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Abstract

In the present study, structural and mechanical properties of Tantalum samples which
affected by nitrogen ion implantation have been investigated. The monofractal analysis of the
samples has been carried out. These samples have been implanted with ions at different doses
of 5x10*" and 7x10%" at energy 30 keV. For characterizing the samples, atomic force
microscopy (AFM), EDX images analysis, and corrosion measurements, have been used. By
varying the ion energy, the statistical characteristics will vary. In order to analyse the
morphology of produced rough samples, the correlation function of samples have been
studied and their correlation length is evaluated. Based on the statistical concept the power
spectral density the height distribution, and the higher-order moments (skewness and
kurtosis) of the surface height have been measured. These charactristics are the important
criterions for the the monofractal evaluation. Our numerical calculations based on
experimental data show the deviation from gaussian distribution. Also, the fractal dimension
of the films has been calculated based on rougness exponent results. Indeed, irradiating the
surfaces with energetic ions results in producing the self-affine fractal surfaces. This process
via an erosion process affects the statistical characteristics which have been calculated for
different samples. Because of variation in the morphology of rough samples, the corrosion of

samples shows a non-uniform behavior.
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1. Introduction

For many years, the tantalum has been used in various experimental projects because of its
low density, high corrosion resistance, and excellent biocompatibility [1-3]. The sputtering,
ion implantation and ion coating are the different approaches for improving the tantalum
surface [4]. To improve the surface of tantalum, Carbon, Nitrogen and Oxygen have been
utilized. The Nitrogen implantation has been commonly used because it allows the growth of
the film keeping the substrate at low or moderate temperatures [5-7]. The produced Titanium
nitride surfaces are suitable to characterize the ultrathin films with a surface sensitive
technique. Some parameters such as ion energy, temperature, density of current and
irradiation time play the key role in surface characteristics through ion bombardment. Indeed,
the growth conditions have the impressive effect on mechanical, electrical, and optical
properties of produced samples [8]. There are various methods to generate the rough surfaces
[10] which are generally expected to have self-affine fractal behaviors [11,12]. The ion
implantation is a process which leads to production of thin films with stochastic and
nonequilibrium characteristics. Therefore, the scaling theories have been used to investigate
the morphology of produced surfaces [9,12]. As the energy of ion beams varies, the surface
characteristics change. Indeed, the morphology of the surfaces is expected to be influenced
by nitrogen ion implantation [13]. In some works improving the corrosion resistance of thin
films by nitrogen ion implantation [14] and the fractal feature of thin films surfaces modified
by low energy nitrogen ion [15] have been analyzed. There are several methods such as
‘blanket’ fractal analysis [16], ‘skyscraper’ fractal analysis [17], and the box counting method
[18] for investigating the fractality behavior of the experimentally generated thin films [19-
22].The aim of this work is investigation the effect of ion-implantation on mechanical and
statistical properties of different samples which are unimplanted /implanted by different ion
doses. In the present study, Tantalum nitride thin films were grown by fixed-energy nitrogen
and different ion doses at room temperature. The roughness, corrosion resistance,
microhardness testing, friction coefficient measurements, and wear mechanism have been
evaluated by using the AFM and the Scanning electron microscope (SEM) analysis. Here,
these samples morphology based on monofractal analysis have been investigated. The height
fluctuations, power spectral density, skewness, kurtosis, correlation function, and correlation
length of samples are the characteristics which have been calculated. Also, the roughness

exponent and therefore the fractal dimension of different samples have been estimated.
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The reminder of this paper is organized as follow. In section 2, the materials and
experimental details of samples preparation are explained. The statistical analysis and the
measurements (surface and corrosion) results and discussions are described in section 3.

Finally, the section 4 devotes to conclusion and remarks.
2. Preparation of samples

The sample which cut into 1 cm x 1cm and 0.58 mm thickness is exposed to nitrogen ion
implantation. The Nitrogen ions land on sample vertically and their energy and doses of
(99.999%) were 30 keV and 1x10'" to 9x10* ions/cm? at ambient temperature. In present
work, the microstructure of the samples before and after ion implantation is characterized by
EDX images using STOE model STADI MP system using Cu ka radiation (wavelength =
1.5405 A ) with a tungsten filament at 40 kV, 40 mA and step size of 0.04. The implantation-
induced modification of surface roughness is studied by employing an atomic force
microscopy (AFM). The facility was an AFM (SPM Auto Probe CP, Park Scientific
Instruments, USA) in contact mode with low stress. In the following the measurements are

described in details.
The samples and the time of ion bombardment have been presented in Tale 1.

Table 1. lon implantation data.

Sample Dose Time
1 unimplanted | -------
2 5x10 700s

. 7x10" 1120s

The lcorr, the temperature and Ecor have the fixed values 100 zA/cm?, 100 K and 30KeV for

all samples, respectively. Also, the temperature reached a maximum steady value of 100°C.

The EDX images of the two (un-implanted and implanted) samples have been presented in
Fig. 1. Based on the results, the nitrogen ions can be observed in implanted sample (b).



a1
o
o
T

TaMa

4000

3000

2000

1000

TalL
* TaLp2
TaLp Talyll
O Ka, TaLl Talyl KkeV

o \HHHH‘\HHHH‘\HHHH‘HHH\H‘HHHH

TaMa

(b)

500—| Tala 11 p2
JOKa TaLp Talyll
] M TaLl TaLyl KkeV
0

[ I
5 10 15

Figure 1. EDX analysis of (a) unimplanted sample, and (b) implanted (with dose 5 x 107

ion/cm?) samples.

3. Results and Discusion

3.1. Statistical analysis

The random rough surfaces, mathematically described as h(i,j) is studied in terms of its

deviation from a smooth surface. The root-mean-square (RMS) is defined as follow

RMS = /(h(r)?), (1

This parameter is most important for characterizing the rough surfaces. h(r) represents the

height at position r [9]. The RMS roughness of samples have been displayed in Table 2.



Table 2. The RMS height of un-implanted and implanted samples.

sample 1 2 3

RMS(A) 1.667 1.883 3.760

Generally, the AFM is a suitable technique to investigate the surface roughness and scaling
parameters. Based on AFM analysis, the values of average roughness as a function of ion
dose for various samples are presented in Table 3. As the ion dose increases; the surface

morphology has a significant change and a notable growth in the surface roughness appear.

Table 3. Variation of average roughness for different samples.

Dose (ion/cm?) | Average Roughness(A)

Unimplanred 1.269

5x10% 1.399

7x10Y 2.894

lon bombardment can cause to surface diffusion mechanism which results in the roughness
enhancement. Moreover, the roughness reduction may be because of higher sputtering rate

through ion bombardment [12].

Description of the height variations could be obtained by the average surface roughness but it
not included any information about the waviness. The root-mean-square is more sensitive to
deviation from the smooth plane; however, it does not present the comprehensive explanation
of the rough surfaces. In order to describe the rough surfaces, the correlation function, C(R),
has been described. The manner of height variation along the surface is described with C(R);
indeed it describes the correlation property of heights at two positions that are R point away
along the surface. The normalized C(R), is defined as follow

(h(r)h(rz))

R =57 @



which, R is the separation distance between two points. The distance which the C(R) falls to
1/e of its maximum value named as the correlation length, A [23, 24]. As it can be seen in
Figs. 2, and 3, the correlation functions of unimplanted and implanted samples with respect to
the separation distance R has the same behavior and it reduces by increasing the R value.
Based on Eq (2), for points with large distance, C(R) comes to be zero. Through the surface

growth, at first, the height of sites is not dependent on neighboring sites [9].
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Figure 2. The correlation function as a function of separation distance for unimplanted
sample.
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Figure 3. The correlation function as a function of separation distance for sample 3.

The variation of correlation length and RMS for different samples has been shown in Fig.4

simultaneously.
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Figure 4. The variation of correlation length and RMS for different samples.



With increasing the RMS (increasing ratio of RMS//1) the surface roughening increases [25,

26]. Based on results of Fig. 4, the sample 2 is rougher rather than the other samples. This
results are agreed the results of Table 1.

Fig. 5, shows the variation of correlation length as a function of Nitrogen dose. As it is seen
in figure, the correlation length increases with increasing the ion dose.
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Figure 5. Correlation length versus lon dose.

In other words, as it is expected with increasing the ion doses, the rough implanted surfaces

will be more correlated.

3.2. Surface height distribution

Through the monofractal analysis, the symmetric or asymmetric behavior of the surface
height distribution and its deviation from the Gaussian have been investigated. The height
distribution and the 3rd- and 4th-order moments (the two higher order moments) present the
information about the surface morphology.

Skewness is the 3rd moment of height distribution which measures the symmetry

distribution.



skewness = M , (3)
((h—h)?)3/2
skewness sign indicates that the data points are skewed to the left (negative sign) or to the
right (positive sign) of the data average [27].
The kurtosis is the 4th-order moment of surface height and it equals to 3 for Gaussian
distribution. It defined as [27]
)4
kurtosis = % , 4)
Ry, determines the sharpness of the height distribution function. In other words it is a
measure of the fatness (kurtosis<3) or the sharpness (kurtosis>3) peak of the probability.
The skewness is negative (skewness = —1.01) and positive (skewness = 1.001) for
unimplanted and implanted samples, respectively. Also, the measure of kurtosis shows the
deviation from the Gaussian distribution, (where kurtosis = 3). The results show the kurtosis
is less than three for all samples. Indeed, the low valleys and more high peaks over the thin
films exist. Therefore, the asymmetric tail and nonzero skewness are the reasons for deviation
from Gaussian distribution [28, 29]. The results measured for skewness and kurtosis of
samples show the deviation of Gaussian distribution.
Moreover the higher order moments of height distribution, the power spectrum can measure
and describe the spread of the heights above the mean surface and also the height variation

along the surface. Mathematically it is the Fourier transform of correlation
1 ikt
P(k) = anC({’)e d?, (5)

when the height of the points is measured with respect to mean height (h" = h — h).The

normalized height distribution P(h) has been obtained In reference[29].

The distribution’s deviation from the Gaussian one which confirms the results of skewness

and kurtosis have been presented in Fig. 6.
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Figure 6. The normalized height distribution for unimplanted and implanted samples.



3.3. Roughness exponent and Fractal dimension

For a rough surface, the width is defined as below

w(L,0 = (D ~ )" ©)

Which, h(t) is the average height at time t and h(i,t) is the surface height at site i and time t.
The surfaces which saturated in enough long times, the roughness width (w) has a power law
dependency on substrate size (L) as [9]

wy, = L*, (7

where, the exponent H is the roughness exponent which also is called Hurst exponent [30-
32]. This exponent is used to analysis the irregularity or smoothness of surfaces [25, 26]. In
table 4, the roughness exponent of unimplanted and implanted samples have been presented.

Table 4. The roughness exponent of all samples.

sample 1 2 3
Roughness 0.803 0.695 0.77
exponent

These results confirm the results which have been obtained in Fig 4. The sample 2 has the
heights ratio of RMS/)l and also has the lowest roughness exponent. The lower amount of
roughness exponent characterizes jagged or irregular surfaces at short length scales [25, 26].
In a self-affine surface, a portion of surface statistically is identical to its entire if different
magnifications are used [34-36]. With increasing the ion bombardment time, the surface
width (W) increases, and the surface is named self-affine when the W increases with
horizontal length. W has a power law dependency on the substrate size according to Eq. (7).
The roughness exponent is in the range 0 < H < 1 for self-affine surfaces [9].

The fractal dimension, Dg, which is a measure of the surface complexity is straightly related
to roughness exponent. Among the different approaches of calculating the fractal dimension
[9, 28], one can obtain itas D = 1+ 1 — H. The (1+1) is considered for profiles. The fractal

dimensions of samples have been measured and presented in table 5.

Table 5. The fractal dimension of unimplanted and implanted samples.
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sample 1 2 3

fractal 1.197 1.305 1.23
dimension

The monofractal analysis of different samples revealed that they have the fractal behavior.

3.4. Corrosion test results

Nitrogen ion implantation causes to corrosion potential enhancement which it increases and
then decreases in the implanted samples [33]. The values of corrosion potential as a function

of current density (A/cm?) for implanted and un-implanted samples is showed in Fig. 7.
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Figure 7. Corrosion potential as a function of potential for un-implanted (a) and implanted (b)
samples.
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The corrosion rate decreases with increasing the nitrogen dose. On the other side, the samples
have been more correlated with increasing the ion dose. Although these conditions seem
more suitable with regarding the corrosion rates, but it can be mentioned that with regard to
corrosion morphology and pit formation, corrosion occurrence conditions have stepped up.
From the viewpoint of corrosion, local corrosions show less corrosion current density; but
because this corrosion penetrates to piece depth, the occurred damages are more severe. As
the ionized atoms’ dose increases, the amount of nitrogen implanted in the layer increases
and it decreases as the corrosion-resistive layers decreases. However, the implanted layer
cannot resist the corrosion due to insufficiency of dose. Consequently, local corrosion and pit
formation is observed on the surface of corroded sample. Varying the surface roughness and
morphology of samples results in a non-uniform corrosion of samples. Through the ion
implantation, a higher sputtering rate may occur, thus the roughness decreases at some doses.
Indeed, through an etching process or surface diffusion can occur through entering nitrogen

ions into the samples which can decrease the roughness.
4. Conclusion

The Effect of Nitrogen ion-implantation with different doses on mechanical and statistical
properties of Tantalum bulk have been studied. The monofractal analysis show the fractal
ehavior of different samples. The results of measurment the skewness and kurtosis show the
deviation from Gaussian distribution which has been confirmed with plotting the normalized
height distribution. Also, the roughness exponent and fractal dimension of different samples
have been evaluated. The corrosion rate decreases with increasing the nitrogen dose. The
corrosion potential enhancement is a consequence of nitrogen ion implantation. As the ion
doses increases the correlation along the samples develops, thus the correlation length
increases. The corrosion rate decreases with increasing the nitrogen dose. The non-uniform
corrosion of samples appears because of variation the surface roughness and morphology of
samples. It is appeared that in the ion dose 5x10(ion/cm?), the sample is rougher than the
others. The results show that the unimplanted and ion implanted surfaces generate the self-
affine surfaces and they were in a well agreement with experimental results. This approach

can be generalized for various ranges of grown thin films by different methods.
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