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CHAPTER 1

DEVELOPMENT OF RADIATION-PROTECTIVE COATINGS
BASED ON EPOXY COMPOSITES FOR MATERIALS OF
ELECTRONIC EQUIPMENT

CHAPTER 1

ABSTRACT

The basics of the theory of electron energy loss when passing through a composite material
are presented. This made it possible to explain the influence of the metal filler on the amount of
such losses. Dependences of the electron concentration, specific conductivity, and Hall EMF on
the induction of external magnetic field for the n-Si and n-Ge single crystals, irradiated by the
fast electrons, coated with a layer of ED-20 epoxy resin, were obtained. The composite layer was
without fillers and with iron and aluminum powders as fillers. The presence of such a coating layer
increases the radiation resistance of n-Si and n-Ge single crystals. Silicon and germanium single
crystals coated with epoxy composite with iron powder filler have the highest radiation resistance.
Obtained dependences of the Hall EMF on the induction of magnetic field for the investigated n-Si
and n-Ge samples are linear. Only the silicon and germanium single crystals coated with epoxy with
iron powder filler exhibit slight deviation from linearity at magnetic fields below 0.3 T. Residual mag-
netization, which induced the additional EMF Hall, was detected for the germanium and silicon single
crystals, coated with a layer of epoxy resin with the iron powder filler. The presence of residual
magnetization of the iron powder filler and the corresponding induced additional Hall EMF can be of
practical importance in the development of energy storage systems based on irradiated n-Ge and
n-Si single crystals coated with a layer of epoxy resin with the iron powder filler.

The chapter for a wide range of specialists with the radiation physics of solids is designed. It
will be useful also for graduate students and students of physical and physical-technical specialties.
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Epoxy composite coatings, Hall effect, radiation defects, radiation resistance, magnetic sensi-
tivity, silicon and germanium single crystals, radiation losses, metal powder fillers.

Currently, there is a growing need for new materials with specific properties or known mate-
rials with improved properties [1-6]. Advances in some fields of technology are largely determined
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by the ability of such materials to function in extreme conditions, such as elevated levels of radia-
tion, temperature, chemical activity, mechanical and tribotic loads. The modern development of the
nuclear industry, nuclear energy, military, and space technology is in dire need of the development
of a new generation of electronic equipment based on these materials. The design of such devices
is relevant to ensure the safety of work at nuclear and space plants, the disposal of nuclear waste,
and work in radioactively contaminated areas. In addition, high-radiation physical experiments per-
formed on charged particle accelerators at CERN require semiconductor devices capable of provid-
ing long-term dosimetric control in the internal tracks of nuclear installations. Devices with such
performance are not available worldwide and cannot be designed using traditional semiconductor
materials technologies, such as monocrystalline silicon and germanium technologies. Also, the use
of already known materials and products to solve such problems creates the need not only to
assess their radiation resistance in order to determine the limits of applicability but also the ability
to use radiation as a technological tool to improve the properties of these materials. The problem
of protection of semiconductor electronics elements from radiation can be solved by applying local
radiation protection, the essence of which is to use special coatings that are directly applied to the
surface of such elements. Promising in this direction is the development and application of polymer
composite coatings based on epoxy resins, which have a number of advantages over other reactive
polymers due to high manufacturability, adhesive strength, hardness, wear resistance, corrosion
resistance, and resistance to rapidly changing temperature fields. Also, such coatings are lighter
and cheaper compared to metal cases. Therefore, the development of a set of physical-mechanical
and operational properties of epoxy composites and, accordingly, obtaining protective coatings for
silicon and germanium single crystals from the aggressive action of radiation, environment, and
other high-energy physical fields will allow creating of fundamentally new elements and devices of
extreme electronics.

L1TOTAL ENERGY LOSSES OF ELECTRONS WHEN PASSING THROUGH THE POLYMER COMPOSITE

During the operation of spacecraft in the Earth’s radiation belts, materials located on the outer
surface area exposed to electron flowes with a wide energy spectrum. Thermalizing in dielectric
materials, these particles are able to create an uncompensated electric charge, i.e. to cause radia-
tion electrification, which can significantly change the electrophysical properties of dielectrics [7].
Therefore, one of the main reasons that lead to the failure of electronic and electrical equipment
of the spacecraft is the electrical breakdown of dielectrics. In the orbits of spacecraft, where
there are intense flows of high-energy electrons, the absorbed dose of radiation inside is mainly
determined not by electrons but by their radiation. It is known that in a geostationary orbit the
absorbed radiation dose from hard electromagnetic radiation under radiation pratection in 11 mm
aluminum is more than two thousand times higher than the radiation dose from the electrons
that generate this radiation. For polymers, this problem is less relevant, as they weakly generate
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inhibitory X-rays caused by exposure to the protective material of high-energy corpuscular radi-
ation. In addition, the polymeric materials have a lower density, which reduces the weight of the
protective material at the initial level of protection. To use a new polymer composite in space, it
is necessary to mathematically model the effect of electron radiation on it. In [7], a polymer com-
posite (PC) synthesized on the basis of impact-resistant polystyrene and organosiloxane methyl-
polysiloxane xerogel filler (MPS) was selected. The elemental composition of the PC is presented in
Table 1.1. It was previously found that this composition is optimal for use in space. The tempera-
ture interval of polystyrene composite operation is from +160 °C to —170 °C, it is resistant to
VUV radiation and atomic oxygen.

CHAPTER 1

@ Table 1.1 Elemental composition of the PC

The content of elements in the composite, wt. %
Si 0 H C
60 24 17.633 6.750 51.617

The content of the MPS, wt. %

Consider a polymeric, completely amarphous composite material with a density p=1.159 g/cm?,
To study the ionization energy losses during the passage of electrons through the investigated
polymer composite material, let’s use the formula [8]:

[ mc’E, B
In -
P o1—p?)
(—Zf) :Kp%% 1—F —1+pI2+ |, (1.1
col
+’|—B‘2+%[’I—,/’I—BE]2

where K =4n-r?mc®N, =0.307 MeV/g/em?

m,c® =0.511 MeV — the rest energy of the electron;

r=e®/mc®=2.810" cm - classical electron radius;

N, =610 1/mal;

p — the density of the substance;

| — the average ionization potential of the atom of the substance of the medium;

B—1—MLtftf lectron with kineti E,

= . +£F — Lorentz factor of an electron with kinetic energy ;.
The studied composite material consists of atoms of different grades, each of which will con-

tribute to the ionization energy loss of electrons. Then the formula will be:
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dE dE
5.9

where (— dE/dx); is the density and contribution of the i-th element in the complex substance and
the ionization losses of the electron.
Rewrite expression (1.1) in a more convenient form for analysis:
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In this case, the contribution of each element to the total ionization losses is as follows:

dE Z,

(_dxj —pcA F(E l) (1.5a)
AN

(_dx) ~poSEF(ELL). (1.50)

_@0 =p Z—”F(E /) (1.5¢)
dX col 0 AD e '
dEY Z,

The average ionization potentials of atoms have the following values:

I, ~785V, I, ~1735V, I, ~955 , I, ~19.25/. (1.6)

Given (1.5a—c), the ionization energy loss of electrons in the studied composite material is
written in the form:
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d Z Z, z Z
(—dx)m,—pCAEF(Ek,IC)+ps,AzIF(Ek,ls,)+pUAZF(Ek,la)+pH4:’F(Ek,lH). 0.7

Fig. 1.1 presents the curves constructed on the basis of expressions (1.3—1.7), showing
the total ionization losses of electrons in the polymer composite (thicker curve) and the separate
contribution of each chemical element of the composite to the ionization losses. From Fig. 1.1 it
follows that a greater contribution to the ionization losses is made by the carbon component while
taking into account the low density of the composite, energy losses are quite high.

In addition to ionization losses, there are also radiation energy losses of electrons when passing
through the investigated polymer composite material. Radiation energy losses of the electron in
the matter are equal:

2
(—"Ej =pZ—K—a£G(Ek), (1.8)
o), " Adnm

where F(x)= dey; e=E, +mc® —total electron energy; p — electron momentum.
y

0
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O Fig. 1.1 Specific ionization losses of fast electrons in
the polymer composite
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3 m c? 3ep? mc?
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Since the studied polymer composite consists of several elements, the contribution of each to
the radiation losses of the fast electron is determined by the expressions:

(_Zi); . j: 5(E,). (1100
(Z)Ejd _ ps/_jig(gk), (1.100)
(_Zf); - poj’EG(Ek), (1100
(_ij; _ pr‘ig(Ek), (1.100)

Then the total energy loss of the electron to radiation

3 z 2 2 7
_ , G(E,). .
( dxj (p PP +pHA] (E,) (1.11)

Fig. 1.2 presents the curves constructed on the basis of expressions (1.9) and (1.11), which
show the total losses of fast electron radiation in the polymer composite (thicker curve) and the
separate contribution of each chemical element of the composite to these losses. Fig. 1.2 follows
that the silicon component makes a greater contribution to radiation losses. Given the low density
of the composite, the radiation energy losses are quite high, but they are small in comparison with
the ionization losses at the considered electron energy values. In the general case, the energy
losses of electrons in the studied polymer composite are determined by the sum of ionization and
radiation losses (Fig. 1.3).

From Fig. 1.3 it follows that at the considered values of electron energy, interesting from the
point of view of electronic protection of the equipment in space, losses of energy of electron are
generally defined by ionization of atoms.
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O Fig. 1.2 Specific radiation losses of fast electrons in
the polymer composite

Since the electron is "inhibited" by losses, let’s find the average distance, which determines the
average path length that the particle would travel in the process of deceleration in an unlimited and
homogeneous medium, provided that it continuously loses energy along the entire path according
to braking ability (— dE/dx). Real runs are random numbers and distributed around the average run.
The average mileage is calculated by the formula:

EU
mglzjgﬂﬂgf (1.12)

o _dEY
ax
_dEN_(_dEY (_dE
where d) \ dx ), ).,

Fig. 1.4 and 1.5 show the dependences of the average electron path in the composite on its
initial kinetic energy. The curves are constructed in different energy ranges.
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O Fig. 1.4 Dependence of the average electron path in the polymer
composite on its initial kinetic energy in the energy range from 0 to 1 MeV
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O Fig. 1.5 Dependence of the average electron path in

the polymer composite on its initial kinetic energy in
the energy range from 0 to 10 MeV

Calculations show that the average electron path in the studied composite is quite small in a
wide range of the initial energy of the electron, which indicates the prospects of its use to protect
against the effects of electrons in outer space. Since fast electrons in outer space have a wide
energy range and different orientations of the initial velocity, it is also necessary to investigate the
electron transmission coefficients of this polymer composite.

Let’s consider the transmittance of the number of particles and the energy of electrons inci-
dent on the material at an angle ¢ relative to the normal to its surface and pass a layer of matter
with a thickness of x (Fig. 1.6):

0=, (1.13)
NU
T. (X]:M. (1.14)
* NUEU

Here Ny and E, are the numbers of incident electrons and their kinetic energy. The Monte Carlo
statistical method was used to simulate the process of electron transmission through the studied
polymer composite.

Fig. 1.7-1.11 graphically present the results of modeling the dependence of the transmission
coefficients on the number of particles and energy on the thickness of the composite for the angles
and initial energies presented in the figures.
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It is possible to make a conclusion about the high stability of the investigated composite in re-
lation to a stream of fast electrons in the general case of their falling at various angles concerning
normal to a target surface. A layer of such a composite, x>2 cm thick, can completely shield the
elements of electronic equipment from electron flows with energies up to 5 MeV.

Nix), Elx)

//\ \/\/\
/ x

O Fig. 1.6 Geometry of the process of passing fast
electrons through a polymer composite
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O Fig. 1.7 Transmittance by the number of electrons at different
angles of incidence
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incidence on the composite for different initial electron energies
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O Fig. 1.10 Energy transmittance at normal incidence on the
composite for different initial electron energies
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and energy at normal incidence on the composite
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1.2 THE METHOD OF INCREASING THE RADIATION RESISTANCE OF N-GE AND N-SI SINGLE
CRYSTALS TO STREAMS OF HIGH-ENERGY ELECTRON IRRADIATION

Virtually all materials from which various structural units and working parts of nuclear and
thermonuclear installations and spacecraft are made are exposed to radiation during their opera-
tion. Since, for example, the duration of nuclear reactors and designed thermonuclear devices must
be at least 10 years (otherwise they will be economically unprofitable), at the same time must
continuously "work" and structural materials [9, 10]. Reactor radiation, affecting the materials,
changes their structure, and hence their strength, electrical and other properties. Radiation de-
fects that are formed under such irradiations are mainly formed defects of the crystal structure
(vacancies, between nodal atoms or their complexes with other impurities) [11, 12]. The energy
transferred to a solid can lead to the rupture of interatomic bonds and the displacement of atoms
with the formation of a primary radiation defect such as the Frenkel pair (vacancies and inter-
nodal atom). Electromagnetic radiation (optical photons, y-quanta, X-rays) directly disrupts the
electronic system of the crystal, and only at the next stage are the various mechanisms of atomic
displacement activated. The formation of radiation defects in the transfer of energy to electrons is
possible in dielectrics and semiconductors. In metals, energy, quanta, or particles of radiation are
usually spent on the excitation of atomic electrons and converted into heat without creating struc-
tural defects. The types and concentration of the formed stable radiation defects are determined
both by the radiation conditions and by the properties of the solids themselves. In this case, the
formation of stable point defects (isolated vacancies or internodal atoms, divacancies, complexes
of Frenkel vapor components with impurity atoms) is most characteristic of light particles and
photons of not very high energies.

The main criterion to which it is customary to pay attention when considering the behavior of
materials in radiation fields is their ability to resist the action of radiation and retain their original
properties. This characteristic of the material is called radiation resistance. Substances and mate-
rials differ significantly in their radiation resistance. This is due to differences in their physical and
chemical properties: elemental composition, phase state, chemical and electronic state of molecules,
structural defects. Radiation resistance significantly depends on the radiation environment, type of
radiation, dose rate, ambient temperature, operating conditions. The first human-observed changes
in materials under the influence of radiation were harmful, so the term "radiation damage to materi-
als" appeared. Now, however, it is possible with the help of fast particles to purposefully change the
structure of materials under certain conditions, thereby contralling their macroscopic properties.
This opens wide opportunities for the application of radiation technologies in the production of, for
example, crystals, and sometimes finished products from them with specially defined properties.

Semiconductor materials are widely used as various radiation detectors. Silicon or germanium
diodes are used similarly to gas-filled ionization chambers to measure the spectral distribution of
radiation quanta. The advantage of semiconductor detectors is that their ionization current is ten
times greater than that of gases. Due to the higher density, the semiconductor absorbs much
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more energy than gases. However, germanium and silicon detectors must be cooled to a tem-
perature close to 200 °C and also use electronic pulse conversion circuits with low intrinsic noise.
Currently, the task of ensuring the high performance of devices and equipment in the conditions of
radiation exposure (electrons, protons, heavy charged particles, X-rays, and gamma radiation) is
quite acute [13-171.

Radiation resistance of the equipment determines the term of its active use and trouble-free
operation. This is especially true for electronic systems that are part of the onboard equipment of
spacecraft [15]. Widespread use in the electronic equipment of the spacecraft of semiconductor
devices and integrated circuits sensitive to the action of ionizing radiation of outer space, as well
as increasing the service life of space objects requires ensuring the radiation resistance of micro-
electronic elements for a given radiation environment.

Today, such methods of increasing the radiation resistance of silicon and germanium as nucle-
ar doping, pre-radiation heat treatment, doping with isovalent and electrically inactive impurities
are used [18-20].

One of the promising areas of development of radiation-resistant equipment is the use of local
protection methods, in particular the creation of special cases and coatings with integrated radi-
ation shields [17]. These technologies allow the use of chips of commercial and industrial classes
instead of radiation-resistant chips, which makes it possible to reduce the cost of onboard equip-
ment and expand the range of components used. In this regard, it is practically and commercially
advantageous to create protective screens, coatings, or shells of epoxy composite materials, which
are more technological, lighter, and cheaper compared to metal cases. This requires detailed stud-
ies of the effect of radiation on the shielding capacity of such materials, especially when irradiated
with high-energy particles.

In [21-23], the shielding ability of the epoxy composite coating layer from the effects of
high-energy electron irradiation are investigated. This layer, 5 mm thick, which was an epoxy-diane
resin brand ED-20 with PEPA hardener (12 parts by weight per 100 parts by weight of epoxy resin)
without fillers and with fillers of iron and aluminum powders (30 parts by weight per 100 parts
by weight of epoxy resin), was applied to the samples germanium and silicon. The investigated
n-Ge and n-Si single crystals were grown by the Czochralski method and in the process of culti-
vation were doped with impurities of antimony and phosphorus, concentrations of 5-1014 cm™
and 2.2-1016 cm®, respectively.

The method of obtaining samples of semiconductors and epoxy composites is described in detail
in paragraph 1.2.

According to the experimental data of the authors [24], the dependence of the absorbed elec-
tron irradiation dose on the thickness of the polymer composite sample is extreme. The presence
of a maximum for this dependence is associated with the development of the ionization process in
the mass of the composite, which is caused by incident electrons and an increase in the ionization
density of the medium due to the backscattering of secondary electrons at great depths. This leads
to an increase in the absorbed radiation dose. It was also shown that with increasing energy of
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the incident electron beam, this maximum expands and shifts in proportion to the thickness of the
polymer composite. Therefore, as follows from these results, to reduce the transmittance of the
electron irradiation flow, it is necessary to use either a very thick layer of polymer composite (for
electron energy of 10 MeV it must be at least 50 mm) for the thickness at which the maximum
is observed on the dependence of the absorbed dose. Therefare, in our research, let’s choose the
optimal coating layer of epoxy-diane resin with a thickness of 5 mm.

To study the shielding ability of such a layer of epoxy coating from electron irradiation, the
temperature dependencies of electrical conductivity and Hall constant were measured for elec-
tron-irradiated electrons with energy 10 MeV and flow Q=5-1015 el./cm® n-Ge single crystals
and irradiated electrons with energy 12 MeV and =1-1017 el./em? n-Si single crystals coated
with a layer of epoxy resin. In [25, 261, the temperature dependences of the electron concen-
tration (Hall constant) for the same n-Si and n-Ge single crystals were obtained, irradiated with
different streams of electrons.

As follows from these dependences, for electron irradiation flows Q>5-1016 el./cm? and
Q>5-1016 el./em? there is a significant decrease in the radiation resistance of the studied single
crystals of silicon and germanium. With this in mind, it is chosen the above energies and electron
irradiation flows of these single crystals. The temperature dependences of the concentration and
specific electrical conductivity of the n-Si and n-Ge single crystals irradiated with electrons are
presented in Fig. 1.12-1.15.

n, cm3

1015
1 — unirradiated n-Ge;
2 —irradiated n-Ge;
3 —irradiated n-Ge with

1014 a polymer layer;
4 —irradiated n-Ge with
a polymer layer including
an aluminum powder filler;

101 5 —irradiated n-Ge with
a polymer layer including
an iran powder filler

101

10M >

3 4 5 6 7
10001
O Fig. 1.12 Concentration vs temperature dependences of generated radiation defects in

irradiated n-Ge specimens coated with a layer of epoxy composite
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G, S/m
1004
102 1 1 — unirradiated n-Ge;
M 2 —irradiated n-Ge;
3 — irradiated n-Ge with
— 10! 5 i a polymer layer;
o i 4 — irradiated n-Ge with
L] 3 a palymer layer including
— 100 an aluminum powder filler;
- 5 — irradiated n-Ge with
'-j'-:: a palymer layer including
(3] 101 an iron pawder filler
107
2
0 >
150 200 250 300
T.K

O Fig. 1.13 Temperature dependences of specific conductivity for n-Ge single crystals,
coated with a layer of epoxy composite

n, cms
’|017
Sesassscong. T + - 1 —irradiated n-Si single
107 I xS e crystal without epoxy
Ai¥x 2o coating layer;
- Palxoee o = - 2 —irradiated n-Si single
e, faxa %0 crystal without epoxy
e, NI coating layer;
108 "., L a - 3 —epoxy composite layer
", without fillers;
", x - 4 — aluminum powder filler;
L o - 5 —layer of epoxy composite
. with iron pawder filler
10M y v T y |
3 3.5 4 4.5 5 5.5 B 6.5
10
T

O Fig. 1.14 Temperature dependences of electron cancentration for irradiated n-Si single
crystals coated with a layer of epoxy composite
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As follows from these dependencies, the electron concentration, specific conductivity, and,
accordingly, radiation resistance increase for single crystals of germanium and silicon coated with
a layer of epoxy-diane resin. The highest radiation resistance is achieved for n-Ge and n-Si samples
coated with a layer of epoxy composite with an iron powder filler. According to the results of the-
oretical calculations, the average electron path in the polymer composite, in the first place, will be
inversely proportional to the values of

Here p;, — the densities of the i-th chemical element, which is part of the macromolecule of
the polymer composite, or filler, Z; and A that respectively, their charge and mass numbers.

The values for B —p =i and for C =p, = the iron powder filler are larger than for the
aluminum powder filer, A A

G, S/m
1000 h *00040 000000.,,.0“‘
0"“‘.
ooootiboocbm
07 yex:;
oc X' ‘un‘n““
O X A‘
OOD )()(‘AA
100{ o°° W o~
xxxx‘ ! ._-'.
_-' + - 1 —irradiated n-Si single crystal
. without epoxy coating layer;
: m - 2 —irradiated n-Si single crystal
10 1 . without epaxy coating layer;
- A - 3 — epoxy composite layer without
compaosite aluminum powder filler;
x - 4 — aluminum powder filler;
O - 5 —layer of epoxy composite with
iron powder filler
0 Ll T 1
150 200 250 300
T.K
O Fig. 1.15 Temperature dependences of specific conductivity for irradiated

n-Si single crystals coated with a layer of epoxy resin
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Therefore, the transmittance of the electron beam for a layer of epoxy composite with a filler of
iron powder is less than for a layer of epoxy coating with a filler of aluminum powder. This explains the
correspondingly higher radiation resistance of germanium samples coated with a layer of epoxy resin
with iron powder filler than samples of germanium with a protective layer of epoxy resin filled with alu-
minum powder. A significant increase in the content of metallic filler in the epoxy polymer will reduce
the densities of the chemical elements that are part of it, and in accordance with the weakening of
the shielding capacity of the epoxy coating layer from radiation. Therefore, in our studies, let’s choose
the content of fillers of iron and aluminum powders, not exceeding 30 wt. including when this effect
will be little noticeable. The increase in electron concentration and specific conductivity for irradiated
n-Ge and n-Si single crystals coated with an epoxy coating layer is associated with a decrease in the
concentration of radiation defects with deep acceptor levels in such single crystals due to attenuation
of electron beam energy during epoxy composition. In [25] based on the measurements of infrared
Fourier spectroscopy, Hall effect, and tenso-Hall effect, the nature and concentration of the main
types of radiation defects for n-Si single crystals were determined. It was found that the main ra-
diation defects formed by electron irradiation are A-centers (VO, complexes), complexes containing
internodal carbon (GO, complexes), and VOP complexes (A-center modified with phosphorus). Irradi-
ation of n-Ge samples with electron flows with an energy of 10 MeV leads to the formation of both
point defects belonging to the VOIl, complexes (A-center — two internodal germanium atoms) and
order regions [27, 28]. The decrease in the concentration and specific conductivity of these samples
with decreasing temperature is explained by the deionization of the deep acceptor level of £-0.27 eB
belonging to the A-center. To quantify the level of defects in the studied single crystals of silicon and
germanium, calculations of the concentration of formed radiation defects were performed. To do this,
as shown in [25, 26], a system of equations of electroneutrality was solved. The results of such
calculations are presented in Tahles 1.2 and 1.3.

@ Table 1.2 Concentration of radiation defects in irradiated silicon single crystals coated with an epoxy
composite layer single crystals coated with an epoxy composite layer

Sample type

Irradiated n-Si

Irradiated n-Si

Is?:mlta:“stal Irradiated n-Si  single crystal single crystal
n-S!! (wiwlnut single crystal coated with a coated with a

coating with a
layer of epony

covered with a
layer of epoxy

layer of epony
composite with

layer of epoxy
composite with

comnosite) composite aluminum pow- iron powder
P der filler filler
Concentration of complexes 1-1016 8.59:1015 6.6-1015 4.2-1015
VOPN;, cm*®

Concentration of complexes 2.5-1014 1.7-1014 1.3:1014 7.1-1013
VON,, cm*®

Concentration of complexes 7.4-1015 2.3-1015 1.6:1015 2.9-1013

CONs, cm?®
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@ Tahle 1.3 Concentration of radiation defects in irradiated germanium samples coated with epoxy
composite layer

Irradiated n-Ge Irradiated n-Ge Irradiated n-Ge Irradiated n-Ge
single crystal  single crystal  single crystal  single crystal coated

Sample type (without epoxy covered witha covered witha with a layer of epoxy
composite layer layer of epoxy  layer of epoxy  composite with iron
coating) composite composite powder filler

Concentration of 2.81014 2.3-1014 1.91014 1.6:1014

A-centers N, cm?®

As follows from Tahles 1.2 and 1.3, the presence of a protective layer of epoxy composite
leads to a decrease in the concentration of radiation defects in n-Si and n-Ge single crystals, espe-
cially when this protective layer contains an iron powder filler. In this case, for the irradiated n-Si,
the concentration of the formed radiation defects corresponding to the VOP and VO, complexes
decreases several times, and the G0, complexes decrease by more than two orders of magnitude.

A similar situation is observed for irradiated n-Ge single crystals. Therefore, the presence of a
protective layer of epoxy composite significantly increases the radiation resistance of n-Si and n-Ge
single crystals. The introduction into the polymer matrix of fillers of aluminum and iron powders
leads to an increase in the shielding ability of such a layer from radiation. The obtained layer of
epoxy-diane resin brand ED-20 with PEPA hardener (12 parts by weight) (without fillers) and with
fillers of iron and aluminum powders (30 parts by weight) can be a promising material for creating
cheap protective coatings for semiconductor electronics, which made on the basis of silicon and
germanium, from the aggressive action of high-energy electron irradiation.

L3 MAGNETIC SENSITIVITY OF ELECTRON-IRRADIATED N-GE AND N-SI SINGLE CRYSTALS
COATED WITH AN EPOXY COMPOSITE LAYER

Interest in magnetic field sensors has not waned for several decades, due to the development
of a large number of electronic devices that work on the basis of measurements of magnetic field
parameters [29]. These include non-contact DC meters and switches, pipeline diagnostics and
information input systems, motion meters in automotive and aerospace products, tomographs
in medicine, Hall sensors for nuclear, thermonuclear energy, and research [30, 31]. Such a wide
scope of operation of magnetic field sensors puts forward a number of requirements for them:
increase of radiation resistance and range of operating temperatures; reduction of power con-
sumption; size reduction; placement on one crystal of all elements that simultaneously measure
different components of the magnetic field. In particular, in charged particle accelerators, nuclear
and thermonuclear reactors, the magnetic field is measured under radiation conditions, so the
efficiency and reliability of magnetic field sensors depend on the stability of their characteristics.
This puts forward the requirements of increased radiation resistance to semiconductor materials,
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on the basis of which the sensitive elements of Hall sensors are made [32]. Materials such as
Si are used to make semiconductor Hall sensors; Ge; HgTe; HgSe; GaAs; InSb; InAs and others.
In this respect, monocrystalline silicon and germanium occupy advanced positions due to their
unique properties, commercial availability, and well-developed cultivation technology [33]. In the
practical use of Hall sensors, there are two types of tasks. In one case, it is necessary to obtain
the maximum, at a given scattering power, the EMF Hall, and the input resistance of the circuit can
be arbitrarily large. In the second case, the goal is to get the maximum power in the Hall circuit.
To implement the optimal in its parameters Hall sensors, working on the first principle, it is neces-
sary to make them from a material having a low concentration of charge carriers of one sign, i.e.
a large value of the Hall constant. In the second case, to match the sensor with the device, the
material must meet two conditions: the resistance of the sample should not be too small and the
mobility of the charge carriers should be high enough. When operating Hall sensors in conditions
of radiation exposure, along with high radiation resistance, it is necessary to ensure their protec-
tion from the aggressive effects of the environment and various physical fields. One way to solve
this complex problem is to develop simple, lightweight, relatively inexpensive, and technological
protective coatings for the magnetically sensitive element of the Hall sensor. In this sense, epoxy
composites are promising materials, given the above characteristics.

Therefore, it is interesting from a practical point of view to develop protective coatings based
on epoxy-composite materials for silicon single crystals, which can be used to design a magnetically
sensitive element of Hall sensors operating in conditions of high radiation.

In [23, 34], the magnetic sensitivity of electron-irradiated n-Ge and n-Si single crystals
coated with a layer of epoxy resin (without fillers and with fillers of aluminum and iron powders)
are researched. The conditions of electron irradiation, characteristics of the studied single crys-
tals of silicon and germanium, epoxy coating layer, and methods of preparation of samples for
research, experimental measurements were the same as in studies of radiation resistance of
these single crystals. In [34], the effect of electron irradiation with an energy of 10 MeV and a
flow Q=5-1015 el./cm? on the magnetic sensitivity of n-Ge single crystals coated with an epoxy
composite layer was investigated. As a result of measurements of the Hall effect, the depen-
dences of the Hall voltage Uy on the induction of the magnetic field B at different temperatures
were obtained.

As follows from these figures, the dependences U,=f(B) are linear for germanium single crys-
tals coated with a layer of epoxy resin without filler and with a filler of aluminum powder in the
entire range of the studied magnetic fields. These dependencies indicate a secondary role of the
magnetoresistance effect, which can be manifested for germanium single crystals with oxygen-con-
taining complexes at higher values of magnetic fields [35]. For germanium samples coated with a
layer of epoxy composite with an iron powder filler, there is a slight deviation from the linearity of
the dependence Uy=f(B) at magnetic fields up to 0.3 T (Fig. 1.16—1.18, curves 4).

This can be explained by the fact that when such samples are placed in a magnetic field, the
iron powder is magnetized, the magnetic field of which additionally affects the germanium sample
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and thus changes the EMF of Hall. Confirmation of the existence of an additional magnetic field is
the presence of residual magnetization, which creates an EMF Hall, after the "exclusion" of the
external magnetic field.

U, mv
25 . —
- = - 1 — without coating; ﬁ
20 x - 2 — epoxy camposite —
L layer without fillers; (=%
- e - 3 — epoxy composite =I:
15 layer with aluminum Fay
. x powder filler;
. 5 = o+ - 4 — layer epoxy compasite
10 x o« with iran powder filler
- X ] .
X L4 .
5 T
i B
0 0.1 0.2 0.3 0.4 0.5
B, T

O Fig. 1.16 Dependences of Hall voltage on induction of external magnetic field at T=300 K
for irradiated n-Ge single crystals with different type of outer coating layer

U, mv
70
| |
80 L] m - 1 — without coating;
- - 2 — epoxy composite layer
50 without fillers;
. e - 3 — epoxy composite layer
40 u with aluminum powder filler;
- o - 4 — layer epoxy composite
30 - with iron powder filler
20 L]
™1 [
101 T oo
'y $ A
0 0.1 0.2 0.3 0.4 0.5
B. T

O Fig. 1.17 Dependences of Hall voltage on induction of external magnetic field at T=240 K
for irradiated n-Ge single crystals with different type of outer coating layer
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U, mv
700 )
600 .
500 "
L] = - | — without coating;
400 x - 2 — epoxy composite layer
. withaut fillers;
o - 3 — epoxy composite layer
300 with aluminum powder filler;
. +- 4 — layer epoxy composite
with iron powder filler
200 -
100
« %X ¥ % ¥ & %5 %%
0 01 02 03 04 05
B.T
O Fig. 1.18 Dependences of Hall valtage on induction of external magnetic field at

T=190 K for irradiated n-Ge single crystals with different type of outer coating layer

The dependences of the Hall EMF on time in the absence of an external magnetic field for
different temperatures are shown in Fig. 1.19.

As follows from Fig. 1.19, the residual magnetization of iron powder, which is a filler for epoxy
resin, creates a Hall EMF of 2.123 mV, 1.967 mV and 1.552 mV at temperatures of 190 K, 240K,
and 300 K, respectively. The EMF of Hall decreases most rapidly (more than 10 times in 2 hours)
at T=300 K (Fig. 1.4, curve 3). This is due to the fact that the increase in temperature leads to
a decrease in the degree of directional orientation of the magnetic fields of individual domains of
iron powder [36]. Similar dependences of the Hall EMF on the induction of an external magnetic
field at temperatures T=290 K and T=200 K (Fig. 1.20 and 1.21) were obtained for n-Si single
crystals in [23].

These dependencies are linear with the exception of silicon single crystals coated with a layer of ep-
oxy composite with an iron powder filler, for which, as for n-Ge single crystals, there is a slight deviation
from the linearity of the dependence Uy=f(B) at magnetic fields up to 0.3 T (Fig. 1.21, curue 5), which
is explained by the presence of additional magnetization of iron powder, which changes the EMF of Hall.

The dependencies of the EMF Hall on time in the absence of an external magnetic field for n-Si
samples coated with a layer of epoxy resin with iron powder filler are shown in Fig. 1.22.
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Q Fig. 1.19 Dependence of Ux(t) when field magnetized B=0.5 T for irradiated n-Ge
single crystals coated with a layer of epoxy composite with an iron powder filler
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O Fig. 1.20 Dependences of Hall EMF on the induction of an external magnetic field
at T=290 K for irradiated n-Si single crystals coated with a layer of epoxy resin
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O Fig. 1.21 Dependences of Hall EMF on the induction of an external magnetic field
at T=200 K for irradiated n-Si single crystals coated with a layer of epoxy resin
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for irradiated n-Si single crystals coated with a layer of epoxy resin with an iron
powder filler

26



1DEVELOPMENT OF RADIATION-PROTECTIVE COATINGS BASED ON EPOXY COMPOSITES FOR
MATERIALS OF ELECTRONIC EQUIPMENT

As for germanium single crystals, for silicon single crystals the residual magnetization of iron
powder increases with decreasing temperature. At a temperature T=290 K, the additionally in-
duced Hall EMF is only 5 uV (Fig. 1.22, curve 1), so it does not affect the linearity of the de-
pendence U,=f(B) (Fig. 1.20, curve 5). To calculate the magnetic sensitivity of the studied n-Ge
and n-Si single crystals, the analytical dependences of the EMF Hall on the induction of an external

magnetic field were obtained using the least-squares method. Approximation polynomials for the

calculation of such dependencies are presented in Tahles 1.4-1.8.

@ Table 1.4 Approximation polynomials for calculation of Hall EMF and magnetic sensitivity at T=300 K for
irradiated germanium samples coated with a protective layer of epoxy resin

Sample type

Dependence of EMF Hall Uy
(mell) on the induction of an
external magnetic field B (T)

CHAPTER 1

Dependence of magnetic sen-
sitivity B=5U,/5B (meV/T) on
the induction of an external
magnetic field B (T)

Irradiated n-Ge single crystal without
a protective layer of epoxy coating

Irradiated n-Ge single crystal covered
with a layer of epoxy resin

Irradiated n-Ge single crystal coated
with an epoxy layer with aluminum
powder filler

Irradiated n-Ge single crystal coated
with a layer of epoxy resin with an
iron powder filler

Uy=55V
Uy=27.51V
Uy=20.75V
28,89V2 + 6,659V + 0,43,
_ V<03
" 118,92v,
V>0.3

95
27.51

20.75

57,78V + 6,659,
V<0,3;
p= 18,92,

V>03

@ Table 1.5 Approximation polynomials for the calculation of Hall EMFand magnetic sensitivity at T=240 K
for irradiated germanium samples coated with a protective layer of epoxy resin

Dependence of EMF Hall Uy

Dependence of magnetic sen-
sitivity B=5U,/5B (meV/T) on

Sample type (meV) on the induction of an the induction of an external
external magnetic field B (T) magnetic field B (T)

1 2 3

Irradiated n-Ge single crystal withouta ~ Uy=132V 132

protective layer of epaxy coating

Irradiated n-Ge single crystal covered  Uy=38.9V 38.9

with an epoxy layer

Irradiated n-Ge single crystal coated ~ Uy=28.44V 28.44

with a layer of epoxy resin with alumi-
num powder filler
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@ Continuation of Tahle 1.5

1

Irradiated n-Ge single crystal coated
with a layer of epoxy resin with iron
powder filler

30,12V2 +12,6V +0,276,

_JV<03;
" 122,08V,
V>03

3
60,24V + 12,6
V<03;

p= 22,08,
V>03

@ Tahle 1.6 Approximation polynomials for the calculation of Hall EMF and magnetic sensitivity at T=190 K
for irradiated germanium samples coated with a protective layer of epoxy resin

Sample type

Dependence of EMF Hall Uy
(meV) on the induction of an
external magnetic field B (T)

Dependence of magnetic sen-
sitivity B=5U,/5B (meV/T) on
the induction of an external
magnetic field B (T)

Irradiated n-Ge single crystal without
a protective layer of epoxy coating

Irradiated n-Ge single crystal covered
with an epoxy layer

Irradiated n-Ge single crystal coated
with a layer of epoxy resin with
aluminum powder filler

Irradiated n-Ge single crystal coated
with a layer of epoxy resin with iron
powder filler

Uy=1452V
Uy=52.7V
Uy=36.5V
32,852 +13,55V + 0,54,
V<03
" 26,74V
V>03

1452

52.7

36.5
65,7V +13,55,
V<03

~ 2674,
V=03

p

@ Table 1.7 Approximation polynomials for the calculation of Hall EMF and magnetic sensitivity at T=290 K
for unirradiated and irradiated silicon single crystals coated with a protective layer of epoxy resin

Dependence of EMF Hall Uy

Dependence of magnetic sen-
sitivity B=5U,/5B (meV/T) on

Sample type (mell) on the induction of an the induction of I

external magnetic field B (T) e induction of an externa
magnetic field B (T)

1 2 3

Irradiated n-Si single crystal without — Uy=1.257V 1.257

a protective layer of epoxy coating

Irradiated n-Si single crystal coated U,=0.509V 0.509

with a layer of epoxy resin

Irradiated n-Si single crystal coated Uy=0.42V 0.42

with an epoxy layer with aluminum
powder filler
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@ Continuation of Tahle 1.7
1 2 3

Irradiated n-Si single crystal coated Uy=0.32V 0.32
with a layer of epaxy resin and filled
with iron powder

Non-irradiated n-Si single crystal Uy=0.257V 0.257
without a protective layer of epaxy
coating

As follows from the tables, the magnetic sensitivity of single crystals of silicon and germanium
increases with decreasing temperature, as the concentration of electrons in the conduction band
of silicon decreases and the Hall constant increases, which determines the value of magnetic sen-
sitivity. For n-Ge and n-Si single crystals coated with a layer of epoxy resin without fillers and with
aluminum powder filler, the magnetic sensitivity does not depend on the induction of an external
magnetic field, and for the case of such single crystals coated with a layer of epoxy resin with iron
powder filler, increases linearly with increasing magnetic field to 0.3 T. The least-squares approxi-
mation polynomials obtained for the calculation of Hall EMF and magnetic sensitivity can be used in
the construction of radiation-resistant magnetically sensitive elements for Hall sensors based on
germanium and silicon single crystals coated with a layer of epoxy resin.

CHAPTER 1

@ Table 1.8 Approximation polynomials for the calculation of Hall EMF and magnetic sensitivity at T=200 K
for irradiated silicon single crystals coated with a protective layer of epoxy resin

Dependence of magnetic sen-
Dependence of EMF Hall Uy P
Sample type (mell) on the induction of an sitiity B=35U,/58 (mel/T) on

. g the induction of an external
external magnetic field B (T) magnetic field B (T)

Irradiated n-Si single crystal without ~— Uy=7.85V 7.85

a protective layer of epoxy coating

Irradiated n-Si single crystal coated Uy=1.717V 1.717

with a layer of epoxy resin

Irradiated n-Si single crystal coated Uy=1.303V 1.303

with an epoxy layer with aluminum

powder filler

Irradiated n-Si single crystal coated 275712 — 0,054V + 0,041, 5,514 —0,054,

with a layer of epoxy resin and filled

with iron powder _ V<03 b V<03
"~ 10,928V, 0928,
V>03 V>03
Non-irradiated n-Si single crystal Uy=0.257V 0.257
without a protective layer of epoxy
coating
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The epoxy coating layer will also provide additional protection of the magnetosensitive element
from moisture, vibration, rapidly changing temperature fields, and electromagnetic radiation, which
will allow the use of such Hall sensors in harsher operating conditions.

The presence of residual magnetization of the iron powder filler and the corresponding induced
additional Hall EMF can be of practical importance in the development of energy storage systems
based on irradiated n-Ge and n-Si single crystals coated with a layer of epoxy resin with iron
powder filler.

CONCLUSIONS

1. It is established that the most radiation-resistant to high-energy electron irradiation are
n-Ge and n-Si single crystals covered with a layer of epoxy coating with an iron powder filler con-
taining 30 parts by weight on 100 parts by weight including the epoxy resin. This is due to the fact
that for iron filler there is an optimal ratio between its density, mass, and charge numbers, due to
which the average electron path in the polymer composite will be the lowest compared to the layer
of the epoxy composite without fillers and aluminum powder filler.

2. The dependences of the EMF Hall on the induction of an external magnetic field at dif-
ferent temperatures for electron-irradiated n-Ge single crystals (energy 10 MeV and flow
Q=51015 el./em® and n-Si (energy 12 MeV and flow Q=1-1017 el./cm?) coated with a lay-
er of epoxy-diane resin brand ED-20 with the content of PEPA hardener 12 parts by weight on
100 parts by weight including epoxy resin, both without fillers and with fillers of iron and aluminum
powders with mass fractions of 30 %.

From the analysis of these dependencies it follows that they are linear for single crystals of
germanium and silicon, coated with a layer of epoxy resin without fillers and with fillers of aluminum
powder in the whole range of the studied magnetic fields.

For n-Ge and n-Si samples coated with a layer of epoxy resin with iron powder filler, there is
a slight deviation from the linearity of such dependences at magnetic fields up to 0.3 T, which is
explained by additional magnetization of iron powder.

The presence of residual magnetization can be used to develop on the basis of data from single
crystals of energy storage systems.

3. It was established that the residual magnetization of the iron powder filler in the epoxy
coating layer leads to the emergence of Hall EMF in n-Ge and n-Si single crystals. This will be able to
find its practical use in the development of energy storage systems based on such single crystals.

4. Experimental researches of radiation resistance of n-Ge and n-Si single crystals can be used
in the development and modeling based on epoxy resin with fillers of aluminum and iron powders of
relatively cheap, light, and technological protective coatings of sensitive elements sensors made on
the basis of silicon and germanium, or cases of semiconductor devices for nuclear and thermonu-
clear energy, aerospace industry, scientific research.
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