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Abstract: Nickel films of 4-250 nm thickness were produced by DC magnetron sputtering onto
glass and silicon substrates. The electrical properties of the films were investigated by the
four-probe method and the surface morphology of the films was studied by atomic force micros-
copy. To measure the shielding effectiveness, a portable closed stand based on horn antennas was
used. A theoretical assessment of the shielding effectiveness of nickel films of various thickness
under electromagnetic radiation of a range of frequencies was carried out using two different ap-
proximations. The results demonstrate the shielding effectiveness of up to 35 dB of the nickel thin
films in the frequency range of 2-18 GHz.

Keywords: nickel; electromagnetic shielding; metal thin films; vacuum deposition; DC magnetron
sputtering; electrical resistivity; atomic force microscopy; theoretical calculation

1. Introduction

The widespread use of devices generating electromagnetic radiation (EMR) requires
operative decisions focused on eliminating related technical problems. First of all, these
are the problems of electromagnetic compatibility of various electrical appliances and
their protection from an external electromagnetic influence [1]. The main source of elec-
tromagnetic waves (EMW) are electronic devices operating in the decimeter (ultra high
frequency, 0.3-3.0 GHz) and centimeter (super high frequency, 3-30 GHz) wavelength
ranges. There is a trend of increasing operating frequencies of EMW, which aims at in-
creasing the data transfer rate.

The traditional way of preventing the EMW pollution is the use of electromagnetic
shields based on high-conductivity metals [2,3], composite materials with conductive
[4,5] or magnetic fillers [6,7], conductive polymers [5,8] and other materials [9-11]
forming a protective shell.

The priority task at the stage of developing an electromagnetic shield is to maximize
the value of shielding effectiveness (SE). It is necessary to take into account additional
requirements for the shield operational characteristics, such as weight, dimensions and
temperature range of operation. Most of the recent solutions in the design of electro-
magnetic shields are based on high-conductivity metals with the electrical resistivity of p»
<10.0 uQd-cm at room temperature [12-14].

In addition to high conductivity, a metal coating must have corrosion resistance,
high adhesion and minimal internal mechanical stress. The corrosion resistance depends
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on the properties of the oxide film formed on the metal surface. The protective effect of
the oxide film is assessed by its continuity, which is characterized by the ratio of the
molecular volume of the compound Vox formed during metal oxidation and the volume
of the metal Vm spent on the formation of the molecule of this compound. According to
the Pilling-Bedworth ratio, the formation of a continuous oxide film occurs when Vox/Vm
> 1. Films with Vox/Vm > 2 can be mechanically unstable, and films with 1 < Vox/Vm <2
provide a protecting effect against further surface oxidation [15-18].

The growth of an oxide film can be accompanied by the appearance of various types
of internal stresses, such as:

e  Compressive stresses appearing with an increase of the volume of the oxide film
(Vox/Vin > 1);

e  Compressive stresses arising in the oxide film growing on a rough surface and
causing tearing forces;

e  Stresses arising due to different values of the expansion coefficients of the metal and
the oxide film [18].

The values of the coefficients of linear expansion of the metal and the oxide film
formed on its surface are given in [18-21].

After selecting the type of metal that meets the requirements above and additional
ones, corresponding to the specific task, it is necessary to determine the metallization
thickness, [, providing the specified SE values.

SE can be represented as the ratio of the amplitude of the EMW falling on a unit
surface of the shield to the amplitude of the EMW that passed through the shield [22].

The amplitude of the EMW decreases as it penetrates into the conducting medium.
The penetration depth, 9, at where the EMW amplitude decreases by a factor of e and its
phase shifts by m/2, is called the skin depth. The d value is calculated by the following

equation [1]:
’ Py
6= , 1
TTf pott @

where f is the frequency of the EMW, po=4m x 107 H-m™ is the magnetic constant (per-
meability of vacuum), u is the relative magnetic permeability of the medium, p. is the
electrical resistivity.

Bulk chemically pure non-magnetic metals, in the absence of external influencing
factors, are characterized by constant values of p» and u. Therefore, under these condi-
tions, the skin depth is a function of the frequency. When evaluating the value of d for
magnetic metals, it is necessary to take into account the value of u, which approaches 1 as
the frequency increases. Traditionally, the thickness of the electromagnetic shield is
chosen in such a way that the condition [ > 8 is obeyed [1], which predetermines the use
of a bulk material instead of a thin film. The weight and size characteristics of an elec-
tromagnetic shield can be improved by using thin films and coatings, in particular, of
ultrathin (0.1-10.0 nm) and nanometer (10-100 nm) thickness [23].

A metal thin film can be formed on a given surface by various physical or chemical
deposition methods. The film formation method should ensure:

e  The possibility of film deposition at a sufficiently low (below melting point) sub-
strate temperature;

e  High adhesion rate of a thin film to the substrate;

e  The growth rate of the film, allowing deposition of layers up to submicron thick-
nesses in a minimum time interval;

e  Uniformity of thickness on plane substrates with an area of up to several square
millimeters;

e Absence of impurities and droplet phase;

e Uniformity of the film over its thickness.
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The methods of vacuum metallization [24] and, in particular, the magnetron sput-
tering [6] are quite universal and satisfy the requirements.

The possibility of using a thin film for electromagnetic shielding is associated with
the need to solve a rather laborious task — to assess the SE level that it provides. Such an
assessment should be carried out taking into account the change in p» with a change in
the thickness of the film and the dependence of magnetic permeability on the frequency
of EMW for magnetic materials.

This study is aimed at demonstrating of the possibility of determination of the SE
level provided by nickel thin films in the frequency range of 2-18 GHz. In this work,
samples of nickel thin films were produced by physical vapor deposition from the gas
phase (magnetron sputtering). Their thickness, electrical resistivity, and frequency de-
pendencies of SE were investigated. A comparison of the experimentally obtained SE
values with the SE values calculated on the basis of two different approximations was
carried out.

2. Materials and Methods

Nickel thin films of various thickness were produced using UVMN-3/320 custom-
ized industrial magnetron sputtering set-up (“MIT” Ltd., Saint Petersburg, Russia), de-
signed for Saint Petersburg Electrotechnical University “LETI” (ETU “LETI”), by DC
magnetron sputtering on silicon substrates (to study thickness and surface roughness of
the films) and glass (to study electrical resistivity and shielding effectiveness of the films).
For the manufacture of targets with dimensions of 290 mm x 120 mm and a thickness of
1.5 mm, pure nickel (no more than 0.2 wt.% of impurities) was used.

The use of a thin target allows the magnetic system of the sputtering setup to put
nickel to magnetic saturation, in which the magnetic field lines extend beyond the target
surface, creating thereby the conditions necessary for the occurrence of a magnetron
discharge. The residual pressure in the chamber did not exceed 2 x 10 Pa. An im-
provement in the adhesion of metal films was achieved through ionic cleaning of the
substrate surface in a glow discharge. High-purity argon (volume fraction no less than
99.993%) was used as a plasma-forming gas. The target was sputtered at a constant cur-
rent at a power of 1.1 kW (current density was 7.2 mA-cm2) and an argon pressure of 0.1
Pa. The minimum distance from the substrate to the sputtering target was 80 mm. The
thickness uniformity of the deposited films over the area was ensured by the orbital ro-
tation of the substrates.

Atomic force microscopy (AFM) with the Veeco Dimension 3100 scanning probe
microscope (Veeco Instruments Inc., Plainview, NY, USA) was used to study the thick-
ness and surface of thin films deposited on silicon substrates. The microscope allows
scanning surface areas in a range from 500 nm x 500 nm to 60 pm x 60 um in the XY plane
and detect objects in the range of 1-500 nm in the Z direction. The resolution in this study
was 20 nm in the XY plane and 0.1 nm in the Z direction. To determine the thickness of
the films, the stepped-type structure was formed by covering a part of the substrate sur-
face with a rigidly mechanically fixed piece of a silicon wafer. The Z-profiles of the sam-
ples were measured ten times, followed by arithmetic averaging of the height difference
along the “step”.

The values of the electrical resistivity of the thin film were measured by the
four-probe method using OA3201 digital ohmmeter (JSC NIIEMP, Penza, Russia). The
device provides measurement range of 10-°-107 Q with the maximum nominal permissi-
ble error not more than +0.5% for the full measuring range. Therefore, the final data un-
certainty of the four-probe method can be attributed presumably to the thickness esti-
mation and does not exceed +10%. Metal probes were located along a line, perpendicular
to the film surface on equal distances from each other S1=S2=53=S. Electric current s =]
passing through Probes 1 and 4, as well as the potential difference between Probes 2 and
3 U2z = U were measured [25,26].
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The evaluation of the EMR shielding effectiveness was carried out on the basis of
results obtained using a portable closed measuring stand [27-31]. The measurement
scheme is shown in Figure 1. This type of stands allows laboratory studies of the effec-
tiveness of EMR shielding by various materials without using expensive anechoic
chambers to be carried out.

Figure 1. Measurement scheme using a portable closed measuring stand: 1 —table; 2—test sample;
3—shield; 4—fasteners; 5—transmitting horn antenna; 6 —receiving horn antenna.

The principle of operation of the stand [32] is based on the generation and detection
of electromagnetic energy by a ZVB-20 vector network analyzer (Rhode and Schwarz,
Munich, Germany), to which the P6-124 measuring horn antennas (CJSC
SKARD-Electronics, Kursk, Russia) with an operating frequency range of 2.0-18.0 GHz
are connected. A test sample with the dimensions of at least 170 x 170 mm is installed in
the gap between the horn antennas (Figure 1). The measurement accuracy is mostly af-
fected by the accuracy of the thickness determination of the layer and can be estimated as
+10%.

3. Results and Discussion
3.1. Frequency Dependencies of Magnetic Permeability and Skin Depth
Figure 2 shows the frequency dependence of the relative magnetic permeability of

nickel, calculated using the empirical equation [33], based on the averaging nickel pu
values determined experimentally [34-38]:

fZ
y=1+16-exp<—1—5> (2)

where fis the frequency of the EMW.

The choice of equations for the SE calculation depends on the ratio of the I and .
Based on the calculated nickel pt values and Equation (1) for the bulk material, the values
of d were obtained (Figure 3). For calculations, the values of the electrical resistivity of
chemically pure nickel given in [12] were used.
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Figure 2. Frequency dependence of magnetic permeability of nickel in the range of 0-12 GHz, built
by Equation (2).
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Figure 3. Frequency dependence of d for chemically pure nickel (bulk material).

The dependence shown in Figure 3 demonstrates that the condition [ < 9 is satisfied
for the thickness of the nickel coating <1 um in the entire experimental frequency range.
The specified condition will be used in Section 3.4 for the calculation of SE values.

3.2. Surface Morphology

The thicknesses of the produced nickel thin films are shown in Table 1. Determina-
tion of the thickness, the surface type and the microrelief height of a thin film sample
with a thickness of 70 nm are shown in Figure 4.
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Table 1. Thickness of samples of nickel thin films.

Sample No. Thickness (nm)
1 4
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Figure 4. Results of atomic force microscopy (AFM) study of the nickel thin film sample with a thickness of 70 nm: (a)
thickness, z; (b) AFM surface image; (c¢) AFM microrelief scan.
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3.3. Electrical Resistivity

Taking into account the data from Table 1, the values of the electrical resistivity, ps,
were determined for each sample of a nickel film with a thickness of [ << S [25,26]:

0 cas3Y 2453 3)
Pv =TI =520 0= %090sh

where ps is the sheet resistance, €); [ is the film thickness, U is the potential difference
between probes; I is the electric current passing through probes. The results are shown in
Figure 5.
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Figure 5. Dependence of the sheet resistance, ps (a) and electrical resistivity, po (b) versus the nickel
thin film thickness.
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The character of the dependence shown in Figure 5b implies that at a nickel film
thickness of ~100 nm and more, the value of p» almost does not change, which indicates
that it corresponds to the characteristic of a bulk material.

It should be noted that an oxide layer is formed on the metal surface upon contact
with oxygen. Oxide films on the metal surface are formed rather quickly even under
normal conditions at room temperature. Over time, the growth rate of the oxide film de-
creases. It is practically impossible to completely eliminate the influence of the corrosion
process on the change in the properties of metal thin films over time. Under real condi-
tions, it is necessary to use protective coatings to prevent oxidation of the metal surface
and corresponding change of the conductive layer thickness, resulting in a change of film
parameters.

3.4. Electromagnetic Shielding Effectiveness

The frequency dependencies of the averaged values of the modulus of the trans-
mission coefficient S for nickel thin film samples of various thickness are shown in
Figure 6.

Frequency (GHz)
2 4 6 8 10 12 14 16 18
0
10— R S
\\:—\ T — 71
——

-20 i
= — —{3
Z —

v? =30 —= \
T B R e “5\ 5

-40 S el NE

SN
SN
-50 — \\ 5
M
-60

Figure 6. Frequency dependencies of Sz coefficient: S — the cell with a substrate without metalliza-
tion; 1 —4nm;2-10nm; 3-16 nm; 4 —-35nm; 5-70 nm; 6 — 110 nm; 7 — 135 nm; 8 — 180 nm; 9 — 250
nm; M — metal sheet with overall dimensions corresponding to the dimensions of the samples.

The graph indicated by S corresponds to the value of the modulus of the Sx1 coeffi-
cient (S21sub) obtained when the uncoated substrate is installed in the gap between the
horn antennas; the graph indicated by M corresponds to a metal sheet 6 mm thick with
overall dimensions equal to the overall dimensions of samples (I >> d in the used fre-
quency range).

The measurement results show a gradual approach of the values of Sz coefficient
with the increase of the film thickness, to the results obtained for the metal sheet. The
form of the obtained frequency dependencies is typical for continuous metal films and
correlates with the literature data [39]. The main reason for the decrease in S21 coefficient
with increasing frequency is an increase in the I/ ratio, which clearly manifests itself for
diamagnetic materials, for example, gold [40]. For the investigated ferromagnetic nickel
films, the frequency dependence has a more complex form (in comparison with non-
magnetic metals). This is due to the nature of the change in the skin depth shown in
Figure 3. Only for a film with a thickness of 4 nm, an increase in S21 coefficient is observed
in the region of the upper part of the investigated frequency range, which may be due to
a net-like structure of the film or even the presence of discontinuous islands [41,42].
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However, the experimental results do not allow to directly confirm or refute this as-
sumption based on the electrical resistivity value (see Figure 5b).

According to [22], for the estimation of SE in engineering calculations, the approx-
imation of a plane electromagnetic wave and an infinite plane electromagnetic shield is
used. Thus, the value of SE can be estimated depending on the I/0 ratio from the follow-
ing equations:

30w .

SE = e?, when 1/0>1; 4)
2p,

SE=™ when 1/5<0.1. 5)
P.

Obviously, when [ > 9, the value of SE increases significantly, and in the over-
whelming majority of cases it becomes sufficient to effectively perform as an electro-
magnetic shield. In the second case, at I/0 < 0.1, the expediency of using such electro-
magnetic shield depends on the possibility of providing the required SE value in a given
frequency range or at a certain given frequency determined by the requirements of elec-
tromagnetic compatibility.

Equations (4) and (5) are approximation, implying the use of infinite flat shield
without limiting the values of f, p» and I.

An alternative calculation technique, based on the most commonly used approach
according to [43], for layers with a thickness of [ < 0.10 is described in [1]. In accordance
with it, the shielding effectiveness can be estimated from the following equation:
1 4z,

SE = R Z, (6)
where R is the reflection coefficient; Z, is the impedance of the free space, Z, = 120w =
377 Q, and Z,, is the impedance of the metal surface, Z,,, = \/2rfuuyp,.

The calculated value of the modulus of the coefficient Sz1 in decibels can be found
from the following equation [43]:

S, =-20log, (SE). 7)

In the experimental studies, a thin metal coating is usually deposited on a substrate
of a finite thickness, which increases the EMR power loss during measurements. For a
correct comparison of the calculated and measured values of the coefficient Sz, it is nec-
essary to take into account the influence of the uncoated substrate on the measurement
results. In this case, from the values of 521 found experimentally, it is necessary to subtract
the values of Sz of the substrate (graph S in Figure 6).

The dependencies of Sa1 versus the thickness of the nickel layer, obtained analytically
using Equations (5)—(7) and in experimental studies, are shown in Figure 7.
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Figure 7. Experimental and calculated dependencies of 521 versus thickness of nickel thin films at different frequencies: (a)
2 GHz, (b) 4 GHz, (c) 6 GHz, (d) 8 GHz, (e) 10 GHz, (f) 12 GHz, (g) 14 GHz, (h) 16 GHz, (i) 18 GHz; A — values obtained
experimentally; ¢ — values calculated using Equations (5) and (7); m — values calculated using Equations (6) and (7).

The results in the frequency range from 2 to 12 GHz, obtained using Equation (5),
better describe the experimental data compared to the results obtained using Equation
(6). For films with a thickness of more than 100 nm, this trend persists up to frequencies
of the order of 16 GHz.

The nature of the change in Sz1 with a change in the EMR frequency better reflects
the results obtained by Equation (6), which gradually approach the calculated values as
the film thickness increases. The thickness range can be separated in three regions: from 4
to 35 nm, from 35 to 100 nm, and from 100 to 250 nm. In these regions, the value of Sz1 has
an almost linear dependence on [ (for both the experimentally obtained results and the
results obtained following Equation (6)). For these intervals, it is possible to calculate the
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correction factors depending on the type of receiving and transmitting antennas used in
the portable closed measuring stand and the overall dimensions of the samples of the
materials under study for calculating SE values in all ranges of the studied frequencies
and thicknesses.

Nevertheless, if the precisely calculated SE values are required, various finite ele-
ment software packages can be used, since the portable closed measuring stand with the
horn antennas cannot be accurately described with the analytical models of acceptable
complexity in engineering calculations. In addition, the approach used in this work does
not take into account the formation of a nickel oxide layer, which has semiconducting
properties and therefore affects the effective resistance of the entire structure. Appar-
ently, for this reason, an accurate calculation using the above-mentioned software pack-
ages will require a more accurate setting and therefore a more sophisticated experimental
study of the internal structure of thin films. Since nickel oxidation kinetics is diffu-
sion-limited even for films with a thickness of about 10 nm at high temperatures [44], we
suppose that the effect of the oxide layer formation can be neglected in the present en-
gineering calculations.

4. Conclusions

It has been experimentally shown that DC magnetron sputtering technique allows to
produce continuous nickel films with a thickness of 4-250 nm on glass and silicon sub-
strates. The calculation of SE values for nickel thin films was performed taking into ac-
count the correction carried out on the basis of experimental data. The results of studies
using a portable closed measuring stand of the frequency dependence of Sz1, obtained
during measurements of a series of nickel thin films, correlate with the corresponding
calculated Sz values. An increase in the measurement frequency and an increase in the
thickness of the nickel film lead to a more accurate agreement between the experimental
and calculated data.

The approach described in this work makes it possible to determine the dependence
of the SE level on the thickness of the metal (magnetic and nonmagnetic) film. Nickel thin
films up to 250 nm thick in the frequency range of 2-18 GHz provide SE of up to 35 dB. In
the vast majority of cases, such SE values are sufficient for solving problems of electro-
magnetic shielding and electromagnetic compatibility.
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