Statistical and fractal analysis of nitrogen ion implanted tantalum thin films
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Abstract

Tantalum bulk has been implanted by nitrogen ions at an energy30 keV and at various doses
of 1 x 107, 3 x 107, and 10 x 10'7 ions/cm?. As a result, thin films are rough; their
morphology and stochastic properties have been investigated. The monofractal analysis is
done for unimplanted and implanted samples based on the statistical analysis conception.
The correlation function and also the correlation length of the samples have been studied.
Also, the power spectral density, the dimension of the fractal, the distribution of height, and
the skewness and kurtosis (the higher-order moments) of the surface height have been
investigated. The results show the deviation of height distribution from the gaussian one.
The measurement of jagged and irregularity of samples have been investigated by
calculating the roughness exponent and fractal dimensions. The rough samples which have
been produced by ion bombardment have the self-affine fractal properties.
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Introduction

Titanium has suitable mechanical properties, low density, and excellent biocompatibility,
high corrosion resistance. Therefore, for many years, titanium was used extensively in
experimental works because of its technological applications [1,2,3,4]. Various researches
have been motivated to improve the titanium characteristics, such as sputtering model, ion
coating, and ion implantation. The ion implantation method has been frequently used
because it introduces other chemical types and generates imperfections in target materials
[5,6,7,8]. Carbon, nitrogen, and oxygen have been used to improve the surface of the
titanium. The hardness wears resistance, and corrosion resistance of Tantalum surfaces
usually improves by nitrogen ion implantation and allows the film growth process to keep
the substrate at low or adequate temperatures [9,10,11]. By nitrogen implantation
techniques, the titanium nitride can be formed on titanium surfaces. The characteristics of
the samples provided by the atomic force microscopy (AFM), the x-ray diffraction (XRD), and
the scanning electron microscopy (SEM) images. There are several methods such as
‘blanket’ fractal analysis [12], ‘skyscraper’ fractal analysis [13], and the box-counting method



[14] for investigation on the fractality behavior of the experimentally generated thin films
[15,16,17,18].

Recently, the effect of nitrogen ion implantation on structural and mechanical
characteristics of tantalum investigated [19]. Here, it is interesting to study the morphology
of implanted and unimplanted tantalum samples. Based on the monofractal analysis, the
height fluctuations, the higher-order moments (skewness, and kurtosis), power spectral
density, correlation function, and correlation length of samples have been calculated. Also,
the roughness exponent and the fractal dimension’s samples have been valued.

The present paper is ordered as follows. In Sect. 2, thin film preparation and AFM analysis
are presented. In Sect. 3, the statistical analysis is presented, and the measurements and
discussions are described. The summarized remarks are expressed in Sect. 4.

Thin film preparation and AFM analysis

In the present section, the process of ion implantation on tantalum samples, which do in
Plasma Physics Research Center (PPRC), Science and Research Branch, is explained. The
minutiae of the procedure are as following; the tantalum samples which cut into

1 cmx1cmand 0.58 mm thickness exposed to nitrogen ion implantation. The nitrogen ions
land on the sample vertically, and their energy was 30 keV. The doses of (99.999%) were
considered 1 x 107, 3 x 10%, and 10 x 107 ions/cm? at ambient temperature. Through the
nitrogen ion bombardment, which leads to heat transfer, the maximum steady value of
room temperature reached 100 2C. The ion beams cover the entire sample surface
uniformly, because of the range of ions doses.

The samples were polished and then ultrasonically cleaned in alcohol and acetone to have
the glossy samples. The extracted ions were accelerated to the maximum energy of 30 keV.
Among the implanted ions and surface of tantalum samples, the angle is considered 90°.
Through the implantation procedure, the sample temperature measures by a thermocouple.

In all cases, the ion beam energy and current densities have been considered fixed. The
parameters which are used during the ion implantation have been presented in Table 1.

The leorr (corrosion’s current), the temperature and Ecorr (corrosion’s Potential) take the fixed
values 100 pA/cm?, 100 K and 30 KeV for all samples, correspondingly.

Table 1 The parameters of ion implantation process

Sample Fluxes (ions/cm?) Time (s)
1 Unimplanted 0

2 1x10Y 375

3 3 x 10V 480

4 10 x 107 1500

The AFM results of samples as a roughness variation are presented in Fig. 1.




Fig. 1. The AFM images of unimplanted, 1 x 107, and 3 x 107 samples from left to right

Statistical and fractal analysis

In this paper, the change of surface morphology and roughness has been evaluated by using
the (AFM) analysis. Also, the stochastic properties and fractal behavior of implanted and
unimplanted tantalum samples have been investigated to characterize the morphology of
the sample. The implanted samples were exposed to nitrogen ion implantation.

The fractal concepts have been used to explore the morphology of rough samples. These
surfaces are called stochastic because respect to the smooth plane, their height fluctuations
are random. The RMS height is well-defined as Eq. 1:

o= \/ h(r)?, (1)
where h(r)h(r) is the height at position r [20].

The RMS roughness (RqRq) of samples are displayed in Table 2.

Table 2 The RMS roughness height of unimplanted and implanted samples
Sample 1 2 3 4
1.667 4.119 2.142 3.786

a

The RMS height cannot describe the rough surface because the surfaces with the

same o have different morphology. Therefore, to analyse the samples morphology, the
correlation function, C(€), is studied. This function describes the manner of heights
variations laterally to the samples surfaces. It applied to describe the correlation property of
surface heights at two different positions that are € point away. The normalized C(€) is
defined as Eq. 2.



C (£) = (h(r1) h(ra))/o?, (2)

Which £=|ry — 7o . Based on this definition, for points with large distance, C(£)
becomes zero. The correlation length, €, is defined as the distance which C(f) drops 1/e of
its original value [21, 22]. The correlation function, C(®) of unimplanted and implanted
samples respect to the separation distance € showed in Figs. 2, and 3. The correlation
function has the same behavior in all cases. By the results, the, C(#), reduces by increasing
of £ value and also it has the same behavior in two cases.
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Fig. 2. Correlation function as separation distance for unimplanted sample
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Fig. 3. Correlation function as separation distance for sample 3

Figure 4 shows the variation of correlation length as a function of nitrogen dose. As it is seen
in the figure, the correlation length increases with increasing the ion dose.
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Fig. 4. Correlation length versus ion dose



In other words, as the ion doses increases, the rough surface produced are more correlated.

Surface height distribution

For the monofractal analysis, the symmetry of the height or deviation from the Gaussian
distribution has been studied. Therefore, the height distribution of samples surfaces and the
3rd- and 4th-order moments (two higher-order moments) have been investigated to access
to the information about the surface morphology.

The 3rd moment of height distribution is named skewness. The skewness is a reason of the
symmetry distribution (Eq. 3):

Rg, = M (3)

{(r —E}ﬂ)m.

Skewness sign indicates that the data points are skewed to the right (positive sign) or to the
left (negative sign) of the data average [23].

The 4th-order moment of surface height is the kurtosis. In the case of Gaussian

distribution, Rk, = 3. The kurtosis is a measure of the sharpness of the height distribution
function (Eq. 4). In other words it determines the fatness (R« < 3) or the sharpness (R > 3)
peak of the probability, and it defined as [23]:

(6-7))
(0-7)

The results show that both skewness and kurtosis of unimplanted and implanted samples
show the deviation of Gaussian distribution. The skewness is negative for implanted
samples (Rsx=—1.01), and it is positive for the unimplanted sample (Rsk = 1.001). Also, the
measure of kurtosis shows the nonconformity from the Gaussian distribution (where Rk, =
3). The results show that Rk, = 2.98 for implanted and unimplanted samples. The (R, < 3)
indicates the few valleys and further high peaks over the samples. Also, the deviation from
the Gaussian distribution have been proofed by the asymmetric tail and nonzero skewness
measures [24, 25].

Besides the higher-order moments of height distribution, a suitable measure that describes
the extent of the heights overhead the mean surface and the height variation alongside the
surface is the power spectrum (Fig. 5). The power spectrum is the transform of the
correlation function and mathematically defined as Eq. 5:

R = @

1 .
P(k) = o JC(£)e*Eae. (5)
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Fig. 5. The normalized height distribution for unimplanted and implanted samples

The normalized height distribution P(h) has been evaluated when the height of the sites is
measured regarding the mean height [25].

It shows the deviation of the distribution from the Gaussian one, which confirms the results
of skewness and kurtosis.

Roughness exponent and fractal dimension

The width of rough surfaces is defined as Eq. 6:

w(L,t) = ‘/<(h(i,t)—£(t))2>, ©)

where h(i,t) is the height of the surface at site i and the time t. h (t) is the average amount of
height at time t. When a surface becomes saturated inadequate long times, the width of

_ [0 ]
roughness (w) shows a power low dependency on substrate size (L) as WL = L [20].
The Roughness exponent aa, also called Hurst exponent is used to analyze the smoothness



and roughness of the surfaces. In other words, it designates the irregularity of saturated
rough surface [26, 27].

For a self-affine surface, this scaling exponent is in the range 0 < a < 1. The self-affine
characteristic indicates that a surface appears less rough as the scale increases. In other
words, if a profile is self-affine, a magnified portion of it will appear statistically identical to
the entire profile if different magnifications are used. The roughness exponent of samples
has been measured and displayed in Table 3. The small values of roughness exponent
characterize jagged or irregular surfaces at short length scales [26, 27]. Our results show
that the irregularity of unimplanted samples is less than the others. Also, as the dose of ion
implantation increases, the jagged of the sample’s surface varied.

Table 3 The roughness exponent of unimplanted and implanted samples

Sample 1 2 3 4
Roughness 0.803 0.545 0.613 0.875
exponent

The other measurement which is straightly related to roughness exponent is the fractal
dimension, DfDf, which is a measure of the surface complexity. Among the several
approaches of calculating the fractal dimension [28], one can obtainDf=E+1-aDf=E+1-a. The

the fractal dimension of samples has been calculated and presented in Table 4.

Table 4 The fractal dimension of unimplanted and implanted samples

Sample 1 2 3 4

Df 1.197 1.455 1.387 1.125

Erosion by ion bombardment of surfaces is a way of producing rough surfaces with self-
affine fractal properties. lon bombardment (sputtering) of an iron surface produced a
surface which was self-affine fractal [33]. Based on the obtained results, it can be concluded
that these unimplanted and implanted rough samples have the fractal behavior.

Summary

In conclusion, a monofractal analysis has been applied to study the morphology of rough
surfaces. These tantalum bulks were unimplanted or implanted by nitrogen ion-implanted.
Based on our results, the correlation length increases with increasing the ion dose. This
result shows that implanted samples are more correlated than uncorrelated ones. Also, the
measurements of skewness and kurtosis showed the deviation from Gaussian distribution.
This deviation has been confirmed by plotting the normalized height distribution. Also, the
roughness exponent and fractal dimension of samples have been calculated. The
monofractal analysis has revealed that the samples which have been studied in present
work are the self-affine fractal surfaces. Our results were in high-grade agreement with
experimental results.
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