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1 Introduction| 1]

MBE = growth of an oriented single-crystal film of
one material upon a single-crystal substrate of
another when the main microscopic process Is
particles deposition followed by their diffusion on
the surface — may be grouped to continuum and

discrete approaches



2 Cellular automata (CA) [ 2]

e large lattice of sites
e each site carries an discrete information

e a state of site at time t + 1 depends on their
own and their neighbours states at time 1

CA = network + set of site’s states + rule of

game



3 Surface characteristics

e film height h(F',t) with © on average

e height-height correlation function
G(8) = (h(r+9h(F)) — (h(9))*

e film roughness, I.e. surface width

0= \/G(a)




e surface anisotropy
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€2 = @/ @y, e3=/(/A,

where @ and @, are X- and Yy-side of the
minimal rectangle which totally covers whole
cluster, ¢ is the cluster perimeter and A is the
the cluster area.



e surface selfaffinity = surface shape and
statistical properties are invariant when
simultaneously

r — Ar

and
h(r) — )\H h(r)



e dynamic Family—Vicsek scaling law [5]:

o O L%f(8/LY)

with
X for x < 1,
f(x) =
1 forx>1,
where L is linear size of substrate, a, [3, y

are roughness, growth and dynamic



exponent, respectively

E0LYYandy=a/pB

e correlation length ¢

e before reaching 6., [ LY roughness grows

like 6P and then saturates on o, [ L%,




4 Deterministic SOS models

solid-on-solid approximation (SOS): no
overhangs or voids and surface may be fully
characterised by a single-valued function h(x,1)



4.1 Random deposition model (RDM)

T — O, no diffusion

eh
P(h;6) = WGXP(—G); B=1/2; a=o




4.2 Family model [ 6]

RDM + surface diffusion to site with minimal
height

Nmin = Min{h(r —R;t),...,h(r+ R t)}
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4.3 Das Sarma—Tamborenea model [ /]

RDM + surface diffusion to a kink site
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4.4 Wolf—Villain model [ 8]

RDM + surface diffusion to site with maximal z
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5 Probabilistic SOS models

before Arrhenius-like energy-activated
full-reversible-diffusion kinetics model governed
by diffusion constant D = Dgexp(—E;/ksT ) one
may wish use probabilistic CA

CA rule involves tossing the coin

5.1 Adding substrate temperature



e binding energy at place of deposition and
NN:

Ei j =+ nyl gy +nd 1S+ npl s,

e diffusion to one of NN with probabillity

P Oexp(—E;i/ksT)

reduced by

exp(Vx/ksT) or expVy/keT ),



where V is diffusion barrier

JX JX Jy

Ao35353535252 20292308200%%
Psssaessinsis SEasaaies
P Ssesastasassy 52525852505
3335250525525 : > sEasataies
A‘x b /
2533
= 2323e3%
_— et eds -
5 Sitets

Sx Sx o

Figure 1: Model parameters Sand J.



5.2 Toward Arrhenius-like kinetics | ]

e \We start our simulation with perfectly flat
substrate.

e Every TL? time steps new jet of By, L
particles arrives.

e Each time step — between subsequent acts
of the depositions — particles ‘sitting’ on the
column top may diffuse on the surface.



e The only mobile particles are those which
currently have less than 7, and 7z, created
particle-particle lateral bonds (PPLB) In X-
and y-direction, respectively.

e [or isotropic case only one number zZ guards
the particles mobility.

e Active particles and their movement
directions are picked up randomly.



e The particles are not allowed to climb on
higher levels, but they are able to jump down
at the terrace edge.

e [he simulation is carried out until a desired
film thickness 0,4« has been deposited.



6 Results

Here we show some results presented in Refs.

[ ) ) ) ]



6.1 Submonolayer growth | ]

e 0=0.1[ML]

e anisotropy in E and V:



Influence of the substrate temperature on
surface morphology:

e randomly deposited monomers
e long 1D chains
e larger 2D but still anisotropic clusters

e and again randomly deposited small atomic
Island
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6.2 Surface roughness|[ 9, 17]

Figure 2: J — —oo V =0, (h) = 10 [ML]



40
35
0
5
20 .
15 - .
10 - .
5 i
0 . . . .

0 20 40 60 80 100

Figure 3: J=0,V — o, (h) = 10[ML]




Figure 4:J >0,V =0, (h) = 10[ML]



J— —candV =0—a=0.78and 3 ~ 0.22

Table 1: B4ep = 0.1 [ML], T =1

Z 1 2 3 4

a 0.863 0.215 0.1005 0.0/718
B 0.357 0.123 0.0405 0.0228
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Figure 5: =1, L = 10, B4ep = 0.1 [ML]



(b) L=1000, z=2, 83,=0.1 [ML], 85,=10 [ML]
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Figure 6: 2= 2, L = 10, B4ep = 0.1 [ML]



(c) L=1000, z=3, 83,=0.1 [MLI, 81,5,=10 [ML]
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Figure 7: 2= 3, L = 10, B4ep = 0.1 [ML]
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Figure 8: 2= 4, L = 10, B4ep = 0.1 [ML]
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Figure 9: z=1, Bgep = 0.1 [ML]and T =1



(b) 2=2, B3ep=0.1 [ML], =1
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Figure 10: Z= 2, Bgep = 0.1 [ML]and T =1
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w [ML]

0.1 1 10 100 1000 10000 100000
Gmax [ML]

Figure 11: Z= 3, Bgep = 0.1 [ML]and T =1



(d) z=4, 834,=0.1 [ML], t=1
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Figure 12: Zz=4, Bgep = 0.1 [ML]and T =1
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Figure 13: Bgep = 0.1 [ML]and T =1
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Figure 14: L = 100 z= 4, Byep



(@) L=1000, z=1, t=1, N

w [ML]
%

emax

Figure 15: L = 1000 1t =1, z=1 and Ogep =
0.01 ---,2.0 from bottom to top
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Figure 16: L = 1000 1t =1, z=4 and Byep =
0.01 ---,2.0 from bottom to top



6.3 Anisotropic growth | , 12]

The combination of all the information form
G(1,0), G(0,1) and G(1,1) is indicative of the
type of film morphology, its roughness and
anisotropy.



Table 2: €1 o 3 for different zy y

1 2 1 3 2 3
2 1 3 1 3 2

042 —-042 046 -0.46 0.01 -0.01
3.0 044 332 041 111 1.04
261 261 261 261 356 3.56




6.4 Surface selfaffinity

anisotropic case: Jy — —oo, Vy — 00
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Figure 17: (h) = 2% [ML]
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Figure 18: (h) = 2% [ML]
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Figure 19: (h) = 22 [ML]
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Figure 20: (h) = 21 [ML]



» A N o N IN o))
I I

e

+

y

Figure 21: (h) = 2% [ML]
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Figure 22: (h) = 2% [ML]
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Figure 23: (h) = 212 [ML]
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