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Abstract. The article presents the results of substantiation and approbation of the model of electromagnetic radiation in-
teraction with rough surfaces. This model differs from analogues in the following: 1) surface roughness profiles are described
using fractal geometry; 2) it is taken into account that the distribution of the electric field over the surfaces is characterized by
the presence of strong discontinuities. The second of the indicated differences led to the use of Maxwell’s equations reduced
to wave equations in the framework of the developed model. The developed model is recommended for use in the design of
thin-film electromagnetic shields for microelectronics products protection from external and internal interference impact, as
well as in the design of such products, in the design of radiophotonics products and theoretical evaluation of the optical and
thermal properties of materials.
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MOJEJIb B3AUMOJAEMACTBU A SJJTEKTPOMATHATHOI'O U3JYYEHMU S
C IIEPOXOBATBIMHY MOBEPXHOCTSIMUA, OCHOBAHHASI HA ®PAKTAJIbHON TEOMETPUH,
JJISI MUKPOQJEKTPOHUKHU U PAIMOPOTOHUKHU

AnnoTtanus. [IpexcraBnens! pe3ynpraTel 000CHOBAHHS M ampoOaIl[il MOJETH B3aMMOJCHCTBHS 3JIEKTPOMArHUTHOTO
U3JIYyUYCHHUS C IIEPOXOBATHIMU MOBEPXHOCTAMU. JlaHHAST MOJENb OTIIMYAETCS OT aHAJOroB Cleayromum: 1) npoduiu mepo-
XOBAaTOCTH MOBEPXHOCTH OMHCBHIBAIOTCS C TIOMOIIBIO (PPaKTATBHON T€OMETPHH; 2) YUUTHIBACTCS, YTO PACHPEACICHHUE dIIeK-
TPHUYECKOrO MOJISI M0 MOBEPXHOCTSIM XapaKTepU3yeTCsl HAJIMYUEM CHIIBHBIX Pa3pblBOB. BTopoe M3 yKa3aHHBIX OTIMYHM
MpUBENIO K MPUMEHEHHIO B PaMKax pa3paboTaHHOI MoAenu ypaBHeHHH MaxcBensia, CBEICHHBIX K BOJHOBBIM ypaBHEHU-
sM. [loxydyeHHast MOAEIh PEKOMEHIYeTCsl K UCIOJIb30BAHUIO NPH MPOSKTHPOBAHUHM TOHKOIIJIGHOYHBIX 2JIEKTPOMAarHUTHBIX
9KPAHOB IS 3aIIUTHI U3ACTHH MUKPOAIEKTPOHUKH OT BO3JCHCTBHS BHEITHUX M BHYTPEHHUX MTOMEX, TPH IIPOESKTHPOBAHHIH
TaKHUX M3JCIHN U U3AeNUi paguoOTOHNKH, a TAKXKE MPHU TEOPETHIECKON OLEHKE ONTHYECKHUX M TEMIIepaTyPHBIX CBOHCTB
MaTepHasoB.

KiroueBble ci1oBa: GppakraibHas reOMETpHs, [IEPOXOBaTast HIOBEPXHOCTH, AIEKTPOMAarHUTHOE M3y YeHHUE

Jas nutupoBanus. borym, B. A. Monens B3anMOieHCTBUS 3JIEKTPOMArHUTHOTO U3JIYUYEHHUsS C MIEPOXOBATBIMU I10-
BEPXHOCTSIMH, OCHOBaHHAas Ha (ppakTalIbHOI T€OMETpUH, AJsi MUKPOIEKTPOHHKH M paguodortoHuku / B. A. Borym,
O. B. boitnpas, H. H. I'pununk / Becui HanpisiHansHal akagomii HaByk benapyci. Cepblst (izika-MaToMaThIYHBIX HaBYK. — 2025, —
T. 61, Ne 2. — C. 149-158. https://doi.org/10.29235/1561-2430-2025-61-2-149-158

Introduction. The development of microelectronics products is associated with the solution of prob-
lems related to their protection from the electromagnetic interference impact, as well as to ensure their
electromagnetic compatibility. The need to solve such problems is due to the fact that electromagnetic
radiation impact on these products causes a decrease in the mean time between failures typical for such
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products [1, 2]. The solution of problems related to the microelectronics products protection from the ex-
ternal and internal electromagnetic interference impact, as well as to ensure their electromagnetic com-
patibility, is usually based on the use of thin-film electromagnetic shields. Such shields are included in
the structure of the product housings and / or in the structure of PCB shielding elements [3, 4].

The process of developing thin-film electromagnetic shields, as a rule, includes a modeling stage.
At this stage, the optimal values of the thickness and composition parameters of these shields are de-
termined, 1. e. such values that correspond to the greatest efficiency of these shields. It should be noted
that the surfaces of the substrates on which thin-film electromagnetic shields are applied are usually not
ideal, i. e. they are characterized by the presence of roughness. The specified substrates can be either
the housings of microelectronics products and PCB shielding elements, or plates intended for fastening
to such housings or elements [S]. The roughness of the electromagnetic shields surfaces affects the na-
ture of the electromagnetic field distribution near them, which affects such shields efficiency. This fact
is theoretically substantiated in [6, 7] and experimentally confirmed in [8].

It should be noted that the approaches currently used in electromagnetic shields modeling can be
conditionally divided into two groups:

1) approaches based on the assumption that the surface of the shields is ideally smooth [9-11];

2) approaches based on the description of the roughness of the surfaces of the shields using discrete
models, the parameters of which are determined by measuring the thickness of the material profiles at
several points [12, 13].

The advantage of using these approaches is the speed of solving the modeling problem. The disadvan-
tage of such approaches is the low degree of correspondence between the simulation results and the exper-
imental results. The indicated disadvantage of the approaches of the first of these groups is due to the com-
plete neglect of the surface roughness of electromagnetic shields, within the framework of the models on
which these approaches are based. The indicated disadvantage of the approaches of the second of these
groups is due to the lack of consideration of the nature of the distribution of roughness over surfaces mate-
rials, within the framework of the models on which these approaches are based.

It was shown in [14] that the topology of rough surfaces can be most accurately described using frac-
tal geometry. To date, models of the interaction of electromagnetic radiation with rough surfaces based
on the indicated feature have not been developed. In this regard, the authors set the development of such
a model as the aim of the study presented in this article.

The developed model justification. To eliminate these limitations, the authors proposed to describe
rough surfaces in the framework of models of these surfaces interaction with electromagnetic radiation
using the following equation:

FDs—2 l"max
z(x,y>=L[—j (ny)2 3y
L n=1
1

ne 2 272
x| cos @, —cos 2my (xL+y) cos(arctan(lj—nmJ+(pn R M
b

where L is the sample length, G is the sample length scale, FDs = FD + 1, FD is the fractal dimension, y"
is the frequency spectrum of a rough surface, n is the frequency index, ¢, is the random phase n,,,, is the

In(L/Ly)

maximum value of the frequency index, calculated by the equation 5, = int{ 0
ny

}, where L, is

the sample length limit [14].

It should be noted that, as a rule, when calculating with formula (1), the value of y is taken to be
equal to 1.5 [14]. The limit of the sample length must be taken into account in formula (1) in order to
ensure the dimensionlessness of the sublogarithmic expression.

Rough surfaces are a combination of nano-, micro- and macro-sized adjacent homogeneous media.
In this regard, when electromagnetic radiation interacts with such surfaces, phenomena arise that are
similar to phenomena that occur at the boundaries of adjacent media of heterogeneous systems when
electromagnetic radiation interacts with these systems. In particular, it was substantiated in [7, 15, 16] that during
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the electromagnetic radiation propagation in heterogeneous systems, electromagnetic fields character-
ized by strong discontinuities are formed at the interfaces between their adjacent media. These discon-
tinuities are due to the difference in the permittivities of these media. The tangential components of the
magnetic and electric field strength vectors at these boundaries are continuous and finite [7]. In this
regard, when constructing a model for the interaction of electromagnetic radiation with rough surfaces,
it is impossible to use the Maxwell equations in differential form (equations (2), (3)), since these equa-
tions don’t take into account strong discontinuities of the electromagnetic field at the interface between
adjacent media:

Jrotal =V xH, VD=p, (2)
—%—BZVXE, VB=0, 3)
t

D . . . .
where jiota = AE +a—; B =puoH,D =¢g(E, B is the axial vector (i. e. pseudovector) of the magnetic

induction, H is the axial vector (i. e. pseudovector) of the magnetic field, D is the electric induction
vector, E is the electrical field vector, A is the electrical conductivity of the medium, p is the relative
magnetic permeability of the medium, p is the volume charge of the medium, ¢ is the relative permittivity
of the medium.

For an electromagnetic field formed at the interfaces between adjacent media in heterogeneous sys-
tems, the following conditions are met [7, 15, 16]:

Dy, =Dy =0, @)
E;-Eq =0, ®)
B —Bn =0, (©)
H. -H., =[i.n], (7)

where the i, is the tangential component of the surface current vector, ¢ is the surface charge, D, is the
normal component of the electric induction vector, B, is the normal component of the magnetic induction
vector; indices n and t are used to designate the normal and tangential components of the vectors to
the interface between adjacent media; indexes 1 and 2 are used to conditionally designate the first and
the second adjacent media in a heterogeneous system.

In the Cartesian coordinate system, conditions (4)—(7) are written as follows:

Dy — Dy =0, ®)
E,-E,» =0, ©)
E—E.»=0, (10)
By, =By, =0, (11)
Hy, -H,, =i, (12)
H., -H,=i,, (13)

where i; =1, j+i.k is the surface current density.

As it can be seen from equations (8), (12), (13), there are no closing relations with which the surface
charge and surface currents can be determined.) Therefore, it is necessary to make a transition to wave
equations that allow us to calculate the surface charge () and surface currents (i), i,) [7]. Taking into
account equations (4)—(7), equations (2) and (3) are transformed as follows:

Oj total _ 1 V2E - Lgrad(diV E), (14
Or  upo HHo
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where grad(divE) is the function that takes into account the volume charge at the interface between
adjacent media due to the flow of electric current through it.
Equation (14) has the following form in the Cartesian coordinate system:

. 2 2 2 OE

a.]totabc — 1 0 sz +a ix +a ix . 1 i aEx + y +6Ez , (15)
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The authors believe that when electromagnetic radiation propagates from one medium to another,
a volume electric charge is induced at the interfaces between these media [7, 16—19]. This fact is taken
into account using the volume charge gradient function presented in equation (14). The results of model-
ing the electromagnetic radiation interaction with media taking into account the induced volume electric
charge at their boundaries are characterized by higher accuracy than the results of modeling without
such consideration [20, 21]. The transformation of equations (2), (3) into equations (14)—(17) taking into
account the influence of the volume electric charge gradient hasn’t been presented yet in any literary
source, the subject of which is related to modeling the processes of interaction of electromagnetic radia-
tion with media. That is, the idea of such a transformation is new. It should be noted that when modeling
the processes of interaction of electromagnetic radiation with media using the Comsol package, it is pos-
sible to take into account the influence of the volume electric charge gradient. For this, at the initial stage
of such modeling, it is necessary to set equations (15)—(17). If these equations aren’t specified, the simu-
lation will be performed taking into account only the classical Maxwell equations.

For an electromagnetic field formed at the interfaces between adjacent media in heterogeneous sys-
tems, the following conditions are satisfied, along with the conditions described using equations (4)—(7) or (8)—
(13) [9-11]:

— equality of the normal components of the total current;

— equality of the tangential projections of the electric field vortex;

— the law of electric charge conservation;

— equality of the tangential components of the electric field and their derivatives in the tangential
direction;

— equality of the derivatives of the normal components of the total current in the direction tangential
to the interface between adjacent media, taking into account the influence of surface currents without
the explicit introduction of a surface charge.

Taking into account the above conditions, it should be noted that in the course of implement-
ing the model of interaction of electromagnetic radiation with rough surfaces, it is advisable to use
through-counting schemes. In this case, discretization must be carried out in such a way that the bound-
aries of adjacent media have common nodes. In this case, the condition of the equality of total currents,
the equality of charge flows [7] will be satisfied at these boundaries.

One of the simplest solutions of the wave equation is the d’Alembert solution:

E.(t)=A[l1+mcos0t][2sin of —sin(w—2A)t +sin(®+ 2A)¢t] =4 A[1 £ mcos 0¢] sin? Atsin oz, (18)

E, ()= A[l+mcos0t][2cos ot — cos(w—2A)t + cos(w+ 2A)t] =4 A[1 £ mcosOt]sin 2 At cos o, (19)

where 4 is the electromagnetic waves amplitude, m is the modulated electromagnetic waves amplitude,
0 is the frequency of the modulated electromagnetic waves, ® is the circular frequency of electromagnetic
waves, 2A is the broadening of electromagnetic waves reflected from the interface of adjacent media
with respect to electromagnetic waves incident on the interface of adjacent media.
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The values of the functions represented by equations (18), (19) continuously fill the frequency range
®—-2A<®w<®+2A (when modeling the process of electromagnetic radiation propagation in a medium,
it is necessary to take into account the broadening of the spectral line, which is caused by the spin-spin
interaction and the Doppler effect (there are no monochromatic waves in a medium)).

Since the interaction of electromagnetic radiation with the interface between adjacent media is
a transient process, equations (18), (19) should be represented as follows:

0+2A 3 )
Ex(t)z,{ [ (1_ _ 2 : Jsinzmtdm}(l mcosBr)sin ot _
eko sin“ of —Losin” ot

®-2A +e 4A

o+2A — 1
_ J- - 1 . sin? otde (1-mcosB¢)sin wt , (20)
©-2A cosh(ko sin (ot) 4A
o+2A 2 .2 (1—mcosOt)sin wt
E,(t)=A4] | |1- > — [sin” ordo =
02A eko sin“ ot i e—xo sin”~ ot 4A
o+2A —
_ I - 1 - sin? otdo (1-mcosB¢)coswt . @)
D2A cosh(A, sin” o) 4A

where E,(f) and E,(¢) satisfy the following matching conditions [7]: £,(0) = 0, E(0) = 0, E(0)=0,
E’,(0)=0; A, is a parameter that can be used to determine the duration of the process of establishing the
maximum value of the electromagnetic field amplitude.

The presence of a factor with a hyperbolic cosine in the integral expressions of equations (20), (21)
is due to the fact that forced oscillations in the medium of electromagnetic radiation propagation (i. e.
essentially in the “oscillatory circuit”) are established not instantly, but after some time, which is due to

1

cosh(\, sin? t)

cess of establishing the oscillations is not realized. If L, — oo, that 1 - — 1, the radiation

cosh(, sin? ot)
becomes close to monochromatic one. Thus, the authors propose to base the model of electromagnetic
radiation interaction with inhomogeneous surfaces on equations (1), (20) and (21).
The developed model description. The developed model is implemented in the following order.
1. Description of a rough surface using equation (1).
2. Description of the following initial conditions for the implementation of the model, based on
the condition described using equation (5):

the finiteness of the speed of radiation propagation. If A, — 0, than 1—

— 0, the pro-

E|_, =0, (22)
EL ) 23)
ol

3. Description of the following boundary condition for the implementation of the model:
E|. =), 24)

where I' is the boundary of the surface area that interacts with electromagnetic radiation, ¢(f) is a function
describing electromagnetic radiation interacting with the surface (function @(f) should be described using
equations (20), (21)).
4. Description of the strength of the electric field distributed over and under the surface using
the equation:
2
xa—E+ssoa—f‘zL(AE—grad(divE)), (25)
ot Ot” Mo
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where AE is the Laplacian of vector E. It should be noted that equation (25) is a direct consequence of
Maxwell’s equations, supplemented by conditions under which the induced surface charges are taken
into account and as well as currents at the interfaces of adjacent media using the function grad(div E) [19].
This equation is convenient to use when formulating conditions at the interface of adjacent media, since
there is no need to specify the values of the surface charge and current at the interface of adjacent media,
which were derived for the cases of magnetostatics and electrostatics, i.e. for cases in which there is no
alternating electromagnetic field [22, p. 11; 23].

5. Transformation of equation (25) to the following form, taking into account the described initial
conditions:

2 2 62E

kaEx +&gg 0 sz _ L9 lzx - 2, (26)

ot ot o | oy Ox0y

OE o’E 1 (8°E, 0°E
A—= +egg 2y = 2y - i 27)

ot ot Hio | Oy Ox0y
El,_,=0, E,|_, =0, 28)

OE, OE
=0, —X| =0, (29)
ot =0 0t =

E o =0:00, E|_ =0, (30)
dioy =0:0. E|_ =0,0). 31)
Eil, g =0:(0.  E,| _ =0,0) (32)
Ex|y=y1 :(px(t): Ey|y:y1 :(py(t): (33)

where x,, y, are the coordinates of the boundary points of the simulation domain.

6. Description of the process of electromagnetic wave passage through the interfaces of adjacent
media using equations (15)—(17), which are a representation of equation (14) in the Cartesian coordinate
system. Equations (15)—(17) take into account the condition of continuity of the total current, which is
a consequence of the first Maxwell equation, due to which these equations can be solved using standard
programs for electrodynamic modeling. Otherwise, without taking into account surface currents and
surface charges, the use of standard programs for electrodynamic modeling is not possible due to strong
discontinuities in the electromagnetic field.

It should be noted that at the interfaces between air and a rough surface (i. e. above and below
the rough surface) identical fields are excited.

The results of simulation with the use of the developed model. In the course of approbation of
the developed model, the process of interaction of electromagnetic radiation with a rough surface (silver
plate) was simulated in the Comsol Multiphysics software package. The following values were used
during the simulation:

— Amax =3, D=17, y=15MHz, L=2um, G=2;

—te€[0;5-107°]s;

—x =y =1

—-E.=50mV/m; E, =0.1mV/m;

— relative magnetic permeability is 1.0 rel. units; specific electrical conductivity is 6.3 - 10’ Sm/m.

The computational area was the interface between the air and the silver plate. Fig. 1 shows a three-di-
mensional image of a simulated rough surface. The specified image was obtained from the results of cal-
culations carried out using equation (1).
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Fig. 2 shows the profile of the simulated rough surface and Fig. 3 shows the physical area within
which calculations were carried out during the simulation. It can be seen from Fig. 2 that the rough sur-
face is located at the bottom of the physical area within which the calculations were carried out during
the simulation. Based on this, it can be concluded that this area contains the interface between adjacent
media.
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Fig. 2. Profile of the simulated rough surface
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Fig. 3. Physical area within which the calculations were carried out during the simulation
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Fig. 4. The distribution of the electromagnetic field strength in the physical area, within which
the calculations were carried out during the simulation (@ — E,; b - E))

Fig. 4 shows the distribution of the electromagnetic field strength in the physical region within which
the calculations were carried out during the simulation. Fig. 4 shows that higher values of the electro-
magnetic field strength are recorded not at the tops of the surface roughness, but in some areas located
above them. However, the value of the electromagnetic field strength at the tops of the roughness is
higher than the average value of the electromagnetic field strength in the physical region within which
the calculations were carried out during the simulation. The lowest values of the electromagnetic field
strength are again fixed not in the recesses between the roughness, but closer to the edges of the physical
region or at local maxima. Naturally, the ensemble of peaks and depressions forms its own unique struc-
ture and the peaks and depressions affect the distribution of the electromagnetic field strengths. With
a certain topology, it is possible to fix the maximum strength of the electromagnetic field not only in
the area close to the tops, but also about the troughs. Similarly for the minimum, it is quite normal if the
minimum of strength is located at the top, which is a local maximum in some part of the region.

According to the obtained simulation results it’s possible to conclude, that the presence of roughness
on the surface of the film results in an improvement in its absorbing properties due to the fact that elec-
tromagnetic waves are scattered by these roughnesses.

Conclusion. The main advantages of the developed model of the interaction of electromagnetic radi-
ation with rough surfaces in comparison with its analogues are as follows:

1) the model is consistent;
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2) the model takes into account the peculiarity of the distribution of the electromagnetic field over
rough surfaces;

3) the results of calculations performed using the model are characterized by high accuracy.

The indicated advantages of the developed model determine the prospects for its application in
the framework of processes associated with the design of thin-film electromagnetic shields for microelec-
tronics products protection from external and internal interference impact. It should be noted that it seems
possible, if necessary, to take into account, in the framework of this model, the surface charge density and
the surface current at the interface between adjacent media.

The other application areas of the developed model are the following.

1. Design of microelectronics products (the PCB surfaces are characterized by the presence of rough-
ness the maximum size of which is 0.05—1.0 microns [5]).

2. Design of radiophotonics products, specifically, guide systems. The materials used to make guide
systems are not ideal. This imperfection is due to both the finiteness of the specific conductivity of materi-
als and the roughness of their surfaces, the dimensions of which depend on the quality of its processing. From
general physical considerations, it follows that the influence of the surface roughness of the materials of
guide systems on the energy loss of electromagnetic radiation propagating in these systems can be neglect-
ed if the dimensions of such roughness are much smaller than the depth of penetration of the electromag-
netic radiation into the materials. This condition is met when the frequency of electromagnetic radiation
is less than 100.0 MHz. However, if microwave, EHF, and optical electromagnetic radiation propagate
in guiding systems, then the surface roughness of the materials of these systems becomes the main factor
determining the degree of energy loss of this radiation [24].

3. Theoretical evaluation of the optical and thermal properties of materials (in particular, the spectral
brightness coefficient, the polarization degree, the thermal conductivity coefficient).
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