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The mechanisms of nucleation and bulk growth in oblique angle deposition have recently attracted interest due to the 
formation of 3D columnar growth nanoscale structure. In this study, we present the results of growth simulation that 
explores the surface coverage of thin films during oblique angle deposition. The model is based on the deposition of 
incident particles directly under certain incident angle and particles surface diffusion. For computational efficiency, the 
potential is limited to nearest neighbor interactions. The model includes simulation of film growth from early growth stages of 
nucleation to later growth stages of columnar nanoscale structure.  
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1. Introduction 
 
In recent years, the study of nano-size materials 

generates intense interest because of their different 
promising properties that cannot be found in their bulk 
counterparts. Therefore, nanostructure formation and 
relations between growth conditions and physical 
properties are important research problems which have 
received much attention. There are different methods that 
have been used to fabricate nanostructures. One of them is 
the physical vapor deposition (PVD) [1] that atoms are 
deposited from a gas phase onto a substrate without 
decomposition of one chemical species into other species. 
The resulted layers from this method have different 
morphology due to stochastic and random deposition of 
particles within growth. 

The oblique angle deposition is the extension of the 
commonly used PVD method. Experiments show that 
films deposited under an oblique angle of vapor incidence 
and at a moderate substrate temperature show a columnar 
morphology. The columns are inclined from the substrate 
normal toward the vapor incidence direction [2]. The 
oblique columnar thin films include many voids, and the 
spacing between the columns separated by these voids 
depends on the in-plane direction. Due to the shadowing 
effect, incident flux is preferentially deposited on the top 
of the highest surface features of the initial nucleation. 
This process only lets the highest islands to grow into 
columns and the isolated nano columns are tilting away 
from the surface normal to the incident evaporation beam 
direction. Shape, size, and column distribution of each 
column depends on different parameters. The parameters 
include deposition rate, deposition angle (i.e., the angle the 
velocity vector of a depositing atom makes with the 
substrate normal), the distribution of deposition angle (i.e., 
the degree of collimation of the deposition beam), the 
kinetic energy of the depositing atoms, the substrate 
temperature, etc [3]. The variation of column distribution 

and shape causes different optical, electrical, and magnetic 
properties in the structures. Not only electrical, magnetic, 
and optical but also chemical, medical, and biological 
applications of the thin films with the columnar structures 
are expected [4]. Therefore the nanostructure can be 
optimized for certain applications by controlling the 
deposition parameters.  

An alternative way of to obtain controlled three 
dimensional (3D) nanoscale structure thin films is the 
glancing angle deposition (GLAD) method, which applies 
oblique angle deposition and substrate motion [5]. In this 
method within the growth process, the substrate rotates 
with controllable velocity about two axes which one of 
them is parallel to substrate and the other one is 
perpendicular to the substrate. Variation of the incident 
angle and substrate rotation leads to the formation of 
different nanostructured thin films such as chevrons, zig-
zags, pillars, and helical columns. The structures clearly 
exhibit different physical properties and also have 
different applications.  

Many applications have yet to be explored. Proposed 
applications of GLAD films include: electroluminescent 
devices, optically transparent conducting films sculptured 
from pure metals, optical sensors, optical coatings, 
thermoelectric materials, quantum effect devices, field 
emitters, and solar cells [6]. Computer simulations of 
columnar growth can greatly contribute to our 
understanding of the morphology and the physical 
properties of films as a function of deposition conditions.  

Most of the models developed to predict film 
morphologies are based on continuum methods. In these 
methods, the evolution of the film surface is governed by a 
set of differential equations. The most common type uses 
string algorithm that the surface is exhibited by one or 
more strings in it. A number of such simulators are 
described in the literature, like SPEEDIE, SAMPLE, 
EVOLVE, and DEPICT [7]. Although there are many 
advantages to continuum models, they are difficult to 



Simulating and modeling of three dimensional columnar growth nanosacle structure                                            891 
 

include atomic growth of layers in the models. For 
example, the stochastic processes lead to surface 
roughening. 

The second type of simulators is based on stochastic 
and random processes like Monte Carlo (MC) model. In 
this model, most of random processes such as deposition 
and surface diffusion are simulated directly. SIMBAD is 
one of these simulators based on atomic MC model with 
ballistic trajectories [8]. The simulator is attempted to 
derive an expression for the column orientation and film 
density. 

VFIGS is another 3D simulator that is based on two 
stages: the MC ballistic deposition process and surface 
diffusion [9]. The simulator is used for studying the 
effective surface area, packing density, and photocatalytic 
properties. Also, the simulator reproduces the measured 
optical response of fabricated rugate filters very accurately 
and explains measured features of the optical transmission 
spectra [10]. 

One of the 3D simulators is ADEPT that includes two 
basic events in the current level of implementation: the 
deposition event and surface diffusion [7]. The model can 
be used for materials that the provided atomic level 
information is due to the energies of atoms in 
representative surface configurations. Other simulators 
based on discontinues models were also designed such as 
3d-films [11] for certain applications. 

In this paper, we presented a model for the simulation 
of columnar nanostructure by PVD method. The model is 
based on two events a) deposition of incident particles 
directly under certain incident angle and b) particles 
surface diffusion. For computational efficiency, the 
potential is limited to nearest neighbor interactions. 

The model includes simulation of film growth from 
early growth stages that 2D islands form on substrate 
surface (nucleation) until later growth stages that consist 
of columnar structures formation take part. 

In addition to the 3D film growth simulation using 
this model, we have reviewed morphology of growing film 
at different stages of growth process. However, we have 
studied variations effect of some parameters such as; 
incident angle, diffusion length, and surface coverage on 
film structure at the end of nucleation stage and during 
columns growing. The details and results have been 
presented in the following sections. 

 
 
2. Model description 
 
Our simulation modeling of nanostructure growth by 

oblique angle deposition consists of two stages: nucleation 
and bulk growth. The model involved a 3D cubic lattice of 
size L×L×M with periodic boundary conditions. We 
considered that each particle has the dimension of one 
lattice point. The sites of lattice could be either occupied 
or unoccupied by particles. Each site should be occupied 

by at most one particle so a particle can only jump or 
locate an unoccupied site.  

At each step a particle is sent towards the surface of 
the growing layer from randomly selected point at certain 
height above the surface. The direction of travel is 
determined by the geometry of the deposition at each 
stage. Substrate surface is an x-y plane and it is assumes to 
have zero height. The plane was completely uniform and 
without impurity or holes before deposition of incident 
particle.  After deposition, the particle can diffuse to 
another nearest neighbor location on substrate by random 
walks. Deposition and diffusion processes were defined 
differently at two stages: nucleation and bulk growth 
which will be explained in next section. 

 
2.1 Nucleation 
 
Thin layer growth starts when the first incident 

particles arrives in and is fixed on substrate surface. When 
incident particles arrive on a bare substrate, they initially 
occupy physisorbed states and diffuse over the surface. If 
they have enough energy to surpass the potential barrier at 
their current position, they bind to the substrate and 
become fixed in place. The probability of surpassing the 
barrier depends on the energy of adatom and on the size of 
the barrier, which in turn depends on the substrate surface 
and film materials and local geometry. For any 
surface/film/temperature combination there is also a finite, 
possibly very small, probability that adatom will be 
desorbed from the surface. Note in our model desorption 
probability has been ignored. However, adatoms can 
encounter to each other and form nuclei. Also, with 
enlarging nuclei, desorption probability decreases. When 
nuclei’s size passes the critical size, it is fixed on the 
substrate surface. 

At initial times, the islands are two-dimensional (2D). 
In our model also simulation begins by formation of 2D 
islands onto substrate surface with thickness of one lattice 
site. In this stage, adatoms randomly are created and begin 
to diffuse on substrate surface by random walks. The 
number of jumps in the random walk, D is related to the 
diffusion length which is a function of many deposition 
parameters including substrate temperature, source 
material and chamber pressure during deposition. This 
quantity is defined as [9]  

 

daD
3

2
=          (1)  

 
where a  is the lattice spacing and d  is diffusion variable. 
We assume that whenever a diffusing particle before Dth 
walk encounters a monomer, the particle stop diffusing 
and is fixed on its site and form a two-atom cluster. When 
a diffusing particle encounters an island is fixed on its site 
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and becomes part of the island. Otherwise, the particle 
after Dth walk stops and becomes a monomer. After a 
particle is frozen, another particle is created and within 
this procedure 2D islands form with different sizes and are 
randomly diffused on substrate surface. Some of these 
islands within growth are attached to each other and form 
a bigger island. 

 With attaching any particle to substrate surface, 
substrate becomes more nonuniform and this 
nonuniformity causes other next particles to be shifted 
toward monomers or growing islands. Therefore, in 
diffusion stage on substrate surface the unoccupied 
neighbor points are not similar and jumping probability to 
each neighbor is different. These probabilities are 
determined due to the interaction of potential between 
diffusing particle and frozen particles. We assume 
Lennard-Jones potential as the interaction potential.  

Jumping probability of diffusing particle from ith point 
to jth

 unoccupied neighbor is derived from the following 
equation   
 

∑
=→

j j

j
ji L

L
p

)exp(
)exp(

  (2) 

                              
where Lj is the interaction potential between particle that is 
located at jth site and the particles already existed on the 
surface. Σj is sum over all allowed points (unoccupied 
nearest neighbor of jth point). 

 
 
2.2 Bulk growth  
 
When substrate surface coverage in nucleation stage 

reaches to the level that is determined by the program, 
nucleation is stopped and column growth with deposition 
particle begins. Particles are randomly created in x-y plane 
at height h above highest growing column. The particles 
follow a linear oblique trajectory assuming no collision 
with atoms in the direction of vapor incidence until they 
reach to growing column. The direction is determined by 
the geometrical deposition condition which is defined as 

angle between substrate surface normal and vapor 
incidence. Ballistic depositions of particles with oblique 
incident allow particles to overhang. 

After attaching particles on columns tops, surface 
diffusion begins, i.e. any particle starts to walk toward 
unoccupied nearest neighbor. This walk before frozen is a 
random number between zero and D (Eq. 1). When a 
particle is frozen then another particle is created and 
emitted to substrate. The deposition and surface diffusion 
are repeated until column heights are reached to certain 
level that is determined by the program. 

 
 
3. Result and discussion 
 
3.1 Effect of surface coverage variations  
 
One of the effective parameters on the formation of 

nanostructures is surface coverage. Surface coverage is 
defined as the ratio of occupied lattice units to total units 
in the end of nucleation stage. Fig. 1 reviews effect of 
surface coverage variations on four important quantities: 
number of islands, monomer number, size of largest 
island, and packing density. The first quantity is number of 
islands (NI) is formed at the end of nucleation stage which 
in Fig. 1-a its variation versus surface coverage (Θ) 
variations is shown. According to Fig. 1-a, the number of 
islands curve versus surface coverage has a maximum at 
about 0.6. On the other hand, the number of clusters 
increases with increasing surface coverage before 
maximum value but after maximum value number of 
islands reduced with increasing Θ. Next quantity is the 
monomer number (NM) which in Fig. 1-b its variation 
versus surface coverage variations is shown. This curve 
also has a maximum about Θ = 0.5. Note that, between 0.5 
and 0.6 the monomer number is decreasing but the number 
of islands is increasing. Another quantity is the size of 
largest island (Smax) which in Fig. 1-c its variation versus 
surface coverage variations is shown. As shown in the 
figure from Θ = 0.6, the size of largest island rapidly 
increases which indicates after this Θ, the size of islands 
increases. 
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Fig. 1. (a) Number of islands versus surface coverage (b) Number of monomers versus surface coverage (c) Size of 
the largest island versus surface coverage (d) Packing density versus surface coverage. Above curves are taken in  
                          following conditions: α (incident angle) = 85˚, d (diffusion length) = 2000, and h = 3. 

 
 
 
It seems from figure 1-a and 1-c at incident angle 85˚ 

and diffusion length 2000 that when Θ reaches peak, 
system begins to coalescence stage. It means that the 
growing islands start attaching to each other and cause to 
decrease number of islands but the size of growing islands 
increases. 

Up to now, surface coverage variations have been 
reviewed at nucleation stage. For studying the effect of 
variations on structural bulk growth, packing density 

variations as a function of surface coverage is shown in 
Fig. 1-d. Packing density is defined as ratio of occupied 
lattice units to total lattice units. As shown in the figure, 
packing density is not sensitive to Θ variations. 

Fig. 2 reviews the shape and size of growing islands 
variations at nucleation stage. Figs. 2-a, 2-b, and 2-c show 
shape and size of islands on substrate surface (L = 300) at 
three different surface coverage.  
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Fig. 2. Island morphology on 300×300 substrate is  presented  by  our  simulator.  All  cases  are  taken  at  α = 85˚, 
d = 2000, and h = 3. Island morphology are shown (a) at Θ = 0.4, (b) at Θ = 0.5, (c) and Θ = 0.6. (d) Island size 

distributions for them. 
 
 
Fig. 2-d shows island size distribution respectively. 

Island size is the number of particles that formed the 
island.  
As shown in the figures, island size distributions show 
approximately exponential behavior. At constant incident 
angle and diffusion length, the distributions behave as a 
function like below 
 

    bxaey −=     (3) 
 
where a and b are coefficients that depend on surface 
coverage. In Fig. 3 variation of b as function of Θ 
reviewed. As shown in the figure, b decreases linearly 
with increasing Θ. 
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Fig. 3. Variation of b as function of surface coverage in 
following conditions: α = 85˚, d = 2000, and h = 3. 
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3.2 Effect of incident angle variations 
 
Another effective parameter is incident angle (α) that 

has been reviewed on film growth in nucleation stage and 
also in columns bulk growth stage. Fig. 4 shows effect of 
incident angle variations on four important quantities. 
Figures 4-a, 4-b, and 4-c show effect of incident angle 
variations at the end of nucleation stage. The figures show 

the number of islands (NI), monomers (NM), and the size 
of the largest island (Smax) as a function of incident angle 
(α) respectively. According to our model, island height is 
exactly a lattice unit since our nucleation in this stage is 
totally two dimensional. Then, incident angle do not affect 
the above quantities and island morphology which are 
given in Fig.4. 

 

α

N
M

20 30 40 50 60 70 80
300

310

320

330

340

350

 α

N
I

0 20 40 60 80
3200

3300

3400

3500

 
b a 

α

P
ac

ki
ng

D
en

si
ty

(%
)

20 30 40 50 60 70 80
10

15

20

25

30

 α

S
m

a
x

20 30 40 50 60 70 80
120

130

140

150

160

170

180

190

 
d c 

 
Fig. 4. (a) Number of islands versus incident angle (b) Number of monomers versus incident angle (c) Size of the 
largest island versus incident angle (d) Packing density versus incident angle. Above curves  are  taken in  following  
                      conditions: surface coverage Θ = 0.5, diffusion length d = 2000, and h = 3 (α is in degree). 

 
 
However, incident angle directly has considerable 

effect on columns properties and shape which its effect on 
packing density variations versus incident angle is shown 
at Fig. 4-d. As seen in the figure, packing density is 
reduced by increasing the incident angle. 

One of the important effects of incident angle 
variation is on columns shapes that affect many film 
properties. Figures 5-a, 5-b and 5-c show that growing 
columns angle (β) strongly depends on particle incident 
angle (α) and β are increasing with increasing α. As 
already mentioned in the paper, two dominant phenomena 
on columns growth are surface diffusion and shadowing. 

Surface diffusion causes adatoms after incident on 
columns surface have the opportunity to move on the 
columns surface. Therefore adatoms shift toward corner 
points and cause more condensed structure. However, 
shadowing causes growing columns to shadow over 
certain regions of voids and prevents incident particles to 
reach to the voids and causes increasing voids between 
columns. In fact, at great incident angle (α>60˚) 
shadowing effect dominates surface diffusion. Therefore 
by increasing α, more oblique columns and voids are 
formed. But at small angle (α<60˚) surface diffusion 
dominates shadowing effect and as shown in the figure, 
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structure becomes more condensed. Note that at the small 
angles the shape columns will not be clear. 

 

 
a 

 
b 

 
c 

 
Fig. 5. Cross section of growth columns on 300×300 
substrate are presented by our simulator. All cases are 
taken at Θ = 0.4, d = 2000, and h = 3. Cross section of 
growth columns are shown at   α = 35˚ in   Fig (a), at  
             α = 60˚ in Fig (b), at α=80˚ in Fig (c). 

 
3.3 Effect of diffusion length variations 
 
Finally, diffusion length variations on growing 

structure are studied at two stages, nucleation and columns 
bulk growth were studied and results are shown in Fig.6 
and Fig. 7. Fig. 6 shows variations of diffusion length four 
quantities; number of islands (NI) (Fig. 6-a), monomers 
(NM) (Fig. 6-b), size of largest island (Smax) (Fig. 6-c), 
and packing density (Fig. 6-d). 
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Fig. 6. (a) Number of islands versus diffusion length              
(b) Number of monomers versus diffusion length (c) Size 
of the largest island versus diffusion length (d) Packing 
density versus diffusion length. Above curves are taken in  
        following conditions: α = 85˚, Θ = 0.4 and h =3. 
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Figs. 6-a and 6-b show by increasing diffusion length 
up to d = 1000, the number of islands and monomers 
strongly are reduced but after this point, both of them 
become almost constant. Fig. 6-c shows different behavior, 
i. e., up to d = 1000 size of largest island slowly increases 
and after this point becomes approximately constant. Fig. 
6-d shows that packing density is not sensitive to diffusion 
length. 
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Fig. 7. Islands morphology on 300×300 substrate is 
presented by our simulator. All cases are taken at Θ=0.6, 
α = 85˚, and h = 3. Island morphology are shown at                 
d =100 in Fig (a), at d = 1000 in Fig (b), and at 
d=10000 in Fig (c). (d) Island size distributions for them. 
 

Figs. 7-a, 7-b, and 7-c show island shape variation due 
to diffusion length variation. As shown in the figure, by 
increasing diffusion length, number of islands reduced and 
island dimension and distance between them one 
increased.  

As shown in Fig. 7, island size distribution shows 
exponential behavior. The distribution in a constant 
incident angle and surface coverage shows similar 
behavior to Eq. 3. The interesting point is that island size 
and distance between islands increase by increasing 
diffusion length (see Fig. 7). However power b is not 
sensitive to variation of d and it has constant value (see 
Fig. 8). 
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Fig. 8. Variation of power b in Eq. 3 versus diffusion 
length (d) in  following  conditions: Θ=0.6, α = 85˚, and  
                                        h = 3. 
 
4. Conclusion 
 
In conclusion, we have presented a detailed simulation 

study of growth dynamics during oblique angle deposition. 
The growth regimes have investigated surface coverage 
from early stages to final stages of nucleation. It has been 
shown that the number of islands and monomers versus 
surface coverage curves has a peak. The size of largest 
island increases by increasing surface coverage. 

Our results also showed that packing density reduces 
by increasing incident angle, island sizes distribution is not 
sensitive to growing columns angle, and packing density is 
not sensitive to diffusion length. Increasing diffusion 
length does not affect columns shape and island size 
distribution. 

Finally, we have extended the lattice MC model to 
simulate structure evolution during oblique angle 
deposition on a substrate. The phenomena of nucleation 
and bulk growth during the formation of columnar 
nanoscale structure are captured using our simulator.  
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