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Abstract:

The paper considers the energy position of negative ions of impurity
atoms in the band gap of a semiconductor. Owing to the Boltzmann law,
the energy levels of negative ions in the vicinity of the conduction band
supply electrons to the conduction band, while resonance exchange of
electrons occurs from the energy levels of negative ions in the vicinity of
the allowed terms of the atoms of the main crystal. It is shown how energy
band diagrams of n-conductivity and p-conductivity are formed. The
applied external electric field acts oppositely on the impurities located in
the vicinity of the conduction band and on those located in the vicinity of
the allowed energy levels of the atoms of the main crystal. Impurity
conductivity is determined by dielectric permittivity formed by the induced
electric dipole moments of negative ions.

Key words: n-conductivity, p-conductivity, negative ions, electron
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Introduction

Nano-electronics is developing at a particularly rapid pace. This
progress became possible after p- and n-conductivity' had been
discovered in semiconductors featuring a wide enough band gap with the
allowed energy levels. Semiconductor plates not exceeding 100 ym in
width are cut from a crystal in plane (111). The conductivity of n-type is
obtained using various techniques, by introducing atoms of boron,
tellurium, gallium or indium into the body of a plate. The conductivity of p-
type is created when atoms of arsenic, phosphorus or selenium are

' For clarity sake, commonly used terminology will be followed here. The terminology will
be specified in due course.
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introduced into the body of a semiconductor material. The action of the
external electric field on n- and p-conductivity has been considered, for
the most part, qualitatively. The quantitative substantiation of the
phenomenon in terms of electronic theory was sufficiently performed in
the 70s of the last century (Gretchikhin & Lenets, 1972).

The results could be put to practical use and, therefore,
microelectronic engineering has been developed so far, for the major
part, experimentally.

Advances in nanotechnologies resulted in a dramatic development
of new techniques related to micro- and nano-electronics. In connection
to this, there appeared an urgent need to understand what happens in
the process of micro- and nanostructures formation. Former concepts
based on the electronic theory of Drude-Lorentz-Sommerfeld do not
reflect the true state of things. New approaches are necessary. In this
regard, former physical concepts have already being rethought now. In
his time, Nikola Tesla, as an alternative to the electronic theory,
suggested electric and magnetic phenomena to be considered in terms
of electromagnetic fields interaction. Nikola Tesla's ideas in
electrodynamics were systematically developed in the following works:
(Gretchikhin, 2008a), (Gretchikhin, 2016), (Gretchikhin, 2004) and
(Gretchikhin, 2008b). However, so far, there has been no clear physical
basis for the occurrence of p- and n-conductivity at atomic-molecular and
cluster levels since the following fundamental directions remain unclear:

It is not clear why introducing various impurities into a
semiconductor makes it possible to obtain p- or n-conductivity.

1. It is unclear what qualities, along with valence, introduced atoms

should possess to ensure p- or n-conductivity.
2. What does chemical potential represent and why it should be
located in the middle of the band gap.

All the above directions are clear in a quantitative sense under the
assumption that the chemical potential in semiconductors is located in
the middle of the band gap. Therefore, it is very difficult to hope for a
clear understanding of nano-technologies or their wide and effective
applications in daily practice until a rigorous theory of p-and n-
conductivity which offers profound explanation of the phenomena at
atomic-molecular level with further transfer onto nano-level has been
developed. In this regard, it is vital to set the following goal: to develop a
profound explanation of p- and n-conductivity taking into account the
latest achievements of experimental and theoretical physics at the nano-
level and with a firm rejection of the electronic theory. To reach the goal,
it is essential to solve the following problems:
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- to provide a rigorous explanation of the crystal structure of
semiconductors;

- to provide an explanation of how p- and n-conductivity are formed;

- to provide an explanation of the temperature dependence of p- and
n-conductivity;

- to ascertain how p- and n-conductivity behave under the action of
external electric fields;

- to find out the essence of semiconductor conductivity based on new
physical concepts;

Let us consider, one after another, these problems.

Structure of the Semiconductor Surface

In the case of silicon and germanium, the papers (Gretchikhin et al,
2015a) and (Gretchikhin, 2004) provide a theoretical explanation of their
crystal structure and present the valence electron distribution in the first
Brillouin zone. The paper (Gretchikhin et al, 2015a) presents the
crystalline structure appearing on the surface taking into account the
cluster structure of the condensed state; the following binding energies
have been determined in the paper:

1. Binding energy when forming diatomic and triatomic molecules of silicon.

2. Binding energy among triatomic molecules of silicon within cluster structures.

3. Binding energy among silicon clusters in the intercluster lattice
structure with a due explanation of the melting temperature.

In order to verify theoretical calculations, the silicon surface was
carefully investigated my means of a tunneling microscope.

Figure 1 — Silicon Si (111) surface
Puc. 1 — lNosepxHocmb kpemHus Si (111)
Cnuka 1 - lNoepwuHa cunuyujyma Si (111)
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Figure 2 — General form of the first Brillouin zone for a silicon crystal
Puc. 2 — O6wuti 8ud nepeoll 30HbI bpunntosHa 0ns Kpucmarnna KpeMHUsI
Cnuka 2 — Onwmu obnuk ripse bpunyuHose 30He K0 Kpucmana cunuuyujyma

Figure 1 show a scanned silicon surface with an adhesion cell, filled
with atoms and molecules of other elements, marked with a triangle. The
theoretically calculated silicon surface shows agreement with the
experimental data for all parameters of the design: in shape and in size
of triatomic molecules on the silicon surface (Gretchikhin et al, 2015a).

Therefore, the Si(111) silicon surface is formed by triatomic
molecules Si; with the radius of 2.122 A (Gretchikhin et al, 2015a),
accompanied by the formation of column-like gaps of 8.1 A. Valence
electrons in the crystalline state form a cloud which obeys the Fermi-
Dirac distribution law. Figure 2 presents the results of the distribution
calculated for silicon (Gretchikhin, 2004). The Fermi level of the silicon
crystal possesses the energy of 2.49 eV. There are four allowed energy
levels in the band gap; the levels feature the following values relative to
the bottom of the conduction gap: 0.84; 1.03; 1.38 and 2.04 eV.

When neutral atoms are introduced as impurities onto the Si(111)
surface of a silicon crystal they are located in places with the maximum
binding energy. For instance, it has been proved experimentally that
indium applied onto the silicon surface results in adhesion occurring on
the surface between column-like gaps. The adhesion occurring between
column-like gaps is formed by three triatomic molecules of silicon with
close packing, marked with a triangle in Figure 1.
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Figure 3 — Complete filling of the silicon surface when indium is sprayed onto the surface
Puc. 3 — lNonHoe 3anonHeHue nogepxHOCmMu KpeMHUSs MpuU HarblneHuu uHouem
Cnuka 3 — lMomnyHo ucnyHasarse MospuiuHe cunuyujyma npu HaHowery uHoujyma
MPpCKaeM Ha rospuiuHy

Flat indium clusters consisting of three diatomic molecules are
precipitated (Gretchikhin et al, 2015b). When such a cluster interacts with
the silicon surface, the cluster and, at the same time, the molecules are
deformed substantially. As this takes place, each atom independently
interacts with the electron cloud of the valence electrons of the silicon crystal
and with the ions of the crystal lattice. This situation with a complete filling of
the silicon surface with indium atoms has been proved experimentally and is
presented here in Figure 3. The emission properties are determined by
individual atoms. A similar structure of atom arrangement on the silicon
surface must be realized for other substances introduced into the silicon
crystal.

Let us consider in detail the process of interaction of neutral atoms of
different elements with the electron cloud of the first Brillouin zone of a
silicon crystal, and find out what phenomena may occur in the process.

Formation of p- and n-Conductivity

The atoms embedded in the crystal structure must carry an
excessive positive or negative electric charge to create an induced
electric moment and, therefore, to participate in the conductivity of
electric current. In this case, there may be positive ions created due to
the ionization of neutral atoms, or negative ions in case of neutral atoms
possessing a noticeable electron affinity. Table 1 presents the main
parameters of the elements introduced into the silicon crystal to organize
p- or n-conductivity.
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Table 1 — Main parameters of the elements introduced into the silicon crystal
Tabnuya 1 — OcHosHble napamempbl 8800UMbIX 3/1@MEHMO8 8 KpUCMaril KpeMHUS
Tabena 1 — OcHo8HU Napamempu efleMeHama y8edeHUX y Kpucmain cunuyujyma

Introduced elements
Para- Ph
meters Boron | Gallium | Tellurium | Indium Arsenic 0s- Selenium

phorus

Atomic 1166 | 1.811 | 1.429 1999 | 1355 |1.253 | 1.221
radius (A)
lonization
energy 8.30 6.00 9.01 6.79 9.82 10.49 9.75
(eV)
Affinity
energy 0.277 | 0.300 0.200 0.300 0.810 0.747 2.021
(eV)
Share of
emission 0.288 | 0.693 0.432 0.846 0.387 0.333 0.315
centers

It follows from Table 1 that the process of ionization in the silicon crystal is
practically impossible under normal conditions because of a high ionization
energy. Therefore, the atoms of various elements cannot remain in the form of
positive ions on the surface of the silicon crystal. A different situation arises when
atoms possessing electron affinity other than zero are introduced into silicon.
Such atoms are able to stay on the crystal surface in the form of negative ions
which possess affinity energies within the band gap of the silicon crystal.

P
D

2.49

Silicon

P (a)

E, eV

Silicon

(®)

Arsenic

Figure 4 — Energy band diagrams of the formation of: (a) n- conductivity and (b) p-conductivity
Puc. 4 — SHepeemuyeckasi cxema ¢hopmuposaHusi: a) n-nposodumocmu u 6) p-rnposodumocmu
Criuka 4 — EHepaemcka wema ¢hopmuparsa (a) H-nposodrbusocmu u (6) n-rposodrbusocmu
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Figure 4 demonstrates, as an example, the principal energy band
diagram in the case of boron and arsenic introduced into the silicon crystal.
Boron and arsenic possess the ionization energies of 8.3 eV and 9.82 eV
and, accordingly, are located in the vicinity of the electron density
distribution maximum of the first Brillouin zone of the silicon crystal (Figure
2). Since these atoms possess electron affinity energy, they freely capture
electrons from the first Brillouin zone of the silicon crystal and are turned
into negative ions with further transition to the band gap where they
permanently stay in the form of negative ions, regardless of various
external influences. This process presents an obvious and fundamental
fact.
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Figure 5 — Distribution of impurities on the silicon surface

Puc. 5 — PacrnionoxeHue npumeceli Ha nogepxHocmu KpemHuUsi
Cnuka 5 — [Juecmpubyyuja npumeca Ha No8pUWUHU cunuyujyma

Figure 5 shows the arrangement of impurities on the silicon surface.
Each adhesion cell is surrounded by three intermolecular gaps with the

size of d, :(\/E—l)rm. The effective radius of triatomic molecules of
silicon amounts to r, =2.122 A (Gretchikhin et al, 2015a). In this case
d,=3 A. As the sizes of boron and arsenic atoms are known to be less
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than 3 A, then a part of the atoms will be captured by the gaps, and a
certain share of the part may not participate in the thermal emission of
electrons. The sizes of gallium and indium atoms exceed 3 A. Therefore,
these atoms will be located on the silicon surface and will fully participate
in the thermionic process. Then, it follows from Figure 5 that the
maximum concentration of introduced impurities (boron as well as
arsenic) in the form of monolayer will amount to:

64 _3
n, = 2 m, )
7(d, +3d,)” -(d, +d;)

where d; is the diameter of the column-like gap, d. is the diameter of a
triatomic silicon molecule, and dj is the diameter of impurity atoms.
Based on formula (1), the maximum concentration of the atoms in the
surface layer of boron impurity amounts to 2.68-10%” m™ while that one of
the arsenic atoms is equal to 2.53-10%" m™.

In accordance with the Maxwell-Boltzmann distribution law, the
negative ions of boron and, correspondingly, those of arsenic, will supply
electrons to the conduction band due owing to thermionic emission. This
process should last continuously until the electric field strength created
by the electric dipole of silicon compensates the thermal emission of
electrons from the negative ions of impurities. Thermionic emission is
determined as follows (Gretchikhin, 2008a):

J, = 4 63 8k,T| EA +1 |exp _ (A-m™), 2)
4r; \ 7m, \ k,T k,T

where y is the number of emission centers per unit of the surface area®;
e is the electron charge; m, is the electron mass; r, is the radius of the
emitted particle; k, is the Boltzmann constant; and EA is the electron
affinity energy.

In case of boron, the electron flow resulting from the thermionic
emission is compensated by the reverse flow of electrons created by the
electric field arising between the valence band and the conduction band,
forming this way an electric dipole, while in case of arsenic an electric
dipole moment occurs between the valence band and the level of its
negative ion. Then, on the basis of the dimensional analysis, it follows
that:

? It follows from Figure 4 that: y = 24zr’ / 7(d, +3d,)’
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2eAp
an =en, (3)

m

e

Here: A is the potential difference between the conduction band and
the negative ion for n-conductivity, while for p-conductivity A¢ means

the potential difference between the valence band and the negative
electron position in the band gap under the dynamic equilibrium

Jr=J,, - The potential difference A is derived from this equation.

Table 2 presents the results of the calculations for the elements featuring
small affinity energies only.

Table 2 — Potential difference between the conduction band and the valence band
Tabnuuya 2 — PasHocmb nomeHyuanos Mexoy eaneHmHoU 30HOU U 30HOU
nposodumocmu
Tabena 2 — Pasnuka nomeHyujana rpoeodHe 30He U 8arieHMHe 30He

Temperature (° K)

Impu-
rity 298 300 350 400 450 500 550 600 650 700

Boron | 2.7-10% | 55-10° | 1.2:10* | 1.2:10° | 7.6:10® | 0.032 0.107 | 597 K- 0.277 eV

Galli- 38107 | 44107 | 1.310° | 1510* | 1.1-10° | 53-10° | 0.019 | 0.057 | 0.141 | 898K
um 0.3eV
Iﬁ:‘: 7.1-10* | 7.8-10* | 7.4-10° | 2.7-10° | 0.040 462 K-0.2 eV

Indi 3.1107 | 3.6-107 | 1.0-10° | 1.3-10* | 9.0-10* | 4.4-10° | 0.016 | 0.046 | 0.116 | 0.257

um 711K-03 eV

Each line of Table 2 shows the limit values of the temperature
polarization which ensures complete compensation of the affinity energy
of the introduced impurity. At the temperature polarization limit value, the
conductivity of a semiconductor transforms into the conductivity peculiar
to metals.

In case of arsenic, phosphorus or selenium, the heating of the silicon
substrate to the melting point can be ignored since these elements
possess quite high affinity energy that is quite large (Table 1); these
elements feature the temperature polarization limit values much higher
than the melting point of silicon (1688 K).

Now let us consider the effects of external electric fields on n- u p-
conductivity.
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Action of Electric Fields on n- and p-Conductivity

An external electric field applied to a semiconductor with its surface
containing impurities results in appropriate polarization of negative ions.
Polarization energy will strengthen or weaken the impurity atom affinity
energy depending on the direction of the applied field. If the electron
affinity energy is known, then the energy under question can be
represented as a model of a hydrogen atom with the effective charge and
the radius of the negative ion, namely:

ze’
dre,r,

EA= (4)
The radius of the negative ion practically does not differ from the
radius of the neutral atom (Gretchikhin & Kamarouskaya, 2016).
Therefore, given the affinity energy, (4) determines the effective charge
of the negative ion. For the negative ion of boron, the value equals to
0.0224 while for arsenic it equals to 0.0762. Let us apply this model to
analyze the action of an external electric field on the negative ion. Under
the action of an external electric field, the negative ion is polarized and
then the interaction force between the external field and the valence
electron of each particle of the substance must be compensated by a
change in the internal binding forces of the valence electron with the
effective charge of the particle. Therefore (Gretchikhin, 2008a),
* 2 * 2
¢E. - Zez_ Ze | 5)
Ar ey dmey(r, £ Ar)
where Ar; is the displacement of the charge cloud of the negative ion
relatively to its center.
Based on equations (4) and (5), the following expression for the
displacement of the charge cloud is derived:

3
Ar =+ dre E _
2Z"%e
The work done for the polarization:
A=eE Ar,. (7)

Based on (4) — (7), the following value of the effective electron
affinity for the negative ion is derived:

(6)
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eEjr;
Ed, = EA(I + 2—j (8)

Finally, the thermionic current density (2), while taking into account
(8), equals to:

Sk T 2E2 .2 2E2 ‘2 )
g, =2e [l EA e B ey — EA 12 S B am?). (g
4\ m, | k,T\ "~ 2EA KT\~ 2EA

It follows from Figure 4 that the applied external electric field affects
the negative ion affinity levels in different ways. When an external electric
field is applied in the direction from the valence band to the conduction
band, the energy affinity levels in the vicinity of the conduction band
increase and the thermionic current decreases while the energy affinity
levels in the vicinity of the valence band decrease and the thermionic
current, in contrast, increases. The change in the direction of the applied
external field results in a reverse direction of the thermionic current.

Impurities in semiconductors induce dipole electric moments while
their concentration determines the change in the dielectric permittivity of
semiconductors with impurities. This phenomenon, in turn, affects the
conductivity of semiconductors.

Impurity Conductivity of Semiconductors

As an alternative to considering electric current as a movement of
electric charges, Nikola Tesla proposed to consider it as a propagation of
electromagnetic waves. In these terms, the energy transferred by
electromagnetic waves is determined by the Poynting vector:

P=[E-H]. (10)

where E is the electric field strength and H is the magnetic field
strength.

In the absence of charges, according to the Lorentz equation, the
electric field strength and the magnetic field strength in an
electromagnetic wave are related by the following equation:

E=[V-B]= pyu,[v-H]. (1)

Herev=1/\eu =c/ e .u. is the velocity of propagation of

electromagnetic waves in a medium with given dielectric permittivity
g =¢,&, and magnetic permittivity x = g 4,. In their turn, €. n u, are
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relative dielectric permittivity and relative magnetic permittivity,
respectively, while &, =8854-10""F/m and pu,=4x-10" Gn/m,
according to Sommerfeld, present the absolute dielectric permittivity of
classical vacuum, and ¢ =1/,/¢,4, is light speed in vacuum.

When an electromagnetic wave propagates along a semiconductor,
the electric field on the surface has tangential and normal components.
Then Poynting vector becomes as follows:

P=|E dl+|E ] (12)
where E_and E, are the components of the electric field strength along

the conductor and normal to its surface.

The first term is due to the current conductivity determined by the
Joule-Lenz law and Ohm's law while the second term is formed by the
bias current which appears on the semiconductor surface and
determines the transfer of electromagnetic field energy along the
semiconductor (Gretchikhin, 2008b). Since the energy densities of the

electric and magnetic fields are equal, it follows from (12) that £ = F|

on the semiconductor surface. Therefore, the resulting electric field
strength of the electromagnetic wave is directed at an angle of 45°
relative to the semiconductor surface (Gretchikhin, 2008b).

Let us consider an electric current [ flowing through a
semiconductor with a circular cross section of radius » and length /.
When the electric current flows through the conductor, the intensity of the
magnetic field is determined as H =1/2zr and the tangential

component of the electric field strength is determined as
E_=(¢, —¢,)/!l.Then equation (11) transforms as follows:

Hop, i
o =, = S —— 1. (13)
&6, 2mr

For conductors, the linear relationship between current and voltage
was established by Gustav Ohm and represents Ohm's law. Ohm’s law is
also valid for semiconductors. The difference lies in the different
definition of relative permittivity and different manner of the interaction
between the external electric field and the internal electric fields
determined by the presence of induced and internal electric dipoles.
Based on (13), the tangential component of the resistivity in case of
propagation of electromagnetic waves through a semiconductor is
derived as follows:
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HoH, 1
p= 2 (14)
£y€, 2

For most materials including semiconductors uy, = 1 and so the
resistivity is inversely proportional to the square root of the relative

dielectric permittivity of the medium (,/¢.) and proportional to

JH, /€, =1207 , i.e. so-called “characteristic impedance of vacuum”, as

well as to the radius of the semiconductor with a circular cross section.
It follows from the general definition of the electric displacement

vector that:
1 z pe,i Z nipe,i
i =1+ (15)

e =1+ +

ek, AV &E,

where summation is performed over all electric dipole moments built-in

and induced within the volume of AV while n; is the concentration of the

built-in and induced electric dipole moments, and p,; is, correspondingly,

their electric dipole moment. In most cases, the relative permittivity
exceeds unit substantially. Then

z na,ipe,i
=4t
” .
gOEr

It is known that impurity conductivity far exceeds the intrinsic
conductivity of semiconductors (Gretchikhin & Lenets, 1972). Therefore,
impurity conductivity of semiconductors is determined only by the
concentration of the introduced impurities while the value of resulting
induced electric dipole moment is as follows:

EA e’ Ap’
n.p,.=ern ,expl — 1+ , 17
IZ a,lpe,l a'"a,0 p|: ka ( EA2 j:| ( )

where Ag is the potential difference applied to the monolayer of impurity

£ (16)

atoms, n,, is the concentration of impurity atoms in the surface layer.
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Figure 6 — Dependence of the resistivity of silicon: (1) with boron impurity, and (2) with
arsenic impurity: (a) external electric field strength is directed from the valence band to

Puc.

the conduction band, and (b) external electric field strength is directed from the
conduction band to the valence band.

6 — 3asucumocmb yOernbHO20 CONPOMUBIEHUST KpeMHUs 1 - ¢ npumeckro bopa u 2 —

C NMPUMECHI0 MbIlWbSIKA: @) HaNPsXKEeHHOCMb 8HEWHE20 3[1eKMPUYECKO0 1015

HarnpaeneHa om easieHmMHOU 30HbI K 30He rlpoeodumocmu u 6) Harips>KeHHoOCMmb
B8HeWHea0 arileKmpu4ecKoeo rioJis HaripaesieHa om 30Hbl rlposodumocmu K eanieHmHol

30He.
Cniuka 6 — 3asucHocm omropHocmu cunuyujyma ca (1) npumecama 6opa u (2)

rpumMecama apceHuka: (a) cHaza criosbaluH-e2 eflekKmpu4Hoe rnosba ycMepeHa je 00
sasieHmHe 30He 00 nposodHe 30He, U (6) CHaza criorbalikbe2 eleKmpuUYHo2 rosba

ycmepeHa je 00 NposodHe 30He Ka 8aJIeHMHOf 30HU

Based on (14) - (17), it is possible to completely determine the

resistivity of a semiconductor with impurities. When determining the
resistivity, normally the pills with a diameter of 1 cm and thickness of 3

mm

are used. Figure 6 presents the results of the calculations, using

such pills, for silicon with maximum concentrations of boron and arsenic
impurities at the surface.

exte

For metals, the resistivity amounts to 107-10® Q:m. Under an
rnal electric field directed from the valence band to the conduction

band, silicon with introduced boron acquires the conductivity inherent in
metals when the potential difference at the contact boron-silicon reaches
~ 0.5 V. Silicon with introduced arsenic acquires the “metal” conductivity
when the potential difference at the contact arsenic-silicon amounts to ~
1.1-1.2 V.
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It follows from Figure 6 that the lower the affinity energy of the
introduced impurity is, the more the specific resistance varies depending
on the value of the applied external electric field. As the applied electric
field increases, the impurity conductivity tends to decrease linearly, or the
resistivity tends to increase logarithmically along the ordinate axis, that is,
the exponential dependence of the resistivity versus the applied external
electric field becomes clearly recognized.

Conclusion

Summarizing the proposed alternative model for impurity
conductivity occurring in semiconductors, we here formulate its main
features:

1. In the band gap of a semiconductor, the energy position of the
negative ions of impurity atoms is considered instead of considering the
chemical potential relative to which the impurities are distributed.

2. The ionization of impurities distributed mainly on the crystal
surface occurs not due to weakening the ionization energies because of
high dielectric permittivity inside the crystal, but as a result of resonance
electron capture from the Fermi-Dirac density distribution by neutral
atoms possessing electron affinity.

3. Owing to the Boltzmann law, the energy levels of negative ions in
the vicinity of the conduction band supply electrons to the conduction
band. In this case, electric dipole moments are formed between the
valence band and the conduction band, while the concentration of
negative ions remains constant.

4. Resonance exchange of electrons occurs from the energy levels
of negative ions in the vicinity of the allowed terms of the atoms of the
main crystal accompanied with a formation of an electric dipole moment
between the valence band and the allowed energy levels within the band
gap of the main crystal. At the same time, the transition of electrons to
the valence band from these energy levels is parity-forbidden.

5. Silicon crystal is formed by triatomic molecules. The structure of
the silicon surface is considered and it is shown that the adsorption of
impurities occurs in the region where the maximum surface density of
silicon molecules is realized.

6. It is shown how the energy band diagram of n-conductivity and p-
conductivity is formed and the potential differences due to the
temperature polarization of impurity atoms are determined.
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7. An applied external electric field acts oppositely on the impurities
located in the vicinity of the conduction band and on those located in the
vicinity of the allowed energy levels of the atoms of the main crystal.

8. Impurity conductivity is determined by dielectric permittivity
formed by the induced electric dipole moments of negative ions but not
by the electric dipole moments of the particles of the main crystal.
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®OPMMNPOBAHVE P-, N-TTPOBOONMOCTU B
nonynPOBOAOHUKAX

JleoHud U. I'peunxuH
Benopycckas rocyfapcTBeHHas akagemus CBssu,
r. Muxck, Pecnybnvka Benapycb

OBNACTb: npoBOoAMMOCTL NOMYNPOBOLHUKOB
BWO CTATbW: opurmHansHas Hay4Has ctaTbs
A3bIK CTATbW: aHrnuinckmn

Pe3some:

B 3anpeweHHoOU  30He  ronynpoBOoOHUKa  paccMampueaemcsi
SHEPeemUYECKoe [O/IOKEHUEe OmpuyamesibHbIX UOHO8 MPUMECHbIX
amomos. YpoeHuU 3Hepeuli ompuyamersibHbIX UOHO8 8651u3U  30HhbI
nposodumocmu  ecnedcmeue  3akOHa bonbymaHa — rocmaensirom
9/IeKMPOHbl 8 30HYy rfposodumocmu, a C ypoeHel  3sHepaul
ompuyamersibHbIX UOHO8 806/1U3U  paspeleHHbIX mMepMo8 amomos
OCHOBHO20  Kpucmarna rpoucxo0um  pe30HaHCHbIU  0bMeH
anekmpoHamu. B pabome npedcmasneHo, Kak  ¢bopmupyromes
SHep2emuYyeckue  cxembl  N-NMPO8ooUMOCMU U P-MPO8OOUMOCMU.
lMpunoxeHHoe  eHeWwHee  anekmpudeckoe  rone  delicmsyem
83aUMOIPOMUBOIONIOXHO Ha fpumecu 86nu3u 30HbI MPo8oouMocmU U
8651U3U  paspewieHHbIX  ypoeHel  SHepaull  amomMo8  OCHOBHO20
Kpucmanna. [lpumecHass  anekmpornposoOHocMbL  ornpedensiemcsi
OQuanekmpuydeckoli  MPoHUUaeMocmblo,  Komopasi — ¢hopmupyemcsi
HaseOeHHbIMU OunosibHbIMU 371eKMpUYEeCKUMU MomeHmamu
ompuyamersibHbIX UOHOS.

Knroyegbie cnoea: n-rnpo8oouMocme, P-MpPo8oduUMOCMb,
ompuuameribHble UOHBI, cpodcmeo K 3I1eKMPOHY,
MepPMO3/IEKMPOHHAs SMUCCUS, MOMSPU3aUUS.

SOPMUNPAHE MPOBOASBNBOCTW KO NMONYNPOBOOHNKA T1-
TUMA U H-TUMNA

JleoHud W. TpeunxuH
Benopycka gp>xaBHa akagemMuja 3a caobpahaj n Bese,
MwuHck, Penybnuka Benopycuja

OBJIACT: npoBOASBUBOCT NONYNPOBOAHMKA
BPCTA UJIAHKA: opuvrMHanHn Hay4YHu YnaHak
JESUK YJTAHKA: eHrnecku

Caxemak:

Pad ce 6asu eHepzemckoM rO3UUUjOM He2amueHUX joHa amoma
fpumMeca y eHepaemcKuM rnpouenuma rnosynposodHuKka. 3axearbyjyhu
BonumaHo8oM 3aKOHY, eHep2emcKU HUBOU He2amueHUX joHa y GrusuHu
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rpoeodHe 30He cHabdesajy MpPOBOOHY 30HY esfieKmpoHuma, 00K 0o
pe3oHaHmHe pa3meHe efnlekmpoHa 0ora3u U3 rpasua eHep2emcKux
HUBOa HeaamueHUX joHa y O6ru3uHU O0380S/bEHUX MEepPMUHa amoma
enasHoz Kpucmara. NokasaHo je kako dona3u 0o cmeaparsa dujagpama
eHepeemcKux 30Ha nposodrbusocmu H-muna u M-muna. lMpumer-eHo
criorbaltbe efiekmpuYHO rosbe Oeryje CyrnpomHO Ha rpumece Koje ce
Hanase y 6nu3uHu O0380S/bEHUX EHEP2EMCKUX HUBOa amoma 2/1asHoe
Kpucmana. [llpoeodrbuseocm  npumeca  odpefyje ce  nomohy
duernekmpu4He rnepMumueHocmu Koja ce ¢ghopmupa ycried uHOyKkogaHoe
efleKmpuyHo2 OUMNOSIHO2 MOMEHMa He2amueHUX joHa.

KmbyuHe peyu: npoeodrbueocm H-muna, npoeodrbusocm [1-muna,
aguHumem npema €I1eKMPOHY, mepMojoHcKa emucuja,
rionapusauuja.
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