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Design of Thin Films with Tailored Nano-morphology 
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In order to design thin films prepared by dynamic oblique deposition, we have calibrated the param­
eters of the fully 3-dimensional thin film growth simulator VFIGS (Virtual Film Growth System). 
Using the parameters calibrated for Si, we have simulated the density modulated thin films which 
are deposited by varying the deposition angle a sinusoidally. When the maximum a exceeds 85°, 
significant columnar broadening has occurred, and the amplitude of the density oscillation has been 
degraded. On the other hand, the amplitude and the period of density are kept constant when the 
maximum a is less than 85°. The density can be controlled arbitrarily between 0.45 and 0.86 which 
correspond to the refractive index of 1.6 and 2.8 for Si. 
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1. INTRODUCTION 
Unique structures and properties of obliquely deposited 

thin films have been extensively investigated since the end 
of the 1950s, while the history of the studies of obliquely 
deposited thin films is more than a century [1]. The phys­
ical origins of the columnar structure in obliquely de­
posited thin films are the self-shadowing effects and the 
limited mobility of the deposited atoms [2]. When the va­
por flux is obliquely incident, atoms in the growing films 
shadow unoccupied sites from the direct sticking of in­
cident atoms. Moreover, owing to limited mobility, the 
unoccupied sites are not filled later. As a result, oblique 
columns grow in the direction of the incident vapor beam. 

In 1989, Motohiro and Taga [3] successfully developed 
inorganic thin-film waveplates with a chevron-shaped 
columnar structure using bidirectional oblique deposition. 
Subsequently, we applied the obliquely deposited Ta20 5 

thin films to the waveplate for optical pickups [4]. Re­
cently, thin films with highly controlled isolated columns 
such as helix [5] and zigzag [6] have been developed. 
Furthermore, integration of these morphologies has been 
achieved [7]. These 'hypercolumnar' structures are engi­
neered by dynamic oblique deposition (DOD), in which 
the deposition angle and/or the azimuthal deposition di­
rection are varied dynamically during the deposition, in 
contrast to ordinary oblique columnar structures which 
are generated on the stationary substrate. Not only elec­
tric, magnetic and optical [8,9] but also chemical, medical 
and biological applications of thin films with hypercolum­
nar structures are expected [10,11]. 

For these applications, thin film structures should be 
optimized in terms of columnar shape, packing density, 
and surface area. A numerical simulation for thin film 
growth is a powerful tool to design and understand the 
thin-film structures from atomic [12] to mesoscopic [13, 
14] scale. Recently, we developed a fully 3-dimensional 
(3D) Monte Carlo simulator and succeeded in reproduc­
ing hypercolumnar structures in the thin films prepared by 
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DOD [15]. In this paper we propose a simple calibration 
procedure for VFIGS parameters and discuss the limits of 
the density modulation for the DOD thin films. 

2. Growth Modeling 
We designed morphologies, thickness, and density of 

thin films using our original fully 3D simulator, VFIGS 

(Virtual Film Growth System) based on the Monte Carlo 
ballistic deposition process [13] and surface diffusion. In 
this section, we describe our mode ling of thin film growth 
briefly, since the details have been reported in [15]. 

The VFIGS expresses thin films as an aggregate of cubic 
particles which represent the statistically averaged trajec­
tories of a large number of atoms in the thin films. A num­
ber of deposition particles are started sequentially from 
randomly selected positions in the plane just above the 
growing film surface. A particle progresses linearly in the 
direction determined by the geometrical deposition con­
ditions of the deposition angle a:, the dispersion of the de­
position angle Lla: and the azimuthal deposition direction 
cp, until at least one occupied site is found in the neigh­
boring 26 sites. 

The particle is then allowed to diffuse over the film sur­
face. The particle diffuses by random walk depending 
on the local surface morphology. A new sticking parti­
cle hops to a site chosen from the neighboring 26 sites 
and its present position by S times. The criteria used for 
this choice is as following: (1) the new particle does not 
hop to a site occupied by another one; and (2) the hopping 
probability p; ...... 1 from site i to allowed site j is defined as 
follows, 

Pi-+J = exp('YNJ) ' (1) 
2:::: exp('YNj) 

j 

where N1 is the coordination of the site j with its neigh­
boring particles, "/ is a constant, and the summation is 
taken over all allowed sites. Assuming that the energy ac­
companied by the new particle decreases in proportion to 
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the coordination of the new particle with its neighboring 
particles, the occupied probability of the site j in thermal 
equilibrium is written as Eq. (1). Physically,"! and S cor­
responds to the ratio of the surface energy to the tempera­
ture and the diffusion length, respectively, which may be 
function of many deposition conditions such as substrate 
temperature, source material and chamber pressure during 
deposition. 

3. Calibration of VFIGS Parameters 
The surface energy and diffusion length may be esti­

mated by highly sophisticated experiments. However, it 
is not easy to estimate these parameters for surfaces with 
complicated morphology. Thus, the user must first cal­
ibrate "/ and S parameters comparing the simulation re­
sults to experimental data. The first step of the calibration 
procedure was previously done by visually comparing the 
structure of the simulated film to the actual structure ob­
served with a scanning electron microscope (SEM). This 
method is sufficient for a rough calibration and the ten­
tative values of"/ "' 0.44 and S = 10 reproduced the 
dependence of the packing density on the deposition an­
gle rather well for various materials [15]. 

Starting from these values, "/ and S parameters have 
to be fine-tuned to accurately reproduce the experimental 
data for a specific material. One of the most convenient 
data for the calibration is so-called "tooling factor", which 
is the ratio of physical thickness to thickness displayed on 
a crystal thickness-monitor (XTM) set at a fixed position 
and orientation in the evaporation chamber. Measuring 
the tooling factor for films deposited at various a:, we can 
find the relative change in the packing density of films. 
This is easier and more accurate than the measurements 
of the absolute packing density of films. In this work, 
therefore, the tooling factor is used to determine "( and S 
parameters that give the simulation results consistent with 
experiments. 

The evaluation of the experimental tooling factor is 
straightforward. In VFIGS, on the other hand, the amount 
of deposition, F, is monitored by a 'virtual' XTM located 
at the same position as the substrate and fixed at a: = 0° , 
where F is defied as the thickness of the film with a pack­
ing density of 100 % deposited on the virtual XTM. Since 
the substrate sees a smaller effective area of the source at 
higher deposition angles, actual deposition rate decreases 
as cos a:. As a result, the relation between F and a: is as 
follows, 

F= ..!:_""-I-n L_. COSO:i' 
• 

(2) 

where n is the area of the substrate and O:i is the depo­
sition angle when the ith particle is deposited and the 
summation is taken over the number of deposited parti­
cles. Thus, the simulation-tooling factor is the ratio of the 
thickness of the resulting film to F. Although a: is varied 
during general DOD, it is convenient that the films for the 
calibration are deposited at a constant a: selected between 
0° and 85°. Comparing the relative changes in the exper­
imental and simulation tooling factors, we defined "/ an S 
parameters. Actually, the thin films are deposited at var­
ious a: keeping the amount of deposition at constant, and 
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Fig. 1. The dependence of the physical thickness on the 
deposition angle for the films simulated using three dif­
ferent values of "f, where S = 20 and the amount of the 
deposition are kept constant. The thicknesses are normal­
ized by that of the film deposited at a: = 85°. Experimen­
tal data [9] for Si films are indicated by solid circles for 
the comparison. 

the relative change of the thickness of resulting films are 
compared. 

4. Results and Discussion 
4.1. Calibration 

Recently, Karninska et al. [9] tried to develop Si rugate 
filters using the DOD technique. They designed structure 
of the filters based on the relationship between a: and the 
thickness of films which were deposited at constant a: on 
the substrate rotated rapidly. In this work, we use their 
data to find the appropriate simulation parameters for Si 
DOD films. 

Figure 1 shows the dependence of the thickness of 
the simulated films on a: normalized by that deposited 
at a: = 85°. All simulation films were deposited up 
to F = 158 u on the fiat substrate of 800 x 800 u2

, 

where 'u' is the unit of length in VFIGS. The lines in­
dicate the results for the three different values of "f, while 
S is kept constant at 20. The data taken from [9] are also 
indicated by solid circles. Since the number of deposited 
particles depends on cos a: [see Eq. (2)], the thickness de­
creases with increasing a:. However, a: dependence of the 
physical thickness does not obey the cosine law, since the 
porosity increases with increasing a:. As indicated in Fig. 
1, a: dependence of the normalized thickness is sensitive 
to"'· With increasing"(, the normalized thickness strongly 
depends on a:. Since"! corresponds to the ratio of the sur­
face energy to temperature, the deposited particles tend to 
aggregate (disperse) for large (small) "'· Especially at a 
large a:, the self shadowing effect may be more effective 
in the case of the large"/ than that of the small "!· This 
leads to the differences in the a: dependence of the nor­
malized thickness for the different values of"'· In com­
parison with the measured data, "( "' 0.27 is appropriate 
for the DOD Si films. 

On the other hand, the a: dependence of the normalized 
thickness is not very sensitive to S. As we mentioned 
in our previous paper [15], the density of simulated thin 
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films gradually increased forS ?:: 10. Thus, it is sufficient 
to determine the optimized 'Y to design the morphology 
of DOD films. However, S has to be calibrated in order 
to accurately design density related properties. For this 
purpose, we require data from which we can estimate the 
density for at least one deposition angle. The densities 
of the films deposited at a = 0° and 'Y = 0.27 were 
0.80 and 0.92 for the values of S = 10 and S = 20, 
respectively, while no significant differences was found in 
the a dependence of the normalized thickness. Since the 
refractive index of the Si film deposited at a = 0° is close 
to that of bulk [9], the density should be larger than 0.9. 
In this work, therefore, we simulate density modulated 
thin films using the values of S = 20 and 'Y = 0.27. 
Under this condition, the unit length in VFIGS corresponds 
to 1.73 nm, which is reasonable for the assumption that 
a particle in VFIGS represents the statistically averaged 
trajectories of a number of atoms in the thin films. In fact, 
these values correctly predict not only the structures but 
also the optical properties of Si rugate filters as reported 
in our forthcoming paper [16]. 

4.2. Design of Density Modulated Films 
By changing a during DOD, density of thin films can 

be controlled continuously so that properties related to 
the density such as refractive index, electric and thermal 
conductance are also modified for the purpose of practi­
cal applications. One can roughly design the depth pro· 
file of the density based on the experimental data as in­
dicated by solid circles in Fig. I. However, the struc­
ture of resulting films often deviates from those expected, 
since the surface morphology of growing DOD films is 
not necessarily identical with that deposited at constant 
a [9]. In order to design the density profile accurately, 
support of the growth simulation is indispensable. In this 
section, we present examples of thin film structures de­
signed by VFIGS, in which the density is modulated quasi­
sinusoidally. 

Figure 2 indicates the cross sectional morphology of 
the density modulated films simulated by VFIGS. The de­
position angle of ith deposited particle was set at 

ai =A cos(~:)+ B, (3) 

where Np, A (fixed at 10°) and B (50° :::; B :::; 77°) are 
period, amplitude and average of the deposition angle, re­
spectively, while the substrate was rotated rapidly. The 
amount of deposition was tuned as the final thickness of 
10 periods film became 6.9 f1m. It is easy for VFIGS to 
keep the thickness constant, since the appropriate amount 
of deposition is readily estimated by single trial deposi­
tion. By using Eq. (2), the amount of deposition and the 
profile of the deposition angle to prepare real films can 
also be estimated easily. 

For all films, the columnar structure perpendicular to 
the substrate is clearly observed. Furthermore, periodic 
change in the density is also obvious for the films B :::; 
75°. With increasing B, columns become thick, and av­
erage density decreases. While the columns gradually 
broaden with increasing height for the film for B = 75°, 
no significant change in the thickness of the columns is 
observed for the films of B :::; 70. In the case of B = 77°, 

Fig. 2. Cross sectional morphology of simulated density 
modulated thin films of (a) B = 60°, (b) B = 70°, (c) 
B = 75° and (d) B = 77°. 
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Fig. 3. Evolution of in-plane density of simulated films 
of (a) B = 50°, (b) B = 60°, (c) B = 70°, (d) B = 75° 
and (e) B = 77°. 

only the thick columns selectively grow, and the periodic 
change in the density is ambiguous. For the quantita­
tive understanding, the density profiles were calculated 
by taking thin slices through the simulated films, parallel 
to the substrate, and calculating the average density of.the 
slices over the entire simulation area, thus obtaining the 
variation of the density with film thickness as shown in 
Fig. 3. As expected from Figs. 2(c) and (d), sinusoidal 
density profiles have been achieved. The average den­
sity decreases from 0.77 to 0.37 depending on B. On the 
other hand, the amplitude of the density increases from 
0.04 to 0.11 with increasing B. For the films deposited 
at B ;:::: 75°, however, the amplitude of the density de­
creases with increasing the films thickness. This degra­
dation of the density oscillation is closely related to the 
broadening of columns as seen in Fig. 2, and is not due 
to a result of heating of the substrate but intrinsic to the 

411 



412 Design of Thin Films with Tailored Nano-morphology 

I.{) 

'<t 

C") 

C\l 

0 
OCO<O'<tC\lO 
,...:c)c)c)c)c:i 

'E 
3 
(J) 
(J) 
Q) 
c: 

..>::: 
() 

£ 

Fig. 4. Cross sectional morphology and the evolution of 
the packing density of the simulated film of A = 40" and 
B = 40°. 

growth process of DOD films. Our detailed investigation 
for various combinations of A and B suggests that the 
degradation becomes remarkable when the maximum a 
exceeds 85". Therefore, a should be kept smaller than 
85" in order to accurately control the thin film morphol­
ogy as well as properties. 

Under this limitation, we demonstrated the maximum 
modulation of the density by setting A = 40" and B = 
40" (0" ::; a ::::; 80"). Figure 4 indicates the cross sec­
tional morphology of thus simulated thin film together 
with the evolution of the density. The amount of depo­
sition is also tuned as the total thickness becomes 6.9 
Jlm. The columnar structure with a periodic change of the 
porosity grows into the direction perpendicular to the sur­
face without significant broadening. Although A is four 
times larger than that for the films shown in Fig. 2, the 
packing density changes with almost constant amplitude 
and period. Maximum and minimum density in the den­
sity profile except for the very early stage is 0.86 and 0.45, 
respectively. It is remarkable that such large modulation 
of the density is produced by a simple deposition process. 
Provided that the film is made of Si, the refractive index is 
expected to vary from 1.6 to 2.8 by an estimation based on 
Lorentz-Lorenz theory. One can deign the optical filters 
with continuous and arbitrary refractive index profile in 
which the difference in the refractive index is larger than 
1. Such filters will be useful for the applications to the 
optical communication and its related devices. The exper­
imental verification will be presented in our forthcoming 
paper [16]. 

5. CONCLUSION 
In order to design not only the morphology but also 

the density profile of the DOD thin films, we have suc­
cessfully calibrated the parameters of fully 3D thin film 
growth simulator VFIGS. Using the parameters calibrated 
for Si by the simple procedure, we simulated the density 
modulated thin films which were deposited by varying the 
deposition angle sinusoidally. When the maximum a ex­
ceeds 85", significant columnar broadening has occurred, 
and the amplitude of the density oscillation has been de­
graded. On the other hand, the amplitude and the period 
of the density are kept constant when the maximum a is 
less than 85". The density can be controlled arbitrarily be­
tween 0.45 and 0.86 which corresponds to the refractive 
index variation between 1.6 and 2.8 for Si. The precisely 
controlled density modulated thin films are applicable for 
wide variety of optical rugate filters. 
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