur as discussed in Reference [49]. It is illustrated in Chapter 6 of Reference
[49] that the energy state of the substrate is energetically like an egg carton, with the
energy depressions constituting temporary adsorption sites for the deposited atoms.
When an added atom comes into one of these sites, it will either hop out of the egg
carton, i.e. re-evaporate, or jump over the energy barrier into an adjacent site and
bind with another atom to form a doublet making the atoms more stable than the
single atoms. In our simulations, generally, the Au atoms became more stable on the

Si substrate at a higher Au coverage. Based on the statement in Reference [49], this



CHAPTER 4. RESULTS 4T

a) ()

Figure 4.4: Final configurations of (a) 33.3% (b) 42.7% and (¢) 66.7T% Au atoms on
the reconstructed 5i(100) substrate at 200 ps.

result can be explained as follows: when the Au coverage was low, the interactions
betwoen the Au atoms and other atoms were limited; thus, it was more difficult for
a Au atom to bind with another atom and form a doublet, When the Au coverage
was higher, there were more interactions between the atoms so that the chance for a
Au atom to bind with the other atoms was increased. Also, it was possible that the
deposited Au atoms could modify the energy state of the surface by increasing the
available adsorption sites; hence, more Au atoms could stay on the Si surface without
re-evaporation,

We next performed simulations of Au layers with coverages from 1 ML to 3 ML
on the 8i(100) surface. Again, the Au lavers were constructed as an fec{111) crystal
gtructure with 15 atoms in the ¢ direction and 10 atoms in the y direction. Figure
4.5, Figure 4.6 and Fignre 4.7 show the initial and final configurations of the system.
In these figures, (&) and (d) show the front view, and (b) and (e} show the side view
of the initial and final configuration. In (c) and (f), the configuration of the 5i surface
beneath the Au layers is displayed: the 5i surface atoms are shown in green while the

Au layer on top of the 5i surface is shown in yellow, bath seen from the 4z direction.
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Figure 4.5: 1 ML Au on the reconstructed 5i(100) at 293K. Front view of the (a) ini-
tial and (d) final configuration. Side view of the (b) initial and (@) final confignration.
(c) Initial and (f) final configuration of the 51 surface heneath the Au layers,
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Figure 4.6: 2 ML Au on the reconstructed Si{100) at 293K. Front view of the (a) ini-
tial and {d) final configuration. Side view of the (b) initial and (&) final configuration.
(¢} Initial and (f) final configuration of the 5i surface beneath the Au layers.

In these hgures, Figure 4.5(d} shows that when the Aw coverage was 1 ML, the
crystal lattice was significantly perturbed, while in Figure 4.6(d) and Figure 4.7(d),
the crystal lattice was slightly perturbed at 2 and 3 ML Au coverage. In Figure
4.T(e), we can see at 3 ML coverage the Au lavers expand in z direction within the
simulation time of 41.25 ps. Figure 4.5(f), 4.6(f} and 4.7(f) show at the end of the

simlation there were gtill 51 dimers on the Si{ 100} surface,
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Figure 4.7: 3 ML Au on the reconstructed 5i(100) at 203K. Front view of the (a) ini-
tial and (d) final configuration. Side view of the (b) initial and (e) final configuration.
{e) Initial and (f) final configuration of the 5i surface beneath the Au lavers.

Many papers have reported Au/Si intermixing and the formation of amorphous
gold silicide layers above a certain critical coverage [4-7,10,11,13,17] ; however, these
experiments disagree in the required critical coverage to initiate Au/Si intermixing.
Narusawa &t al. reported that the intermixing started abruptly when the Au film
exceaded a critical coverage of 4 ML [5]. Carriere ef al reported the Au silicide
was formed when 2 ML Au coverage was achieved 6] while Hricovini ef al. suggested
that Au and 5i started intermixing below 1 ML [7]. In our simulations, when the Au
coverage was below 3 ML, no intermixing was observed within 41.25 ps; therefore,
it can be spoculated that the critical coverage might be above 3 ML, so that the
number of Au lavers was not enough to start intermixing. Also, it is posaible that
the time duration of 41.25 ps might be too short to observe intermixing between Au
lavers and the Si substrate. Au/Si intermixing may be observed if the simulation time
18 increased. To verify these speculations, simulations for larger systems and longer

simulation time need to be performed in the future work.
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Figure 4.8: Direct surface stress 7., as a function of time in the first 20000 time
steps. The unit of surface stress is eV /A%, The unit of = axis is time step (1 time
step = 0.41258%).

The surface stress of the system was recorded during the simulations. Figure 4.8
shows the direct stress 7, as a function of time in the first 20000 steps. It can be
noticed that for diffecent coversges, T the fist 2000 time steps, 7, had Jarge negative
values, indicating that the surface tended to expand in + 2 direction at the beginning
of the simulation. Then 7,, reached a nonnegative maximum and became O after
100000 time steps, suggesting the direct surface stress in z divection might be zero
when the svstem reached equilibrinm.

Figure 4.9 shows the evolution of surface stress at different Au coverages within
100,000 time steps, which correspond to a simulation time of 41.25 ps. This graph
shows the surface stresses oscillated intensively in the first 20,000 time steps, indicat-
ing the system was far from equilibrinm at the beginning of the simulation; therefore,
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Figure 4.9: Evolution of the surface stress when Au atoms were placed on the
reconstructed Si(100) substrate at 293 K. The unit of surface stress is eV /A2, The
unit of r axis is time step (1 time step = 0.4125fs).

the atoms had to move around with large displacement to adjust themselves towards
the equilibrium. With the increase of Au coverage, the amplitude of oscillation at the
beginning increased; thus, at higher Au coverage, the atoms in the system took more
effort to adjust themselves during equilibrating. After 20,000 time steps, the surface
stress fluctnated with a smaller amplitude and became more stable until the end of
the simulation. The calculations of surface stress show that at 1 ML Au coverage,
the average values of 7, and 7, are -0.1720 eV /A? and -0.2650 «V/A?, respectively.
From Figure 4.9, we can see compared with the other surface stress elements, 7.,
and 7, have lager distances away from the black dashed line which denotes the zero
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surface stress, indicating that the system had larger direct surface stresses in the z
and y direction. When the coverage was increased to 2 ML, all the elements in the
surface stress tensor were closer to 0. Figure 4.9 shows that 7., has the largest value
and its average is -0.1028 eV/A? according to the calculations. At 3 ML coverage,
we can see from Figure 4.9 all the surface elements are around 0. The calculation of
surface stress elements shows in the six surface stress elements, 7., has the largest
average value which is 0.0348 eV/A2. According to our results, when Au atoms were
placed on the Si(100) surface at 293 K, the surface stress became smaller at higher

Au coverage.

4.2.2 Au Layers on the Unrelaxed Si(100) Substrate at 293

K

In Kuo and Clancy’s study, the Au layers were placed on the unrelaxed Si(100) (i.e.
reference structure) at the beginning of the simulations. This initial condition could
simplify the simulations since no Si(100) relaxation or reconstruction were calculated.
In this section, we placed the Au layers on the unrelaxed Si(100) surface at 293 K
and compared the simulations with those in section 4.2.1.

According to the results, there is no significant change in the morphology of the
Au layers or the surface stress (Figure 4.10 and Figure 4.11). Figure 4.12 shows
that no intermixing was observed within 41.25 ps when Au atoms were placed on the
unrelaxed Si(100) surface below or at 3 ML coverage at 293 K.

In Figure 4.13, the configuration of the Si surface beneath the Au layers is dis-
played. The Si surface atoms are shown in green while the Au layer on top of the
Si surface is shown in yellow, as discussed in the last section. Figure 4.13(a) shows

the initial configurations while (b), (¢) and (d) show the final configurations of these
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Figure 4.10: Front view of the final configurations for (a) 1 ML (b) 2 ML and (c)
3 ML Au on the unrelaxed Si{100) substrate at 203 K

Figure 4.11: Evolution of the Surface Stress when Au atoms were placed on the
unrelaxed Si 100) substrate at 203 K.
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{al {b)
Figure 4.12: Side view of the final configurations for (a) 1 ML (b) 2 ML and (c) 3
ML Au on the unrelaxed Sif 100} substrate at 293 K
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Figure 4.13: (a) Imtial and final configurations of the Si( 100) surface below the Au
layers when (b) 1 ML (c) 2 ML (d) 3 ML Au were placed on the unrelaxed Saf 100)
pubstrate at 203 K

two Si and Au layers at different Au covernges, We can soe that the 51 surface still
reconstructed by forming dimems even though there were no dimers on the Si{ 100
surface at the beginning of the simulation, suggesting Au atoms did not prevent the
formation of Si dimers on the Si{100) surface in the first 41.25 ps of the simulation
Table 4.2 compares the total energy, surface energy, polential energy and knetic
energy of the system ot the ond of the simulations of Au layers on the unrelaxed and
reconstructed Si{100) substrate. The brst 5 columns show these epergies when the
Au atoms were placsd] on the unrelased Si(100) substrate, while the following Hve

columns show thoss when the Au atoms were placed on the reconstrocted Sif100)
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unrel. Eiot o Epy E. recons. B o B B
1 ML -3097 -0.1718 -3122 25.02 1ML -3077 -0.1500 -3102 25.13
2 ML -3578 -0.1866 -3608 29.60 2 ML -3550 -0.1573 -3580 29.63
3 ML -4098 -0.1802 -4132 34.65 3 ML -4095 -0.1772 -4129 34.76

Table 4.2: Energy of the system when the Au atoms were placed on the unrelaxed
and the reconstructed Si(100) substrate. The values of total energy, potential energy
and kinetic energy are given in eV. The values of surface energy are given in eV /A2
substrate. As we can see in Table 4.2, the kinetic energy of the system was the same
for these two simulations since both simulations were taken at the same temperature.
The total energy, the surface energy and the potential energy of the system were
slightly smaller when the Au atoms were placed on the unrelaxed Si(100) substrate,

indicating the total energy might be minimized even better under this condition.

4.2.3 Au Layers on the Reconstructed Si(100) Substrate with

Unfixed Bottom Two Layers

In the previous simulations, the bottom two layers of the Si substrate were fixed to
mimic a bulk sample. In this section, we unfixed the two bottom layers and compared
the results with those in section 4.2.1 to see if they were affected. It was observed
that the morphology of the Au layers and the configuration of the Si(100) surface
beneath the Au layers were unaffected (Figure 4.14 and Figure 4.16). The side view
of the Au layers on top of the Si substrate shows below 3 ML coverage at 293 K,
still no intermixing was observed within 41.25 ps when Au atoms were placed on the

reconstructed Si(100) surface with two bottom layers unfixed(Figure 4.15).
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Figure 4.14: Front view of the final configurations for {a) 1 ML (b) 2 ML and () 3
ML Au on reconstructed Si{100) substrate with unfixed bottom two layvers at 293 K

&) (k) {c)

Figure 4.15: Side view of the final configurations for (a) 1 ML (b} 2 ML and {c) 3
ML Au on reconstructed Si{100) substrate with unfixed bottom two layers at 293 K.
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Figure 4.16: Final configuration of the 5i(1040) surface below the Au layers when
fa) 1 ML (b} 2 ML (e} 3 ML atoms were placed on reconstructed Si(100) substrate
with unfixed bottom two layers at 203 K.

Compared with the previous simulations in section 4.2.1, the most observable dif-
ferences lie in the configuration of the bottom surface of the Si substrate and the
surface stress of the system. Figure 4.17 shows when no atoms were fixed in the
gystem, the bottom surface of the Si{ 100} substrate reconstructed by forming dimers,

indicating the system could not be considered as a bulk under this condition.
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Figure 4.17: Reconstruction of the bottom surface when (a) 1 ML (b) 2 ML and
(e 3 ML Au were placed on the reconstructed 5i(100) subsatrate with unfixed bottom
two layvers at 203 K.

Figure 4.18 shows the surface stress of the system in comparison with that in
aection 4.2.1, we can see all the elements in the surface stress tensor are closer to 0
than those when the bottom two Si layers were fixed, suggesting a smaller surface
stress in the system. This result was expected because when the bottom two layers
of the Si substrate were unfixed, the system had more freedom to adjust itsell to the

deformation:; therefore, less surface stress could be induced.

4.2.4 The Influence of Temperature on the Au/Si Interaction

It has been reported that adsorption of Au atoma on the Si substrate can be influenced
by temperature [15, 29, 50]. Yang ef al[15] studied the concentrations of the top layer
after 4.17 ML Au atoms were deposited at 163 K and then annealad at 460 K. It was
found that at the top laver, the Au concentration was close to 100%. Ceelen ef
al. [50] found that at lower coverage (a few monolayers), the Au composition was
ahout T0% until the temperature was increased to G675 K. Increasing the temperature
further resulted in & decrease of the Au concentration to 48%. This concentration
stayed constant until the temperature was increased to 1025 K. In C. L. kuo ¢ al's

simulations [29], after the Au thin films were annealed at 500 K, a crystalline Au top
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Figure 4.18: Evolution of the Surface Stress when Au atoms were placed on the
reconstructed Si{100) substrate with bottom two layers (a) unfixed and (b) fixed at
203 K. The unit of surface stress is eV /A%, The unit of r axis is time step (1 time
step = 0.4125fs).

layer was obtained. Between 600 K and 800 K, 5i outdiffused significantly and the
top layer became Si-rich. As the annealing temperature was increased from 800 K to
1000 K, Au atoms stopped to diffuse into the Si substrate. It was concluded that the
growth of gold silicide was dominated by the outdiffusion of 51 atomes above GO0K.

In thiz section, the temperature of the system was increased to 350 K, 800 K
and 1200 K by adjusting the velocities of the atoms based on the equipartition of
energy principle discussed in 2.3.2. The system stayed at the desired temperature for
a simulation time of 41.25 ps. The input for these simulations was the output of the
gimulations of Au atoms on the reconstructed Si(100) substrate at 293 K.

At 350 K, no intermixing was observed within the simulation time of 41.25 ps at
1, 2 and 3 ML Au coverage (Figure 4.19). Figure 4.20 shows that the morphology of
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Figure 4.19: Side view of the final configurations of (a) 1 ML (h) 2 ML and (c) 3
ML Au on the reconstructed Si(100) substrate at 350 K
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Figure 4.20: Fromt view of the final configurations for (a) 1 ML (b) 2 ML and (c)
3 ML Au on reconstructed 5i{100) substrate at 350 K
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Filgure 4.21: Side view of the final configurations of (a) 1 ML (b) 2 ML and (¢} 3
ML Au on the reconstructed Si 100 substrate at 900 K

Figure 421 shows the gide view of the Anal configurations under different An
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the end of the simulation. Figure 4.21 (b) shows when the Au coverage was 2 ML, Au
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Figure 4.22: Front view of the final configurations for (a) 1 ML (b) 2 ML and (c)
3 ML Au on reconstructed Si{ 100) substrate at 800 K.

and Si atoms intermixed significantly, so that the interface between Si substrate and
Au layers became obscire. Most of the intermived Si atons came from the substrate
surface and some of them diffused out of the Au layers and evaporated. Figure 4.22{a)
and () show that the top layer only consisted of Au atoms at 1 and 3 ML Au coverage.
In Figure 4.22(h), several 51 stoms appeared at the top surface when the Au coverage
was 2 ML, but the top layer was still Au-rich. At 3 ML Au coverage, intermixing
of Si and Au atoms was observed at the interface of Si substrate and An layers, but
no Si atoms were observed al the top laver or evaporated from the substrate within
41.25 ps. According to our results, below 3 ML Au coverage, intermixing of Au and
5i atoms can be enhanced by incrensing the temperature; wherens, the intermixing
wns not as much as reported by other experiments or simulations,

When the temperature was increased to 1200 K, evaporation of Ao and 5i atoms
was observed below their melting points (1337 K for Au and 1687 K for 5i). Figure
4.23, Figure 4.24 and Figure 4.25 show the evolution of the system at 1200 K. At 1 ML
Au coverage, the atoms on the Si(100) surface not only diffused out of the An layver
and evaporated, but also diffused into the bottom region of the Si substrate, indicating
that the diffusivity of the Si atoms was increased with higher temperature. The An
atoms started to evaporate from Si substrate at about 10 ps after the temperature

wins increased to 1200 K. During the evaporation, the distance between Au and 5i
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atoms was increased to above the cut-off distance during evaporation; therefore, there
were no interactions between Au and Si atoms, so that the Au atoms interacted with
each other and bonded together to form a sheet. Figure 4.24 shows that during the
evaporation at 2 ML coverage, both the surface Si atoms and those in the substrate
diffused out of the Au layers and evaporated. In Figure 4.24(c), melting at the Au
and Si interface was observed at about 15 ps, followed by evaporation of the two Au
layers when the simulation continued until 41.25 ps. Figure 4.25 shows that at 3 ML
coverage, Au and Si interface still melted before the evaporation of the Au layers and
it took more time for the Au layers to evaporate from the substrate than that when
the Au coverage was 1 and 2 ML.

Evaporation of Au and Si atoms below their melting points remains as a question
in this study. It is hard to explain how Au atoms could obtain so much energy to get
rid of interactions with Si atoms and leave the Si substrate. It is possible that our cut-
off distance might be too small to include interactions with in larger distances, or the
MEAM parameters for the Au/Si system need to be modified when the temperature

was increased to 1200 K.
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Figure 4.23; Side view of the configurstions at (a) 4 faps (b) 9,900 (¢} 14 -h'nilh.-h i
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at 130 K
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(a) (b))

(e ) i

Fi“lll‘i—‘ 4.24: Side view of the configurations at (&) 4 !I-'nilr- (s} @ Blbpe [02) 14 I-i..:rl':.:-; (d]}
21.45ps [e) 20.3Tps (1) 41 !"l;m for 2 ML Au on the reconatructed Si(100) substrate
ot 1200 K.
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Figure 4.25: Side view of the configurations at (a) 4.95ps (b) 0.90ps (¢) 14.85ps (d)
21 40ps (e) 29.37ps ([} 41.26ps for 3 ML Au on the reconstructed S 100 substrate
at 1200 K.



Chapter 5

Conclusions

5.1 Conclusions

In this thesis, molecular dynamics simulations using MEAM models were applied
to study the Si(100) reconstruction and Au/Si interactions. The results showed the
Si(100) substrate relaxed by moving Si surface atoms in the z direction at 0 K,
resulting in an increase of the inter-layer separations. At 293 K, the Si(100) sur-
face reconstructed by forming dimers in the (110) direction, consistent with Baskes’s
MEAM calculations of the Si(100) reconstruction [46]. Simulations of Au atoms on
the reconstructed Si(100) substrate showed that Au atoms re-evaporated from the
Si surface below 1 ML coverage, and became more stable when the coverage was in-
creased. At 1, 2 and 3 ML Au coverage, all the Au atoms stayed on the Si substrate
without re-evaporation although no Au/Si intermixing was observed within the simu-
lation time of 41.25 ps. We also calculated the surface stress of the system at different
Au coverages. According to the results, the surface stress oscillated intensively at the
beginning of the simulations and became stable when the system approached equi-

librium. Comparing the surface stress of the system at different Au coverages, we

65
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found that the surface stress became smaller when the Au coverage was increased.
The system had the largest nonignorable surface stress at 1 ML Au coverage when
the morphology was quite different from that at 2 and 3 ML Au coverage (Figure
4.5-4.7). This result implied that the surface stress was related to the morphology
of the Au film as shown in Figure 1.5. Lastly, we studied the influence of tempera-
ture on the Au/Si interactions. It was observed that Au and Si intermixed above 2
ML Au coverage at 800 K, suggesting the Au/Si interdiffusion could be enhanced by
increasing the temperature. At 1200 K, melting of the Au/Si interface followed by

evaporation of both Au and Si was observed.

5.2 Future work

In future work, we will simulate the deposition process of Au atoms on the Si substrate
by considering the deposition parameters, such as the deposition rate which is the
amount of the atoms deposited per unit time, and the velocities of the Au atoms when
they arrive at the Si substrate, which are controlled by the power source . Considering
these initial conditions requires lengthy simulations because the system may be too
far from equilibrium and the deposition time can be longer than several minutes. We
will also study how the film thickness influences the Au/Si interactions at higher Au
coverages; therefore, simulations of longer simulation time and larger systems will be
performed requiring programs with higher efficiencies. Hence, parallel programs may
be developed to achieve high-speed calculations.

Since the substrate temperature and the post-deposition annealing temperature
play significant roles in thin film synthesis, we will perform simulations at various
temperatures. However, as the MEAM parameters were calculated at 0 K and an

imaginary NaCl structure was used as the Au/Si reference structure, their accuracy



CHAPTER 5. CONCLUSIONS 67

can be questioned. In our future work, we hope to calculate our own parameters, so
that MEAM parameters for higher temperature and various phase structures can be
obtained.

Also, we will investigate the effects of using different intermediate tie layers be-
tween the Au layers and the Si substrate. In experiments, materials such as Ti and
Cr are widely used to increase adhesion of Au films and control their morphologies
on the Si substrate. Simulations of these multi-layers on the Si substrate will have
practical applications in the investigations of Au deposition on the Si substrate.

As discussed in Chapter 1, the deflection and surface stress of the gold-coated
Si cantilever are influenced by the morphology of the Au film. The properties of
the thin films can be influenced by the deposition rate, source power, film thickness,
substrate and annealing temperature, and the tie layers between the deposited film
and the substrate. Thus, by adjusting these factors during calculations, we can study
the crystal growth and the surface stress of Au films under different conditions so as
to theoretically find a deposition recipe that can produce more sensitive gold-coated

sensors for molecular detections.
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Appendix A

Abbreviations and Symbols

MEAM.................. the modified embedded atom method
EAM..................... the embedded atom method

CEMl ... conjugate gradient minimization
MD...............oo molecular dynamics
B the energy of atom ¢ in the system

Foo the embedding energy of atom ¢ in the system
Di ot background electron density of atom i

Dij e pair potential between atom ¢ and atom j

B screening function between atom ¢ and atom j
N total number of atoms in the system

Bt oo total energy of the system

. fitting parameters in the embedding function
Ef oo cohesive energy of atom 4
Y/ number of the nearest-neighbors of atom ¢

17 PP electron density weighting factors in Equation 2.4
o) S electron density scaling factors in Equation 2.9
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pf(o) ....................... atomic electron density of atom 4

B e parameters presenting the rate of electron density
decaying

C. parameter to determine the ellipse for screening
function

Clrpin e e veee e lower limit of C'

/S upper limit of C

EY energy of atom ¢ in the reference structure

T nearest neighbor distance in the reference struc-
ture

By bulk modulus of atom ¢

(0 7 atomic volume of atom ¢

B e parameters to adjust the repulsive and attractive
energies in the MEAM potential

B e geometrical factors used when calculating the elec-
tron density in the reference structure

JAY S structure energy difference between fcc and bec
structure

Ef oo vacancy formation energy of the system

KB o Boltzmann’s constant

T temperature of the system

o surface energy of the system

TQB v wvee e elements of the surface stress tensor

EQB - v e elements of the strain tensor
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At oo the time step in molecular dynamics simulations

1 time step = 0.4125 fs

Dgjovei inter-layer relaxations between layer ¢ and layer j
ML.....o.oo monolayer
Epgt oo potential energy of the system

B kinetic energy of the system
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