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ABSTRACT

The results of studies of 2.0-17.0 GHz frequency responses of S11 and S21 values of flexible
electromagnetic radiation shields made of metallized polymer film, on the surface of which a coating of
the Fe-Ni system is applied by electron beam evaporation, are presented. It has been experimentally
established that an alloy in the Fe-Ni system containing 56 wt. % (~ 57 at. %) Fe and 44 wt. %
(~ 43 at. %) Ni is azeotropic one. Such composition corresponds to the minimum temperature at which the
total vapor pressure reaches 10 Pa. It has been determined that by applying of the Fe-Ni system coating
with the specified content of components to the surface of a metallized polymer film, it is possible to
reduce S11 value by a maximum of 5.0 dB and S21 value by a maximum of 6.7 dB in the frequency range
of 2.0-17.0 GHz of this film.
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Introduction

Electromagnetic radiation (EMR) shielding is currently a pressing chronic problem due to
the continuous development of radio-electronic devices, especially with wireless power
supplies, which has necessitated the constant improvement of means of protection
against negative electromagnetic interference. In recent years, employees of Belarusian
State University of Informatics and Radioelectronics, based on the results of their
research, have developed various devices for EMR shielding.

Thus, at the research laboratory "Materials, Technologies and Equipment for Safety”
of Belarusian State University of Informatics and Radioelectronics, the following main
kinds of EMR shields have been developed:

1. non-flammable shields based on aluminum oxide and magnetic powder [1];
2. shields based on fabric materials [2,3].

One of the current directions of the research work conducted in the indicated
laboratory is development of EMR shields based on foil and foiled film materials [4,5]. EMR
shields based on foil, or foiled (metallized) film materials are also direction of the work
conducted by the other researchers [6-10]. The main advantage of such materials is their
thinness and flexibility. Due to this advantage it’s possible to modify the shape of the
shields based on these materials. Such materials are widely used nowadays for obtaining
EMR shields with frequency selective surface (metasurface) [11-19]. Moreover, origami
technic is widely used nowadays to create EMR shields based on such materials [20-29].
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All of the above shields are composite structures that provide a high degree of EMR
shielding. At the same time, the use of thin-film vacuum coatings for EMR shielding
systems, combining metal layers with high values of electrical conductivity (Al, Cu) and
relative magnetic permeability (Ni, Fe), is one of the little-studied and promising areas.
The choice of the electron beam evaporation method for the Fe-Ni system films
obtaining is primarily due to the impossibility of using magnetron sputtering methods
due to the shielding of the magnetron cathode unit magnetic field by targets. Since
electron beam evaporation causes alloy fractionation, the azeotropic composition of the
alloy was calculated for the Fe—Ni system. The relevance of the work is due to the ever-
increasing requirements for noise immunity of electronic devices.

This article discusses the results of studies of the protective properties of flexible
EMR screens made of metallized polymer film with coatings of the Fe—Ni system formed
on their surface by electron beam evaporation.

Justification of the composition of Fe—Ni system coating

As follows from the phase diagram (Fig. 1), Fe-Ni system alloys are unlimited solid
solutions, therefore, during their electron beam evaporation, the liquid — vapor phase
transition obeys Raoult’s law. The sizes of the elements radii near their melting
temperatures, Rr.=0.1290 nm, Ry =0.1246 nm. Therefore, Fe and Ni activities ratio in
accordance with [30] is equal to:
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Fig. 1. State diagram of the Fe-Ni system (L - liquid; V - vapor;y - y-phase)

The required rate of deposition of Fe-Ni systems coatings with a thickness of
150 nm is ensured at a Ni and Fe vapor pressure ranging from 1 to 20 Pa. According to
Fig. 1, the evaporation temperatures of Ni-Fe system alloys should be in the range from
1500 to 1650 °C. The average pressure of Fe vapor in this temperature range is 13 Pa,
and that of Ni vapor is 11 Pa [30]. The atomic masses of the elements Ni and Fe are 58.71
and 55.85 amu. respectively.

Substituting all the indicated values into Eq. (1), for the Fe—-Ni system we obtain:
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From equation xr + xyi = 1 we find that xr = 0.574; xy = 0.426. Thus, according to
the carried calculations out, it was established that Fe-Ni system alloy containing
56 wt. % (~57 at. %) Fe and 44 wt. % (~ 43 at. %) Ni is azeotropec one. Such composition
corresponds to the minimum temperature value at which the total vapor pressure reaches
10 Pa (Fig. 1, point A on the isobar).

The reproducibility of the composition of layers of Ni-Fe system alloys obtained by
electron beam evaporation was judged by the results of an analysis of their elemental
composition. Nickel grade NP2 and iron 005ZhR were used as starting materials. Five
samples of alloys were prepared from these materials. The compositions of the alloys, as
well as the average content of elements in coatings 150 nm thick, are given in Table. 1.
Each value was obtained from elemental analysis data of at least 3 samples.

Table 1. Compositions of the Fe-Ni system alloys and average element contents in 150 nm thick coatings
obtained by electron beam evaporation

Alloy Alloy composition, at. % 150 nm thick coatings composition, at. %
number Fe Ni Fe Ni Others

1 30 70 51.5 45.4 3.1

2 40 60 38.8 58 3.2

3 55 45 51 47.6 1.4

4 60 40 58.7 38.8 2.5

5 70 30 68.5 28.7 2.8

It can be seen that the elemental composition of the films is preserved upon
evaporation of the FessNiss alloy, i.e. its congruent evaporation occurs. At the same time,
as follows from Table 1, due to the very similar values of vapor pressure, molecular
weights, parameters of the crystal lattices of Fe and Ni, as well as the unlimited solubility
of these elements in melts, the elemental composition of films of the Fe-Ni system is
quite close to all the compositions of evaporated alloys that we have studied.

Fig. 3. Layers’ layout of the film Kotar IZOFOLIX:
Fig. 2. The appearance of the film Kotar IZOFOLIX 1, 3 - polypropylene film; 2 - aluminum layer; 4
- polyethylene layer

Kotar IZOFOLIX film was chosen as a polymer base for the coating [31]. This film
has a thickness of 105 um. It has multilayer structure, one of the layers of which is
aluminum with a thickness of 150 nm. The appearance of this film is shown in Fig. 2, and
its layers’ layout is shown in Fig. 3.
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An alloy of composition FessNiss was used as material for applying coatings by
electron beam evaporation. Coatings were applied to the polymer substrate using
a VU-1A installation according to the following regime:

1. the residual gas pressure in the chamber was no more than 5-10-2 Pa;
2. the substrate temperature was no more than 40 °C;

3. the application time was 150 s;

4. the application speed was 1 nm/s;

5. the distance from the crucible to the polymer substrate was 400 mm;
6. the weight of the sample was 20 g.

In this case, the thickness of the applied Fe-Ni system coating was 150 nm. The
choice of this thickness value is due to the low heat resistance of the polymer substrate.
At a coating application rate of 1 nm/s and a process duration of more than 150 s, the
substrate is destroyed. The layers’ layout of the EMR shield obtained according to the
presented method is shown in Fig. 4.

Fig. 4. Layers’ layout of the EMR shield:
1 - coating of the Fe-Ni system; 2 - the film Kotar IZOFOLIX

Methods

The measurements of the EMR reflection and transmission coefficients the shields (511
and S21 values, respectively) were carried out in the frequency range of 2.0-17 GHz. The
panoramic meter of transmission and reflection coefficients SNA 0.01-18 was used for
the measurements. The measurements were carried out in accordance with Standard
20271.1-91 "Microwave electronic products. Methods for measuring electrical
parameters”. The modulus of the measurements relative error of EMR reflection and
transmission coefficients doesn’t exceed 10.0 %. The connection diagrams of the modules
of this meter are shown in Fig. 5.

The dimensions of the studied EMR shields samples were 300 x 400 mm. The
following EMR shields samples were studied:
1. single-layer EMR shield sample based on Kotar IZOFOLIX film (Fig. 3), sample 1.1;
2. double-layer EMR shield sample based on Kotar IZOFOLIX film (Fig. 6), sample 1.2;
3. single-layer EMR shield sample based on Kotar IZOFOLIX film, on the surface of which a
150 nm coating from FessNiss alloy was applied (Fig. 4), sample 2.1;
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4. double-layer EMR shield sample based on Kotar IZOFOLIX film, on the surface of which
150 nm coating from FessNiss alloy was applied (Figs. 7,8), samples 2.2 and 2.3,
respectively.
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Fig. 5. The connection diagrams of the modules of panoramic meter of transmission
and reflection coefficients SNA 0.01-18 for S11 value (a) and S21 value (b) measuring
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Fig. 6. Layers layout of the sample 1.2: Fig. 7. Layers’ layout of the sample 2.2:
1, 2 - polypropylene film; 3, 4 - aluminum layer; 1, 2 - coating of the Fe—-Ni system;
5, 6 - polyethylene layer 3,4 - polypropylene film; 5, 6 - aluminum
layer; 7, 8 — polyethylene layer
7
5
1
3
Fig. 8. Layers’ layout of the sample 2.3:1, 2 - Fig. 9. External view of the measuring unit 1US-
polyethylene layer; 3, 4 - polypropylene film; 3 with an installed sample

5, 6 — aluminum layer; 7, 8 - coating from FessNiss
alloy
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Measurement of the surface resistance of the sample 2.1 was performed. The
measuring unit 1US-3 was used for this (Fig. 9).

The surface resistance (ps) of the indicated sample was measured using the four-
probe method under the following conditions: the probes were arranged in a row at five
points; the distance between the probes was 1 mm; slides measuring 75x25x2 mm? were

used as substrates.
Based on the results of such measurements, the specific surface resistance (p) of the

sample was calculated according to the following equation:
p=pst ©)
where t is the sample thickness.

Results and Discussion

2-17 GHz frequency responses of S11 values of the samples 1.1 and 1.2 are presented
on Fig. 10.
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Fig. 12. 2-17 GHz frequency responses of S11 Fig. 13. 2-17 GHz frequency responses of S21
values of the samples 2.1 (curve 1), 2.2 (curve 2) values of the samples 2.1 (curve 1), 2.2 and 2.3
and 2.3 (curve 3) (curve 2)

In the frequency range 2-17 GHz, S11 values change from -9.4 to -0.04 dB and from
-13.8 to -0.14 dB for the samples 1.1 and 1.2 respectively. It should be noted that when
the number of layers in the shield based on the film Kotar IZOFOLIX increases from one
to two, the energy of the EMR reflected from it decreases. This phenomenon is most
clearly observed in the frequency ranges of 5-7, 10-12 and 15-16 GHz. This
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phenomenon is associated with the resonant interaction in antiphase of the EMR of the
listed frequency ranges. 2-17 GHz frequency responses of S21 values of the samples 1.1
and 1.2 are presented on Fig. 11.

In  the frequency range of 2-17GHz, S21 wvalues change from
-36.5 to -16.6 dB and from -38.2 to -17.4 dB for of the samples 1.1 and 1.2 respectively.
Thus, increasing the number of layers in shields based on film Kotar IZOFOLIX doesn’t
have a significant effect on their S21 values. 2-17 GHz frequency responses of S11 values
of the samples 2.1, 2.2 and 2.3 are presented on Fig. 12.

In the frequency range of 2-17 GHz, S11 values vary from -5.5 to -0.017 dB for the
sample 2.1, from -6.2 to -0.25 dB for the sample 2.2, and from -4.4 to -0.006 dB for the
sample 2.3. 2-17 GHz frequency response of S11 value of the sample 2.2 is characterized
by a resonant decrease in the frequency ranges of 5-7 and 14-16 GHz. 2-17 GHz
frequency responses of S21 values of the samples 2.1, 2.2 and 2.3 are presented on
Fig. 13.

S21 values vary from -33.0 to -14.2 dB for the sample 2.1 and 2.2 and from -43.7 to
-17.3 dB for the samples 2.3. Thus, an increase from one to two layers in the shield based
on film Kotar IZOFOLIX, on the surface of which a 150 nm coating of FessNiss alloy is
applied, leads to a decrease by 3-18 dB in the S21 value of this shield.

The relative measurement error of the surface resistance of coatings using the four-
probe method doesn’t exceed 5.0 %. To reduce the measurement error, the results of five
measurements of the specified parameter for each sample were averaged.

The results of surface resistance measurements of the sample 2.1 are presented in
Table 2.

Table 2. The results of surface resistance measurements of the sample 2.1

Area No. 1, Area No. 2, Area No. 3, Area No. 4, Area No. 5,
Q/ square Q/ square Q/ square Q/ square Q/ square
39.3 47.9 42.3 53.1 58.8

Based on the results of calculations carried out using Eq. (3), it was determined that
the specific surface resistance of a 150 nm coating of FessNiss alloy is 7.242-10° Q-m:

(B2 aesa 11 508) - 150 - 10~° = 48.28 0/square - 150 - 10~ m = 7.242-107°Q - m.

Conclusions

Calculations of the parameters of the compositions a coating of Fe—Ni alloys were carried
out. Based on the results of such calculations, it was found that the FessNiss alloy is
azeotropic one. The mode of applying a 150 nm coating of this alloy onto a substrate in
the form of a foil-clad polypropylene film (film Kotar IZOFOLIX) was developed.

It was found that applying a 150 nm coatings of FessNis alloy onto film
Kotar [ZOFOLIX allows to reduce its S11 value by a maximum of 5 dB, and S21 value by
a maximum of 6.7 dB. When increasing the number of layers in the shield based on film
Kotar IZOFOLIX from one to two, its S11 value decreases by a maximum of 10 dB.
S21 value remains virtually unchanged. Increasing the number of layers in the shield
based on film Kotar [ZOFOLIX, on the surface of which a 150 nm coating of FessNiss alloy



81 A.D. Gladinov, O.V. Boiprav, V.A. Bogush

is applied, from one to two leads to a decrease by a maximum of 5 dB in the S11 value
of such shield. It’s S21 value decreases by 3-18 dB in such case. It was determined that
the specific surface resistance of a 150 nm coating of FessNiss alloy is 7.242x107° Q-m.
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