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ABSTRACT

Currently, the presence of spurious microwave radiation is increasing in the environment, which has caused concern due to
possible health problems in living beings and electromagnetic interference in electronic systems. To control this problem, studies in the
materials area are taking place, aiming to attenuate the spurious radiation and meet requirements of good performance in broadband,
low cost and low weight. The present work aimed to study Cu and Ni nanometric films with thicknesses of 65 and 200 nm, deposited
on polyethylene terephthalate substrate by magnetron sputtering. Scanning electron microscopy with a field emission gun (FEG-
SEM) showed that the films produced have different morphological textures, due to the parameters used in the sputtering process
and also the free energy of metals. Impedance spectroscopy measurements showed that the films have low conductivity values, due to
the metallic oxides formed on the film surfaces, confirmed by X-ray diffraction, and also to the presence of defects. Electromagnetic
characterization (8.2 - 12.4 GHz) showed that the Cu and Ni thin films had low performance, except the Ni_200 nm film, which showed
a total shielding efficiency of about 30% in broadband. This result is promising considering the nanometric thickness of the Ni film.
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INTRODUCTION

Nowadays, the deposition of thin films on polymeric substrates is a technology that is being studied more widely due to their
application in different areas involving innovations in the sectors of special packaging, military, solar cells, sensors, telecommunication,
microelectronics, and optics (Abdumutalibovich 2021; Cordill et al. 2022; Kumar 2019; Ohring 2001; Soethe et al. 2011).

The literature shows that nanometer thin films deposited on suitable substrates exhibit different physical characteristics
than those exhibited by micro and millimetric films or bulk materials (Hsu et al. 2018; Ohring 2001; Naghdi et al. 2018; Soethe
et al. 2011). The consulted literature shows various studies involving thin films, for example, simulations performed to investigate
the mechanical properties of Cu/Zr multilayer nanofilms during tensile and compression tests, where the authors observed the

slipping behavior in the tensile test for the Cu film and the phase transformation process in the compression test for the Zr film
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(Hsu et al. 2018). Goktas S and Goktas A (2021), show an interesting study involving the production of ZnO films based on
heterojunction/nanocomposite photocatalysts. This material gets great attention due to its possible contribution to solving the
crises of energy supply and promoting the degradation of various pollutants, but the fabrication techniques of this class of material
can play crucial tasks, which complicate the material obtaining. Goktas A (2018), studied also thin films of Co and Cu co-doped
ZnO evaluating the effects of air and argon annealing environments, and observed increased Cu doping levels in the samples
sintered in argon. Luo et al. (2023), describe the obtaining of graphene nanofilms with thicknesses varying from 50 to 600 nm,
with relevant results of electromagnetic shielding mainly by reflection, due to the great electrical conductivity of the graphene,
but with little contribution by absorption, which limits their application as radar absorbing material (RAM).

RAM and materials for electromagnetic (EM) shielding have numerous applications, standout the control of spurious
radiation in automotive and aerospace industries, in military technology, as well as in wireless electrical and electronic devices
and communication systems, highlighting an environment free of harmful radiation for living beings (Abhishek and Singh 2018;
Biscaro et al. 2008; Bregar 2004; Folgueras and Rezende 2007; Hashsish 2002; Kumar and Vadera 2017; Nie et al. 2007; Rezende
et al. 2000). Considering the increasingly tighter requirements in these areas, new challenges always arise in the search for materials
with good performance in attenuating EM radiation in a wide range of frequencies, with low cost, low weight, and easy application.

Among the materials capable of attenuating the energy of the incident EM wave, we can mention ferrites (Nie et al. 2007; Pinto
et al. 2019; Reis et al. 2022; Silveira et al. 2020), carbon materials (for example, carbon black, carbon nanotubes, and graphene)
(Anjos et al. 2023; Ruiz-Perez et al. 2022; Vieira et al. 2021; Wang et al. 2021a), conductive polymers (Biscaro et al. 2008; Pinto
et al. 2018; Pinto and Rezende 2018), and thin films (Abdumutalibovich 2021; Naghdi et al. 2018; Soethe et al. 2011). In the latter
area cited, the literature presents, for example, metallic thin films based on Kanthal with thickness varying from 10 to 200 nm,
which can behave as microwave absorbing material, when used as a coating on inner walls of waveguides with the advantage to
be much lighter (Bhat et al. 1998; Soethe et al. 2011).

These materials, independent of this physicochemical nature, can differ in their internal mechanisms of energy transformation,
but basically, the intensity of the EM wave is attenuated through loss processes based on the dissipation of the incident radiation
energy in heat, by the Joule effect or interference-dispersed microwave (Saleem et al. 2020).

The materials that interact with the magnetic field of the EM wave are called magnetic absorbing materials, for example, those
based on ferrites and magnetic materials (Dias et al. 2012; Gama and Rezende 2010; Nie et al. 2007; Pinto et al. 2017; Pinto et al.
2019; Silveira et al. 2017; Yadav and Panwar, 2022). On the other hand, materials that interact with the electric field of the EM
wave are known as dielectrics, which can be cited as those based on carbon materials (Rojas et al. 2021; Ruiz-Perez et al. 2022),
conductive polymers (Pinto et al. 2018), and dielectric thin films (Abdumutalibovich 2021; Naghdi et al. 2018; Parucker et al.
2022). RAM can also be classified as hybrid material when it combines magnetic and dielectric characteristics.

Besides the great efforts in the area of RAM, it is still a great challenge to develop a novel EM wave absorbers which simultaneously
satisfy all the necessities such as broad and strong absorption bandwidth in a wide frequency range, small thickness, and light-
weight (Saleem et al. 2020). Aiming to reach these challengers, the consulted literature shows an increased interest in the area of
metallic thin films for use as RAM or as shielding materials. Costa et al. (2017) prepared thin films of Al (20 - 80 nm) and Cu
(20 - 100 nm) obtained by magnetron sputtering with attenuation values below 3 dB. Parucker et al. (2022) studied Ti thin films
(20 - 100 nm) with results of < 3 dB and Silva and Ferreira (2019) characterized Ti thin films with different purities and obtained
values below 3 dB for TiGr2 (2.0 -7.5 nm) and ~8 dB for TiGr5 (4 nm). Soethe et al. (2011) studied also Ti thin films (20 - 100 nm)
produced by magnetron sputtering and found values of attenuation below 3 dB. Considering that 3 dB corresponds to almost 50%
of the incident wave attenuation, these results show a good potential to be used in hybrid and composite materials with the great
advantage of reduced thickness and weight.

Thus, given the increasing use of EM shielding materials in recent years, nanomaterials have found much attention as exceptional
EM wave absorption materials due to their high surface energy and small size (Saleem et al. 2020). In this context, metallic thin
films are light materials, easy to apply and with potential to be used as RAM. So, this study was motivated to be carried out with the
objective of studying the electrical and electromagnetic properties of copper and nickel thin films with 65 and 200 nm, produced
by magnetron sputtering. The EM behavior of the films was evaluated in the frequency range of 8.2 to 12.4 GHz.
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MATERIALS AND METHODS

Materials

This study used metallic targets of nickel (magnetic material) and Cu (dielectric material), both with a purity of 99.99% and
diameter of 152.4 mm, from Curtis Instruments Co. and a flexible substrate of the poly(ethylene terephthalate) (PET) (Myler®),
with 0.07 mm of thickness. This substrate is tear resistant and with good thermal stability (until ~230 °C).

Film Deposition

The thin films were obtained by deposition of the Cu and Ni metals on the PET substrate with thicknesses of 65 and 200 nm,
by magnetron sputtering technique, using a plasma reactor constructed by the authors, based on the literature works (Fontana
and Muzart 1998; Soethe et al. 2011). Figure 1 shows the used equipment. The studied thicknesses were defined based on the skin
depth of the samples, knowing that above the skin depth the samples become reflectors.

Figure 1. Plasma reactor used in this study.

Before the deposition of the monolayer thin films of Cu and Ni with different thicknesses (65 and 200 nm), the system was
evacuated to a pressure of 0.04 mTorr, and argon gas was injected up to a working pressure of 40 mTorr. The metallic target was
positioned 300 mm from the PET substrate. The deposition rate was chosen so as to maintain a homogeneous film deposition on
PET. Table 1 shows the experimental parameters (voltage, current, and deposition rate) used in the deposition of the nanometric

metallic films.

Table 1. Experimental parameters used in the deposition of the monolayer Cu and Ni thin films.

Film Thickness (nm) Current (A) Voltage (V) Deposition rate (nm/s)
Cu_B5 65 2.0 549 0.50
Cu_200 200 2.0 546 0.50
Ni_65 65 2.0 506 0.43
Ni_200 200 2.1 501 0.42

Source: Elaborated by the authors.

To avoid opening the reactor chamber during the deposition of metallic films and thus guarantee the same reactor conditions
in all experiments, a sample holder was used with a continuous PET substrate feeding system. For this, the used plasma reactor

has two different target supports, one for the Cu target and the other for the Ni, which is selected according to the film to be
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deposited. The film thicknesses were monitored in real-time with a quartz crystal resonator, with the simultaneous deposition of

metal on the PET substrate and also on the quartz crystal.

Characterization

Field emission gun scanning electron microscopy (FEG-SEM)
FEG-SEM was used to investigate the morphology of samples using a TESCAN - MIRA3 high-resolution scanning electron
microscope assisted with a field emission gun, operating at 5 kV. The samples were positioned in stubs with carbon tape and coated

with a thin layer of gold for 90 s in a sputtering Quorum, Q150RS Plus.

Energy dispersive X-ray spectroscopy (EDS]
EDS analyses of the metallic thin films and PET were performed in a FEI Inspect S50 microscopy coupled with a
system to chemical microanalysis. The samples were previously coated with ~5 nm Au layer to avoid charging during the

electron irradiation.

Atomic force microscopy (AFM)

AFM analyses of the metallic thin films and the PET substrate were performed in a Bruker/Dimension Icon AFM equipment.
The scanning model was the ScanAsyst-Air with a silicon tip on the nitride cantilever, the frequency of 70 kHz and the spring
constant of 0.4 N/m. The analyzed area of samples was 1 um x 1 um. The data were analysed using the NanoScope Analysis
1.8 tool.

X-ray diffraction (XRD)

The crystalline structure of the metallic thin films was evaluated by XRD in a Rigaku model Ultima IV X-ray diffractometer,
at room temperature, with copper Ka radiation (A = 1.54056 A) and a filter of Ni for the Kp radiation. The measurements were
carried out with a tension of 40 kV, an electrical current of 30 mA, and a scan speed of 10°/min in the angular region of 26 from
20 to 70°. The incidence angle was 0.5° for the Cu_200nm sample, 1.0° for the PET, Ni_65nm, and Ni_200nm, and 1.5° for the
Cu_65nm films.

Impedance spectroscopy (IS)

The AC electrical conductivity of samples was investigated by IS (or dielectric spectroscopy) measurements. The analyses
were performed in a Solartron SI 1260 impedance/gain-phase analyser at room temperature, with a tension of 0.5 V and in
the frequency range of 1 to 10° Hz, collecting 50 points. For these, two gold circular electrodes measurements were deposited
(diameter of 6.68 mm and area (A) of 3.34x10-° m?) by sputtering on parallel sides of samples. The complex impedance (Z*), real
impedance component (Z’), and imaginary impedance component (Z”) were obtained, considering the thicknesses of samples
(d) of 0.07 mm (the same thickness as the PET substrate). From Z’ and Z” the AC electrical conductivity (c,) was calculated,
Eqs. 1-3 (Al-Saleh et al. 2013; Monti et al. 2021):

(1)

2

3)

Electromagnetic characterization

The electromagnetic characterization of the nanometric films was performed in a vector network analyzer (VNA, Agilent
Technologies, model PNA-L N5235A) (Fig. 2a) using a waveguide (WR-90) in X-band, that is, in the frequency range of 8.2 - 12.4
GHz (Fig. 2b) and a software Agilent Technologies-85071E.
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(a) 1 -VNA (b)
2 - Coaxial cables
1 3 -Port 1
4 - Port 2
3 4 5 - Port 1 coupler

Waveguide Specimen
Sample holder

Source: Adapted from Ribeiro et al. (2021).
Figure 2. A two-port VNA used in the EM characterization (a); and the sample-
holder and waveguide used in the X-band measurements (b).
From the scattering parameters (S-parameters) measured for all samples, it was calculated the absorbed (E ), reflected
(E,), and transmitted (E) energies, considering the incident energy (E,). Figure 3 shows schematically the setup used in

these measurements.

Waveguide
(metallic)

sample Metallic
thin film

Source: Adapted from Soethe et al. (2011).
Figure 3. Schematic of the waveguide settings used the EM characterization: E, — absorbed
energy; E_- reflected energy; E, - incident energy; E, - transmitted energy.

From the measured S-parameters, the values of reflection®, transmission (T), and absorption (A) involved in the energy
balance were calculated according to Eqs. 4-6 (Wang et al. 2021b). The complex parameters of the electrical permittivity
(¢' and €") and the magnetic permeability (p', u") were also evaluated by the Nicolson-Ross-Weir model (Nicolson and
Ross 1970).

R=|[S,| (4)
T=|S,,| (5)
A=1-R-T (6)

The total shielding effectiveness (SE;), reflection shielding effectiveness (SE;), and absorption shielding effectiveness (SE,)

also were calculated, according to Eqs. 7-9, and expressed in decibels (dB) (Rajavel et al. 2020; Wang et al. 2021b).
)

(8)

)
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RESULTS AND DISCUSSION

Morphological characterization

Figure 4 shows the morphological aspects of the Cu thin films obtained by FEG-SEM, with thicknesses of 65 and
200 nm, respectively. Comparing these images, it is observed that the smooth surface of PET substrate with slight ripples
and without cracks and larger defects, usually found for polymeric films, changed significantly after the magnetron
sputtering process, confirming the Cu deposition on the polymeric substrate. Figure 4a shows the image of Cu thin film
with 65 nm of thickness obtained in the lowest magnification (25,000x). This figure shows a layer of metal distributed over
the entire PET surface. It is known that the metal film growth depends on the substrate-thin film material interaction,
metal-metal interaction, and the growth conditions until a continuous film has recovered the whole substrate surface
(Cordill et al. 2022).

(a)

500 m
(b)
500

Source: Elaborated by the authors.

Figure 4. FEG-SEM of the nanometric films of Cu with 65 nm (a) and 200 nm (b) of thickness.

The analysis of the images obtained in higher magnifications (75,000x and 100,000x) shows with major detail the
presence of rich regions in Cu and voids. Figure 4b shows images of the Cu thin films with 200 nm. These images show
more homogeneous films recovering the entire PET surface, with porous but without striations. Comparatively, the Cu_65
sample is smoother than the Cu_200 film, but both are formed by islands surrounded by voids. The thicker film (200 nm) still
presents some larger islands that stand out above the formed film surface. All samples analysed do not show delamination
and cracks and these results are in agreement with the literature, which mentions that the Cu metal forms ductile films with
good adhesion to the polymer substrate without the need of using adhesion interlayer systems (Cordill et al. 2022; Marx
et al. 2015; Putz et al. 2017).

Figure 5a, b shows the morphological aspects of the Ni thin films with thicknesses of 65 and 200 nm, respectively, obtained
by FEG-SEM. Figure 5a shows that the Ni_65 thin film presents a texture denser, fine, and more compact compared to the
Cu_65 sample. A few defects are observed in some regions of the films, which can be attributed to previous impurities on
the PET film.

FEG-SEM images of the Ni thin films with 200 nm (Fig. 5b) show similar morphological aspects of the nanofilm with
65 nm. As can be seen, the metallic film was deposited homogeneously on the PET substrate, with the tendency to formation
of islands, but without visible defects and agglomerates. These images show also the presence of nanovoids in both films with

different thicknesses.
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(a)

(b)

T
Source: Elaborated by the authors.

Figure 5. FEG-SEM of the nanometric films of Ni with 65 nm (a) and 200 nm (b) of thickness.

Figure 6 shows the morphological aspects of PET and the metallic thin films, with thicknesses of 65 and 200 nm, obtained by AFM
analyses. These analyses show the effective surface (surface evaluated by a measurement technique, in this case, AFM). The PET film shows the
presence of peaks and valleys (darker regions), probably due to the manufacturing process used to obtain this polymeric film. Table 2 shows
its roughness with R valuesof 1.98 nmand R of185nm (R andR__schematized in Table 2). The analysis of the images of the Cu films
with 65 and 200 nm of thickness shows that the valleys observed in the PET substrate were filled by the Cu deposition and the first Cu peaks
can be seen in the 65 nm sample. The Cu_200 sample has a denser metallic surface with the presence of some higher and smoother regions
(lighter regions). The lower R, values of Cu_65 in Table 2 confirm that Cu filled the valleys present in the PET substrate and the higherR
indicates the formation of higher peaks of Cu. In accordance with the FEG-SEM analyses, the AFM images of the Ni films show a denser and
thinner morphology, with fine peaks covering the entire surface of the polymeric substrate. First, the Ni_65 film shows the lower R, measured
(0.87 nm), due to the homogeneous recovery of the PET valleys by Ni deposition, followed by the formation of higher peaks (R  0f26.3 nm).

(a) (b) (c)

(d) (e)

Source: Elaborated by the authors.

Figure 6. AFM images of PET and the nanometric films of Cu and Ni with 65 nm and
200 nm of thickness. (a) PET; (b) Cu_65; (c) Cu_200; (d) Ni_65; (e) Ni_200.
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Table 2. Roughness R, and R of samples obtained by the AFM analyses.

Sample R, (nm) R, .« (nm)
PET 1.98 18.5
Cu_B5 1.40 24.3
Cu_200 2.59 22.1
Ni_65 0.87 13.2
Ni_200 1.81 26.3

Source: Elaborated by the authors.

The continuous structure with the tendency to form more thin peaks (or islands) observed in the nanofilms of Ni can be
attributed to the high free energy of nickel (2.364 J/m?), which resulted in a denser film (Himpsel et al. 1998). The comparison of
Figs. 4-6 for the Cu and Ni films with 200 nm of thickness, respectively, indicates that the different free energy values of the two
metals probably influenced the final aspects of the deposited films; that is, the free energy of Ni (2364 J/m?) favored the formation
of a texture denser and a more compact film, also, the lower free energy of Cu (1934 J/m?) resulted in a surface with more voids
(Himpsel et al. 1998).

Probably, the growth of the Cu and Ni nanofilms occurred according to Volmer-Weber model, which considers a greater
interaction between adjacent metal atoms in the film in relation to the metal-substrate interaction. This model results in the stable
growth of tridimensional clusters on the substrate surface, which coalesce when neighbor islands result in free spaces (voids)
among the coalesced islands (Cordill et al. 2022; Hora et al. 2018; Ohring 2001).

XRD and EDS

Figure 7 shows the X-ray diffractograms of PET substrate, the metallic thin films, and the EDS results of samples. XRD
diffractogram of PET substrate presented peaks at 20 equal to 22.8° and 25.8°, according to CPDS 00-061-1413. Already,
the XRD patterns of the metallic nanometric films showed peaks related to the PET substrate, and also other contributions
ranging from 35° and 70°, which confirm the deposition of metallic films on the polymeric substrate. The films obtained by
the sputtering of Cu show the presence of copper oxide (Cu,O) with contributions at 42.5°, 46°, and 53,8° (CPDS 00-035-
1091, crystalline system not defined). A similar behavior was observed for the Ni film, which shows peaks related to nickel
oxide (NiO) with contributions at 37°, 43°, and 62.5° (CPDS 00-071-4750, cubic system). Fig. 7a also shows a contribution
at 45.8° angle, identified as NiO,, ,.CuO,,.

this mixed oxide probably occurred due to the remaining presence of Ni and Cu vapor, originating from the preliminary

oxide (CPDS 01-8057-69), more intense in the copper films. The occurrence of

step carried out to adjust the deposition parameters in the chamber. In both cases, contributions related to the pure metals
were not observed. These results show that the films produced have a superficial layer of metallic oxide on the surface of
the polymeric film, due to their inherent tendency to form oxides when in contact with oxygen. EDS analyses corroborate
the XRD results and confirm the presence of the metals and oxygen on the surface of the metallic nanometric films. The
presence of nitrogen on the surfaces of the metallic films was neglected to facilitate the interpretations of the XRD patterns.
EDS results show an increase in oxygen concentration in metallic films with a thickness of 65 nm (34.9 - 36.3%) compared
to PET (26.2%), showing the oxidation of the metallic surface. Proportionally, the 200 nm films have a lower concentration
of oxygen (12.5 - 20.3%), but considering the mass proportion of metal in both films, these values are expected and they

indicate the presence of oxides on surfaces.
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Figure 7. XRD (a) and EDS (b) results of PET and the films of Cu and Ni with 65 and 200 nm of thickness.

Electrical characterization

The AC electrical conductivity behaviors of the metallic thin films with different thicknesses (65 and 200 nm), as well as
the PET substrate, were measured at room temperature by the two-point probe method. Figure 8 shows that the AC electrical
conductivity of the PET substrate and metallic thin films increases as the frequency increases.

The PET substrate presents the lowest AC conductivity as a function of the frequency band, as expected, ranging from
1.0x10" to 1.0x 10 S/cm, considering its electrical insulating behavior. In a general way, all metallic thin films present
higher AC electrical conductivity compared to PET, which confirms the metallic deposition of Cu and Ni on the polymeric
substrate. However, the AC conductivity values are still low. Figure 8a shows distinct behaviors for the AC conductivity
curves of the Cu films with the two different thicknesses, but both ranging from ~10""" to ~10¢ S/cm. Figure 8b shows AC
conductivity curves of the Ni thin films, which are practically superimposed for the samples with different thicknesses,
with values varying from ~107° to ~10° S/cm. The slight increase in the electrical conductivity of all thin films (Fig. 8c)
compared to the PET ones can be attributed to the insulating oxides formed on the surface of metallic films, as shown in

XRD and EDS analyses. The lowest increase observed for the Cu_65 nm film also suggests the presence of more defects
in this sample.
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Figure 8. Total AC volumetric conductivity of PET and the metallic thin films
of Cu (a); Ni (b); and the comparison of all AC curves (c).

EM characterization

Figure 9 shows the power balance for the PET substrate and the Cu and Ni nanometric films with different thicknesses, with the
reflection (R), absorption (A), and transmission (T) coefficients as a function of the frequency range (8.2 - 12.4 GHz). Figure 9a
shows that the PET substrate is predominantly transparent in all frequency range, with the neglected contribution of reflection
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(Fig. 9b) and absorption (Fig. 9¢c). This is due to no charge carriers in the PET polymer, which make it highly transparent to
microwaves (Chandra et al. 2023). This behavior is recommended for a substrate with thin films, as it avoids possible influences
on the deposited film. Opposite behavior was observed in the magnetic properties of polycrystalline Zn, _ Mn O films synthesized
on glass and p-type Si substrates using sol-gel technique. The authors observed that films grown on glass substrates did not exhibit
ferromagnetic behavior even after heat treatment. In contrast, Zn,__Mn O, films grown on Si substrate exhibited ferromagnetic
properties after heat treatment (Mikailzade et al. 2021). The use of a polymeric substrate, when possible, is advantageous because

its inert and electrically insulating characteristics have a negligible influence on the deposited film.
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Figure 9. Curves of Transmission (a); Reflection (b); and Absorption (c); coefficients as a
function of frequency for the Cu and Ni thin films with different thicknesses.

The Cu and Ni thin films show similar behavior of the PET substrate with predominant transparent behavior in all frequency
range analysed, and low reflection and absorption, except for the Ni_200 thin film. In the case of this sample, the transmission of
EM wave was close to 0.7 mW, the reflection began at 0.035 mW at 8.2 GHz with a slight decrease until ~0.022 mW at 12.4 GHz,
and absorption close to 0.25 mW in the X-band. This behavior shows that the thickness increase of the Ni film blocks part of the
EM wave transmission through the film due mainly to the absorption phenomenon. It is also observed that the ability of this film
to transform electromagnetic radiation into heat is practically independent of frequency since the absorption is approximately
constant in all frequency range. This behavior characterizes the Ni_200 film as a broadband absorber.

At the same time that the AC electrical conductivity behavior of the nanometric films shows the trend of increasing values with the
frequency increase, it is observed that the Ni_65, Ni_200, and Cu_200 samples show very close results of R, T, and A. This behavior
suggests that the electrical conductivity does not show a significant influence on the absorption behavior. Based on this result, the
performance observed for Ni_200 thin film can have been more strongly influenced by the morphological aspects of its surface,
which can be contributed for more mechanisms of energy losses, for example, by interfacial polarization among the islands formed.

Table 3 shows the values T, R, and A coefficients, complex electrical permittivity and magnetic permeability, and the loss
tangents values, at 10 GHz. T, R, and A coeflicients, at 10 GHz, confirm the transparent behavior of the PET substrate and also
the Cu film with 65 and 200 nm thickness, and the Ni film with 65 nm. On the other hand, it can be observed the less transparent
behavior for the Ni_200 thin film and its more intense absorption behavior.

The absorption and reflector behaviors of materials are dependent on the electrical permittivity (¢) and magnetic permeability (1)
parameters. The real part of these components (€ and [’) represents the interaction of the electrical and magnetic fields, respectively,
of the EM wave with the material. Furthermore, the imaginary components (¢” and n”) represent the energy losses (Kaiser 2004;
Wang et al. 2021b). Table 3 shows these components at 10 GHz and Fig. 10 shows the curves of € and p parameters in the X-band.

It is observed that the PET substrate and the Cu thin films with 65 and 200 nm, and the Ni_65 show €’ values varying between
4.2605 and 4.8712, at 10 GHz (Table 2). The ¢ values for PET are relatively high for a polymeric substrate, compared to other
polymers (Reis et al. 2022), but this behavior can be attributed to the molecular structure of PET, consisting of aromatic rings,
conjugated bonds, and ester groups. These molecular characteristics probably favored a greater interaction of the polymer with the
electrical field of the EM wave, but with low losses (low £”). In addition, Table 2 shows values close to € for Cu and Ni_65 metallic

thin films compared to PET.
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Table 3. Values of A, R, and T parameters and the complex parameters of € and p, at 10 GHz, for the Cu and Ni thin films.

Potency (mV) Permittivity Permeability
Samples
R T A & & eyx 7 W 0/

PET 0.0008 0.9860 0.0032 4.2605 -0.0360 -0.0084 1.9598 0.2043 0.1042
Cu_B5 0.0005 0.9842 0.0052 4.5103 0.0167 0.0037 3.4491 0.2300 0.06867
Cu_200 0.0007 0.9886 0.0108 4.6648 0.0363 0.0078 3.4836 0.6165 0.1770
Ni_65 0.0008 0.9882 0.0109 4.8712 0.0269 0.0055 3.1915 0.5814 0.1822
Ni_200 0.0247 0.7238 0.2515 10.3288 17.2287 1.6679 3.5637 0.5157 0.1447

Source: Elaborated by the authors.
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Figure 10. Curves of €’ (a), €” (b), |’ (c), and p” (d) as a function of frequency
for the Ni and Cu thin films with different thicknesses.

On the other hand, the Ni_200 thin film presents a higher value of €’ (10.3298, at 10 GHz), which suggests a better interaction
of this sample with the EM wave, probably due to a greater structural homogeneity, with increasing crystallite size and more
dense nanocrystals, that contributed to increase the degree of polarization, resulting in higher losses (¢”/¢” = 1.6679). It is also
observed that & of the Ni_200 thin film shows a more accentuated decrease with the increasing frequency. According to Koop’s
theory, this behavior can be understood by considering the material as composed of well-conducting grains that are surrounded by
poorly conductive grain boundaries (Saleem et al. 2020). The confirmation of this discussion was hampered by the XRD patterns
obtained, which only detected the presence of oxides on the surface of films, without showing the formation of the crystalline
phase of pure metals (Cu and Ni).

However, the analysis of €” in the Ni_200 thin film shows an anomalous and unexpected behavior; that is, the £” is higher than

the real component (¢’). First, this unexpected result seems wrong, but repetitive analyses of different samples of the same film
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confirmed this behavior. Then this result suggested that the EM wave absorbed by the film promoted other loss mechanisms, for
example, parasite currents (Eddy currents) (Perez 2018; Wang et al. 2015), electrical dipoles, and metal/metal interface polarization
(Wang et al. 2021c), which increased €”. The literature cites similar behavior for permeability, attributing this behavior to losses by
natural resonance, Eddy current, and interfacial polarization along the boundaries of particles (Yin et al. 2018; 2019).

The analysis of the magnetic parameters (Table 3) shows that the metallic films have higher values of p’ (3.1915 - 3.5637)
compared to PET (1.9598), which confirms the metal deposition on the polymeric substrate and also indicates the interaction of
the magnetic field of the EM wave with the thin films. The literature shows studies exploring the high performance of microwave
absorbers, focusing on reducing the reflected wave from the air-absorber interface by improving the impedance matching (Han et al.
2015), increasing the complex permeability (Li et al. 2010), reducing the complex permittivity (Wang et al. 2012a), or depositing
resistive film with 377 Q) (Wang et al. 2012b). In accordance with the literature, the samples studied in the present work involved
improved impedance matching by increasing the permeability by the deposition of metallic thin films.

The €7/¢” (dielectric loss tangent, or tan 3,) and p”/p’ (magnetic loss tangent, or tan o) (ratios) are related to the attenuation
capacity of dielectric and magnetic RAM. Consequently, the values of tan §_ and tan 3u should be as high as possible, although
the impedance should be close to the free space impedance to achieve no reflection on the front surface of the material (Saleem
et al. 2020). Despite the low permeability values, the magnetic loss tangent is more expressive than dielectric loss tangent for
the PET and the thin films of Cu (all) and the Ni_65. This result suggests that the magnetic losses have some contribution to the
small absorption presented by these samples. On the other hand, the Ni_200 film shows that the losses occur predominantly by
dielectric mechanisms (¢”/¢’ = 1.6679).

Table 3 summarizes the dielectric loss tangent (¢”/¢’) at 10 GHz for the PET substrate and the Cu_65, Cu_200, and Ni_65 thin
films with values close to zero. However, these samples show some magnetic losses. These results reveal that the magnetic losses
are more significant than the dielectric ones. On the other hand, the Ni_200 film shows an €”/¢’ value that stands out compared
to the others and that is also higher than the p”/p. These values indicate that the dielectric loss tangents are more significant than
the magnetic ones for this sample.

According to the literature, when one electrical field is applied, several electric dipoles are formed in the dielectric material (thin
film) (Naghdi et al. 2018; Soethe et al. 2011). The interaction between the dipoles and the electric field leads to the formation of
aligned dipoles according to the applied electric field, allowing the material to store electric energy (Folgueras and Rezende 2007;
Ruiz-Perez et al. 2022). Considering this dielectric characteristic and analyzing the AFM image of the Ni_200 film, it is possible
to consider that the more complex symmetrical nanostructure of this sample, composed of a finer texture with nano peaks in a
certain order, the absorption of the EM wave was increased. The literature discusses a similar behavior for a complex symmetrical
nanostructure of CuS in polyvinylidene fluoride (PVDF) nanocomposites with enhanced absorption properties (He et al. 2013).
Based on this literature, it can be assumed that the nanostructure of Ni_200 thin film can favor interfacial polarization, caused by
the dangling band atoms on the surface of nanostructures with complex geometric symmetry.

The effect of absorption and reflection on the power balance of the thin films reflects also on the shielding effectiveness (SE)
behavior. The shielding effectiveness of a material is the capacity to attenuate EM radiation that can be expressed in terms of
incident and transmitted power. The total shielding effectiveness (SE) of a material can be obtained by a sum of its absorption
(SE,) and reflection (SEy), according to Eqs. 7-9 (Wang et al. 2021b). It is worth mentioning that the multiple internal reflections
(SE,,) is related to the losses by multiple reflections inside the material, which can be neglected if SE. is higher than 15 dB (Kumar,
2019; Reis et al. 2022). In the present work, the SE,; was neglected, considering the predominant transparent behavior of samples.

Figure 11 shows the correlation of SE as a function of increased frequency and it is observed that the PET substrate, the Ni_65,
Cu_65, and Cu_200 thin films do not contribute to the SE, with values close to zero. So, the EMI SE of the Cu (65 and 200 nm)
and the Ni thin films with 65 nm thickness can be neglected because these samples are predominantly transparent, similar to
the PET substrate behavior. Already, the Ni_200 thin film shows better shielding properties (SE, = 1.4 dB or ~30%) (Fig. 11a).
This value is not suitable for practical applications (>20 dB) (Anjos et al. 2023; Gama and Rezende 2010; Luo et al. 2023; Reis et al.
2022), but it is indicative that new increments of thickness or the combination of this film with others in a sandwich structure

may result in more promising results. On the other hand, the Ni_200 thin film shows SE in the entire frequency range studied
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(broadband behavior), with contributions of absorption (SE,) (Fig. 11b) and reflection (SE) (Fig. 11c), although they are low.
Figure 11a shows SE with broadband behavior and values ranging from 1.3 to 1.8 dB, in the X-band. These values correspond to
(~23 - 30) % of attenuation of the incident wave. Figure 11d shows that the Ni_200 thin film presented an improved impedance

matching, which favored absorption as the dominating mechanism in microwave attenuation.
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Figure 11. Values of SE; (a), SE, (b), and SE;, (c) in function of frequency and histograms
of SE, SE,, and SE, at 10 GHz, (d) for the nanofilms.

Theoretical models show that the low thickness and the increased resistivity are responsible for the electron scattering at
the film surface and the electron scattering at the grain boundaries of films (Ruvinskii et al. 2016). However, in the case of thin
films, due to the quantum processes of interaction of the incident electromagnetic wave with the electronic structure of the film
material, the absorption of radiation is a direct consequence of the presence of defects and high resistivity. Thus, metallic thin

films become interesting in RAM manufacturing, because they are capable of dissipating EM waves by their conversion into heat.

CONCLUSION

Nanometric films of Cu and Ni were successfully produced with thickness values of 65, and 200 nm, by the magnetron sputtering
technique. FEG-SEM and AFM analyses showed that the nanofilms of Cu and Ni presented different textures due, probably, to the
different free energy of both metals. The observed texture suggests that the nanofilms were grown according to the Volmer—Weber model.
The Ni film surface is denser, finer, and more compact compared to the Cu films, which present more voids among the islands formed.
XRD analyses showed that both families of nanofilms have oxides on the surface, which decreased the electrical conductivity values that
were relatively low for all samples studied. Electromagnetic characterization in the X-band shows that the Cu and Ni thin films have low
performance in electromagnetic shielding, except the Ni film with 200 nm that showed more promising results with values close to 30%
of attenuation in broadband, due to more prominent dielectric losses. The loss mechanisms observed in the studied thin films are mainly
attributed to interfacial polarization and also to Eddy current loss and ohmiclosses. The results presented in this study show the viability

of producing new broadband absorbers that can work in broadband, with reduced thickness (nanometric), and with very light-weight.
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