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Abstract

The paper exams the energy levels of contacts in the frictional interaction of metal-polymer and
semiconductor materials; ohmic contact in the system: "metal-polymer” and "metal-semiconductor”; the
analysis of results. In this case, the height of the potential barrier between their materials in the near-
contact zone and in the "metal-semiconductor" interface with "n" and "p" types of conductivity was taken
into account. The different degree of regulation of their surfaces that contribute to the concentration of
charge carriers and dislocations of imperfections in the crystal lattice of materials. In this case, thermionic,
field and thermal field emissions were formed, accompanied by emerging metal shunts. As for the Fermi
energy level, it affects the surfaces in the middle and in the depth of the band gap, near the edge of the
valence band, as well as the resulting shift at the edge of the conduction band. All of these factors were
under the influence of impulse specific loads and energy load, which contributed to the generation of
electric currents of various magnitudes and directions along with alternating thermal currents.
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9ylaoc qurgularmnin siirtiinma ciititndaki omik kontaktlarda

elektrik carayan axini
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Xiilasa

Mogalada metalpolimer vo yarimkecirici materiallarin friksion qarsiligl tesiri zamam kontaktlarinin enerji
saviyyalari; sistemda omik slago: "metal-polimer” va "metal-yarimkegirici" kimi maSalalor nozardon kegirilib. Bu
zaman kontakt zonasinda vo “metal-yarimkegirici” ilo “n” vo “p” kegiricilik ndvlorinin kegid sarhoddinds onlarin
materiallar1 arasindaki potensial maneanin hiindiirlityii nozors alinib. Onlarin sathlorinin tonzimlonmasinin miixtalif
doracali olmasi yiik dagtyicilarinin konsentrasiyasina vo materiallarin kristal qofosindoki qiisurlarin dislokasiyasina
komok edir. Bu zaman yaranan metal suntlari ilo miisayiot olunan termelektron, saho vo termo-sahs emissiyalar
meydana golir. Fermi enerji soviyyssino goaldikdo, o, qadagan olunmus zonanin sathinin ortasina vo dorinliyino,
valentlik zonasmin konarina yaxin sathlors, homginin kegiricilik zonasimin yerdoyismosino tosir edib. Biitiin
sadalanan amillor xiisusi impuls yiiklorinin va enerji yiiklonmasinin tesiri altinda idi ki, bu da doyison istilik
carayanimin va miixtalif komiyyat vo istigamotlordo elektrik corayaninin yaradilmasina kémok edir.
Acar sozlar: stirtiinma ciitii, kontaktlarin mikro-¢ixintilar, elektrik va istilik corayanlari.
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AHHOTaNUA

PaccMmarpuBaroTcsi  SHEpPreTHYECKHE  YPOBHM  KOHTAKTOB MpH  (DPUKIMOHHOM  B3aUMOJCHCTBHH
METAJJIOTIOIUMEPHBIX M MOJYNPOBOAHUKOBBIX MaTE€pHAIOB; OMMUYECKHI KOHTAKT B CUCTEME «METaJUI-TIOJIUMEP» U
«METaJUI-TIOTYPOBOIHUKY. [Ipy pacueTe yIUTHIBaIach BHICOTA MOTEHIIMAIHLHOTO 0apbhepa MEXy UX MaTeprUaaMy B
MPUKOHTAKTHOM 30HE M B MEPEXOJIHOM TpaHULE «METAJUI-TIOIYNPOBOAHUK» C «N» U «p» THUIAMU IPOBOJUMOCTH.
PasHas cTereHb perynupoBaHus HX IOBEPXHOCTEH CIIOCOOCTBYET KOHIICHTPAIIUN HOCUTEIICH 3apsiia U JUCIOKAIISIM
HECOBEPIICHCTB KPUCTAITMYCCKON pEeIIeTKH MaTepuaiioB. [Ipu 3ToM 00pa30BEIBasIach TEPMOIJICKTPOHHAS, TOJICBAs
U TEPMOIOJIEBAs AMUCCHH, CONPOBOKIAIOIIMECS BO3HUKAIOMIMMHU METAUNIMYECKUMH IIYHTaMU. DHEPreTHYECKUM
ypoBerb Depmu BO3IEHCTBOBAN Ha MOBEPXHOCTH IMOCEPECIUHE U B TIyOMHE 3ampelleHHON 30HBI, BONHM3HM Kpas
BaJICHTHOW 30HBI, a TaK)K€ Ha CIBUIC 30HBI MPOBOAMMOCTH. Bce (akTOphl HAXOMWIUCH IO BO3ACHCTBHEM
UMIYJIBCHBIX YJIICIBHBIX HATPYy30K M 3HEPrOHATPYKCHHOCTH, YTO CIIOCOOCTBOBAJIO TCHEPUPOBAHHIO MEPEMEHHBIX
TETUIOBBIX TOKOB M 3JIEKTPUYECKUX TOKOB PA3TMYHON BEJIMUUHBI U HATIPaBJICHUH.
KiroueBble cjioBa: rnapa TPEHHUS, MUKPOBBICTYIbI KOHTAKTOB, 3JICKTPUUECKHE WU TEIUIOBBIE TOKH,

SHEPreTHUECKUE YPOBHHU, MTOJMMEPHBIE U MOJIYITPOBOIHUKOBBIE MaTePHUAIIbI.

25



Azarbaycan Miihandislik Akademiyasinin Xoborlori
2022, cild 14, Ne 3, s. 24-40
Volgenko D.A. va basq.

Herald of the Azerbaijan Engineering Academy
2022, vol. 14, no. 3, pp.24-40
Volchenko D.A. et al.

Introduction

Kragelsky  I.V.  formulated and
introduced into consideration tribotechnology
with sequential and interrelated friction
processes, namely: frictional interaction of
surface microprotrusions, changes in surface
and near-surface layers as a result of
interaction and destruction of surfaces due to
the two previous stages [1]. All three stages
friction occurs in the following fields:
mechanical, electrical, thermal, chemical and
electromagnetic. The driving force in the
specified fields is local potential with its
gradients, evaluated in a particular process,
phenomenon and effect in the longitudinal and
transverse directions in a metal friction
element. As for the currents of the washing
medium, they take into account the transverse
temperature gradient (determined by the ratio
C,/C,, i.e., the ratio of the heat capacity at
constant pressure to the heat capacity at
constant volume). In all processes, phenomena
and effects, the main role is played by ohmic
contact.

Analysis of literary sources and the state of
the problem

The paper [2] provides a review of
literature data on the properties of ohmic
metal-semiconductor ~ contacts and  the
mechanism of current flow in them
(thermionic emission, field emission, thermal
field emission, as well as current flow through
metal shunts). The theoretical dependences of
the resistance of an ohmic contact on
temperature and the concentration of charge
carriers in a semiconductor were compared
with experimental data for ohmic contacts to
semiconductors of the A"BY' (ZnSe, ZnO),
A"BY (GaN, AIN, InN, GaAs, GaP, InP), A"
(SiC, diamond) and a solid solution of these
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In ohmic contacts based on
semiconductors, the main
current flow mechanism is thermionic
emission, and the height of the «metal-
semiconductor» potential barrier is most often
0,1-0,2 eV. In ohmic contacts based on lightly
doped semiconductors, the current flows due
to field emission, and the height of the «metal-
semiconductor» potential barrier is
approximately 0,3-0,5 eV. In alloyed In
contacts to GaP and GaN, a current flow
mechanism is manifested, which is not typical
for Schottky diodes - current flow through
metal shunts formed due to the deposition of
metal atoms on dislocations or other
imperfections in the semiconductor.

It is known that the resistance of ohmic
contacts was determined from the dependence
of the potential difference between several
contacts on the distance between them [2];
from the dependence of the resistance of the
“metal-semiconductor-metal” structure with
two ohmic contacts on the thickness of the
structure [3]; from the analysis of the
characteristics of contacts of different
diameters [4], as well as by the heat transfer
line method [5].

Currently, research is being carried out
on the dependence of the resistance of ohmic
contacts on temperature, charge carrier
concentration, band gap of a semiconductor,
and so on, in order to establish the mechanism
of current flow through an ohmic contact.
Theoretically, both current flow mechanisms
traditional for Schottky barriers (thermionic

semiconductors.
lightly doped

emission, thermal field emission, field
emission) and other mechanisms
(recombination, metal shunts)  were

considered. The current flow mechanism was
determined from a  comparison  of
experimental results with these theories. These
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studies were carried out both for
semiconductors A"BY'!, A"'BY, AVB", and for
solid solutions based on them.

The resulting structures with zero ohmic
resistance for direct and sinusoidal electric
current [6].

As in the case of superconductivity, this
fact is due to the exchange-correlation
interaction of electrons, but its cause is
different and consists in the polarization of the
structure by the electric field, and not in the
polarization of the lattice by Cooper pairs.

In [7], the electrophysical processes of
real “metal-semiconductor” contacts are
considered, in the near-contact semiconductor
region in which an additional electric field of
the contact potential difference (spot field)
arises both between microsections with
different heights of potential barriers on the
contact surface, and between contact surface
and adjacent to it, and free surfaces of the
metal and semiconductor. Energy models of
real metal-semiconductor contacts and current
flow mechanisms based on the theory of
thermionic emission have been developed.

The features of determining the
electrophysical parameters of the peripheral
region of the contact surface and measuring
the existing electrophysical parameters of real
"metal-semiconductor™ contacts are presented.

In [8], the phenomenon of electronic
switching of polymer film currents as a result
of changing the boundary conditions at the
metal-polymer interface was studied. It is
shown that the transition of the polymer to a
highly conductive state can be realized by
spatial separation of the metal, in which the
position of the electrochemical potential
changes, from the region of the polymer film,
in which the electrical switching occurs.

27

An explanation of the effect is proposed
on the basis of an injection model for the
appearance of conductivity in a metal-
polymer-metal structure.

In the materials of the article, the types
of contacts of microprotrusions of metal-
polymer and semiconductor materials are
given [9]. The latter are modified in the form
of tablets into the working surface of polymer
linings.

The energy levels of microcontacts of
friction pairs are illustrated.

A critical review of the
indicated what needs to be done:

- to evaluate the energy load of metal-
polymer and metal-semiconductor contact
spots of microprotrusions of friction pairs of
brakes;

- generalize the dependence for
calculating the main operational parameters of
metal-semiconductor contacts;

- to show the role of metal shunts in the
contact  frictional interaction on the
distribution of pulsed electric currents
between the spots of microprotrusions of
friction pairs.

literature

Formulation of the problem

The main questions of the article: energy
levels of contacts in the frictional interaction
of  metal-polymer and  semiconductor
materials; ohmic contact in the system:
"metal-polymer” and "metal-semiconductor";
the discussion of the results.

The purpose of the work is to establish
the patterns of change in pulsed electric
currents in  ohmic contacts “"metal -
semiconductor” during their contact-pulse
frictional interaction in friction pairs of brake
devices.
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Energy levels of contacts in the frictional

interaction of  metal-polymer  and
semiconductor materials
In polymer overlays, composed of

heterogeneous materials, there are amorphous
and crystalline phases, a capture of a different
kind occurs - at interphase boundaries. The
accumulation of charges at the boundaries is
due to the difference in the conductivities of
the considered phases (the Maxwell-Wagner
effect) [9, 10].

When such a material is electrified, the
carriers will collect near a given interface or,
vice versa, leave it, depending on which of the
two conduction currents is greater: flowing to
the charge boundary or leaving it. Differences
in local conduction currents also lead to
charge dissipation during the subsequent
thermally stimulated discharge, since in this
case the currents already flow in the opposite
direction. For charge neutralization processes,
the properties of the working surface of the
metal friction element also play an important
role. The relationship between the energy
levels is determined by the frictional contact
interaction of microprotrusions of friction
pairs [4].

In table 1, in fig. 1 &, b, ¢ conditionally
shows the difference between neutral, ohmic
and blocking contacts.

Let us consider the cases of the
appearance  of  neutral  contacts on
microprotrusions of metal-polymer friction
pairs according to fig. 1 a and table 1.

The first case refers to the surface
temperatures of the polymer lining, which are
below the allowable values for its materials.
According to the table 1 and fig. 1 and the
work function of electrons and ions from the
metallic and non-metallic friction elements is
equal to each other.
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Fig. 1 a, b, c. — Dependence of the electrokinetic
potential ¢ (a), field strength E = dg/dx (b) and charge
density p=d’p/dx?® (c) on the X coordinate: A —
boundary of the fixed part of the electrical double layer;
L - liquid; S is a solid body; curves 2 and 1 -
respectively, up to the permissible temperature of the
materials of the surface layer of the lining and above

Neutral contact

A large increase in the work function of
ions from the surface layer of the overlay is
given by electron affinity. The latter is the
ability of some atoms and molecules to attach
an additional electron and turn into positive
ions. The measure of electron affinity is the
energy released in this case. Purposeful
reorientation of electrons into ions makes it
possible, due to this effect, to achieve equality
of the work functions of particles.

Second case

When the working surface of the
polymer lining reaches a temperature above
the allowable for its materials, burnout occurs
from the surface and near-surface layers of the
binder components, which leads to the
formation of liquid islands on the surface of
the lining.



Azarbaycan Miihandislik Akademiyasinin Xobarlori Herald of the Azerbaijan Engineering Academy
2022, cild 14, Ne 3, s. 24-40 2022, vol. 14, no. 3, pp.24-40
Volgenko D.A. va basq. Volchenko D.A. et al.

Table 1 — Energy diagrams during frictional interaction of microprotrusions of friction pairs "metal-polymer"
(a, b, ¢) and "metal-semiconductor” (i) with n-type conductivity
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Legend: y — electron affinity; Fn, F,, F'y — Fermi levels: metal, polymer, semiconductor; E. is the energy of the
formed capacitance of the capacitor (C); dy is the distance between microprotrusions; Uy is the contact potential
difference; q is the electron charge; W is the work function of electrons and ions from the rectifying contact; V is the
field voltage

When the working surface of a metal liquid, the transition of ions from the metal to
friction element comes into contact with a  the liquid is observed (Fig. 1a, curve 1).
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In addition to the chemical mechanism
of electrical phenomena in the contact of
metal and liquid, another mechanism is also
possible - electrification of the surfaces of
metal and liquid during the movement of the
latter, because the liquid layer, moving, carries
away with itself an ionic charge. Calculations
show that a significant accumulation of
charges during the movement of a liquid
occurs when its specific resistance is above
109 Ohmecm. It is believed that in this case a
double electric layer is formed on the surface
of the metal in contact with the liquid.

The surface of the metal, as a result of
the loss or capture of ions, acquires a certain
chemical potential, and a certain charge is
distributed over it. The opposite charge is in
the liquid. The distribution of charges in a
liquid can be characterized by a potential ¢
that varies with distance from the surface in
accordance with the electrostatic forces and
the Boltzmann distribution (Fig. 1a).

An analytical expression for calculating
the value of the potential ¢ is obtained by
solving the Poisson equation under the
assumption of the existence of a screening
double electric layer.

The metal enters the solution in the form
of either positive ions or complex negative
ions if it interacts with a liquid solution. In this
case, the surface of the metal acquires a
certain specific potential, which establishes a
balance between the process of isolation and
deposition of ions. This potential depends both
on the nature of the metal and on the
concentration of ions in the liquid. At a certain
value of acidity (pH), the metal does not send
ions into the solution, but, on the contrary,
takes them from the solution, acquiring a
charge before the onset of electrical
equilibrium.

30

Metals are  arranged in an
electrochemical series with respect to the
positive hydrogen ion H*. When two different
metals are immersed in a liquid, each of them
has a certain potential with respect to the
liquid.

When metals come into contact, an
electric current arises until all metal ions or all
ions of the solution are exhausted in the
solution. Electric currents can also flow
between different points of the same metal
surface if it is charged and inhomogeneous.

Blocking contact

The behavior of the microprotrusions of
the polymer lining is highly dependent on the
material of the microprotrusions of the
metallic friction element. Usually, the contact
spots of microprotrusions covered with films
are blocking contacts at low and intermediate
field strengths (table 1, c).

Such a contact prevents the transfer of
charge carriers from the electrode into the
surface and near-surface layers of the polymer
lining, while at the same time, it itself can
receive carriers from these layers.

In a dielectric with blocking contacts,
containing no charge carriers at all, the flow of
a stationary current is obviously impossible. If
in the dielectric there are carriers of both
signs, and with very different values of their
mobility, then near the contact spots of
microprotrusions of a metal friction element,
the sign of which coincides with the sign of
more mobile carriers, a Schottky barrier is
formed. The polarization of the contact
patches of the microprotrusions of the lining
arising under these conditions is due precisely
to the presence of electrons. This situation is
quite easily explained in the limiting case
when there is no mobility of carriers of one
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polarity (for example, electrons) and no
further generation of free carriers occurs. The
applied field in this case removes positive
carriers from the contact spots of the
microprotrusions of the lining (anodes),
(located, say, at x = 0).

Since this electrode is not able to
transfer positive charges to materials, a cloud
of negative space charge with a density p is
formed near it in a layer of thickness ss
between the planes x = 0 and x = s;. After the
space charge layer has been fully formed, the
voltage V, which initially fell across the entire
thickness of the metal microprotrusion, will
now become applied to layers of thickness ss.

As a result, the current will go to zero.
The length of the layer is determined by the

formula s, =./2¢V / p and does not depend

on the applied electric field.

For example, at a density of immobile
(captured) carriers p = 1-10™ C/cm, ¢ = 2-107
F/cm u V = 1,0 TommumHa cios Ss COCTaBIISIET
1,25-10° cm. So, the use of blocking contacts
prevents the complete removal of mobile
carriers from the dielectric, and regardless of

The presence of a non-conductive
interlayer of finite thickness between the
dielectric and the electrode can cause the
formation of barrier polarization.

True, the molecular dimensions of the
resulting double layer of positive and negative
carriers do not allow it to be detected in
ordinary external measurements, for example,
compensation charges on the electrode. In
addition, the formation of a double electric
layer does not give a blocking effect.

Thus, if the contacts are blocked,
neutralization must take place inside the
metallic friction element, regardless of the
type of contact (whether it is injecting
electrons or blocking). It depends only on
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which of the work functions of electrons or
ions is greater: a metal or polymer friction
element. If the work function of the first
element is greater than that of the second
element, a blocking barrier is formed. The
presence of the latter makes it possible to
study the method of thermally stimulated
discharge of semi-insulators and
semiconductors, which are characterized by
large conduction currents. Blocking contacts
act in the opposite way: they prevent both
injection and neutralization of charges.

Ohmic contact in the system '"Metal -
polymer**

Most often, in metal-polymer friction
pairs in relation to two-layer ("metal-
polymer") structures of braking devices, an
ohmic (injecting) contact is encountered
(Table 1, c).

On fig. 2 shows the band diagram of the
contact “metal - electrically conductive
polymer”. A feature of this diagram is the
presence of a narrow electrically conductive
zone in the middle of the polymer gap.
According to one of the hypotheses, just such
a narrow band can be responsible for the
transport properties of thin dielectric films.

Figure 2 — Energy diagram of the friction pair "metal -
polymer": Eg, Fy - energy levels: metal (Fermi);
polymer; Wy;; Wp - work function: electrons of their
metal; ions and electrons from polymer; y - electron
affinity
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a)
Vacuum
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Q} i;J

Figure 3 a, b — Qualitative picture of the energy bands
in the "metal-polymer" system with pulsed normal
forces acting on the polymer film: a— N <NC; b — N >
NC; EC, EV are the energies of the zones: the
conduction bottom and the valence top of the polymer;
FM and FP are the Fermi and polymer levels; WM is
the work function of an electron from a metal; dashed
curve G(x) is the distribution of injected electrons in the
polymer film

The change in the position of the Fermi
level of a metal in the region of its phase
transition relative to a narrow band in the
polymer dictates the conditions for the
injection of electrons and ions from the metal
into the polymer and thus characterizes the
change in the conductivity of the system as a
whole.

On fig. 3 a, b shows the model of energy
bands in the “metal-polymer” system
stimulated by pulsed normal forces injection
of current carriers from the metal into the
conduction band of the polymer. According to
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this model, the compression of a polymer
causes the decay of surface states that play the
role of electron acceptors. It is also possible
that, due to the increase in polarizability, the
bottom of the conduction band of the polymer
simultaneously decreases.

As a result, at a certain value of N=NC,
the structure of the energy bands near the
metal-polymer interface is favorable for
carrier injection, although at N<NC this
process either does not occur at all or has an
extremely low efficiency.

With a decrease in the thickness of the
polymer film, a situation may arise when the
charges concentrated near the opposite
boundaries of the considered contact begin to
interact with each other, leading to a distortion
of the shape of the potential barrier. The
maximum film thickness at which the
interaction of boundary charges begins can be
considered to be twice the value of such a
contact parameter as the penetration depth of
the surface charge. The interaction of surface
charges can lead to the formation of a local
minimum in the middle of the barrier, which,
in principle, can lead to the intersection of the
curve describing the envelope of the potential
barrier with the Fermi level (Table 2).

With such a hypothetical variant, new
electronic states can arise in the middle of the
barrier at the Fermi level, which increase its
permeability for electrons. If we learn to
control such states, then in fact it will mean
the creation of a fundamentally new electronic
hybrid nanostructured metal-polymer material.

If the contacts are blocked,
neutralization must take place inside the
metallic friction element, regardless of the
type of contact (whether it is electron-injecting
or blocking). It depends only on which of the
work functions of electrons or ions is greater:
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a metal or polymer friction element. If the
work function of the first element is greater
than that of the second, a blocking barrier is
formed. The presence of the latter makes it
possible to study the method of thermally
stimulated discharge of semiconductors,
which are characterized by large conduction
currents.

Blocking contacts act in the opposite
way: they prevent both injection and
neutralization of charges.

In the case when the work function of
the electrons and ions of the semiconductor
Wp is greater than the work function of the
metal Wy, (Table 1, d, ), then when the metal
and the n-type semiconductor are connected
by a wire, the electrons pass from the metal to
the semiconductor (Table 1, f). As a result,
after the establishment of thermodynamic
equilibrium, an electrostatic field Ex is formed
between them directed to the surface of the
semiconductor, and a contact potential
difference Uk appears as shown in the energy
diagram (Table 1, g).

The electric field between the metal and
the semiconductor is created by the missing
electrons on the surface of the metal and the
excess electrons on the surface of the
semiconductor. With a decrease in the
thickness o of the charge layer, naturally, the
surface density of excess charges on the
surfaces increases, as well as the electric field
strength in the gap.

When the gap thickness decreases to the
order of interatomic distances, i.e. in direct
contact between a metal and a semiconductor,
the surface atomic layer of the metal and the
semiconductor forms a single quantum
mechanical system (Table 1, h) and there is
practically no potential barrier at the interface
for free electrons (Table 1, 1).
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Thus, the contact of a metal with an n-
type semiconductor has a potential barrier, i.e.
has rectifying properties if Wy > W's and -
ohmic if Wy < W' (Fig.4).

p. MPa

Figure 4 — Patterns of the work function of electrons
from the working surfaces of friction pairs of the brake
(W) on specific loads (p) at various values of the
contact potential difference (AV) during frictional
interaction

In the case when the metal is in contact
with p-type zinc, the "metal-semiconductor”
contact has rectifying properties if Wy < W's,
and ohmic if Wy > W' (Fig. 1 a, b, ¢). It
should be noted that if the contact of a metal
with an n-type and p-type semiconductor has
the corresponding barrier heights Fy, and Fyy,
then their sum becomes equal to the band gap
of this semiconductor Fp.

The initial data for calculating the
mechanical and electrical parameters of the
contact spot of microprotrusions for
determining the current are the characteristics
of the surface microgeometry - the maximum
height of the protrusions above the middle line
of the profile Rp and the maximum radius of
the protrusions rmax; physical and mechanical
characteristics of the material - the modulus of
elasticity (Young's modulus) E, Poisson's ratio
u, electrical resistivity of the material r;
operational characteristics, impulsive normal
force compressing the contact.
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Table 2 — Dependence of the potential difference in the contact on the difference between the Fermi levels

of friction pair materials

Fg\llzz’ 015 | 020 | 0,25 | 0,30 | 0,35 | 040 | 045 | 050 | 055 | 0,60 | 0,65 | 0,70 | 0,75 | 0,80
ﬁ\\//’ 009 | 013 | 016 | 019 | 022 | 025 | 0,28 | 0,31 | 0,34 | 0,38 | 041 | 044 | 047 | 0,50
Table 3 — Mechanical and electrical characteristics of the contact patch of two spherical
microprotrusions of metal-polymer friction pairs
Parameter name Estimated dependency
Radius of a single contact patch a= (0 75Nr/ E)Z/B' (1)
Deformation of contacting micro-protrusions a’ 0.5
5=2"=|0s6N2/(rE?)*; @
r
Specific load on the contact 6NE?
patch of microprotrusions maximum P= (“j =15N /(728.2); 3)
7 a
average P, =0,66P, = N/(za?); @)
Reduced Young's modulus 1/E = (1_#12)/ E, + (1_ ﬂzz )/ E,. (5)
t o -l
Current strength | = o T Kk, (6)
Rk P

In table 3 shows the main dependences
for calculating the characteristics of a single
contact of two spherical microprotrusions of
the contact patch. In table 3, depending on 6,
the following conventions are used: tmax —
maximum temperature at the contact patch of
microprotrusions, °C; oT - external heat
transfer coefficient, W/(m2 «°C); Rk — contact
thermal resistance, ‘C/W; p — electrical
resistivity, (Ohmemm?2)/m; Ik — contact length,
mm.

The computer model is practically
implemented as a Windows application,
written in C++ using the Borland class library.
Programmatically, the model is included in the
main calculation module, which includes an
assessment of the external and internal
parameters of metal-polymer friction pairs at
the macro-, micro- and nanolevels. In addition
to the main one, there is an additional module

responsible for the convenience of data
presentation and user interface.

For greater clarity, on the basis of the
proposed formulas, it is possible to build
graphs of the dependences of the contact
characteristics on external factors, which are
the currents of the washing air and mixture
components. Within the framework of the
computer model, the contact characteristics
are calculated as follows. A pair of random
numbers is generated, distributed according to
a given law, corresponding to the height and
radius of the protrusion of a rough surface.
The logic of the program is illustrated by a
block diagram of the main calculation module
for the parameters of mechanical, electrical
and thermal fields (Fig. 5).

The program is connected to the MS
Access database, which consists of two tables,
each of which includes 33 fields. The first
table contains the values of the initial and
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intermediate data, and the second table
contains the values of the results. Tables are
used to build graphs.

Setting initial
parameters

<
«
y

A

Random value
generation

Do the protrusions
make contact?

No

Yes
\ 4

Result

Figure 5 — Block diagram of the main calculation
module

In this case, the first field of each table
is reserved for the verified initial combination
of initial parameters and is used only at the
beginning of work and only for reading. First
of all, the program reads the initial
combination of initial parameters from the
database and supplements the initial data
fields with these values.

The user then edits them, executes
calculation, after which the table of values is
filled in and a graph is built on it. The
adequacy of the model was checked by
comparing the simulation results with the data
of other authors, obtained on the basis of
analytical models for some special cases [11,
12].
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"Metal is a semiconductor"*

The "metal-semiconductor”  contact,
which has both ohmic and rectifying
properties, is the main multifunctional

physical element of the contact patches of
microprotrusions of friction pairs of brake
devices.

In metallic and non-metallic friction
elements of brake devices, semiconductor
components are contained in the material
structures. On fig. 6 shows the components of
the resistance of the ohmic contact "metal -
semiconductor”.

The resistance of the near-contact region
is the resistance of the heavily doped region
and the resistance of the n — n" and p — p*
transitions. The resistance of a heavily doped
near-contact region is usually low in
semiconductors with high carrier mobility. For
example, the resistance of the near-contact
layer n* - GaAs with a thickness of~1 pm at
an electron density of n*=10" cm™® and a
mobility of ~ 10® cm?/(V-s) is about 6-10®
Ohmem®. At the same time, in
semiconductors such as SiC and A"BY, it is
often impossible to achieve a strong doping of
the near-contact region, and, moreover, the
charge carrier mobility is low 10 — 100
sz/(V-s)). In this case, the resistance of the
near-contact region can reach ~ 10 - 10°
Ohm-em®  Consider the resistance of
transitions n - n+, p - p + using the example of
n+ - n -transition. It is inversely proportional
to the electron concentration [13, 14].

Calculated dependence of the resistance
of an ohmic contact on the concentration of
charge carriers and the height of the metal-
semiconductor potential barrier when field
emission is the main mechanism of current
flow. To reduce the resistance of the ohmic
contact in such contacts, the height of the
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metal-semiconductor

barrie

r is

reduced due to changes in the chemical  surface region.

Ohmic contact resistance:

/\

contact area

when crossing the border "metal -
semiconductor"

y

Formation of an ohmic contact with a potential barrier which:

-— 7 T

missing present small in size

A
Emissions affecting the properties of semiconductors:

thermionic field thermal field

A 4
Ohmic contacts to semiconductor materials
A 4
Groups A" B and IV
nitrides arsenides, phosphides and antimonides

Figure 6 — Methods of current flow in ochmic contacts in the "metal-semiconductor™ system
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composition of the semiconductor in its near-
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Figure 7 — Methods of current flow in an ohmic metal-semiconductor contact: a — thermionic emission of electrons
over the barrier; b — thermal field emission of electrons through the top of the barrier; ¢ - tunneling (field emission)

of electrons through the barrier

For the case of a p-type semiconductor,
Nd is replaced by Na, the concentration of
ionized acceptors in the semiconductor; Is —
saturation current, n — coefficient of ideality of
current-voltage characteristic, b — potential
barrier height, Apb — reduction of potential
barrier height by mirror image forces and
other reasons; S is the contact area; T(E) is the
probability of passing a carrier having energy
E through a barrier less than qeb by AE; E00
is the Padovani-Stratton parameter [15], Vd is
the diffusion (contact) potential difference.
The transition of the metal-semiconductor
interface by electrons can occur:

- above the barrier (thermionic emission,
Fig. 7 a);

- through the top of the barrier (thermal
field emission, Fig. 7b);

- through the barrier at the Fermi
energy level (tunneling, field emission,
Fig. 7¢).

To determine the conditions under
which one or another mechanism of current
flow manifests itself.

Padovani and Straton [15] introduced
the parameter EOO, which depends on the
nature of the semiconductor and the degree of
its doping.

For we the

clarity, systematize
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calculated dependences (7)-(17) borrowed
from [1], where Lp is the Debye length in the
n-region, N is the density of state in the
semiconductor conduction band, upn is the
electron mobility in the n-region, N and N* -
electron concentration in n and n* - regions, K
- coefficient showing how many times the
concentration of electrons at the Fermi level in
n* - region exceeds N, ¢ - electron charge.

For an ohmic contact to GaAs, it makes
the main contribution to the contact resistance
at N < 5-10%” cm™; y is the Fermi level energy,
A* = 4zgm’k*h>=120m, A/(cm’K?) is the
effective Richardson constant, m, = m’/mg, mg
is the free electron mass, k is the Boltzmann
constant, & is the permittivity of the
semiconductor; & is the vacuum permittivity;
Ng is the concentration of ionized donors in
the semiconductor. For the case of a p-type
semiconductor, Ny is replaced by N,, the
concentration of ionized acceptors in the
semiconductor; I; — saturation current, n —
coefficient of ideality of current-voltage
characteristic, ¢, — potential barrier height,
Ay — reduction of potential barrier height by
mirror image forces and other reasons; S is the
contact area; T(E) is the probability of passing
a carrier having energy E through a barrier
less than qgp by 4E; Eq is the Padovani-
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Stratton parameter [15], Vg4 is the diffusion
(contact) potential difference.

Let's analyze dependences according to
tabl. 4 concerning different types of emissions.
If the current flow through an ohmic contact is
determined by thermionic emission, then:

to the barrier height ¢p, and the cutoff at
1/T—0 is proportional to A*;

- contact resistance depends on the type
of semiconductor and decreases slightly with
increasing doping level (Ag oc Né”). If the
current flow through an ohmic contact is

- the contact resistance increases . . .
. . . . determined by field emission, then: the contact
exponentially with the height of the potential . e . .
. ) resistance will increase exponentially with the
barrier g, i . .
. . height of the potential barrier; contact
- the contact resistance decreases with ] . . )
. . resistance is practically independent of
increasing temperature, and the dependence
. o temperature.
R.T = f(1/T) on a semi-logarithmic scale
should be linear, and its slope is proportional
Table 4 — Calculation dependences for determining the operational parameters of ochmic contacts
"metal - semiconductor”
LoN, )
(5] n-n* " +
§ Gty KNN
2 _[ k 1 (8)
% Contact area R . _[qA*TJIn[lJrexp k]
g [ ©)
5 Roon _[qA*TNJ
[&]
‘2 | Associated with the h [N,
< | transition of the border Ego = ) X (10)
o, . . £4&oM
metal - semi-conductor
J J=1J, exp(:lz/—lj, (11)
Thermionic ( )
[ K e 920, (12)
R R [qA.TJexp[ T }
—2(AE 3/ 2
T T(E) oc exp 3E(00le)/2:| (13)
n Field ) S ( )
o Q 1 m-q T(E
E R — = dE, (14)
> = ¢ R, 2’ !exp[(E—;()/kT]—l
- 5 P e e
- _ AT rElap, —aV+x)  (x N (15)
Js T T etEy, /kT) Xp[kT (pTJ]
. Po 16
R
Thermofield Re o eX'“[Eoocth(Eoo /kT)] (16)
—qV -(E -
00
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For thermal field emission it is
established that: - the dependence of direct
current on voltage is exponential,

- at each temperature value, the slope of
this dependence on a semi-logarithmic scale is
equal to 1/EO, and this value at a given
temperature  depends on the intrinsic
parameters of the semiconductor, and not on
the properties of the barrier;

- cutoff along the y-axis of the
dependence of current on voltage on a semi-
log scale gives the value of the saturation
current, and the dependence
I,oth(Ege /KT) from L

T E,
linear on a semi-logarithmic scale, its slope
corresponds to the height of the metal-
semiconductor potential barrier.

Thus, if the current flow through an
ohmic contact is determined by thermal field
emission, then: the contact resistance increases
exponentially with the height of the potential
barrier ¢p; contact resistance decreases with
increasing temperature, but much weaker than
in the case of thermionic emission.

Processes, phenomena, and effects in
friction units take place differently under
pulsed and long-term loading of contact spots
of microprotrusions, since here it is necessary
to take into account the current residual
surface-volume temperatures. The latter grow
all the time, reaching the steady and thermal
stabilization state of metal friction elements.

A significant part of the equivalent
stresses arising in the process of braking is
concentrated in the surface and near-surface
layers of metal friction elements. These
voltages become proportional to pulsed
electric currents and flash temperatures on the
contact spots of microprotrusions of friction
pairs "metal-semiconductor”. Here, another
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way of current flow is manifested - through
metal shunts.

What is a shunt - a branch, an electrical
conductor connected in parallel to a section of
an electrical circuit to divert part of the
electric current around this section. Shunts are
metal atoms deposited along the lines of
imperfections, such as dislocations, and short-
circuit the space charge layer. At the same
time, an electric field is concentrated at the
edges of such "needles™ and the current flow is
carried out due to field emission.

Thus, metal shunts act as distributors of
electrical currents in an extensive network.
They unload some contact spots, others
overload the contact spots of
microprotrusions. The effect of "needles"
causes strong local heating in thin layers of the
friction surface, leading to the formation of
burns of thermal spots and satellite foci of
microcracks.

During cooling after braking of the
metal friction element, a changeable surface
and deep temperature gradient is formed,
causing large thermal stresses.

Conclusion

The results of the study of the energy
levels of contacts in the frictional interaction
of metal-polymer and semiconductor materials
in friction pairs of brake devices made it
possible to formulate the following discovery.

Previously unknown patterns of changes
in pulsed electric currents in ohmic contacts
"metal-semiconductor" during their contact-
pulse frictional interaction are established,
which consist in the fact that under the action
of pulsed specific loads and energy load due to
the height of the potential barrier between
their materials in the contact zone and in the
transition zone "metal-semiconductor”
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boundary with "n" and "p" types of
conductivity at different degrees of their
regulated surfaces, which contribute to the
concentration of charge carriers and
dislocations of imperfections of the crystal
lattice, and at the same time, thermionic, field
and thermal field emissions are formed,
accompanied by emerging metal shunts, and

the energy surface Fermi level changes the
effect on the surface, in the middle and in the
depth of the band gap, near the edge of the
valence band, as well as the resulting shift at
the edge of the conduction band, which
contributes to the generation of electric
currents along with alternating thermal
currents of various sizes and directions.
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