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Abstract The morphological parameter of a thin film
surface can be characterized by power spectral density
(PSD) functions which provide a better description to the
topography than the root mean square roughness and
imparts several useful information of the surface including
fractal and superstructure contributions. In the present
work PSD spectra computed from atomic force microscopy
(AFM) data were used for studying the morphology of
three different titanium nitride thin films obtained by dc
magnetron sputtering system. The power values of PSD for
the AFM data were determined by the fast Fourier trans-
forms algorithms. We investigate the effect of substrate
temperature and crystallite sizes on the roughness of thin
films surface.
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Introduction

Currently there is a great interest in designing and engi-
neering thin films with morphologies tailored to specific
requirements for various application fields. The connec-
tion between surface morphology of the films and func-
tionality is especially important for optical applications,
as surface microstructure generates scattering and stray
light in optical components [1] Thus properties of the tin
films are usually substantially influenced by their micro-
structure and surface morphology [2]. It has also long
been recognized that the nature and structure of the
substrate has a strong influence on the structure and
morphology of the thin films [3-5]. The surface mor-
phology, including surface roughness, of a thin film often
determines the electrical or the optical properties that are
crucial to the performance of a device. Amongst these
techniques, atomic force microscopy (AFM) is an excel-
lent tool for characterizing the surfaces and widely being
used in studying optical thin film surfaces. However,
AFM can be advantageously used with high vertical and
spatial resolution to extract microroughness information
of the surfaces [6, 7]. In an effort to understand and
control film growth, it is important to characterize the
surface during and after deposition. Such roughness
information obtained from AFM can be advantageously
employed to the successful development of low scatter
optical multilayer coatings. In addition, such information
about the surface roughness is extremely useful for the
alternate optical characterization of thin films using
ellipsometry or spectrophotometry. The most popular
parameter characterizing the morphology of surfaces is
the root mean square (RMS) roughness, which represents
the root mean square height of a surface around its mean
value. However, this statistical description, though simple
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and reliable, makes no distinction between peaks and
valleys and does not account. A more complete descrip-
tion is provided by the power spectral density (PSD) of
the surface topography, which performs a decomposition
of the surface profile into its spatial wavelengths and
allows comparison of roughness measurements over dif-
ferent spatial frequency ranges. PSD functions describe
two aspects of the surface roughness such as the spread of
heights from a mean plane, and the lateral distance over
which the height variation occurs [8]. Hence, PSD
explains a surface much better than the RMS roughness
and provides very useful information on fractals and
superstructures that may coexist in the microstructures.
The power spectral density method is sensitive to data set
size, sampling frequency and the spectral range [9]. This
study focuses on titanium oxide, a material currently used
as thin Im coating in optical applications due to its
notable dielectric and optical properties. Because of their
high thermal stability, excessive hardness, chemical sta-
bility, and low electrical resistivity, titanium nitride (TiN)
has been widely used as a coating material, ranging from
diffusion barrier in microelectronic industry, to the hard
and protective coatings on mechanical tools and decora-
tive coatings[10, 11]. Production of thin films on semi-
conductor surfaces has been widely applied in many fields
ranging from electronic, microelectronic, nano electronic
to optoelectronic [12].

Experiment

Three titanium nitride thin films were deposited by DC
magnetron sputtering method in Ar + N2 atmosphere. The
reactive sputter gas was a mixture of Ar (99.999%) and N2
(99.999%) with the ratio Ar (97%) and N2 (3%) by vol-
ume. The sputtered layers were grown at different tem-
peratures. The experimental arrangement and deposition
technique are described in [13].

The samples, denoted A, A, and Aj, differ by substrate
temperature during deposition and crystallite sizes, as
shown in Table 1.

The investigations described in [13] showed that the
deposited titanium nitride have a polycrystalline (TiN,

Table 1 Crystallite size of Ti2N and TiN thin films

Sample Substrate Ti2N crystallite TiN crystallite
temperature [°C] size (nm) size (nm)

Ay 200 40.52 25.66

A, 300 55 30.80

Aj 400 73.33 51.30

Ti2N) structure. Results show that by increasing the sub-
strate temperature, the crystal structure tends toward single
crystalline of tetragonal Ti2N. The root mean square
(RMS) values and the power spectral density (PSD) curves
used throughout this work were calculated from selected
AFM scans with the Nanotec off-line analysis software.

AFM Image Analysis

Treatment of the AFM data allows quantitative information
to be extracted on surface roughness. A systematic
description of various analytical methods used for rough-
ness characterization can be found in [14]. Root-mean-
square roughness, RRMS, which is defined as the standard
deviation of the surface height profile from the mean
height, is the most commonly reported measurement of
surface roughness, and is given by:
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Where N is the number of pixels in the image (or data
points), &; is the height of the ith pixel, and 4; is the mean
height of the image. Although the Rgrys evaluations are
useful, they provide information only on the height vari-
ation, i.e., in the direction perpendicular to the substrate.
Possible correlation between length scale of surface fea-
tures and the roughness cannot be characterized using
these values. For example, two images with exactly the
same Rgys values may have different surface morphol-
ogies. One way to examine more closely how the
roughness varies with length scale is through power
spectral density (PSD) analysis. Fast Fourier transform
(FFT) can be used to obtain frequency distribution of the
profile over the entire frequency range. The resulting
function is the PSD function and is defined as the square
modulus of FT. This is accomplished by calculating the
square magnitude of the coefficients of the fast Fourier
transform |F(x,y)|* of the digitized surface profile z(x,y).
For a two dimensional (2D) isotropic surface profile, the
PSD is obtained by performing 2D angular averaging of
the |F(x,y)|* using the radius in the reciprocal space as
the spatial frequency. The calculation used in this work
normalizes the PSD with the number of pixels of every
frequency resulting in units of length. The power spectral
density is then plotted as a function of spatial frequency
or wavelength and therefore provides valuable informa-
tion. Hence, PSD gives a more complete description than
Rrms roughness alone.

There have been large numbers of publications dealing
with PSD calculations from the surface profile data. The
computation of PSD function adopted in this paper is given
by [151,
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where S, denotes the two-dimensional PSD, L’ is the
scanned surface area, N is the number of data points per
line and row, Z,,, is the profile height at position (m, n), f;,
fy are the spatial frequency in the x- and y directions and
AL = N/L is the sampling distance. PSD dependant on the
spatial frequency f yields:

K
PSD(f) = = (3)
Where K has spatial length to the power and y is the power
of PSD. The y is calculated as the inverse slope in the log—
log plot of the high spatial frequency and the PSD.

The fractal dimension of a set of two dimensional (2D)
images can be calculated from the slope of a log p(k)-log
k plot. The relationship between the power spectral density
p(k) and the frequency k is given as [9, 16]:

P(K) x K77 4)

The fractal dimension Dy is related to the slope y in a

log-log plot as
87

Dy =— (5)

Fig. 1 An AFM image of thin
films with different substrate
temperature: a 200°C; b 300°C;
and ¢ 400°C

Results and Discussion

The AFM images showing the surface morphologies of the
films are shown in Fig. 1. All of the AFM image sizes are
of 1 um x 1 pum areas.

It can be seen that the surface roughness is a function of
substrate temperature, because mountains, valleys, and
island clusters become bigger.

The RMS roughness and fractal dimension Dy of TiN
thin films were shown in Table 2. The interesting results
(RMS) have been listed in Table 2, and also plotted in
Fig. 2. It can be seen that the RMS roughness values
increased as the substrate temperature is increased. This
behavior is caused by the aggregation of the native grains
into the larger clusters. This different cluster size affects

Table 2 RMS roughness and fractal dimension of TiN thin films

Sample Substrate RMS Slope Fractal
temperature roughness Y dimension
[°C] (nm) Dy
A 200 2.96 2.98 251
A, 300 3.75 2.99 2.505
Aj 400 5.56 3.39 2.305
34.02 nm 42.16 nm
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Fig. 2 RMS roughness versus substrate temperature
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Fig. 3 Power spectra density P(k) versus frequency k for TiN thin
films

the surface morphology of the thin films that confirmed by
Table 1.

Several algorithms have been used to determine the
value of fractal dimension Dy based upon AFM images. In
order to study the fractal features of TiN thin films, the
PSD (power spectral density) functions of all the surface
profiles of each film have been calculated and combined
into a single PSD profile covering large spatial frequency
band width. These algorithms have been described in
previous section.

The calculated PSDs, for TiN thin films at different
substrate temperatures are shown in Fig. 3. It can be seen
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Fig. 4 Fractal dimension versus RMS roughness

from Fig. 3 that at the high spatial frequency the PSD
function of the thin film deposited, by increasing of sub-
strate temperature tend to converge and their PSD curves
move away as the frequency lowers.

The PSDs of both the films exhibit inverse power law
variation especially at the high spatial frequency region
suggesting the presence of fractal components in the sur-
face topographies.

It is well known that the low frequency components of
the PSD spectrum represent the aggregates [17].

It is observed from lower spatial frequency region that
aggregates contribute to the total film roughness to a large
extent.

The slope y of PSDs spectra of the thin films are in the
range of 2.98-3.39. The variation of fractal dimension of
samples deposited TiN thin film with substrate temperature
is listed in Table 1. The fractal dimensions devotedly
describe the evolution of surface morphology of TiN thin
film. It is clear that the values of fractal dimension depend
on the surface roughness (interface width w) of TiN thin
film. It can be seen from Fig. 4 the values of fractal
dimension of smooth surface are bigger than those of rough
surfaces.

Conclusions

In order to obtain quantitative and qualitative morphology
of three samples, we used from the AFM. The AFM results
show that the roughness of films increases as the substrate
temperature increases. The PSD studies have yielded sev-
eral interesting information about fractal nature and
intrinsic roughness. The effect of substrate temperature on
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the roughness of the films was characterized by the PSD.
At the high spatial frequency the PSD function of the thin
film deposited, by increasing of substrate temperature tend

to

converge. The computed fractal dimension value of

these micrographs was used to describe the surface mor-
phology of thin films.
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