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1. INTRODUCTION
The steady increase in the number of  mobile 
radio-electronic equipment: radio stations, 
smartphones and many other devices [1], 
together with an increase in intelligence 
capabilities and a significant reduction in 
power consumption, results from a decrease 
in the size of  the elements on the integrated 
circuit (IC), in which conductive tracks and 
pads make up a significant part [2]. At present, 
industrial technologies for the production of  
ICs involve the use of  active devices, the sizes 
of  which reach tens or several nanometers 
[3]. Therefore, the use of  conductive films 
of  nanometer thicknesses in the production 

of  electronic components is a future-
oriented trend, though further studies of  their 
electrodynamic properties are still needed.

On the other hand, studying the 
electrodynamic properties of  the films are 
interesting in view of  their inclusion in complex 
metostructures [4], which make it possible to 
achieve absorption of  80–90% [5]. It should 
be noted that pure conductive films with 
thicknesses from 2 to 7 nm can significantly 
(up to 50%) convert the electromagnetic fields 
energy of  the radio range of  1 ... 400 GHz [6,7] 
into thermal energy. Although this property 
of  the films limits their use in “conductive” 
electronics, such resistive properties are useful 
for stealth technologies [8], as well as for 
creating thin-film filters, protective shields, or 
specialized sensors [9].

The topology of  the dielectric-metal 
interface is one of  the key issues in creating 
such absorbing structures as it determines 
the specifics of  the electrodynamic properties 
of  the structure as a whole [10]. Most of  the 
research work on this topic deals with the 
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study of  the interaction of  radiation and metal-
dielectric structures based on solid substrates 
[11, 12]. However, the prospects for creating 
flexible devices, as well as the possibility of  
simplifying the production of  flexible screens 
and antennas, require special consideration of  
the interaction of  electromagnetic radiation 
with a metal-dielectric structure on polymer 
substrates [13]. Consequently, the aim of  the 
present paper is to identify the specifics of  the 
interaction between electromagnetic radiation 
from the microwave range and the MDS, in 
relation to the surface geometry of  the flexible 
substrate.

2. THE EXPERIMENTAL RESEARCH 
TECHNIQUE AND THE OBJECT OF 
THE RESEARCH
Studies of  the relative powers of  reflected, 
transmitted, and absorbed waves (optical 
coefficients) in the range 8.2–12.2 GHz 
were carried out using the Mikran P4226 
vector network analyzer (Fig. 1). To obtain 
normalized data and calculate the losses of  
the waveguide system, at the beginning and 
end of  the experiment, the measurements of  
the parameters on clean flexible substrates 
were made with an attached 200 μm thick 
aluminum plate, exceeding the skin layer for 
the conductor at the lower boundary of  the 
working frequency range. To compensate for 

the influence of  coaxial-waveguide transitions, 
as well as other factors, calibration was 
performed using a reflection measure and a 
quarter-wave line (TRL: Thru, Reflect, Line) 
[14], which made it possible to obtain fairly 
accurate results.

The direct interaction between the 
microwave and the samples was determined 
by the matrix of  S-parameters, the main 
components – S21 and S11 – corresponding to 
a direct drop from the first port, were chosen. 
As the initial measurements showed, the 
properties of  the measuring waveguide path, 
with the structure under study, are close to the 
properties of  a reversible four-terminal circuit, 
i.e. the transmission coefficient is the same in 
both directions. Accordingly, we used the main 
components S21 and S11, corresponding to a 
direct drop from the first port of  the vector 
analyzer. The coefficients of  transmitted, 
reflected and absorbed power were determined 
using the obtained S-parameters (Fig. 2):
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Metal-dielectric structures were fixed in 
the geometric center of  the waveguide path, 
perpendicular to the axis of  the waveguide 
with standard dimensions of  23×10 mm. 
To avoid the capacitive and inductive effect 
of  metallization on the measuring system, 
the effective area of  interaction of  radiation 
and the samples was 10% of  the waveguide 
area - 6×6 mm. The samples were placed on 
the geometric center of  the waveguide cross 
section and were fixed by a dielectric substrate 
made of  synthetic foam, "transparent" for 
electromagnetic radiation. Thus, the sample 
was affected by the maximum power of  H10 
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Fig. 1. Installation block diagram.
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wave electric field and the major part of  the 
wave energy interacted with a nanoscale 
conducting film.

Films made of  lavsan (polyethylene 
terephthalate), fluoroplastic and teflon were 
taken as the basis for MDS. This paper 
presents the results of  studying MDS with 
lavsan films, since the results involving the 
study of  fluoroplastic and teflon substrates 
differ insignificantly. The conductive part 
was deposited by the method of  magnetron 
sputtering of  the target using the URM 
3.1279.0129 installation with additional ion 
beam processing. What is more, the planetary 
rotation of  the substrates ensured uniform 
coating deposition, and in combination with 
adjusting the deposition time, it was made 
possible to obtain a range of  the conducting 
layers thicknesses: 1, 3, 5, 7, 10, 20, 50 nm.

The initial assessment of  the substrates 
surfaces of  was carried out using an optical 
interference microscope LOMO MII-4M in 
broadband radiation of  a white LED with 
subsequent detailing of  the relief  using red 
and blue lasers. A more detailed analysis of  
the formation process and morphological 
characteristics of  aluminum nanofilms was 
carried out using an NT-MDT nanoeducator 2 
scanning atomic force microscope, to compare 
them with the absorption, transmission, and 
reflection spectra.

3. DISCUSSION OF THE RESULTS
Along with a number of  advantages, there 
is one more benefit to the method of  using 
10% of  the interaction area in the waveguide 

– its significant sensitivity to diffraction. 
As a result, a monotonic decrease in the 
transmission coefficient T (Fig. 2a) and an 
increase in the reflection coefficient R (Fig. 
2b) for thin conducting films do not correlate 
with theoretical calculations, which show 
independence of  T, R on the frequency and, 
accordingly, independence of  the absorption A 
on the frequency as well [6,15]. This is not due 
to the specifics of  the physical properties of  
active MDS, but is accounted for by a decrease 
in the diffraction properties of  the object 
under study with a decrease in the wavelength.

In accordance with the established concepts, 
the reflection coefficient should vary from the 
minimum value corresponding to the substrate 
without metal (d = 0), and monotonically 
increase to the value corresponding to the 
formed film (d > 15 ... 20 nm). However, in the 
range of  film thicknesses 5 < d <10 nm, there 
is a deviation from the monotonicity of  the 
reflection coefficient growth (Fig. 2b), which is 
associated with the relief  of  the film.

The maximum absorption of  an aluminum 
film on lavsan is achieved at the conducting 
layer thickness d = 7 nm (Fig. 2c). This is due to 
the transition of  the MDS from the dielectric 
(d = 0) with the geometric dimensions of  6×6 
mm, to film structures of  greater thickness, 
causing electric short circuiting of  the space. 
This leads to a change in conductivity from 
0 to values characteristic of  the bulk of  a 
continuous material, in our case Al ~3.8·107 

S/m. It is with the thickness d = 7 nm that the 
specific conductivity reaches about 106 S/m [6, 
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                                        a                                               b                                                        c
Fig. 2. Frequency dependences of  the coefficients: a - passage; b - reflection; c - absorption.
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9], and there occurs the maximum conversion 
of  the induced currents to thermal energy.

For an in-depth understanding of  the 
nature of  the nonlinear interaction effect at 
the thickness of  7 nm, the growth dynamics 
of  a conductive material on a flexible substrate 
was analyzed.

4.  THE CORRELATION 
BETWEEN ELECTRODYNAMIC 
CHARACTERISTICS AND FILM 
MORPHOLOGY
A general analysis of  surface morphology, 
carried out by a sequential study of  optical 
microscopy with subsequent analysis of  AFM 
images, revealed a more complex surface 
morphology of  MDS on flexible substrates 
compared to solid ones [16]. From an 
aggregate analysis of  profilograms, it follows 
that the polymeric substrate made of  lavsan 
has relatively large height differences (Fig. 3a), 
however, in contrast with solid amorphous 
substrates, the change in height occurs rather 
slowly and smoothly, within small areas, and 
the surface is quite smooth (PTFE and Teflon 

films have similar the reliefs). It should be 
noted that the surface of  the substrate was not 
pre-processed.

After deposition of  aluminum with the 
thickness of  5 nm (Fig. 3b), lateral micro-
formations, reaching tens of  nanometers in 
height, are visible on the substrate. With longer 
spraying, the number of  conductive micro-
formations increases significantly (Fig. 3c,d). 
With an approximate coating thickness of  10 
nm (Fig. 3d), the formation of  a smoother 
surface in observed in the AFM image, with 
elevation drops larger than 7 nm.

The quantitative analysis of  the correlation 
between the electrodynamic parameters of  
the radiation effects and the surface topology 
was based on statistical data and the root-
meansquare value of  roughness (Zq), which 
was determined by measuring the value of  the 
deviations from the midline:
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where zj is the deviation of  the j-th point, N is 
the number of  points in the image.

A non-standard increase in the absorption 
coefficient for films with thicknesses of  7 
nanometers correlates quite well with the 
dependence of  Zq on their thickness (Fig. 4). 
A sharp increase in the root-meansquare 
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                     a                                            b

                     c                                            d
Fig. 3. Dynamics of  changes in the surface morphology using 
a border detection filter (Pruitt filter): a - clean substrate; b - 5 
nm aluminum film; c - thickness 7 nm; d - thickness of  10 nm.

Fig. 4. The dependence of  the change in the root mean square 
roughness on the thickness of  the coating.
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value of  roughness of  the coating indicates a 
transient process of  the conversion of  localized 
nano and micro objects into a continuous 
conductive layer, which leads to an increase 
in the total conductivity. An intermediate step 
in this process is the formation of  “bridges” 
between metal formations, which is the reason 
for the growth of  Zq. However, the average 
conductivity of  the floor bridges at the initial 
stage of  growth is small, as is the conductivity 
of  the crystallites themselves at small sizes, 
taking into account possible oxidative 
processes. Therefore, part of  the induced 
incident microwave energy of  alternating 
current is transformed into Joule heat on a 
non-ideal conductor.

The increase in the reflected wave energy 
at thicknesses of  more than 10 nm (Fig. 2b) 
is accounted for by the increase in induced 
currents, which include inductive and capacitive 
components. The general conduction currents, 
in turn, are due to the emergence of  stable 
galvanic bonds between individual conductive 
islands and the primary growth of  connecting 
“bridges”, as confirmed by a sharp decrease 
in Zq at an increase in the conductive layer 
thickness (Fig. 4). A further process of  the 
conductive material deposition leads to the 
formation of  a continuous conductive film 
having not only a uniform atomic structure, 
but also sufficient uniformity in thickness, 
which is exactly due to the relatively smooth 
surface of  the substrate. This, in turn, leads to 
a sharp increase in conductivity, approaching 
the conductivity of  a bulk material, which 
leads to an increase in the conversion of  the 
incident wave into the reflected wave by means 
of  increased currents.

5. CONCLUSION
 The study of  the interaction of  EMR and MDS 
on flexible substrates showed the identical 
nature of  absorption, as well as it did in their 
solid-state counterparts, the main feature being 

the absorption coefficient peak occurring 
within a small range of  the conductive layer 
thickness. A feature of  the interaction of  
electromagnetic radiation and a flexible layered 
structure of  aluminum-lavsan is the resonance 
at the thickness of  7 nm, which is greater than 
that of  similar solid structures.

In the case of  our study, the key point 
determining the reflection and absorption of  
MDS was the modification of  the resistive 
properties of  the aluminum conductive layer. It 
is the specifics of  the lavsan surface geometry, 
where smoother peaks were observed between 
the heights of  100-150 nm, that formed the 
conductive layer by means of  islands, which 
were connected by bridges as they increased. 
Exactly at the instance of  the conductive bridges 
formation in the structure, the conductivity 
arises, converting the energy of  the incident 
radiation into joule heat. Further growth of  
the conductive layer leads to smoothing of  the 
relief  and forming a continuous structure with 
conductivity approaching that of  the bulk, 
thereby increasing the reflected wave fraction.
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