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Abstract

:

In the present study, the microstructural and statistical properties of unimplanted in comparison to argon ion-implanted tantalum-based thin film surface structures are investigated for potential application in microelectronic thin film substrates. In the study, the argon ions were implanted at the energy of 30 keV and the doses of 1 × 1017, 3 × 1017, and 7 × 1017 (ion/cm2) at an ambient temperature. Two primary goals have been pursued in this study. First, by using atomic force microscopy (AFM) analysis, the roughness of samples, before and after implantation, has been studied. The corrosion apparatus wear has been used to compare resistance against tantalum corrosion for all samples. The results show an increase in resistance against tantalum corrosion after the argon ion implantation process. After the corrosion test, scanning electron microscopy (SEM) analysis was applied to study the sample morphology. The elemental composition of the samples was characterized by using energy-dispersive X-ray (EDX) analysis. Second, the statisticalcharacteristics of both unimplanted and implanted samples, using the monofractal analysis with correlation function and correlation length of samples, were studied. The results show, however, that all samples are correlated and that the variation of ion doses has a negligible impact on the values of correlation lengths. Moreover, the study of height distribution and higher-order moments show the deviation from Gaussian distribution. The calculations of the roughness exponent and fractal dimension indicates that the implanted samples are the self-affine fractal surfaces.
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1. Introduction


A typical tantalum’s (Ta) core properties include a high melting point, strong electrical conductivity, high ductility, and corrosion resistance, making it suitable for sophisticated technical applications [1] such as its use in improving surface substrate performance. Ion implantations and ion coatings [2] are two important techniques that have recently gained prominence due to their applications in enhancing the tantalum’s corrosive resistivity in extreme industrial mechanisms [3]. It is possible to utilize either or all of the following elements: nitrogen, carbon, oxygen, and argon for ion implantations to tantalum [4] using the ion bombardment process, in which the ion energy, irradiation time, temperature, and density of current distress are the paramount parameters in determining the surface resilience [5,6]. Such a technique typically alters the morphological properties of the tantalum samples, causing microstructure defects, resulting in the improvement of the corrosion resistance [7]. This forms substantial substrates that are suitable for electrical circuit components (such as capacitors, inductors, and resistors) subjected to extreme environments, for example the diffusion barriers in integrated circuits with copper interconnects [8,9]. The influence of argon ion implantation on the characteristics of tantalum thin films has been studied in the literature [10,11]. For example, Bifano et al. [12] demonstrated thin film formation, in which argon ion bombardment was utilized at 500 eV to improve bending caused by high stress differentials.



This paper investigates, by using X-ray diffraction (XRD), scanning electron microscopy (SEM), and atomic force microscopy (AFM) methods, the effects of argon ion implantation on the structural, mechanical, and statistical properties of tantalum-based surfaces. The XRD and AFM analyses of the argon ion-implanted tantalum surfaces are carried out for the evaluation of the corrosion resistance behavior of samples. In this paper, the height distribution and the higher-order moments of the surface height are also investigated. In additon, based on the monofractal analysis, various statistical properties, such as height fluctuations, power spectral density, skewness, kurtosis, correlation function, and correlation length, roughness exponent, and fractal dimension of samples, are calculated.




2. Materials and Methods


Preparation of Argon Ion-Implanted Tantalum Thin Film with SEM and AFM Analyses


The schematic diagram of the experimental process is shown in Figure 1. It consists of an ion source chamber, a vacuum pump integrated into the treatment chamber through a gauge, and a secondary vacuum pump underneath the treatment chamber. In this preparation stage, tantalum has been used as a substrate for producing the samples with argon ion implantation at various doses. The impact of corrosion has been studied on the surface samples by using AFM and SEM analyses. In addition, the change in corrosion resistance and surface roughness have been investigated.



The ion bombardment process was conducted at an ambient temperature by argon ions (99.999%) at the doses of 1 × 1017, 3 × 1017, and 7 × 1017 (ion/cm2). The angle between the surface of samples and incident ions was chosen to be 90 °C. As a part of the requisite preparation, before the ion implantation process, the surfaces were polished to a glossy finish by diamond paste. After that, the surfaces were cleaned ultrasonically in alcohol and an acetone bath and dried in an oven at 100 °C.



The extracted ions were accelerated to the maximum energy of 30 keV. The ion beams covered the whole sample area homogeneously, and the current densities and the ion beam energy were considered fixed for all cases. The temperature of the samples was measured by a thermocouple during the implantation procedure. Prior to the launch of the ion implantation process, the entire sample was maintained at room temperature (between 21 °C and 23 °C). However, the sample temperatures varied during the implantation procedure due to the heat transfer from ion bombardment to the samples [10]. The implantation parameters are recorded in Table 1.



The AFM microstructural images at the scan area of 1000 nm 1000 nm for unimplanted and implanted samples with different argon ion doses are illustrated in Figure 2.



Figure 2 shows the samples surface textures before and after ion implantation and changes to the surface’s areas were observed in terms of grain size and roughness. In order to obtain a more precise analysis about the implanted and unimplanted samples, the potentiodynamic findings by electrochemical analysis were carried out. The results are presented in Table 2.



As shown in Table 2, various corrosion current densities (icorr) of samples in terms of argon ion implantation doses show the maximum and minimum corrosion current density values assigned to Sample 1 and Sample 2, respectively.



The corrosion potential of the implanted samples at doses of 1 × 1017 ions/cm2 increases, and this increase continues up to the 3 × 1017 ions/cm2 dose. It is worthwhile to use AFM image analysis to explain the cause of these effects. This behavior is due to an inadequate ion energy bombardment on the surfaces. This procedure results in the formation of cracks and pores in grain bounders. Therefore, by increasing the surface roughness in the grain boundaries, the tendency to corrode is increased when compared with other conditions. Additionally, the analysis results show that all implanted samples’ corrosion resistance has improved by argon ion implantation. SEM images are shown in Figure 3 in order to comparatively analyze the formation of thick corrosion products on the samples.



Figure 3 shows that the corrosion products formed on the sample surfaces and the corrosion rate decrease by increasing the ion doses. The local pitting corrosion is clearly observable on the sample surfaces (Figure 2c). In this investigation, it was found that the argon ions with a high collision rate damage the surface of tantalum, resulting in a formation of the protective layer.





3. Results and Discussion


3.1. Monofractal Analysis of Roughness Based on Statistical Properties at Various Argon Ion Implanted Doses


In this study, monofractal analysis was applied to study the effect of argon ion implantation on the tantalum-based surfaces of samples. In the study, different doses of argon ions considered for the implantation processes and the structural and statistical properties of samples have been studied. The experimental results, shown in the previous section, show that all samples are rough. They are called stochastic due to the observation of their height fluctuation compared to the smooth surface being random. The root-mean-square (RMS) height (  σ  ) can be written as in Equation (1).


  σ =  〈  h    ( r )   2   〉  ,  



(1)




where   h  ( r )    indicates the site height at position  r  [13,14]. Based on our statistical analysis, the average roughness and the RMS values of the samples were obtained and are shown in Table 3.



Details of the height variations could be obtained by the average surface roughness, but it does not provide information about the waviness. The RMS roughness is more sensitive to the deviation from the smooth surface as a reference. However, it does not present a comprehensive explanation of the rough surfaces. In order to express the roughness of surfaces, the correlation function, C( R ), is presented in Equation (2). In addition to the RMS height, the correlation function is used to describe the surface morphology, because the surfaces with the same  σ  values have different morphologies. This function defines the manner of the height’s variations of the correlation property of surface heights at two positions that are  R  points away along the rough surfaces. The normalized correlation function is well-defined by Equation (2).


  C ( R  ) = 〈 h  (   l 1   )  h  (   l 2   )  〉 /  σ 2  ,   



(2)




where   R =  |   l 1  −  l 2   |   . Based on this definition, for points with large distance (  R → ∞  ), the C( R ) becomes zero. Another parameter which describes the correlation behavior along the rough surfaces is correlation length,  ξ . Based on the definition, it is the distance where C( R ) drops 1/e of its maximum value [15,16]. In order to study the sample morphologies, the correlation functions of un-implanted and implanted samples as a function of separation distance  R  have been drawn in Figure 4.



Through the rough surface growth, at first, the height of sites is not dependent on neighboring sites, in other words, the surface is uncorrelated. In all cases, the C( R ), reduces with an increase in separation distance. Figure 5 shows that the samples’ (both unimplanted and implanted) correlation lengths have minor differences up until around R of 225.




3.2. Monofractal Analysis of Height Distribution Based on Statistical Properties at Various Argon Ion Implanted Doses


Based on the monofractal analysis, the height distribution (both symmetric and asymmetric behaviors) and the higher third and fourth order moments are studied. Skewness is observed in the third moment of the height distribution. It is a parameter to measure the symmetry distribution of surface height as shown in Equation (3). The output resultant signs describe that the data points are skewed to the left (negative sign) or the right (positive sign) of the data average [17].


   R  s k   =   〈    (  h −  h ¯   )   3  〉     〈   ( h −  h ¯  )  2  〉   3 / 2      



(3)







Kurtosis is the fourth-order moment of surface height. For the Gaussian distribution, its value is equivalent to 3. Kurtosis is a measure that determines the sharpness of the height distribution function. Indeed, it is a measure of the fatness (   R  k u     < 3) or the sharpness (   R  k u     > 3) peak of the probability, as expressed in Equation (4) [17].


   R  k u   =   〈    (  h −  h ¯   )   4  〉     〈   ( h −  h ¯  )  2  〉  2     



(4)







In Table 4, the values of higher order moments of height distribution have been presented for all samples. The values of kurtosis and skewness expressed that both skewness of unimplanted and implanted samples approve the deviation of the Gaussian distribution.



In all cases, (   R  k u   <   3) indicates the lower slope and higher peaks over the surface samples. In addition, the asymmetric tail and non-zero skewness are the two important reasons for deviation from the Gaussian distribution [18,19].



A suitable measure that designates the heights spread above the mean surface and the height variation along the surface is named the power spectrum. Moreover, the power spectrum is the transform of the correlation function and mathematically expressed in Equation (5).


  P  ( h )  =  1  2 π    ∫    C  ( ℓ )   e  i k . ℓ   d ℓ  



(5)







When the height of the points is measured with respect to the mean height, the normalized height distribution   P  ( h )    is calculated [18].



Figure 6 shows that in all cases the height distributions deviate from the Gaussian distribution; therefore, the descriptions about the skewness and kurtosis measurements have been confirmed.




3.3. Hurst (Roughness) Exponent and Fractal Dimension


The width of the rough surfaces is mathematically expressed in Equation (6).


  w  (  L , t  )  =  〈     (  h  (  i , t  )  −  h ¯   ( t )   )   2   〉   



(6)




where the surface height at site (i) and at time (t) is shown by h(i,t) and where    h ¯   ( t )    is the average height at time t. After a long period of time, the surfaces become saturated and the roughness width (  w  (  L , t  )   ) shows a power low dependency on the  L  (substrate size) as    w L  =  L α    [14]. The roughness exponent    ( α )   , which is also called the Hurst exponent, is utilized for analyzing the smoothness and irregularity behavior of the saturated rough surfaces [16,20,21]. The samples’ Hurst exponent values have been measured in Table 5.



In the case of self-affine surfaces, the Hurst exponent is in the range 0 ≤  α  ≤ 1. The self-affine characteristic indicates that a surface appears less rough as the scale increases. If one uses various magnifications on a self-affine profile, a magnified part of the surface would look statistically equal to the whole profile. The small values of roughness exponent characterize jagged or irregular surfaces at short length scales [22,23,24]. Overall, the results show low irregularity of samples, whilst the jaggedness of sample surfaces vary by the variation in argon ion doses.



The fractal dimension,    D f   , is another measurement that has a straight relation with the Hurst exponent, and it is a measure of the surface complexity. There are various approaches for obtaining the    D f    [19,25], such as    D f  = D + 1 − α   for measurement of the fractal dimension [26]. The value of D is considered 1 for profiles and 2 for surfaces. The    D f    values of implanted samples are indicated in Table 6.



One of the approaches which leads to the production of rough surfaces with self-affine fractal characteristics is erosion by ion bombardment. Based on the results, one can conclude that the rough tantalum-based samples which have been implanted by argon ions have fractal behavior.





4. Conclusions


In the present study, the microstructural and statistical analysis of implanted tantalum (Ta)-based samples have been studied for potential application in microelectronic substrates. The implantation process has been carried out by argon ions with different doses and an energy of 30 keV. The AFM and SEM analyses have been applied to express the effect of the argon ion implantation on the structural properties of samples. Ion doses affect the morphology of Ta-based samples during the implantation process, for which the statistical properties of each sample have been comparatively analyzed. As argon ion doses increase, the resistance against tantalum corrosion increases. Based on our results, all samples are correlated, and their correlation lengths vary negligibly with an increase in argon ion doses. The measurements of higher orders of height, skewness and kurtosis show a deviation from the Gaussian distribution. These obtained consequences have been verified by the results of the normalized height distribution. Additionally, the Hurst exponent and the fractal dimension of samples have been estimated. The results are in good agreement with experimental works. In this study, the monofractal analysis revealed that the samples are the self-affine fractal surfaces.
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Figure 1. A schematic diagram of the experimental system employed for argon ion implantation. 
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Figure 2. Two-dimensional AFM images of sample surfaces of (a) unimplanted, (b) argon ion implanted at the dose of 1 × 1017 ions/cm2, (c) argon ion implanted at the dose of 3 × 1017 ions/cm2, and (d) argon ion implanted at the dose of 7 × 1017 ions/cm2. 
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Figure 3. Scanning electron microscopic (SEM) images of (a) unimplanted in comparison to implanted samples after corrosion test with argon dose of (b) 1 × 1017 ions/cm2, (c) 3 × 1017 ions/cm2, and (d) 7 × 1017 ions/cm2. 
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Figure 4. The correlation functions as a separation distance for unimplanted and implanted samples. 
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Figure 5. The correlation lengths versus argon ion doses for unimplanted and implanted samples. 
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Figure 6. The normalized height distributions of (a) unimplanted sample, (b) implanted sample 2, (c) implanted sample 3 and (d) implanted sample 4. 
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Table 1. The argon ion implantation process parameters.






Table 1. The argon ion implantation process parameters.





	Sample No.
	Dose of Extracted Ions (ion/cm2)
	Time (s)





	1
	Un-implanted
	------------



	2
	1 × 1017
	360



	3
	3 × 1017
	1050



	4
	7 × 1017
	2560
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Table 2. The results of sample corrosion tests.
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	Sample
	Dose (ion/cm2)
	Corrosion Current

* (10−6)
	Corrosion Potential

* (10−4)





	Sample 1
	Unimplanted
	0.107
	−1.78



	Sample 2
	1 × 1017
	0.0116
	−0.681



	Sample 3
	3 × 1017
	0.0259
	−5.037



	Sample 4
	7 × 1017
	0.0347
	−0.680
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Table 3. The values of average roughness and root mean square roughness of samples.
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	Sample
	Dose

(ion/cm2)
	RMS Roughness

(Å)
	Average Roughness

(Å)





	1
	-----
	22.3
	15.7



	2
	1 × 1017
	30.52
	5.64



	3
	3 × 1017
	41.1
	32.8



	4
	7 × 1017
	50.3
	41.3
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Table 4. The values of kurtosis and skewness for all samples.
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	Sample
	Kurtosis
	Skewness





	1
	2.57
	−1.53



	2
	1.87
	−1.33



	3
	1.56
	1.22



	4
	1.51
	−1.04
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Table 5. The Hurst exponent of implanted samples.
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	Dose (Ion/cm2)
	1 × 1017
	3 × 1017
	7 × 1017



	Hurst Exponent
	0.89
	0.90
	0.87
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Table 6. The fractal dimension values of implanted samples.
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	Dose (Ion/cm2)
	1 × 1017
	3 × 1017
	7 × 1017



	Df
	1.1
	1.09
	1.13
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