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Abstract

Morphological evolution of strained heteroepitaxial films is studied using large scale ki-
netic Monte Carlo simulations in 1+1 dimensions. Films and substrates are modeled by
square lattices of balls and springs representing atoms and elastic interactions respectively.
We simulate surface diffusion using an activated hopping algorithm with the hopping rate
of each surface atom followed from the coordination number and the strain energy. The
repeated calculations of the strain energy is the most computationally intensive part of the
simulation. We handle this efficiently using a novel Green’s function technique closely
related to the boundary integral method.

Simulations of the morphological evolution during deposition or annealing are con-
ducted. We observe formation of islands in both cases under a2 wide range of conditions.

The resulting morphology resembles those of Si;_;Ge; films on Si(001) substrates at low

misfits.
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Chapter 1

Introduction

“Heteroepitaxy” designates the crystal growth of a material on a substrate of a different
material with the two materials being well defined in relative orientation. In most exper-
iments, the principal axis of the film parallels that of the substrate. Since the materials
of the film and the substrate are different, their lattice constants are normally different.
The difference in lattice constants between the film and the substrate is called “misfit” or
“mismatch”, and creates an elastic strain in the film.

There are three main types of film growth: Frank-van der Merwe growth, Volmer-
Weber growth and Stranski-Krastanow growth. In Frank-van der Merwe growth [Frank
and van der Merwe, 1949], the film grows layer by layer. In Volmer-Weber growth
[Volmer and Weber, 1926], the deposited atoms form islands on the surface. In Stranski-
Krastanow growth, the film starts from layer-by-layer growth [Stranski and Krastanow,
1939] but islands are formed after a few mono-layers (figure 1.1).

The island formation in Volmer-Weber growth and Stranski-Krastanow growth can be

coherent or incoherent. In coherent epitaxy, the topology of the crystal is preserved. The
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Figure 1.1: Schematic diagram of the three possible growth modes: (a) Frank-van der
Merwe, (b) Volmer-Weber, and (c) Stranski-Krastanow.

formation of islands in the coherent film can partially relax the internal stress of the film
caused by lattice misfit at the cost of increasing the surface energy. In incoherent epi-
taxy, the internal stress can also be relaxed by the formation of dislocations or dislocated
relaxed islands.

Under favorable conditions, arrays of nano-size three-dimensional islands form. This
may lead to a new technique for fabricating arrays of nano-size quantum dots and quantum
wires, which are difficult to prepare by standard lithography. Quantum dots and quantum
wires are widely expected to be useful for future micro-electronic applications, such as
memory devices, single-electron transistors, and laser based on resonant wave-guiding
effect.

This project focuses on the simulation of coherent Stranski-Krastanow growth of
Si,_1Ge, alloy on Si substrate. Growth of Si,_;Ge, alloy on Si substrate with differ-
ent growth parameters has been studied in many experiments [Floro ef al., 1999; Sutter

and Lagally, 2000; Tromp et af., 2000].
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1.1 Experiments

Islands in heteroepitaxy can be grown by molecular beam epitaxy (MBE) and chemical
vapor deposition (CVD). Molecular beam epitaxy has been used since the beginning of is-
land formation studies. Islands formation requires slow deposition, so atoms have enough
time to diffuse to favorable positions. For a long time, Stranski-Krastanow growth was
believed to require dislocation, or Volmer-Weber growth will occur, However, Eaglesham
and Cerullo [1990] found that Stranski-Krastanow growth of Ge on Si(100) film can be co-
herent. They grew the film with molecular beam epitaxy and observed it with transmission
electron microscopy (TEM). The islands were dislocation-free initially until it reached the
critical thickness for dislocation formation. In incoherent Stranski-Krastanow island for-
mation, both the islands and the dislocations can relax the strain in the film. However,
in coherent Stranski-Krastanow island formation, the strain can be relaxed only by the
islands because dislocation is absent.

The islands in Ge/Si or Si,..;Ge,/Si systems can take different shapes, such as hut,
and dome shapes [Floro, 1999; Tomitori ez al., 1994]. When the film thickness is less than
a critical thickness, the film is flat in Stranski-Krastanow growth. Ripples appear after the
film grows thicker. The tilt angle of the side walls of the ripples can be 1°-3°. Upon
further deposition, the tilt angle increases to 11.3°at (105) facet, and the islands change to
“hut” or “pyramid” shape. A hut is bounded by four (105) facets with side wall angle of
[1.3°[Mo et al,, 1990]. Another type of island, cailed “dome™, can also exist. The shape
of domes is more complex and includes many facets, mainly (113) facets [Kamins ef al.,
1997: Ross et al., 1999]. Domes have higher aspect ratio than huts, and relax elastic strain

more ¢ftectively. Therefore, domes usually appear at greater deposited film thickness, but
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domes and huts can coexist in suitable conditions.

In a film with a low Ge concentration, the shapes of the islands are similar to those
in high Ge concentration, but the islands are larger. The critical thickness of the wetting
layer and the size of the lateral island are found to be a function of the Ge concentration.
Both quantities are roughly proportional to 1/z for Si; _.Ge,/Si films [Sutter and Lagally,
2000; Tromp et al., 2000]. A lower Ge concentration brings a lower lattice misfit, and
results in larger islands and greater critical wetting layer thickness.

Experiments conducted by Floro et al. [1997; 1999] clearly showed the evolution
of coherent Stranski-Krastanow island growth of Siy 3Gey o alloy films on Si substrates.
The lattice misfit is small, about 0.8%. In their experiments, the wetting layer grew two-
dimensionally up to 25A (18 mono-layers). Then rather flat islands with side walls sub-
tending a small angle with the film surface emerged. At 65A deposited film thickness,
the islands had developed a hut shape. The huts relaxed 20% of the effective stress in
the film. As growth proceeds further, mutual repulsion through elastic interactions led to
increasing strains in the system. For film thickness in the range 130-210A, the shape of

the islands changed to domes and the domes relaxed 67% of the effective stress.

1.2 Theories

There are two major theories on island formation in heteroepitaxy: nucleation theory and
ATG instability theory. Nucleation theory suggests that the system has to overcome an
energy barrier in order to nucleate islands of a critical size [Tersoff and Tromp, 1993].

Considering the simple case that islands have identical shape at different scales, we can
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find out the relation between the energies and the island size. The surface energy of the
island Eg, £,ce is proportional to the area of the island Eg ... = Ah?, where Ais a
positive constant and h is the island height. The elastic energy increment F,p,q4ic of the
island is proportional to its volume Egjactic = —Bh®, where B is a positive constant. It
1s negative because islands always release elastic energy. Then, we get the total energy
Eiotal = Esurface + Folastic = Ah* — BA®. From this equation, we can see that when
the island is small, the surface energy dominates and the flat surface is favorable. On the
other hand, when the island is large, the elastic energy released by the island dominates
and the island formation is more stable.

ATG instability theory was suggested by Asaro, Tiller and Grinfeld [Asaro and Tiller,
1972; Grinfeld, 1986]. In this theory, the sinusoidal modulation on a flat surface and its
strain relaxation are considered. When the amplitude of the modulation is very small, we
can assume that the problem is linear. In this approach, both the relaxed elastic energy
and increased surface energy are proportional to the square of the modulation amplitude.
If the wavelength of the modulation is long enough, the modulation can lower the energy
and the planar surface is always unstable. There is no energy barrier in the formation of
islands. It is different from the nucieation theory.

The shortest wavelength A* for a stable modulation can be calculated from the total

energy increment per unit area. The surface energy increment per unit area is found to

be Egirface = A%;, where h and A are the amplitude of the modulation and wavelength

respectively, and A is a positive constant. The elastic energy increment per unit area is

E = —B%, where ¢ is the lattice misfit and B is a positive constant. Summing

elastic =

up the elastic and the surface energy increments per unit area, we find the total energy
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increment per unit area By, = Egurface T Eelastic = (AA™2 — Be?) h?. For a stable
modulation, the total energy in a modulated surface is lower than that in a flat surface

AX2— Be? < 0, so the wavelength should be larger than a critical value A > A* = %5“2.

1.3 Simulations

The first kinetic Monte Carlo simulation of coherent island growth was conducted by Orr
et al. [1992]. Their model is a two-dimensional ball-spring model. It is basically a solid-
on-solid model that takes into consideration of elastic strain. Surface diffusion is modeled
by hopping of surface atoms. The hopping probability of a surface atom depends on the
changes in the bond energy and the elastic energy upon the removal of the surface atom.
The bond energy is assumed to be proportional to the atomic coordination number. The
elastic energy is calculated from equilibrating atoms in a neighborhood of size 3 x 3. The
substrate dimensions are 75(width) x 8(height) lattice spacings. This ball-spring model
is simple but can reasonably models the elastic strain. Therefore, it is used in subsequent
kinetic Monte Carlo simulations.

In the simulation by Orr and his coworkers, rectangular islands were found. The island
formation is more likely to be nucleation growth than ripple growth. There is no wetting
layer under the islands, so the island growth is Volmer-Weber growth but not Stranski-

Krastanow growth.
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1.4 Scope of Investigation

As introduced in the above sections, nucleation theory, ATG instability theory and the
previous atomistic simulations only partially explain island formation. In nucleation the-
ory, the islands have to overcome an energy barﬁer in their formation. However, it is not
suitable to explain ripple growth.

Computer simulation is another approach to understand island formation. The ball-
spring model is widely used. It considers atoms and their interactions, which can better
model the atoms in a film. However, previous atomistic simulations {Orr, 1992; Ratsch et
al., 1996; Khor and Das Sarma, 2000; Meixner et al., 2001] yield nucleation growth, and
ripple growth is not reported.

Another problem is the mechanism of the critical wetting layer thickness in Stranski-
Krastanow growth. In the experiments [Floro et al., 1999], the layer-by-layer growth can
be up to 18 mono-layers. This does not appear to be due to chemical bonding between
the bulk of the film and the substrate because it is a short range interaction and the effect
may be too weak to extend up to 18 mono-layers. No atomistic simulation produces
Stranski-Krastanow growth induced by lattice misfit.

Simulating the ripples in Stranski-Krastanow growth requires a large lattice and con-
sideration of long range elastic interactions. Using a large lattice and calculating long
range elastic interactions require a huge amount of computational power if we use only
the conventional approach (section 2.4). In previous simulation studies, a small lattice
and very short range of elastic interaction are used to reduce the computational time, and
ripple growth does not appear. To simulate ripple growth, the main difficulty is computa-

ttonal speed.
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In this project, we are going to simulate the strained island formation in Si;_,Ge;
deposited onto Si substrates. A major objective is to produce ripple growth in atomistic
simulation. To realize the simulations, we have to implement a fast algorithm. Novel
approaches are used to solve the problem of computational speed, which include Green’s
function approach (section 2.4) and super-particle approach (section 2.6). With these
approaches, the computational load is reduced greatly and the calculation of long range

elastic interactions on a large lattice becomes possible.



Chapter 2

Algorithms

The present research project studies heteroepitaxial growth by simulation. The model
used is similar to those in previous works [Orr et al., 1992; Khor et al., 2000], but modi-
fications are made to the algorithm to increase the computational speed. The faster algo-
rithm makes it possible to simulate larger systems and reduce the computational errors.

This chapter introduces the algorithms for the simulation. To simulate an heteroepi-
taxial system, the film and the substrate are modeled by a network of balls and springs (the
ball-spring model) as described in section 2.1. Surface diffusion is also needed because
it is the major mechanism to develop the surface morphology to form islands. Surface
diffusion is simulated by activated hopping of surface atoms. The hopping algorithm will
be introduced in section 2.2.

For the hopping of surface atoms, we need to know their activation energy. However,
the calculation of the elastic part of the energy is very time consuming. A Green'’s function
approach (section 2.4) and a super-particle approach (section 2.6) are used to increase

the speed of the elastic energy calculation. An energy estimation table (section 2.7) is
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compiled to reduce the frequency of the elastic energy calculation, so as to increase the

simulation speed. Using the algorithms in this chapter, we can do fast simulations to study

the island formation process.

2.1 Ball-spring model

A film on a substrate is studied using a two dimensional model. Atoms and bonds are
represented by balls and springs. Horizontal and vertical springs connect nearest neigh-
boring atoms, and diagonal springs connect next nearest neighbors. Altogether, there are
eight bonds for each bulk atom. Figure 2.1 shows a small lattice of a flat film and the
eight bonds connected to a bulk atom.

The springs define the elastic properties of the material. Different elastic modulus
is modeled by different spring constants. The lattice misfit is modeled by a difference
between the natural lengths of the springs in the film and those in the substrate. Shorter
springs in the substrate result in a compression strain in the film.

As the substrate is much thicker than the film, it is assumed that there is no strain at
locations in the substrate far from the interface. Therefore, the atoms at the bottom row
in our mode! are fixed, and the separations between the atoms at the bottom row are equal
to the lattice constant of the substrate.

The atomic positions in a perfectly flat film define a convenient reference lattice and
the lattices representing the substrate and the film are arranged in square and rectangular
lattices respectively. The aspect ratio of the film lattice can be easily found by solving

the equilibrium positions of the film atoms. The dotted lines in figure 2.1 indicate the
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Figure 2.1: Small scale model of a flat film. Atoms in a flat film define the reference

lattice. The solid circles and the grid of dotted lines represent the atoms and the reference

lattice respectively. The horizontal solid line indicates the interface between the film and
the substrate. Every atom 1s connected directly to its nearest and next nearest neighbors.

Eight bonds of a bulk atom is shown.
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reference lattice. All the atoms in the figure are located on the lattice points because the

surface is flat.
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In the case of a rough surface, the atoms no longer sit on the reference lattice. There
is a displacement u; for each atom % referred from its lattice point. The reference lattice

Figure 2.2: In a rough surface, the displacement vector u; of an atom ¢ from its regular
and the displacements provide enough information on the positions of the atoms, so the

lattice position is shown by the arrow.
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elastic energy stored in the springs as well as the spring force can be expressed in terms
of u;. This notation helps reduce the complexity of the equations. Figure 2.2 shows a

rough surface. Displacement u; of atom i is indicated by an arrow, which points to the

atom from its lattice point.

For a pair of neighboring atoms, atom 7 and atom j, elastic force f;; applied on atom 2

from atom j is given by Hook’s law:
fij = "k;’j (|l‘,‘j| — l%) f'ij (21)

where k;; is the spring constant equivalent to either &y or kyy for nearest or next nearest

neighbors respectively. l is the natural length of the spring. Vector r,; points from atom

7 to atom ¢ and is given by

rj;=uw; —u; + lij (2.2)

where 1;; is the vector pointing from the lattice point j to ¢. The spring force is given by

f5 = —kilyll; (w— ) + kgl (1 - [15])
k; ~ -~
an JI &6 (wi —uy) (1% — 1)) + O (Jwi — wy)*) (2.3)
ij

where lIJ 1s the unit vector of l;;, and &;; 1s a unit vector perpendicular to i,-j. Assuming that

both |u;—u;| and ( |lq[) are small, we neglect the term eUe‘ (u; —uy) (l?j - ]lij|)

L5

and the higher order terms O (|u,- - uj|2). Then, we have

fij = —K,-j(ui - uj) + bo,;j (24)
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where K;; is a 2 x 2 matrix analogous to the elastic modulus tensor and given by

Ky = kylylt (2.5)

i

and b;; is a column vector defined as

b;; = (5?;' - Ilijl)Kijit'j (2.6)

Total energy E of the system consisting of bond energy F, and elastic energy E,, i.¢.

E = E, + E,. The bond energy E) is defined as

Ey=nyyy +nNNTaN (2.7)

where vy and yyn are the bond energies for nearest and next nearest neighbors respec-
tively while ny and nyy are the respective numbers of bonds in the system. The elastic
energy £, of a system is defined as the sum of the elastic energy stored in all the springs
when the whole network is at mechanical equilibrium. In this notation, bond energy E;
1s negative so that it is more favorable to forming more bonds, but elastic energy £ is
always positive.

Simplifications are applied on elastic energy calculation. The elastic couplings of
adatoms with the rest of the system are weak and are completely neglected for better
computational efficiency. The height of surface steps is limited to no more than two
atoms tall. This limitation is realized by defining the energy of a system to be positive

infinity if the height of any surface step is greater than two atoms. These are the major
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modifications from the ball-spring model of Orr et al. [1992].

2.2 Atomic Hopping Rates

Surface diffusion is simulated by hoppings of the topmost atoms in the film. Every top-
most atom can hop to a random topmost site s columns away where s = +1, +2, .. |
or :smax with equal probability. Previous simulations [Orr ef al., 1992; Barabasi, 1997,
Khor and Das Sarma, 2000] allowed only nearest neighbor hopping (i.e. smax = 1).
Solid-on-solid (SOS) condition is assumed.

The hopping rate [';,, of a topmost atom m follows an Arrhenius form:

B AE, + Eo) 2.8)

[, = Rexp ( ko

where kg and T are the Boltzmann constant and the temperature respectively, and AE,,
is the change in the energy of the system upon removal of the atom m. We set the rate
constant R = 2Dy /(a20?), where Dy and a, are the diffusion coefficient and the lattice
constant respectively. The variance o* of the hopping distance can be calculated with the
equation o = é(smax +1)(2smax + 1). We define Ey = E, — (ywv + 27nw), where E,
1s the adatom hopping energy barrier on a flat surface. The total energy change AE,, can
also be divided into bond energy change AE, ., and elastic energy change AE; .., such
that AL, = AFEy ., + AFE,,,. Physically, a weakly bonded atom for which AFE, ., is less
positive, or highly stressed for which AE, ., is more negative, is more likely to hop. Our

model follows detailed balance.

In the simulation of film growth, the knowledge of the elastic energy change AE, ,,
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is in principle required during each atomic hop attempt as implied by equation (2.8).
The repeated calculation of AE, ,;, is computationally very intensive and is the reason
why kinetic Monte Carlo simulation of strained layers is technically a much more chal-
lenging problem than its strain-free counterpart. To conduct large scale simulations with
good accuracy, the cnitical task is not only to implement efficient relaxation algorithm for
calculation of AE, ,,, but, equally important, also to devise a hopping algorithm which

minimize the number of such calculations.

2.3 Sampling of Hopping Events

We apply an event acceptance-rejection scheme to reduce the number of elastic energy
calculations required in our hopping algorithm. The lower and upper bounds A ET*" and
AET* respectively of AE,, for all surface atoms are estimated. The algorithm of energy
estimation will be described in section 2.7. Assume that AET#" is known, we consider a

hop attempt by the surface atom at m-th column with a rate

&Emin E
I — Rexp (—Lk;—l) 2.9)
B

A hop attempt at an arbitrary column occurs at rate ['* = Z ['7.. On average, such an
m
event happens after the average time interval At = 1/I'® has elapsed. The hop attempt

should occur at the m-th column with the probability I'¢, /T'*. We sample m from this

distribution efficiently with the help of a binary tree data structure. An attempt sampled
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is only successful with the probability

(2.10)

AE,, — AEm"
Pm = exp | =

because the hopping rate ', = I'2 p,, should hold.

The data structure of a binary tree is used to sampie the atom m to hop. Figure 2.3
is an example of a small binary tree. The circles represent nodes and every node stores
a numerical value. A node can have at most two child nodes, the left child and the right
child. Similar to usual binary trees, the nodes at the bottom are called “leaves” and the
node at the top is called “root”.

Leaves store the value of I'}, and every parent contains the sum of values of its chil-
dren, so the root node will contain the value ['*. Since the number of leaves is known to
be equal to the lattice width, the size of the tree is constant.

To choose a surface atom to hop, a binary search is used. We starts the search from
the root node. A uniformly distributed random number ¢ € [0,'*) is generated. Then, ¢
is compared to the value of the left child. If ( is greater than the value of the left child, we
move to the right child and reduces ¢ by the value of the left child; otherwise, we move
to the left child and ¢ remains unchanged. Comparing repeatedly ¢ to the children and
moving down the tree, we will reach a leaf at the end. The final leaf is the result, which
represents the surface atom that will attempt to hop in acceptance-rejection process.

After a surface atom is chosen, an acceptance-rejection process will start to test whether
the atom can hop or not. The probability of accepting a hop is p,,,. Despite its appearance

in pm, AE;, still may not need to be calculated if we apply the known lower bound p™™
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(le:O + P?n:l) + (F:'zz‘Z + F?n:.’i)

F?ﬂ:ﬂ F?ﬂ:l Fil:? Fa =3

Figure 2.3: Binary tree for a small 4-column-wide lattice. The circles represent nodes and
the numbers in circles are the indexes of the nodes.
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of p,, defined as

. AERes — AEn
i — — 2.11

where AET* and AE™" are respectively the estimation of upper and lower boundary
of the change in elastic energy.

We first sample a uniform random number £ € [0, 1). If ¢ < p7™", the hopping attempt
will be accepted right away. Otherwise, we come to the point that A E,,, will actually be
computed to give p,,. The attempt is then accepted if and only if the same €, which is
already found to satisfy £ > p™", follows £ < p,,. With this scheme, there is a probability

P that it is not necessary to calculate the value of AE,,,.

2.4 Green’s Function Approach

Conventionally, one consider the mechanical equilibrium for atom i as the net force by all

springs vanishes, l.e.

> =0 (2.12)

where the sum 1s over all directly connected neighbors j. Let n be the total number of
atoms in both the film and the substrate. Application of equation (2.12) leads to a set
of 2n linear scalar equations for which the vector displacement u; for all atoms can be
solved. The elastic energies in all springs are then summed up to give the elastic energy
of the system. However, solving large number of equations is a CPU intensive process. It
1s necessary to improve the efficiency of the elastic energy calculations.

We now introduce a fast algorithm for computing elastic energy which involves ex-
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plicit consideration of only surface atoms. This reduces the complexity of the problem
effectively by one dimension and provide significant speed up. This is a lattice analog of
boundary integral methods and the derivation is nevertheless simpler and allows transpar-
ent physical interpretations. The idea is as follows. Atoms in the bulk are intrinsically
coupled into the problem because they are important in mediating elastic interactions be-
tween surface atoms. Now, we eliminate their explicit reference by representing these
indirect long-range interactions using appropriate lattice Green’s functions.

Specifically, consider an extended network of balls and springs with a flat upper
boundary. It differs from the growing film by having extra atoms with identical elastic
properties to those in the film. We call these imaginary atoms (figure 2.4). The springs
connecting the imaginary and the real atoms are unphysical. However, we can fix this by

applying external forces ff acting on each real surface atom £ so that the net unphysical

forces vanishes, i.e.

fe+) fiw =0 (2.13)
kl’

The sum is over all imaginary neighbors k' directly connected to k. Applying equation

(2.4), we get

ff =3 [Kew (e — up) — by (2.14)
kr

The dependence on uy is undesirable. We hence apply to each imaginary surface atom &’
a further external force f§, satisfying

fo + > fuw = by (2.15)
k k
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Figure 2.4: An extended model of a strained film with imaginary film atoms added on top.

The arrows show the external forces ff and ff, acting respectively on real (solid circle) and
imaginary (open circle) surface atoms so as to cancel all elastic effects of the imaginary

region on the real one.



CHAPTER 2. ALGORITHMS 22

where both sums are over all real neighbors & of £'. It states that the total force exerted on
k' by all neighboring real atoms, after supplemented by £, is as if the real surface atoms

were at their reference lattice position. Therefore, the obvious solution for all imaginary

atoms is

up =0 (2.16)

The external forces can now be expressed as

f;: == z (Kkk' —_ bkk') (217)

k.’

f;: = — Z Kkkfuk (218)
k

where we have also used the equations (2.5) and (2.6), Ky = Ky and bgyr = berg. In
summary, after applying ff and ff to respectively real and imaginary surface atoms, the
real atoms are free from the effects of any unphysical forces and they sit at their proper
equilibrium positions, while all imaginary atoms are at their reference lattice positions.
To close the equations, we first have to define a lattice Green’s function for the ex-
tended network. When an arbitrary force f; is applied to any atom j, Green’s function

G;;, which is a 2 x 2 matrix function of ¢ and j, expresses the displacement of atom 7 as
u; = G,‘jf} (2.19)

An important point is that G;; is a Green’s function for the extended network, instead
of the original one representing only real atoms, and is hence independent of the in-

stantaneous film configuration. Before commencing a simulation, it is first numerically
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computed using conventional equations for mechanical equilibrium similar to equation
(2.12), but with applied force f; accounted for. The boundary condition is same as the
original network except that the top row of imaginary atoms are also fixed. Therefore,
periodic boundary condition is applied on the left and right margin, and the atoms at the
top and bottom rows are fixed. There is a translation symmetry in the horizontal direction
of G;. It helps reducing the number of computations and the storage requirement greatly.
However, it lacks a similar symmetry in the vertical direction.

Applying the Green’s function, the displacement of any atom is given by
=3 Gyff + 3 Gyfs (2.20)
7 J'

Substituting this equation into the expressions for the external forces in equations (2.15)

and (2.17), we have

w=2 > Gy (Kjju; —byy) = 33 GiyKjpu 2.21)
Vi

i 7

It is then simplified to

u; =3 3 [(Gij — Giy) Kjju; — Gigbyy (2.22)

ad

J

The double summation is over all real and imaginary surface atoms j and ;' respectively
which are directly connected neighbors. For n, real surface atoms, there are n, linear
equations of equation (2.22) for all u;. Solving the system of equations, we can get

displacements u; for all surface atoms, hence the elastic energy of the system can be
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found.

For example, a simulation with substrate dimension 1024 x 1024. The number of
linear equations in conventional approach using equation (2.12) is over 2 million, but the
number of equations in Green’s function approach using equation (2.22) is roughly only

2 thousand. It saves a lot of CPU time and memory usage.

2.5 Elastic Energy Calculation

The elastic energy E, of a system is defined by the sum of the elastic energy stored in all

springs, and is given by the equation
.y . 0 2
By =Y 2 [(us — ) gy + 1§ — L] (2.23)

The double summation is over all directly bonded neighboring atoms % and j. As in the
previous sections, the vector u; is the displacement of atom ¢ from its lattice point; k;; is
the spring constant; fi;; is the normal vector pointing from lattice point of atom ¢ to that
of atom 7; £?j is the natural length of the springs, and {;; is the atomic separation in the
reference lattice.

Calculating the total elastic energy directly using equation (2.23) is nout efficient be-
cause it requires to know the displacements of all the atoms. Therefore, a fast algorithm is
used after the the displacement of surface atoms is calculated using the Green’s function
approach. It needs only the displacements of the surface atoms, but not those of the bulk

atoms.

We consider the original network which consists of only film and substrate atoms, but
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imaginary atoms and unphysical springs do not exist anymore. Then, virtual forces fy
applied to every surface atom & are gradually turned on pushing atoms adiabatically back

to their reference lattice positions. It is again easy to see that f} is given by

fl::J == Zbkk' (224)
kl

which sums over neighboring imaginary atomic positions &' even though imaginary atoms

are no longer present. The virtual work done is

1 1
W = 5 Z kf;} . (—Uk) = —-2- Z bkk" Uy (225)
kK’

Let E;‘ef be the strain energy when all the atoms are at their reference lattice positions,
which can be calculated straightforwardly from simple bond counting. There are eight
bonds for each bulk atom, so we actually count the number of bulk atoms and the number

of bonds for surface atoms only. Elastic energy £, is then computed from
E,=E¢ _w (2.26)

QOur application of equations (2.22) and (2.26) to calculate respectively the displace-
ment vectors u; and hence the strain energy £, involves surface atoms only. Calculation
of the displacements of the bulk atoms are unnecessary but can be carried out also us-
ing equation (2.22) with knowﬁ values of u, on the right hand side. We do this only

occasionally for self-consistency check or graphic display.

O Pao Yue-kong Library
o Polvl * Hone Kone
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2.6 Super-Particle

A super-particle approach is used to improve the performance of the calculationof AE,
where AF, ,, is the elastic energy change upon the removal of the atom m. The Green’s
function approach described in section 2.4 and the elastic energy calculation algorithm
described in section 2.5 are exact for our lattice model. In contrast, a super-particle ap-
proximation will now be taken.

The local strain changes little when it is far away from atom m. In the calculation of
elastic energy change AFE, ,, the surface atoms are divided into many groups and each
group is called a “super-particle”. We assume that all the atoms in a super-particle have
the same displacement u;, so the number of unknowns is reduced. With fewer unknowns,
the calculation speed is increased.

The super-particle size depends on its distance r from atom m. The super-particles
are larger if farther away. Within 7 < ry columns away from atom m, the atoms are not
grouped, where 7 is a constant to control the super-particle sizes. The ungrouped atoms
are treated as a super-particle containing only a single atom. For atoms farther away,
where r > 1y, the super-particle size is assigned to 2r/rg — 1 columns. Here, the term
“surface atom” means an atom having fewer than eight bonds.

For example, the grouping of surface atoms with ro = 3 is shown in figure 2.5. The
surface atoms at the nearest 7 columns, including the column of atom m, are not grouped.
Each surface atom close to atom rm is also treated as a super-particle that contains only
one single atom. Then, at the forth columns to the left and to the right, the super-particles
are 3 columns in width. Super-particles with sizes 5 and 9 are followed.

In the super-particle approach, we neglect fluctuations within a set by assuming iden-
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Figure 2.5: An example of grouping surface atoms to super-particles with ro = 3 while

AFE; , calculation. The numbers under the columns are the distance from the atom m,
which attempts to hop. Surface atoms are shaded in gray. Dotted lines divide the surface

atoms into groups.

tical displacement u; = u; for each member ¢ € §2;, where ; denotes the set of the

atoms constituting super-particle . Equation (2.22) is then modified as follows:

= Z Z [(Gij — Gi) Kjuy = Gisbyz]

= Z Z Z[ ) Kjjruj — Gijbyy]

Jojeny §
= w Z{[Z Z G —G)Kjplu — > EG,,—b,-j,} (2.27)
J JjeQy ' JjEQy §’

where G;; = G;; with the lattice point 1 at the centroid of the set §2;.

Solving equation (2.27) with bi-conjugate gradient method [Press, 1992], we can get
the displacements of the surface atoms. Hence, elastic energy E, of the system is calcu-
Jated with the method described in section 2.5. Elastic energies £, for the surface with and
without atom m are calculated, and the difference, defined as the elastic energy change

AFE¢ m, 1s applied to equation (2.8).

Using this approach, the number of equations can be reduced and the time for it takes
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to solve the equations can also be reduced. For example, without the super-particle ap-
proach for a lattice width 1000, there are about 1000 surface atoms and about 2000 equa-
tions. With super-particle, there are about 30 super-particle and about 60 equations only.

Therefore, the super-particle approach can improve the performance by about 1000 times.

2.7 Elastic Energy Estimation Table

We estimate the lower and upper bounds AE™" and A E7%* respectively of AE,, with
the local surface configuration near the atom m. A local configuration is assigned 9
columns in width, i.e. 8 steps. There are 5 choices for each step, either 0, £1, or 2
(figure 2.6). Totally, there are 58 = 390625 configurations. Wider local region with larger
number of configurations is supposed to help better estimation of AE,,, because it gives
more information about the surface. However, the number of configurations is limited by
the computer memory and the calculation speed, so this width is chosen with considering
both the performance and limitation of resource.

Before running simulations, we compute AE,, for all local configurations. The envi-
ronment outside the local region is set to a flat surface of 8 layers higher than the central
column of the configuration (figure 2.6). Then, we define W as the elastic energy AFE;m

of a local configuration C.

For a local configuration, A E; ,,, is proportional to the stress applied, which is caused

by the misfit and the deformation of the outer surface. In the simulation, we can take an
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Figure 2.6: A segment of the surface for computing local configuration table. The local
region is indicated by two vertical dotted lines. In the local region surrounding atom 7,
the step size can be either —2, —1, 0, +1, or +2. The width of local region is 9 lattice
spacing. When calculating the local configuration tabie, the environment is a flat surface
8 layers higher than atom m.
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approximation that the square of the stress is

AE
2 _ 3,1
P = T (2.28)
During a simulation, we assume the change in 12 is slow because the change in surface
morphology is slow. Once 1)° has been found, it is used to estimate the bounds of AE,,
for the next few hopping attempts until A E,, is calculated and v is updated with equation

(2.28).

We estimate the bounds of A E.,, with the equations

AE™ = AF, .+ (¢2 +a) ¥ —c (2.29)

AEP® = ABpm+ (¥2—c1) ¥c+o (2.30)

where ¢; and ¢, are constants. We choose the value of ¢; and ¢, so that AE,, falls in
between AE™T and AE™" with a 99% chance. When the difference between A E™®
and AE™" is small, fewer calculations of AF,, are required because p”" in equation

(2.11) 1s smaller. When the bounds are closer to AF,,, the acceptance rate in equation

(2.10) 1s higher.
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Software Implementation

in this chapter, more computational details are described, such as the main program struc-
ture, the use of distributed computing and graphic display. With these modules, data

analysis, process controlling and program debugging become easier and more effective.

3.1 Main Simulation Programs

The software package includes the hopping procedures, an energy calculation module, a
file operation module, a graphic display and user interfacing module, a program for the
calculation of the Green’s function, a program for the calculation of the energy estimation
table, program testing and efficiency analysis modules, programs for data processing, and
programs for jobs controlling in the distributed computing environment.

Figure 3.1 shows the structure of the software package. The energy estimation table is
an array containing ¥, (section 2.7) for the estimation of the upper and the lower bounds

of the energy changes. The Green’s function is the values of G;; introduced in section

31
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Figure 3.1: Structure of the software packages. The rectangles represent the programs
and modules. The cylinders and the arrows represent the data stored in hard disk and the

data flows respectively.
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2.4. Both the energy estimation table and the Green’s function are stored in the hard disk,
and are loaded into memory at the beginning of a simulation.

The main program simulates the formation of islands. There are four main modules in
the main program. They are the hopping procedures, energies calculation module, graphic
module and file operation modules. The hopping procedures process the hoppings of
the surface atoms using the hopping algorithm in section 2.2. The energies calculation
module is highly optimized because the elastic energy calculation is the bottleneck of
the performance although the Green’s function approach and super-particle approach are
used. The graphic module can display the information of the film during or after the
simulation.

The programs are mainly written in C++, Perl and Unix shell script language. C++
is used in the main program for the calculation of the Green’s function and the elastic
estimation table. Both Perl and Unix shell script language are used in the programs of

data processing and the programs of jobs controlling.

3.2 Distributed Computation

Up to 40 computers are used for the simulations. They are connected by a network for
data communications. Each computer can simulate island formation with a unique set of
simulation parameters. A controlling computer is used to launch the simulations, control
the simulations and store the data. The simulation program is compiled and run using
a script program. The commands for launching simulations are sent using the program

“rsh”. The graphic outputs are displayed on the controlling computer through the network.
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X-window protocol 1s used for the graphic display. At the beginning of a simulation, the
program reads the Green’s function table and energy estimation table from the controlling
computer and the results are saved to the controlling computer through the network using
the network file system (NFS) protocol.

The simulation results are processed using script programs. The surfaces morphology,
the energies, the surface roughnesses and other resuits are plotted. The graphs and tables
of the résults are then inserted into a hyper-text markup language (HTML) file, so that the
results can be browsed by web browsers, such as Netscape Communicator. 1t is a useful

and convenient method to read the large amount of simulation results generated from the

many computers.

3.3 Graphic Interface

A graphic interface can instantly show a lot of information about the simulation, such as
the surface configuration, the displacements of atoms, the strain and errors. This informa-
tion can also help in debugging.

Graphic libraries called Mesa and GLUT are used. Mesa is an implementation of the
graphic library OpenGL, and GLUT is a toolkit based on OpenGL. OpenGL is a standard
graphic library in the computer industry, so our graphic interface modulus can directly
port to most computer systems without modification. Figure 3.2 is the structure of the
display system. We can see that the main program uses Mesa and GLUT to display
graphics, and Mesa and GLUT use the X-window system and the library Xlib. With

the X-window system, simulation programs display graphics on a controlling computer
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through the network. Then, the simulations can be controlled and monitored through a

single computer, the controlling computer.
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Figure 3.2: Structure of the display system. The main program and the program libraries
are linked with OpenGL interface. Then, the graphic is sent to the controlling computer
with X-window protocol and displayed on the screen of the controlling computer.
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Results

Island formation is simulated both under deposition and annealing conditions. In the
simulation of annealing, the surface is initially flat and no new atom is deposited onto the
surface. In simulation of deposition, new atoms will be added at random positions on the
surface periodically.

Our model parameters are appropriate to the widely studied Si,_,Ge, /Si system. The
elastic constants for springs of nearest and next nearest neighboring atoms are ky = 1.878
eV A=? and kyny = ky/2 respectively. This choice gives the correct modulus ¢;; of
silicon and a shear modulus constant along tangential and diagonal directions. The ratio
between ky and kyy provides equal Young’s modulus in the tangential and diagonal
directions, despite a slight anisotropy in the Young’s modulus. We assume a substrate
lattice constant ¢, = 2.7155A so that o] gives the correct atomic volume in crystalline
silicon. The lattice constant ay of the film material is related to the lattice misfit € =
(a; — as)/as which has a compositional dependence ¢ = 0.04z. The bond strength for

both nearest and next nearest neighboring bonds is Yy = yynx = 0.4eV. The adatom

37
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diffusion coefficient and the adatom hopping energy barrier are Dy = 5.2 x 10" A2%s~!
and B, = 0.67 eV respectively. This gives the appropriate adatom diffusion coefﬁclient for
Si(100). The substrate dimension is 1024 lattice spacings x 1024 lattice spacings, which
is limited by the computer resources. To speed up the simulations, we put the maximum
hopping step size smax = 8 or 20 respectively for z > 0.6 or z < 0.6.

The parameter of the super-particle size is 7o = 3. The typical error in AE,, is only
about 10% of the variations in AE,, overall various sites on the surface. The surface

morphology of the results are similar if ry is varied from 3 to 9.

4.1 Annealing

We have simulated annealing of initially flat films of 30 mono-layers (ML) at temperature

T = 1000K.
OML — 30ML

(a) x=0.4, t=8x10""s

(b} x=0.6, t=5x10"%s

200 400 600 800 1000

Figure 4.1: Snapshots of annealed films with (a) x = 0.4, (b) z = 0.6, (c) z = 0.8 and (d)
x = 1. The horizontal lines indicate the interfaces between films and substrates..

Figure (4.1) shows the surface profiles after the islands are fully developed. The cusps

on the surfaces are limited by either the substrate or the step height limit imposed in our
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model. In the result for z = 0.4, we can clearly observe the ripples.

From this result, we find that the island size depends on the Ge concentration z, or the
misfit ¢ = 0.04z. The higher the misfit, the smaller the islands. Applying Fast Fourier
transformation on a surface, we find out the island size A from the power spectra of 11
realizations of surfaces grown under identical conditions,

For example, averaging power spectra from 11 simulated Sip 4Geg ¢ films, we have the
curve in figure 4.2. We can find a peak in the graph at wavelength 205 lattice spacings.
The weighted average of the wavenumber of the data points in the peak is calculated and
its wavelength is treated as the average island size A. For this example of Siy 4Geg g films,
the average island size A equals to 187 lattice spacings.

Figure 4.3 shows the average island size A against the Ge concentration z in the film.

In the figure, we obtain A ~ z~'® in reasonable agreement with £=2 from the ATG

instability theory.
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Figure 4.2: The averaged power spectrum from 11 simulated Sig 4Geg g films.
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Figure 4.3: Island size A against Ge concentration z. The relation A ~ z =% is obtained.
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4.2 Deposition

In the simulations of film growth with deposition, an atom is deposited onto a random
column after every time period 7. For a lattice of width L in unit of lattice spacings and a
deposition rate $ in mono-layers per second (ML s™!), the time period 7 can be calculated

from the equation 7 = L/®.

........ 0 ML -— 10ML — 20ML 30 ML

 (a) ®=80MLs™

0 200 400 600 800 1000

Figure 4.4: Snapshots of film growth at temperature T=600K, pure Ge film. The deposi-
tion rates ® are (a) 80, (b) 8, and (c) 0.8 mono-layers per second.

Figure (4.4) shows the results of the deposition of pure Ge films (i.e. z = 1) with
misfit ¢ = 4% at temperature T = 600K. At very high deposition rate & = 80 ML s !
(figure 4.4a), we observe layer-by-layer growth. At slower deposition rate ® = 8 ML 5™}
(figure 4.4b), the film is initially flat but pits then develop. A detailed examination of the
morphological evolution indicates that the pits appear rather independently and suddenly.
Once created, they are immediately bounded by side-walls at an energetically favorable
45°inclination. These features strongly support the nucleation mechanism for their for-
mation. Note that pits are energetically more favorable than islands [Tersoff, 1994]. At
® = 0.8 ML s™! (figure 4.4¢), islands with 45°side-walls nucleate at very early stage be-

fore the film is sufficiently thick for pit formation. Further decreasing the deposition rate
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leads to stmilar but more widely separated islands.

........ OML — 10ML — 20ML 30 ML

. (2) ©=750 ML 8"

0 200 400 600 800 1000

Figure 4.5: Snapshots of film growth at temperature T=1000K, Sip 3Geg s film. The de-
position rates & are (a) 750, (b) 150, and (c) 30 mono-layers per second.

Figure (4.5) shows the results of the deposition of Sip5Gey s films on Si substrates
with e = 2% at T = 1000K. Depending on ®, we observe analogous layer-by-layer
growth (figure 4.5a), layer-by-layer growth followed by roughening (figure 4.5b), and is-
land growth (figure 4.5¢). However, the islands in figures 4.5b and 4.5c emerge gradually
from ripple-like perturbations with local surface inc]inatiéns increasing steadily and rel-
atively synchronously in agreement with experiments [Floro et al., 1999; Tromp et al.,
2000] and ATG instability theory. This regime héls not been reported in previous atom-
istic simulations mainly due to inaccuracies in accounting for the long-range parts of the
elastic interactions or the rather thin substrates used [Orr, ef al., 1992, Barapési, 1997;
Khor, 2000].

At low misfit and high temperature, we observe ripples and subsequently gradual is-
land formation consistent with the ATG instability theory. At high misfit and low temper-
ature, islands or pits are generated via the nucleation pathway. These suggest a non-trivial
competition between roughening mechanisms, although reliable quantitative determina-

tion of the crossover conditions is beyond the scope of our model. The ATG instability is
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the most promising description of island formation in Si;_;Ge, films at low, and probably
also at high lattice misfit [Floro et al., 1999; Vailionis et al., 2000]. However, the nucle-
ation mechanism applied to high misfit regimes in certain experimental situations has not
been ruted out [Kastner, 1999]. Thus the competition of mechanisms can be important for
interpreting experimental results.

In our simulations, for deposition rates close to the relevant roughening rate, kineti-
cally limited wetting layers develop prior to roughening. At lower deposition rates, islands
form at an early stage and are more widely separated. This may be related to the great
variation in how closely the islands are packed under various conditions in experiments

[Floro et al., 1999; Vailionis et al., 2000].



Chapter 5

Conclusions

The accelerated algorithms described in chapter 2 greatly improve the computational per-
formance of the simulations. They properly and efficiently account for the long range
elastic interactions. The simulation can run with a large lattice of dimensions up to
1024 x 1024. About 10* atomic hoppings are involved within one day on a 2GHz desktop
computer. Long range elastic interactions and a large lattice provide the necessary condi-
tions for simulating ripple growth. With these fast algorithms, we simulate annealing and
deposition of strained heteroepitaxial layers. In the simulation of annealing, the relation
between the island size and the misfit agrees with the instability theory. The roughening
by ripples is mainly due to the ATG instability.

By controlling the growing conditions, we can simulate ripples and subsequently grad-
ual island formation consistent with the ATG instability theory. We can also simulate
tslands or pits generated via the nucleation pathway. These suggest a non-trivial competi-
tion between roughening mechanisms and can be important for interpreting experimental

results. The three growth modes, Frank-van der Merwe growth, Volmer-Weber growth
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and Stranski-Krastanow growth, can be simulated by controlling the deposition rate.
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