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The article presents the irradiation effects of low energy (∼0.5 keV) inert gaseous Argon ion beams on optical constants [real (n) and imaginary (k) parts of the refractive index], dielectric constants, skin depth, and optical conductivity of copper (Cu), silver (Ag), and aluminum (Al) metallic thin films (MTF). The optical constants of pristine MTF are obtained by employing the universal Kramers-Kronig (KK) technique. The reflectivity of pristine MTF measured using UV-VIS-NIR spectrophotometry is used as an input parameter in the KK technique to determine the optical constants as a function of energy [or wavelength (λ)] of incident light ranging between ∼1–4.96 eV (or 250–1,200 nm). For the irradiated MTF, the optical constants including the skin depth (δ = λ/2πk), optical conductivity (σ = nkc/λ), and dielectric constants (ϵ1 = n2 − k2 and ϵ2 = 2nk) with varying ion fluence have been investigated by implementing the Maxwell-Garnett (MG) approximation, used to determine the effective dielectric constants of a random mixture of two different mediums. Additionally, n and k obtained from MG approximation have been compared with those obtained using the pseudo- Brewster angle technique for four different laser wavelengths (405, 532, 632.8 and 670 nm) and are found to be in good agreement with each other. It is observed that the optical constants and optical conductivity of the MTF decrease with increase in ion beam fluence, while the skin depth increases. Besides the optical constants, the behavior of skin depth, dielectric constants, and optical conductivity of the irradiated MTF with varying fluence are discussed in this article.
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1 INTRODUCTION
The field of employing low energy plasma ion beams for creating atomically heterogeneous systems in metals, dielectric and organic compounds for realizing their novel optical, electrical, and surface properties has initiated a growing interest in the research community [1–5]. During low energy ion beam bombardment, ions enter the subsurface layers (few tens of nm [2]) of the host and create an atomically heterogeneous system with heterogeneity at the atomic length scale, which modifies the optical, electrical and surface properties of the host [2, 4, 5]. It is known that the optical parameters such as the optical constants (n and k) provide critical information about the electronic structure, polarizability, refractive index, skin depth, optical conductivity, energy loss function, surface plasmon characteristics (propagation length, lifetime etc.) along with the interband and intraband transitions in the medium [6–15]. For example, frequency dependent dielectric constants describe lattice vibration, free carrier absorption, interband transitions, and chemical bonding excitations [16, 17]. The dielectric constants of metals such as silver, copper, and gold having one valence electron are related to the electronic intraband transitions within the conduction band in the lower energy range of the electromagnetic spectrum. Optical response of the material in this energy range is mainly governed by the free electron contribution and provides the critical information of scattering and mean free path of electrons. The interband transition from the d- bands (occupied) to the sp- bands (partially filled) are excited at higher energies, which is observed in the behaviour of dielectric constants [10]. The various optical properties such as transmission, reflection, absorption, and dispersion are fundamentally connected to the optical (or dielectric) constants of the material.
Owing to the importance of the subject, there have been different ways to determine the optical constants of pristine MTF such as: 1) measuring reflectivity or transmissivity and applying the KK technique [18–20], 2) inversion of Fresnel’s equation of reflectivity and transmissivity [21, 22], and 3) employing the KK technique to obtain n from the k values or vice-versa [23]. The optical constants of noble metals measured by Johnson and Christy (JC) are considered to be amongst the most reliable data [6]. S. Babar et al. have also obtained the dielectric constants by measuring the absorption experimentally (R = 1 - A) and applying KK reflectivity transformation [24] for the metals, which are in good agreement with JC and other researchers [7–9, 21, 24]. In this regard the works of Ordal et al. [25] and Palik [26] are also found to be quite useful. A. B. Kuzmenko has proposed a different approach to obtain the dielectric constants by parameterization of the imaginary part independently at each node of frequency and the real part calculated by employing the KK technique [27]. The KK technique has also been applied for layered media structure at oblique incident angle for the study of NaCl and BaF2 [28]. The transmissivity instead of reflectivity has been employed as an input in the KK technique to obtain the optical constants of a thin absorbing film by Palmer et al. [19]. Therefore, the KK method has been established as an important technique widely employed to obtain the optical constants of metals, dielectrics, and semiconductors [18, 19, 29].
All the afore-mentioned methods have been successfully applied to describe mediums that are essentially homogeneous (pristine MTF). In order to deal with optical properties of mixed mediums, there are effective medium models that have been developed, such as the Maxwell-Garnett approximation, Bruggeman approximation and other effective medium approximations [30–33]. The MG and Bruggeman approximations have been employed in our previous study, and the outcome of the MG approximation was found to be more close to the results obtained from the experimental pseudo- Brewster angle technique for determining n and k for ion beam irradiated copper, silver, aluminum, and gold MTF [5]. Therefore, the MG approximation has been implemented in the present work to investigate the effective dielectric constants of ion beam irradiated MTF as a function of fluence and energy of incident light.
The present article reports the variation of optical parameters (optical constants, dielectric constants, skin depth, and optical conductivity) of Ag, Al, and Cu MTF upon irradiation of low energy ion beams with varying fluence ranging from (1.6–7.2) × 1015 cm−2. The reflectivity of each MTF is measured experimentally by UV-VIS-NIR spectrophotometry in the wavelength range 250–1,200 nm [5] and thereafter, the KK reflectivity transformation is employed to obtain the phase information, and further to obtain the optical constants. To further corroborate the results, the pseudo- Brewster angle technique has also been employed to obtain the optical constants for both pristine and irradiated MTF, at four different wavelengths in the visible region (405, 532, 632.8 and 670 nm) produced by different laser sources that were available with us. It is observed that the values of both n and k obtained from MG approximation decrease with increase in fluence of Argon ions and are found to be in close agreement with the results obtained from the pseudo- Brewster angle technique. The decrease in k with ion fluence enhances the skin depth inside the atomically heterogeneous medium that results in increase in transmission as observed in our earlier experiment [5]. An increase in ion fluence results in increase of real part and decrease of imaginary part of dielectric constants, respectively as suggested by approximation methods [30–32]. The optical conductivity decreases with increase in ion beam fluence for all MTF. The principal motivation of the article is to demonstrate a way of controlling the optical parameters mentioned above, using low energy ion beams derived from plasmas, and present applicability of different techniques available to determine these optical constants for mixed media created by low energy ion beam irradiation of MTF. The vast applications of Ag and Al as reflector coatings and antennas of spacecrafts and satellites, respectively, make them a relevant subject for looking into their behavior. Hence Ag and Al, along with the widely available copper are chosen for investigation purposes [5]. Apart from the above mentioned applications, metallic thin films also have potential applications in solar cells [34, 35], and biosensors [36, 37].
This article is divided into the following sections. Section 2 presents the experimental setup and methodology. Section 3 is on the Kramers-Kronig analysis and the Maxwell-Garnett approximation method. Section 4 presents a discussion of results obtained from KK, pseudo- Brewster angle techniques and MG approximation. Finally, section 5 summarizes the results and concludes the paper.
2 EXPERIMENTAL SETUP AND METHODOLOGY
The complete experimental setup with its schematic and digital picture is shown in Figure 1. It consists of two main parts, i.e., the plasma production region and the ion extraction region. In the plasma production region, plasma is created using microwaves of 2.45 GHz using a generator (Richardson PM 740) of frequency 2.45 GHz. The water-cooled isolator (ISO), directional coupler (DC), and triple stub tuner (TST) helps to isolate the magnetron from reflected waves, measure the forwarded and reflected powers simultaneously, and match the source (magnetron) and load (plasma) impedance for maximum power transfer, respectively. All experiments are performed at a constant microwave power of 180 W and a pressure of ∼1 × 10−4 Torr. The plasma is produced by electron cyclotron resonance heating inside a magnetic multicusp (octupole) kept inside the vacuum chamber (VC), having a length of 50 cm and diameter of 20 cm. VC is evacuated to a base pressure of ∼1 × 10−6 Torr using a Turbo-molecular pump (TMP) (Varian 301 Navigator) backed by a rotary pump. The experiments are carried out at a working pressure of ∼1 × 10–4 Torr. Argon is used as an experimental gas which is fed into VC through gas inlet (GI), and the gas flow is maintained by a mass flow controller (MFC, MKS 1179A). The second part, i.e., the ion extraction region, is used to extract the ions from the plasma region by applying a negative voltage (∼0.5 kV) at the collector. Another pumping set consisting of a TMP backed by a rotary pump is connected to the ion extraction region to maintain a good vacuum in the extraction region, so as to minimize the collisions of extracted ions with any neutral particles. Differential pumping is used in the two chambers by the help of turbo molecular and rotary pumps, and the pressure in the ion extraction region is kept one order lower than the plasma chamber (typically ∼10−5 Torr), such that no plasma forms in the ion extraction region. In the plasma chamber, the plasma is formed inside the multicusp which not only provides radial confinement, but axial confinement as well due to end-plugging of the multicusp, where the polarity of the magnets at both ends are reversed [38, 39]. The samples are mounted in the extraction chamber ∼8–10 mm away from the multicusp boundary. Ions from the plasma sheath edge reach the grounded plasma facing electrode (PLE) with Bohm velocity (∼4.8 × 103 m/s) and energy eVP, where VP is the difference between the plasma potential (typically ∼40 V) and the ground potential (PLE). A plasma sheath of a few microns is formed near the plasma aperture at PLE. Thereafter, the ions from the sheath are extracted in the form of a beam by applying a negative voltage on the collector in the extraction region. Earlier work by A. Chowdhury et al. [40] has demonstrated that the current voltage characteristics of extracted ion beams exhibit the different behaviour of space charge limited region than the conventional Child- Langmuir’s law and the extracted voltage limited region shows the features similar to a vacuum diode. Various low energy ion beam sources have been developed, however most of them suffer from lack of control of ion beam energy [41]. In this regard, K. Takahashi et al. [42] has developed a dc discharge plasma source to obtain low energy ions (up to 100 eV) in a controlled manner.
[image: Figure 1]FIGURE 1 | (A) Schematic diagram and (B) digital picture of experimental setup. MWG, microwave generator; ISO, isolator; DC, directional coupler; TST, triple stub tuner; SSC, straight section; GI, gas inlet; and VC, vacuum chamber.
The thermal evaporation technique is utilized to deposit various types of MTF such as Cu, Ag, and Al of thickness around 200 nm on a glass substrate. The glass substrates are ultrasonicated with acetone and isopropyl alcohol and rinsed with deionized water, before the deposition. In addition to the thickness monitor in the thermal evaporation system, a separate profilometer is used to confirm the thickness of the thin films used in the experiments. The thickness of the MTF used in the experiment is 205 ± 5 nm. The as-prepared samples are mounted on the collector plate in the ion extraction region and are bombarded with low energy (0.5 keV) Argon ions extracted from the plasma chamber. The voltage on the collector plate is also applied to the metallic film by connecting them electrically with a conducting silver paste. The extracted ions hit the sample at normal incidence. It has been reported that the actual ion penetration depth/range obtained from energy dispersive X-ray spectroscopy (EDAX) differs significantly from the SRIM/TRIM data. A. Chowdhury et al. [4] has reported that the range of 0.3 keV Ar ions inside the copper thin film (thickness ∼175 nm) is approximately ∼75 nm which is much higher than the SRIM data (∼2 nm). S. Chatterjee et al. [2] has also reported the penetration depth of 0.5 keV Ar ions inside the Au film, which is approximately ∼20 nm, and this also does not match with SRIM data (∼0.8 nm). The reason of the mismatch of SRIM/TRIM data could be due to the exclusion of many body interaction, inelastic collision, thermal diffusion of implanted ions due to heat generated at the time of irradiation, in the Monte Carlo simulation [4]. Thermal diffusion is considered to be the main cause of higher penetration depth as suggested in Ref. [4]. Hence, the penetration depth of 0.5 keV Ar ions inside the Al, Cu, and Ag is expected to be ∼50 nm or more, which is much higher than SRIM/TRIM data of 9, 12, and 20 Å for Cu, Ag, and Al respectively. The skin depth (min-max) of electromagnetic radiation (250–1,200 nm) for Al, Cu, and Ag lies ∼15–24, 22–36, and 34–132 nm, respectively. Hence, the radiation of wavelength 250–1,200 nm mostly sees the inhomogeneity up to its skin depth which is comparable to the penetration depth of the ions. The low energy (∼0.5 keV) Ar ions contribute to both target atom sputtering as well as electron emission from the target. It has been investigated that the secondary electron emission rate coefficient is quite less (less than 0.1 [43]) in case of ion bombardment compared to the electron bombardment. Because in case of ion bombardment, the low energy ions lose most of their energy in elastic collision with target nuclei (nuclear scattering). In case of electron bombardment, the rate coefficient of secondary electron emission for Ag, Al, and Cu for electron energy (∼0.5 keV) has been reported ∼1.4, 0.8, and 1.2, respectively by H. Burning et al. [44] while the Al rate coefficient 0.5 keV energy Ar ion bombardment is reported ∼0.07 by A. Marcak et al. [45]. Hence, the measured dose of Ar ions in our experiment would have maximum error of ∼7–10% and this error has already been reported and incorporated in flux measurement in our previous article [5]. In case of sputtering, it has been reported that the periodic patterns induced by sputtering on the substrate dominate for oblique angle incidence while normal incidence may be favourable for smoothening of sample due to atomic flux gradient parallel to the surface [46–48]. Sputtering leads to the formation of different type of periodic patterns such as: ripple like structures, nanostructures etc [49]. These periodic patterns change the optical properties of the material [50]. In our study, no pattern formation is found in the AFM images of silver MTF (data not presented here). Hence, sputtering only changes the surface roughness of the samples that in turn modifies the optical properties of the samples as mentioned in our earlier paper [5]. Sputtering by low energy ion beam bombardment has also been used to prepare the multi-layer metal thin films by K. Takahashi et al. [51]. The irradiation or treatment time decides the fluence of the ions. The fluence is varied between (1.6–7.2) × 1015 cm−2. The details of ion beam flux variation with neutral gas pressure and microwave power along with the measurement technique may be found in [5]. A beam diameter of 2 cm is used to provide uniform irradiation of the samples of size ∼1.25 × 1.25 cm2. The samples are always kept inside vacuum desiccator to prevent atmospheric contamination and oxidation. More details about the experimental setup and sample description may be found in [5].
The PerkinElmer Lambda 950 UV/VIS/NIR spectrophotometer has been employed to measure the reflectivity of each pristine MTF at 8° of normal incidence angle. The slit size of incoming incident light beam is 0.5 × 1 cm2. The wavelength range of incident light coming from the spectrophotometer can be varied from 175 to 3,300 nm, having UV/VIS and NIR resolutions of (0.05–5.00) nm and (0.20–20.00) nm, respectively. The pseudo- Brewster angle technique has been employed to obtain the refractive index of each pristine as well as the irradiated MTF. In this technique, a laser light (unpolarized or semi polarized) of desired wavelength passes through the polarizer (linear sheet polarizer) and the transmitted light from the polarizer becomes polarized along the horizontal axis. Thereafter, the polarized light is made to fall on to the half wave plate (HWP) and the polarization axis of light shifts 45° to the initial after passing through the HWP, producing same horizontal (p- polarized) and vertical (s- polarized) components of light. The p- polarized component of light reaches to the detector (silicon photodiode) after getting reflected from the sample (mounted on an angular rotatory stage) and after passing through the analyzer (placed between detector and sample). More details on the measurement methods can be found in Ref. [5]. The detector and analyzer are mounted on the movable arm of spectrometer. The angle of incidence is varied by rotating the sample with the help of angular rotatory stage and the corresponding rotation is set by the movable arm of spectrometer to detect the p- polarized light. Hence, the reflectivity of p- polarized light is measured at various angles of incidence. The analyzer, polarizer, and HWP all have 1° of angular resolution. The reflectivity of p- polarized light attains its minimum value (RPB) at the pseudo-Brewster angle (θB). The optical constants can be obtained using the following relations [5],
[image: image]
3 KRAMERS-KRONIG TECHNIQUE AND MAXWELL-GARNETT APPROXIMATION
The KK technique works on measuring the phase shift of the reflected light to the incident light. The phase information retrieved from the KK technique along with Fresnel’s equations provide the optical constants of the media. The equations of reflection coefficient for air (n1 = 1) - metal (n2 = n + ik) interface are given below [18].
[image: image]
where ρ(ω) is the reflectivity modulus and θ(ω) is the phase difference between the incident and reflected light. Reflectivity is defined by the following relation:
[image: image]
We can obtain the following relation by taking natural logarithm of Equation 2 and using Equation 3,
[image: image]
The phase information θ(ω) can be obtained as follows by employing KK relations [18] for ln r(ω),
[image: image]
Equation 5 calculates the phase difference θ(ω0) between incident and reflected beam for a particular frequency ω0 using the log of reflectivity i.e.,   ln R. θ(ω) can be obtained by solving Equation 5 for various ω. The frequency limits of integral in the KK analysis vary from zero to infinity to obtain the actual phase information of reflected radiation. However, it is not feasible to measure the reflectivity experimentally in the infinite range. Hence, it is reported that the reflectivity has to be extrapolated to the extent possible to get the phase information more accurately from the KK technique [24, 52]. The first part of integrand in Equation 5 vanishes for both ω ≫ ω0 or ω ≪ ω0, while the second term vanishes for the range of ω where reflectivity remains almost constant. Thus, it is not needed to measure the reflectivity in infinite range to analyze any particular absorption band for ω0. In the present investigation, the experimentally measured range of reflectivity from UV-VIS-NIR spectrophotometer is ∼1–4.96 eV (or 250–1,200 nm) in the interval of 2 nm for all the concerned MTF [5]. Reflectivity for Cu, Ag, and Al has been extrapolated up to 0.8 and 10 eV in the lower and higher energy range, respectively by using the previously measured reflectivity for copper [53], silver [53], and aluminum [52] in the literature.
The optical constants of the media can be readily obtained in terms of the reflectivity and phase angle by solving Equations 2, 3 as follows,
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Both n and k are functions of experimentally measured reflectivity R and numerically evaluated θ(ω) from Equation 5. The above Equations 6, 7 are derived for linear, isotropic and homogeneous medium [18] and this formulation is not valid for inhomogeneous medium. Hence, the KK analysis is employed only to the pristine (linear and homogeneous) metallic thin films to obtain the optical constants.
The above procedure of obtaining optical constants as a function of incident energy of light has been used for pristine MTF. Thereafter, the following MG approximation is employed to obtain the dielectric constants of each type of irradiated MTF using the pristine dielectric data obtained from the KK technique. The effect of ion beam irradiation on optical parameters of irradiated MTF can be understood using the concept of the effective dielectric constant of mixed media given by [5, 32],
[image: image]
where, [image: image] = complex effective dielectric constant of the mixed medium using MG approximation, [image: image] = complex dielectric constant of the host (pristine) metallic medium, ϵAr = dielectric constant of the inclusive Argon atoms, and f = nV fractional volume of Argon ions, n = number density of Argon ions, V = volume of each Argon ion. The effective complex refractive index of the atomically heterogeneous system can be calculated as follows
[image: image]
where both [image: image] and [image: image] are complex.
4 RESULTS AND DISCUSSION
4.1 Dielectric Constants
The dielectric constants for Al, Cu, and Ag MTF have been investigated and presented in Figure 2. Figures 2A–C describe the real part of dielectric constants for aluminum, copper, and silver, respectively, while the imaginary part is shown in Figures 2D–F. The Ar ions modify the polarizability of the medium by changing the response of the electric field. The effective dielectric constants of the heterogeneous medium in the approximation models (Maxwell-Garnett and Bruggeman approximation [30, 31]) is decided by the individual dielectric constant of the host medium and inclusion along with the fractional volume (f = nV, n: number density of Ar ions and V: volume of each Ar ion) of the inclusion. As the fluence of Ar ions increases, the fractional volume of Ar ions also increases, which increases the real part of the dielectric function and decreases both real and imaginary parts of the refractive index. The position of interband transitions can be figured out from the real as well as imaginary parts of the dielectric constants. The real part shows the peak, while imaginary part shows a dip in its profile wherever the interband transitions occur. The position of interband transition is observed in aluminum at ∼1.5 eV [54] and it can be seen for copper, and silver at ∼2.25 eV [55] and ∼3.8 eV [53], respectively. The real part of the dielectric constants of each MTF shows an increase with energy of the incident light and it also increases with increase in ion beam fluence as shown in Figures 2A–C. The increase in real part of the dielectric constants with increase in impurity concentration has also been reported earlier for different mixtures of mediums in theoretical models [56]. It is observed that the imaginary part decreases with increase in the fluence of ions for each MTF. However, the change in the imaginary part of the dielectric constants with fluence is very small for silver MTF, while for copper it is quite large as compared to silver. It can also be concluded from the results of dielectric constants that the position of interband transition does not shift with change in ion beam fluence.
[image: Figure 2]FIGURE 2 | Variation of real and imaginary parts of dielectric constants for aluminum [(A,D)], copper [(B,E)], and silver [(C,F)], respectively, with energy of incident light as well as varying fluence of Argon ions. Black solid line represents the data obtained from KK technique and colored (red, blue, and green) solid lines represent the data obtained from MG approximation.
4.2 Optical Constants
Figure 3 shows the optical constants of pristine MTF (Ag, Cu, and Al) obtained from the KK technique and compared with standard data from JC [6] and Palik [26], and the results are found to be in good agreement. Figures 4A–C show the variation of the real part of the refractive index n of pristine and irradiated MTF with varying ion fluence and energy of incident light, while Figures 4D–F describe the variation of the imaginary part k. n of pristine aluminum shows a dip around ∼1.5 eV and a peak around ∼1.9 eV and it decreases with energy after 1.9 eV as shown in Figure 4A. The variation of n with ion beam fluence has also been shown in the same figure, and found that n decreases as the fluence increases without any change in the position of dip and peak. The energy corresponding to dip i.e., 1.5 eV matches with the position of interband transition in aluminum [54]. k also shows a dip corresponding to interband transition at 1.5 eV and it also decreases with fluence as shown in Figure 4D. In case of Cu (Figures 4B,E), n increases with energy and shows a sharp transition at around ∼2.25 eV, which is an interband transition [55] for pristine Cu MTF (see Figure 4B). It is noted that with increase in ion beam fluence both n and k are seen to decrease and the decrease in n is more significant in the higher energy side. Similarly, Figures 4C,F show the change in n and k of Ag with energy as well as fluence of ion beams. n of pristine MTF almost does not change with energy up to ∼3.8 eV and thereafter sharply increases. It can also be seen that there is no significant variation in n with ion fluence up to 3.8 eV. The sharp transition represents the interband transition for silver [53], while k for pristine as well as irradiated MTF decreases with energy and shows a dip at the position of interband transition. k also decreases with increase in ion fluence. In Figure 4F, behaviour of k changes near ∼3.8 eV (interband transition) for 5.0 × 1015 cm−2 and 7.2 × 1015 cm−2 fluence values. As fluence of Ar ions increase, more number of Ar ions accumulate within few nanometers depth of surface layers of Ag and it increases the density of Ar ions inside the silver surface layers and that in turn enhances the fractional volume. For the same value of fluence, the fractional volume will be higher for silver as compared to Al, because of lower penetration depth and in turn higher concentration of Ar ions. It can be seen from the Maxwell-Garnett approximation [31] that as the fractional volume increases the behaviour of effective dielectric constants (or refractive index) changes and it becomes highly non-linear from linear as fractional volume tends to unity.
[image: Figure 3]FIGURE 3 | Comparison of optical constants of pristine (A) aluminum, (B) copper, and (C) silver MTF with results of Johnson and Christy (JC) [6], and Palik [26]. Black and blue solid lines represent the real and imaginary parts of the refractive index obtained from KK analysis and the respective solid squares represent the data of Palik for Al and JC for copper and silver.
[image: Figure 4]FIGURE 4 | Variation of real and imaginary parts of the refractive index for aluminum [(A,D)], copper [(B,E)], and silver [(C,F)], respectively, with energy of incident light as well as varying fluence of Argon ions. Black solid line represents the data obtained from KK technique and colored (red, blue, and green) solid lines represent the data obtained from MG approximation.
In order to further verify the results obtained through the MG approximation, the optical constants of Ag, Al, and Cu have also been experimentally evaluated by employing the pseudo- Brewster angle technique at wavelengths of 405, 532, 632.8 and 670 nm. The data for 632.8 nm is taken from our earlier article [5]. The obtained results are presented in tabular form for copper (Table 1), aluminum (Table 2), and silver (Table 3). The optical constants of pristine as well as irradiated MTF, obtained from pseudo- Brewster angle technique and combined KK and MG approximation are found to be close to each other. It is found that the results obtained by employing combined KK and MG techniques are in reasonably good agreement with the results from the pseudo- Brewster angle technique. As discussed in paragraph below, the possible reason behind the small differences in experimental and earlier reported data (JC and Palik) of optical constants could be due to difference in surface morphology, film preparation technique, and deposition rate.
TABLE 1 | Optical constants of copper MTF where PB: pseudo- Brewster angle technique, KK: Kramers-Kronig technique, MG: Maxwell-Garnett technique, JC: Johnson and Christy [6] data.
[image: Table 1]TABLE 2 | Optical constants of aluminum MTF where PB: pseudo- Brewster angle technique, KK: Kramers-Kronig technique, MG: Maxwell-Garnett technique, Palik [26] data.
[image: Table 2]TABLE 3 | Optical constants of silver MTF where PB: pseudo- Brewster angle technique, KK: Kramers-Kronig technique, MG: Maxwell-Garnett technique, JC: Johnson and Christy [6] data.
[image: Table 3]In Tables 1–3, the optical constants of metallic thin films are compared with the bulk optical data. However, thin film optical constants data deviates from the bulk because the continuous energy bands of the bulk materials are expected to be replaced by discrete energy levels along the direction of spatial confinement, leading to energy sub-band structure for thin films and discrete energy levels for nanoparticles [57]. Additionally, the optical constants of thin films also depend upon the measurement methods, deposition techniques (thermal evaporation technique, sputtering techniques etc.) used to prepare the thin films, and deposition rate during time of deposition because the electron density (or atomic density) in the metallic thin films vary depending upon the deposition technique [58]. The difference in optical constants obtained from various measurement methods has already been reported, and the imaginary part of dielectric constant is compared to JC and it is found that the difference between Babar et al. [24] and JC data is more than 2 in the energy range ∼1–1.5 eV, in case of copper and gold [24]. The reflectivity of metallic thin films differs slightly from the bulk reflectivity and this change reflects in the results of the optical constants obtained from KK analysis because the reflectivity has been used as input parameter in the KK analysis. Hence, there is a slight mismatch between the results of KK analysis and those obtained from Brewster- angle technique. The optical constants of each pristine MTF obtained from pseudo- Brewster angle technique are close to the JC data for Ag and Cu [6], and Palik for Al [26].
4.3 Skin Depth
Skin depth δ is the key parameter to determine how far an electromagnetic wave penetrates into the medium. While this information can easily be evaluated for pristine metallic samples, δ for atomically heterogeneous mediums is not known due to the lack of information of k. It is observed from the experimental results on optical constants that k decreases with ion fluence, which in turn increases δ. This increase in δ enhances the transmission probability of electromagnetic waves through the MTF, as observed in our previous work [5]. A sharp peak is observed in δ at the interband position in case of each MTF because of a sharp transition of the imaginary part of the refractive index. The variation of δ with energy of incoming light and fluence of low energy ion beams for each MTF (Al, Cu, and Ag) is shown in Figures 5A–C, respectively. It is observed that δ shows an increase with fluence of Argon ions. δ is found to be largest in silver and smallest for aluminum, which confirms the fact that silver has more transmissivity compared to aluminum as discussed in Ref. [5]. δ can provide important information regarding the selection of film thickness depending upon the desired application.
[image: Figure 5]FIGURE 5 | Variation of skin depth for (A) aluminum, (B) copper, and (C) silver, respectively, with energy of incident light as well as varying fluence of Argon ions.
4.4 Optical Conductivity
Optical conductivity σ of any metallic media can be calculated using optical constants (n and k) and wavelength (λ) of incident light. σ of aluminum, copper, and silver MTF are shown in Figures 6A–C, respectively. The σ of pristine aluminum shows a dip at the position of interband transition and increases thereafter up to ∼2 eV and then decreases almost linearly with the energy of incident light as shown in Figure 6A. The irradiation of low energy ion beams reduces aluminum’s optical conductivity. The position of the dip in σ does not shift with varying fluence of ion beams, while the σ of pristine copper (Figure 6B) shows an overall increment with the energy of incident light, which is unlike the behavior shown by aluminum. The sudden increase in σ is because of the interband transition around 2.25 eV. It is also noted that the position of interband transition remains unchanged after the irradiation. Finally, the pristine silver MTF does not show significant variation in σ up to 3.8 eV, and thereafter it shows a sudden enhancement in the value of σ (Figure 6C). The irradiation does not seem to have much effect on σ up to the critical energy value. The position of the dip in case of aluminum, critical energy values in case of copper and silver remains unchanged after irradiation by low energy ion beams.
[image: Figure 6]FIGURE 6 | Variation of optical conductivity for (A) aluminum, (B) copper, and (C) silver, respectively, with energy of incident light as well as varying fluence of Argon ions.
5 SUMMARY AND CONCLUSION
The optical parameters such as refractive index, dielectric constants, skin depth, and optical conductivity of copper, silver, and aluminum MTF upon irradiation of low energy Argon ion beams have been examined over a wide range covering UV to NIR (250–1,200 nm) region of the electromagnetic spectrum. The universal KK technique and MG approximation have been employed to explore the aforementioned optical parameters of pristine as well as irradiated MTF for varying ion fluences. Additionally, the pseudo- Brewster angle technique has been employed to obtain the optical constants of pristine as well as irradiated MTF at four different wavelengths (405, 532, 632.8 and 670 nm), which further corroborates the results obtained using the MG approximation. It is observed from the obtained results that these optical parameters not only depends upon the material but also on the fluence of implanted impurities. The optical constants as well as the optical conductivity of each MTF decrease with increase in the ion fluence. Thus, low energy ion beams can provide a way of controlling the optical properties of the materials. The skin depth of electromagnetic radiation inside the materials has been found to increase with ion beam fluence, which clearly depicts the enhancement in the transmission of incoming radiation through the material. The real part of the dielectric constants increases, while the imaginary part decreases with increase in ion beam fluence. The irradiation technique presented here is found to the have the influence on various type of optical parameters. The present study may be helpful in selection of materials along with the desired fluence, for a wide variety of applications ranging from sensors, photonic devices and metallic thin film mirrors used for space applications.
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