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Abstract

A two dimensional molecular dynamic ‘(atomistic) simulation model was used to
investigate the relationship between the nano-structure and the deposition parameters; namely,
substrate temperature, deposition rate, angle of incidence, surface roughness. Qualitative
agreements with the predictions of the structure zone model (SZM) and the theoretical results
of Srolovitze and coworkers (1988), as well as expectations through changes in the activated
processes during film growth due to changes in deposition parameters (Grovenor and
coworkers (1984)) are obtained. It is shown that by enhancing the atomic mobility (i.e.,
increasing the substrate temperature or/and lowering the deposition rate) films of higher
density with fewer voids are produced. By increasing the deposition angle, the nano-structure
of the film changes from=a dense film with few voids, to a nano-structure with
columns/boundless inclined with. the same angle (£) towards the incidence atoms with
elongated voids. The anglef. increases with increasing the deposition angle (« ), and in
agreement with the tangent rule (Dirks and Leamy (1977)). The angle of bundles (or the angle
of the formation of the voids between atomic bundles), and columnar structure are caused by
shadowing effects. Results showed that # decreases slowly with increasing surface mobility
(i.e., increasing the substrate temperature or/and reducing the deposition rate).

In general, the model provides amost all predicted results and agrees well with
observations.

Keywords: Molecular Dynamic; Structure Zone Model; substrate temperature; deposition
rate; angle of incidence.

1. Introduction
Thin crystalline and amorphous films are produced or “grown” by vapor deposition onto a
substrate by means of PVD, CVD, MBE and etc. During the process of thin film production,
various nano-structure characteristics appear which depend on different parameters, such as
substrate temperature, angle of incidence “shadowing effect”, adatom migration on the
substrate surface “surface diffusion”, deposition rate, substrate material/roughness and
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residual gases ", All of these deposition parameters play an important role in determining
the nano-structure and physical properties of PVD grown films, such as textured surfaces of
Si and Ge for solar absorption® and optical data storage'®, magnetic anisotropy™, and a-
Si:H for photovoltaics™.

The most important and commonly reported structure consist of columns of different
density material. It is well known now that this density and the grain size directly depend on
the substrate temperature > The columnar structure was first reported by Movchan and
Demcheshin®® who examined thick films of metal oxides and proposed a three zone model
depending on the reduced temperature (T, /T, ) (T, and T,, are the substrate temperature and

the melting point of the evaporant, respectively). Thornton™ included the additional
parameter of sputtering pressure which resulted in a further transition zone (Zone T)
appearing between Zone | and Zone I1. Messier et a? reported a revised SZM, using SEM,
TEM and FIM, in which evolutionary growth development of physical structure, column/void
sizes are assigned as five sub-zones with sizes: 1-3, 5-20, 20-40, 50-200, and 200-400 nm.
This shows that each level of physical structure is about a factor of 3 larger than the previous
level. Further Messier™ in an attempt to quantify morphology of. thin films at low adatom
mobility, proposed a fractal model that results from natural clustering during random ballistic
aggregation of atoms. Kaiser™ reviewed the fundamentals of thin film growth.

Three different zones appear at: T, <0.3<T,, 0.3T_<T, <045T,, and T, > 0.45T_ with

the following structures. tapered crystallites with domed tops and voids between them,
columnar with smooth surface, equiaxed grains or “re-crystallized grain structure” with bright
surface, respectively. It should be noted that the values given above may not apply to al
materials. The transition temperatures are given as 0.3 T, and 0.45 T, but can vary from

0.22t00.3 T, and 0.45 to 0.5 T, depending on the materials, compositions and thickness® "

29 The dependence of the nano-structuré on the deposition rate is reported by Savaloni et
a.“® in which an interrelation between deposition rate and substrate temperature is
emphasized. The porous structure at substrate temperatures below 0.3T,, becomes

increasingly more obvious as the deposition angle becomes larger.

Many authors have investigated the zone model structure of different materials'> 712 1821.22)
and found that the tapered crystallites in zone | are composed of a porous columnar network,
that increase in size with temperature. From the theoretical or smulation point of view this
structure may be related to the shadowing effect which is based on the principle that the peaks
receive a greater deposition flux than the valleys. Thus instead of the surface growing at a
uniform rate; the peaks grow at afaster rate than the valleys leading to the development of the
structure seen in zone | region®. The validity of this theory may appear questionable. It
could be argued that the deposited atoms can only occupy a finite number of positions
(assuming they maintain some sort of regular structure). Dirks and Leamy™ in their hard disk
atomistic simulation of thin film growth, and Messier and Yehoda® describing the
shadowing effect as “natural clustering due to ballistic aggregation” concluded that the low
adatom mobility in zone | can lead to self-shadowing which results in the microstructure of
tapered “columnar” morphology with micro-voids. Thus the shadowing effect undoubtedly
plays a significant part in the growth of columnar crystals in thin films. When the vapor is
deposited by sputtering the shadowing effect is even more pronounced®?®. As substrate
temperature increases a second mechanism known as surface diffusion is activated. The
growth of grains in the structure is attributed to this surface diffusion of atoms. In the two
dimensional surface of the film, atoms are able to move around and can diffuse across grain
boundaries from one grain to another. Increasing the substrate temperature increases the
activation energy of the surface atoms hence the rate of surface diffusion increases®.
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Srolovitz®®® suggested that one driving force for diffusion is grain boundary curvature. In the
same paper, he describes what he calls secondary grain growth. Grains which have their
atoms arranged in different crystallographic orientations will aso have different surface
energies. The effect of atom mobility caused by thermally activated hopping processes is
modeled by Muller®"?. |t was found that from a certain substrate temperature onwards the
migration rate of adatoms to shadowed regions is large enough to surpass the rate of void
incorporation during growth, resulting in a sudden structural change at the transition
temperature from a porous columnar structure to a film with no micro-voids.

Computer simulation of thin film growth is of great significance and has attracted the
attention of many researchers in recent years. It can be used to replace the analytical solution
of theoretical equations to provide a better understanding of the growth mechanism. Many
important parameters and effects can be easily studied from the simulation while they may
prove to be experimentally difficult. Most of the ssmulation models can be categorized into
either analytic or atomistic®”®. The atomistic models normally result in simulated 2D film
nano-structure and morphology. Some 3D atomistic deposition models have been reported™
generating various film solid fractions ranging from 0.128 to 0.582. However, data are rare
and some structural readjustments in the models are artificial.

In the present paper, we employ the molecular dynamics simulation method to investigate
the effects of deposition conditions; namely, substrate temperature, deposition rate, angle of
incidence, roughness of the substrate surface in both normal and oblique incidence, on the
nano-structure of agrowing film.

2.The model

A two dimensiona simulation cell of 640 x 480 pexiel within the XY-plane was
considered. The X direction is parallel torthe substrate surface. In order to apply the periodic
boundary condition two more cells were considered, each at one side of the simulation cell. In
simulation of thin films with periodic boundary condition (for infinite system), it is only
required to consider these two cells. The Y direction is perpendicular to the substrate surface
and free boundary conditions‘are employed on the +Y surface. The substrate atoms were
arranged in two ordered raws of atoms at the bottom of the simulation cell. In the model
proposed here, we consider the two-dimensional structure to represent one face of the basic
three-dimensional crystallographic unit cells.

Four parameters of X, Y, Vx and Vy were designated to each atom and an initial value
was given to each parameter. The substrate atoms were taken to be fixed at their sites. The
number of atoms in each layer is n =80, and with a distance of a (lattice constant) from
each other. The height of first layer is taken to be zero, hence the second layer stands at a

height of a+/312. Theincident (vapor) atoms are produced at a height of 5a from the highest
atom in the top layer. This was applied, to reduce the simulation time. These atoms move
towards the substrate with respect to the deposition angle and the initial velocity which is
defined according to the source temperature and the Maxwell Boltzeman distribution. In order
to apply the periodic boundary condition, it is sufficient to produce an atom with the same
height, velocity and direction in the opposite side of the simulation cell, when an atom moves
out from any side of the simulation cell. The migration of the atoms is considered to be
uniform until they have not reached the substrate/film, since it is assumed that they do not
perform any interaction with each other. However, by approaching to the atomic layer and
crossing the cut off radius, their movement is perturbed by the forces applied to them.

The potential energy of the system was expressed as a sum over all pairs of atoms using
the classical Lenard-Jones pair potential;
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where u(r;) istheinteraction energy between atoms i and j separated by distance r; and

¢ scales the strength of the interaction and r, is a characteristic length of the potential. The
valuesof ¢ and r, for Ni are 0.74 eV and 0.249 nm, respectively. The forceis given by;
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The cut off radius is taken to be equal to 3a. Therefore, when an atom is reached to a
distance of 3a of another atom, suddenly alarge force is applied on it. In order to avoid this

problem a displacement in the potential as;
u=u(r)-u(3a) (3)

was implemented. After calculation of the force, new position and velocity for the next
time interval is calculated, using the previous position and velocity. At this stage the atom
continues to move with the use of a loop in which the force and co-ordinations of the
particle/atom is calculated. This movement may prolong until it collides with a surface atom
or it goes under the process of few hops before its collision to a surface atom. The adatom

may diffuse on the surface according to the diffusion length given by(36);
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where 7, is the deposition time for the growth of one atomic layer and 7, is the mean
time between hops which is determined by the substrate temperature, T,. a, is average

distance between a@toms in the direction perpendicular to the substrate surface (which for a
film with bulk density will be close to the lattice spacing), ris the deposition rate, v is the
|attice vibration frequency of the order of 104 s*, Q,, is the surface activation energy, and

K is the Boltzman constant, until it relaxes in one of the potentially preferred sites on the

surface.

After completion of the film growth, the packing density of the grown film was calculated
according to the procedure described below (figures 1 (a-c)).

The total length of the simulation cell was divided into equal intervals figure 1 (a). In each
interval the height of the highest adatom was determined, and was used to produce figures 1(b
and c¢), which is an indication of the film surface. The area under this surface is then
calculated and the packing density was obtained from,
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where, S isthe area under the surface, n isthe number of adatomsand A isthe areathat
an adatom can occupy in afilm free of any fault.

The model isprogrammed in C** and is summarized in aflow chart givenin figure 2.

Creation of simulation cell and arrangement of atoms are simulated in step 1. In step 2
according to height of layer, new atoms generate. In step 3 the total forces that are applied on
the atom are calculated. In step 4 the new co-ordinates of the atom are calculated using the
forces obtained in step 3. In step 5, According to the new co-ordinates of the atom the
positions of its neighbors were investigated. In Step 6 adatom relax to its preferred site
according to diffusion distance or return to step 3.

3. Results and discussion

The films considered were n = 80 atomic sites wide and 700 or 1000 atoms were deposited
in al simulations (figures (3-10)). Flat substrates are represented by first two ordered atomic
mono-layers, and by distinct peak or a hole in case of rough surface (for investigation of the
shadowing effect in both normal and oblique incidence). In.order to simulate an infinite
system, periodic boundary conditions are applied.

3.1 normal incidence on flat surfaces, as a function of substrate temperature and deposition
rate

Figures 3-6 (a-€) show simulation results of Ni films.«In figures 3 and 4 the substrate
temperature is kept constant at 400 and 1000 K, respectively, while the deposition rate is the
variable parameter.

The deposition ratesin figures 3 are R = 0.1, 0.3, 0.4 and 0.5 MLs*, and in figures 4 thisis
chosen at higher valuesR = 1, 1.5, 3and 5 MLs™.

In figures 5 and 6 the deposition raté'is fixed at 0.5 and 1 MLs™, respectively, and the
variable parameter is the substrate temperature, which ranges from 400 to 1000 K. These four
figures provide a good set of data for-our investigation of the influence of substrate
temperature and deposition rate onthe structure of the grown films.

At low temperatures and deposition rates (e.g., figure 3 (a)), and high temperatures and
relatively low deposition rates (e.g., figure 4 (a)) a dense structure is observed, almost without
a significant amount of voids. Inthe first case the structure obtained is due to the domination
of the low deposition rate, which provides the necessary time lapse between arriving atoms on
the surface, hence the adatom can move on the surface and go under the process of
coalescence and produce a packed structure, while in the latter case the high substrate
temperature is the dominant parameter and increases the surface diffusion. Increasing the
deposition rate in both low and high substrate temperatures (i.e., 400 and 1000 K) leads to
porous structure in which holes or voids form between the bundles/columns. This effect is
more pronounced in figures 4 (b-d) when compared with figures 3 (b-d), which is due to
higher deposition rates that are about 10 times more than that in figures 3. These high rates of
deposition cause the adatoms become buried under the following atoms and form structures
such as seen in figures 4 (b-d). The origin of this rate-dependent growth behaviour at different
temperatures can be attributed to the exponential dependence of the rate of surface diffusion
on temperature.

The packing density of two sets of datain figures 3 (a-d) and 4 (a-d) are given in figures 3
(e) and 4 (e), respectively. Both figures show a decrease in film density with increasing the
deposition rate, while this decrease happens with higher rate for films in figures 4, in which
the deposition rate is much higher than that in figures 3, as discussed above.

The direct influence of substrate temperature is investigated in figures 5 (a-d) and 6 (a-d)
with two deposition rates of 0.5 and 1 MLs", respectively. At low substrate temperature (i.e.,
400 K), again a columnar structure with voids between them is obtained, showing low
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mobility of the adatoms (figures 5 (a) and 6 (a)), with low density that is less for higher rate of
1 MLs* due to increased number of buried adatoms. By increasing the substrate temperature,
as expected the diffusion processes dominates other processes (figures 5(b-d) and 6 (b-d)) and
higher density films are produced as it is shown in figures 5(e) and 6(€e), as is experimentally
observed the microstructure of the film changes from porous or columnar to densely packed
or recrystalite films without micro-voids (particularly, more pronounced for lower
deposition rates). The onset of the increase in packing density in figures 5 (e) and 6 (e) is
about 450 and 550 K (corresponding to T, /T, ~ 0.26 and 0.32; about Zone | to Zone Il

boundary), respectively, where the void fraction starts to decrease in films due to diffusion
process, and reach the maximum value of unity at about 850 and 950 K (corresponding to
T, /T,, ~ 0.5 and 0.55; just past the Zone Il to Zone Il boundary), where the columns in film

structure starts to re-crystallize. Both of these temperatures, are consistent with the predictions
of SZM@*522 and what is expected from the processes occurring.during the film growth,

ac(c407r)di ng to the changes in activation energies described by Grovenor et al.® and Savaloni et
al."™".

3.2 oblique incidence on flat and rough surfaces

In section 1 (introduction), the influence of the substrate temperature on the nano-structure
of the growing filmsin terms of Structure Zone Model (SZM) was discussed. In zone |, where
the substrate temperature is below approximately 0.3 Tr, the films tend to exhibit a very
porous columnar structure. This porous structure becomes more obvious when the deposition
angle of adatoms becomes larger (enhances the shadowing effect). Experimental results
suggest that the angle of orientation of these columns (relative to the substrate normal) £, in

these structures (zone 1), is generally smaller than the deposition angle (relative to the
substrate normal) « : i.e., the columnar structure is oriented more nearly perpendicular to the
substrate than the deposition flux. Dirks and Leamy [1] showed that the columns in these
structures obeyed the so called tangent rule;

tanﬂ:%tana. (4)

This relation had been observed empirically by Nieuwenhuizen and Haanstra®”, and being

for deposition angles « <60° *?Y. In addition, Dirks and Leamy* and Paudya et al® observed
that by decreasing the deposition angles and/or increasing the substrate temperature the film
density increases.

Different models have discussed the processes involved in oblique evaporatio
is found that surface diffusion plays an important role, particularly with regard to the
difference between random and directional surface diffusion.

The latter is induced by the oblique evaporation process. Typical results of our angle
calculation from many simulated films is summarized in figures 7 (a-d) and 8 (a-d), for two
different substrate temperatures and two deposition rates (i.e., 400 K (T, /T,, ~ 0.23) and 0.3

MLs'and 600K (T, /T, ~0.35) and 0.5 MLs™).

Figures 7(a-d), show the results of 400 K substrate temperature in which the angle of the
growth of bundlesisincreasingly inclined towards the incidence atoms, while thisis less clear
for higher substrate temperature of 600 K (figures 8 (a-d)), particularly at lower deposition
angles of 30" and 45°. However, an agreement with the tangent rule is obtained up to 60°
deposition angle.

n (1,37,39- 41)' It
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This change in the angle of columns from T, = 400 K to 600 K and obviously at higher

substrate temperatures is due to enhanced surface diffusion process, that causes a change in
the mechanism of film growth. Hence, as expected by increasing the substrate temperature the
surface diffusion dominates the shadowing effect. As the deposition angle increases, the film
nano-structure changes from a dense film, with few voids, to a structure in which nearly
collinear tracks of elongated voids form and, finally, to a highly porous structure of well
formed columns. This is also confirmed in figures 7 (e) and 8 (e) that show the packing
density of films grown in figures 7 (a-d) and 8 (a-d).

The competition between shadowing effect due to substrate roughness (high and low points
(holed/trenches) on substrate surface) as well as angle of incidence and the surface diffusion
effect due to increased substrate temperature can also be observed in figures 9(a-c) and 10 (a
c). In figures 9 (a-b) Ni films are ssimulated on a surface with one protruding peak on the
surface, with a deposition rate of 0.5 MLs™, for deposition angle of 60 and two substrate
temperatures of 800 K (T, /T, ~0.46) and 400 K (T, /T, ~ 0.23), respectively.

The comparison of these two figures, clearly indicates that at low substrate temperature it
is the shadowing effect that is dominant on the surface diffusion, while at higher temperature
of 800 K this domination effect has started to reverse. In normal deposition angle, figure 9 (c)
(R=0.3 MLs" and T,/T, ~0.58), due to increased surface diffusion, film with zone 11|

structure is resulted, which grows faster on top of the irregularity/peak than that on the
srgé)oth section of the surface, consistent with the shadowing theory proposed by Srolovitz et
a”.

In order to examine the extension of this procedure, we produced substrates with a square
hole/trench and the films were grown on. these substrates under different deposition
conditions.

Typical results are shown in figures 10 (a-c). Both figures 10 (a) and 10 (b) are grown at
the same substrate temperature of 400 K, while the deposition rate in these figuresis 0.7 MLs
1 and 0.3 MLs*, respectively. Again on the smooth section of the surface in both figures, one
can observe the effect of depasition rate on the structure of the grown film, as a result of
increased diffusion in lower-deposition rate. Around the hole/trench it can be seen that after
deposition of a few monolayers, the entrance of the hole/trench is closed and then the film
grows on top of these monolayers, aimost similar to the other parts of the substrate surface,
hence the growing film forgets about its initial stage/state. Similar features are observed in
figure 10 () (T, =800 KR = 0.3 MLs™) to that of figure 10 (b) (T, = 400K, R=0.3 MLS

1), except that due to increased temperature in figure 10 (c) the diffusion rate is increased and
the expected structure of zone 11 is resulted with lesser number/density of voids.

The results presented here are again in qualitative agreement with both experiment,
although in much smaller scale and with theoretical predictions.

1. Conclusions

A two dimensional molecular dynamic (atomistic) simulation model was used to
investigate the relationship between the nan0-structure and the deposition parameters; namely,
substrate temperature, deposition rate, angle of incidence, surface roughness. Qualitative
agreements with the predictions of the structure zone model (SZM) and the theoretical results
of Srolovitze®™, aswell as expectations through changes in the activated processes during film
growth due to changes in deposition parameters’® obtained. It is shown that by enhancing the
atomic mobility (i.e., increasing the substrate temperature or/and lowering the deposition rate)
films of higher density with fewer voids are produced. By increasing the deposition angle, the
structure of film changes from a dense film with few voids, to a structure with
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columns/boundless inclined with the same angle () towards the incidence atoms with
elongated voids. The angle £ increases with increasing the deposition angle (« ), and in
agreement with the tangent rule [1]. The angle of bundles (or the angle of the formation of the
voids between atomic bundles), are caused by shadowing effects.

In general, the model provides amost al predicted results and agrees well with
observations.
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Figure 1. Procedure of calculation of packing density of grown film. @) A typical grown film; total length of
simulation cell isdivided into equal intervals.
b and c) the surface of the film and the area under the film surface is determined, respectively
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Figure 5. Thin film Growth on a smooth surface at normal incidence.
Deposition rate, R = 0.5 MLs ™. @) Ts= 400K, b) Ts=500 K,
c) Ts=500K , d) Ts=800 K, €) packing density vs. deposition rate.
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Figure 6. Figure 5. Thin film Growth on.a smooth surface at normal incidence.

Deposition rate, R =1 MLs-1. @) Ts=400K, b) Ts=600K,
¢) Ts=800K , d) Ts=1000 K, €) packing density vs. deposition rate.
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Figure 7. Thin film growth on a smooth surface at T = 400K, deposition

Ratesof 0.3 MLs*, and for different angles of incidence. a) a = 307,
b) a =45 ,¢c) a =60°,d) o = 70°, €) packing density vs. deposition rate.
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Figure 8. Thin film growth on a smooth surface at T = 600K, deposition
Rates of 0.5MLs", and for different angles of incidence. a) o = 30",
b) a =45 ,¢c) a =60°,d) o = 70°, €) packing density vs. deposition rate.
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Figure 10. Thin film growth on a surface with atrench at normal incidence.
a) Ts= 400K, R=0.7 MLs?, b) T, = 400K, R
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