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Abstract. A theoretical approach for modeling electric and photoelectric characteristics of
specifically designed Si-based n"*-p~-p™-p-p*™ avalanche photodiodes has been developed.
The electrostatic characteristics (band bending, built-in electrostatic fields and carrier
distributions) and current-voltage characteristics including photocurrent and diode
sensitivity to electromagnetic radiation of the near-infrared spectral range have been
calculated and analyzed for the room operation temperature. The measured doping profiles
in the fabricated prototype of the avalanche Si-based photodiode have been used in the
calculations. For a particular set of the photodiode parameters, we have found that the
avalanche transport regime occurs at the applied reverse voltage of ~ —47 V across the
diode length of 380 um We have established that the rapid exponential growth of the
current densities from 0.01 to 100 wA/cm? in the range of the applied voltages of —40 to
—47V is inherent for formation of the avalanche-type transport regime. At this,
considerable photoresponsibility values of 100 to 30 A/W are predicted for electro-
magnetic radiation wavelengths of 0.8 to 1 pA. All the results have been obtained using
literature data on field dependences of the impact ionization coefficients, spectral

dependences of the optical permittivity (refractive index and extinction coefficient), etc.
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1. Introduction

Avalanche p-n diodes designed for optoelectronic appli-
cations, such as detectors of electromagnetic radiation,
are characterized by existence of a carrier-multiplication
(avalanche) region formed due to impact ionization of
crystal atoms by the drifting carriers. This essentially
distinguishes the operation of such diodes from that of
ordinary photodiodes [1, 2]. The properties and output
characteristics of avalanche photodiodes (APDs) are
defined by the sum of two contributions originating from
the carrier-multiplication avalanche process and the
process typical for ordinary photodiodes. Since the
carrier avalanche is initiated at very high electric fields,
at which electron-hole multiplication takes place, the
interband Ziner tunneling may be a concurrent process.
However, it has been well recognized that silicon and
germanium are preferable materials for APDs because
the tunneling current in such indirect bandgap semi-
conductors is much lower than that for the direct bandgap

case and, hence, the avalanche process dominates over
the tunneling at high electric fields up to the field
strength of 10° V/ecm [3]. In particular, this leads to
silicon APDs with a low dark current.

The principle of operation of APDs is based on two
physical phenomena: (i) the internal photoelectric effect,
and (ii) avalanche multiplication of charge carriers,
namely electrons and holes, initiated by impact ionization
in a reverse-biased p-n junction created in the APD.
Since these both electronic phenomena are very fast and,
in addition, the RC-factor of an electric circuit may be
rather low, the APDs are used as very sensitive and fast
photodetectors [1, 2]. As the energy gap, &4, between the
conduction and the valence band in silicon is about 1 eV
(ey = 1.15eV at 300 K), the APDs are developed and
optimized for detecting visible and near infrared (IR)
radiation with the wavelengths in the range from 400 nm
to 1100 nm.

An incident photon flux Q decays with increasing
the distance x from the diode photosensitive area into the
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semiconductor bulk, Q(x) = Q, exp (- ax), where o is the ab-

sorption coefficient at a given wavelength. The absorbed
photon flux causes generation of electron-hole pairs,
which are separated in a reverse-biased junction of the
photodetector structure thereby providing the corres-
ponding electric photoresponse in the external electric
circuit. Hence, in order to achieve the highest photodiode
sensitivity, the absorption region should be sufficiently
thick — most often it is considered to exceed 2/a. At the
same time, the reflection index of the surface receiving an
incident flux should be as low as possible, which may be
achieved by coating with an effective antireflection film.
In a theoretical description of an avalanche p-n diode,
the effect of carrier multiplication due to impact ionization
is taken into account by introducing in the continuity equa-
tions for the electron and hole current densities j, and jj:

djn djp

—=——=..-¢(E

dx dx 9(E). @
the respective generation term
g(E):an(E)|jn|+ap(Eij‘- 2

Here, o,(E) and o ,(E) are the impact ionization
coefficients (or ionization rates) for electrons (n) and
holes (p), both of them being dependent on the electric
field E. The generation term is also proportional to the
electron and hole current densities, j,=env, and
Jp =env, [4], where n, p, v,, and v, are the electron and
hole concentrations and velocities, respectively, and e is
the elementary charge. The minus sign in Eq. (1) takes
into account that electrons and holes move in opposite
directions (we accept that the holes move in the positive
direction of the x-axis). The function g(E) defines the
number of electron-hole pairs created by impact
ionization. The ionization rate of carriers with the velo-
city v may be written in a general form as follows [5]:

J'vi(e)f(e, E)de ~ ale;, E)I f(e, E)de, (3)
where v;(¢) is the ionization probability for a carrier
with the energy €,¢; is the ionization energy, and
f(e,E) is the distribution function, respectively. The
prefactor a(e;, E)=Vvi(e;)/v(E) has the dimensionality
[cm™], so that 1/a,(e;, E)=Li(e;, E)is the characteristic
ionization length, i.e. the mean-free path relative to
ionization of a carrier with an energy greater than ¢; .
The explicit expression for a(e;, E) is given by [5]

eE

LE)=———
OL0(€| ) "iXTIO)op+€i

(4)
Here, 7w, is the optical phonon energy, r, = L;/L, L is
the carrier mean-free path relative to scattering by optical
phonons, which is assumed to be the dominant scattering
mechanism for carriers with energies greater than 7.
These three quantities I, €;, and %w,, are considered to
be the model adjustable parameters, which should be

found by comparing the calculation results with
appropriate experimental data. These quantities differ for
different semiconductor materials.

It should be noted that knowledge of the field
dependence of the ionization rates of mobile charge
carriers in semiconductors used for development of ava-
lanche p-n diodes is of primary importance for prediction
and adequate theoretical description of the carrier trans-
port as well as the device output performance. Egs. (3)
and (4) provide an approximate field dependence of the
ionization rates and their relation to the characteristic
semiconductor parameters: the optical phonon energy,
the ionization energy of intrinsic lattice, and the carrier
mean-free path and the ionization length (or their ratio).
In addition to the mentioned adjustable parameters,
asymptotic dependence of the distribution function on the
electric field in Eq. (3) should be calculated. The required
parameters are determined by comparing the calculated
dependences with available experimental data. In this
paper, we have used the results for the field dependences
of the ionization rates provided in [2, 4], which have
been obtained by the best fit for silicon p-n avalanche
diodes. It is worth noting that development of a theory of
impact ionization, which would allow calculation of the
ionization rates in specific semiconductors, is a difficult
problem. Therefore, such theories still contain simpli-
fying assumptions, e.g. they neglect the multivalley
anisotropic band structure. In silicon, the electron multi-
valley band structure is characterized by the existence of
six anisotropic valleys in the conduction band with essen-
tially different effective masses along and perpendicular
to the long valley axis. This important feature can entirely
determine the asymptotic shape of the distribution
function in strong electric fields [6, 7]. In the framework
of the theoretical approach, the effective field acting on
electrons in different valleys of Si is equivalent for the
electric field direction along (111) crystallographic axis.
Therefore, no angular dependence of the electron
ionization rate with regard to rotation around the (111)
axis is expected. In this case all the valleys are oriented
symmetrically relative to the electric field direction.

The paper is organized as follows. The transport
model and basic equations are presented in Section 2.
The results of the calculations of steady-state
characteristics are discussed in Section 3. The photo-
electric characteristics, including the analysis of the
avalanche diode responsivity, are provided in Section 4.
Section 5 summarizes the basic results of the paper.

_

2. Modeling the Si-based n**-p™-p*-p-p

diode

avalanche

To analyze the basic electric characteristics of the
avalanche diode, we used a simplified approach,
considering a spatially inhomogeneous one-dimensional
problem. The proposed theoretical model [8] is based on
solving together the Poisson equation (Eq. (5a)), which
includes the relationship between the electrostatic
potential ¢(x) and the electric field E(x) (Eg. (5b)), the
transport equations for the electron, j,, and hole, jp,,

Sapon S.V., Romaniuk B.M., Melnik V.P. et al. Si-based n*"-p—-p*-p~-p™ " avalanche diode: Self-consistent ...

458



SPQEO, 2024. V. 27, No 4. P. 457-465.

current densities (Egs. (5¢c) and (5d), respectively)
written in the framework of the drift-diffusion model,
and the continuity equations (Egs. (5e) and (5f)):

S ) pfe)- Ny a0 ], e
E()= - dj;(XX) , (55)
in(¥)=n, (x)dgg—;(x) : (5¢)
Jp(X)=n, p(x)dgz—i(x) , (5d)
L8 )y o N ) -
[ EOON 1)+ 0 (B )} 3 )]

Gnle) o), (50

In Eq. (5a), n(x) and p(x) are the electron and hole
concentrations, Nq(x) and N,(X) are the spatial profiles of
the donor and acceptor doping, respectively, p~ is the
background hole concentration in the weakly p-doped
unprocessed silicon wafer, and «q is the static dielectric
permittivity, respectively. The current densities in the
transport equations (5c) and (5d) are expressed through
the spatial derivatives of the quasi-Fermi levels, &, (X)
for electrons and eg,(x) for holes. p,, are the electron and
hole mobilities, respectively. On the right-hand side of
the continuity equation (5e), the first term describes the
band-to-band generation-recombination processes of
electron-hole pairs. Here, ny and po are the equilibrium
electron and hole concentrations, and T is the bulk
recombination coefficient, respectively. The second term
describes the effect of carrier generation due to the
impact ionization. Here, o, and a, are the corresponding
impact ionization coefficients discussed in Section 1.

The concentrations n(x) and p(x) are related to the
potential ¢(x) and the corresponding quasi-Fermi levels
g and g as follows:

n(x)= N Fys (fer o (%) + e0(x)]/kgT ) (62)
p(x) = Ny Fya (- &5, p ()~ e0(x)—£4 [/keT ) - (6b)

Here, T is the ambient temperature, kg is the Boltzmann
constant, the function Fj/z(x) is the Fermi—Dirac integral

of half-integer order, Ng, =2%2m¥?(kgT)*?/n’n® are
the effective densities of states in the conduction (c) and
valence (v) band, respectively, and m, are the electron
and the hole effective masses for the density of states.
Eq. (5f) implies that the total current density is constant
across the whole diode, i.e.

j= jn(X)+ jp(x)=const. (7

The system (5a)—(5f) is convenient to rewrite in the
dimensionless form:

%—E'(X),
dE'(X)

: (8)

_ [a'n(E'(x ))| jn(x X +a, (E'(X ))| j';;(x ﬂ

dip(x) __ dip(X)

dX dX

We have also introduced the following dimensionless
variables:

X ed EF,{n,p} Eg
X =—, q) =——, = y = y
Ly keT Sinp} keT S kaT
’ E r N M j 3y
E'=—, Nj,=—2", J{n’p}zﬂy
Ep p Ip
' 2 n ’ pO ’ ’ ep_LZD
No, Py =—=2, =applp, I'=T ,
° = Yo} = %oplo “nkeT

where Lp =+ KOkBT/4ne2p‘ is the Debye screening

length with respect to the background concentration p,
Ep = kgT/elp,and jp=epu,Ep.

The system (8) is a nonlinear system of six
differential equations of first order, which should be
supplemented by six boundary conditions at the diode
edges:

o(L;)=0, (9a)
®(0)= @, +Uy, (9b)
&nl(Lh)=Ep(Lh) =&k, (9c, 9d)
€n(0)=¢,(0)=¢ +U;. (9e, 9f)

In Egs. (9¢)-(9f), L, =L,/Lp and U} =eU,/kgT are
the dimensionless diode length and external applied
voltage in the units of kgT /e . The conditions expressed
by Egs. (9a)—(9f) assume that at the edges (x =0, x = Ly)
of the diode, electric charge neutrality and charge carriers
equilibrium are supported by the contacts. These two
unknown parameters, namely @, — the built-in electrosta-
tic potential and & — the Fermi level under equilibrium
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(U',=0), should be found from the electrical neutrality
conditions at the diode edges:

p(0)=0, p(L5)=0.

Thus, the system (8) and the boundary conditions
(9a)—(9f) together with the neutrality conditions (10)
finalize the mathematical approach for analyzing the
electric characteristics of the considered p-n diode. The
boundary value problem for the nonlinear system of
equations (8) was numerically solved by the finite-
difference method, which reduced Egs. (8) to a system of
nonlinear algebraic equations. The latter was solved
using the Newton method with precise step control. This
briefly described numerical procedure was implemented
as a working subroutine in Fortran-source libraries.

(10)

3. Steady-state electric characteristics

The developed theoretical model was applied for
determining the basic parameters and particular doping
profiles of the fabricated Si-based avalanche diode.

The following parameters of the silicon diode were
used in the calculations: p~ = 2x10* ecm™®, L, = 380 um,
m, = 6 x 0.36m, (here, m, is the free electron mass, the
factor 6 takes into account the number of valleys),
m, =0.81m,, g =11eV, =117, and p,p=
=1000 (500) cm?V"s (see Ref. [9]). All the calculations
were performed for T = 300 K. The shapes of the doping
profiles used in the calculations were adopted from the
Secondary-lon Mass Spectrometry (SIMS)-data for the
fabricated diode. The raw experimental and the
interpolated smoothed doping profiles are shown in
Fig. 1a by dotted and solid lines, respectively. As can be
seen from Fig. 1a, the whole diode contains three heavily
doped regions. The left edge of the diode is strongly
doped with As donor impurity with the peak
concentration of ~1.5 x 10%* cm 2. The formed n**-region
extends by ~0.25 um from the left diode edge. The first
p'-region is formed by B-doping with the peak
concentration of ~ 1 x 10" cm™ at a distance of ~1.6 um
from the left diode edge. The second p**-region with the
peak concentration of ~1 x 10* cm™ is formed near the
right edge of the diode. The raw data (dotted lines) were
interpolated by smooth analytic functions. Particularly,
the profiles at the edges were interpolated by the function

f(x) = rp[tanh(a(b - x))+1]/[tanh(ab)+1] with x, a and b
expressed in microns. The best fitting parameters for
the donor profile, Nq (X) are ro = 1.65 x 10* cm ™3, a = 60
and b = 0.07. For the second acceptor profile, N@(x),
the fitting parameters are ro= 3.2x 10 cm=, a=5.2
and b=3795. The first acceptor profile, N{(x)

a
was interpolated by a Gauss-type function,
2
f(x)=r, exp[—O.S{x—_b} ] with ro = 1.11x10" cm®,
a

a=0.1andb = 1.56.
Using these interpolated doping profiles, we have
calculated the distributions of the electrostatic potential

9 N(SIMS)
o N(SIMS)
| =N (used in calc.)

=N _(used in calc.)
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Fig. 1. (a) SIMS-measured (dots) and interpolated (lines)
doping profiles of the fabricated Si diode. (b) Calculated band
bending (right axis) and distribution of the electrostatic field
(left axis) across the diode. The dash-dotted line depicts the
Fermi-level position. (c) Calculated distributions of the electron
(blue line) and hole (red line) concentrations. The results are
shown for equilibrium state, U, = 0.

(or band bending diagram), the built-in electrostatic field
(see Fig. 1b) as well as the carrier concentration distri-
butions (see Fig. 1c) under equilibrium. As can be seen
from these figures, strong band bending and non-mono-
tonic behavior of the electrostatic potential are observed
in the n™*-p-p" junctions region that extends by ~2 pm
from the left edge. The two slopes in the distribution of
the electrostatic potential are clearly visible. The first

rapid slope corresponds to the n™-p~ junction, where
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Fig. 2. 1=V characteristics of the Si-based avalanche diode
calculated at two values of the bulk recombination coefficient
(@), and three dependences of the coefficients a,, (b). The inset
in panel (a) shows the field dependences of the impact
ionization coefficients given by Egs. (11a) and (11b).

a strong built-in electrostatic field with the peak intensity
of ~110 kV/cm is formed (see black curve in Fig. 1b).
Note that such values can already lead to initiation of
impact ionization. The second more extended and weaker
slope corresponds to the depletion (or space-charge)
region that is formed between the n**- and p*-regions
(see Fig. 1c). Here, the electrostatic field has almost flat
distribution with the characteristic value of ~5 kV/cm.
The results of the calculations of current-voltage (I-V)
characteristics are presented in Fig. 2. The most attention
was paid to the reverse branch of the 1-V characteristics.
The following interpolated field dependences of the
impact ionization coefficients according to Refs. [2, 4]
have been used in the calculations:
1.75x10° |
E

a,(E)=3.8x10° exp{— (11a)

(11b)

3
o, (E)=2.25x10" exp [—M] :

Here, the coefficients o, p(E) are expressed in cm* and
the field E in kV/cm.
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Fig. 3. Electric field (a), electron concentration (b), and hole
concentration (c) distributions calculated at three values of the
applied voltage: U, = —20, —40, and —47 V. The dash-dotted line
in panel (a) corresponds to U, = 0 V. The corresponding current
values are marked with blue dots in Fig. 2a.

As can be seen from Fig. 2a, the obtained
theoretical 1-V characteristics demonstrate a typical for
p-n junctions saturated behavior in the wide range of the
applied voltages, U,= —1...-40V. Here, the current
densities have the values of ~1...10 nA/cm?. Initiation of
the impact ionization effect starts from the applied
voltages U, < —40 V. Further increase of |Uy| leads to
rapid exponential growth of the current density and
avalanche-type regime of carrier transport in the diode.
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For the selected geometry and chosen parameters of
the diode, the calculations predict the critical threshold
voltage for electrical breakdown Uy, ., = —47 V. Note that
this voltage is independent on the recombination
parameter T" (compare black and red curves in Fig. 2a).
However, the critical voltage essentially depends on the
parameters of impact ionization as illustrated in Fig. 2b.
The absolute value of critical voltage increases with the
decrease of the a, ,-coefficients.

Formation of an avalanche-type transport regime is
clearly illustrated by distributions of the electric field in
Fig. 3a as well as the carrier concentrations in Figs. 3b
and 3c calculated at three values of the applied voltage:
U, =-20, 40, and —47 V shown by blue dots in Fig. 2.

The obtained distributions indicate that an
avalanche region is formed in the depletion region
between the n™*- and p*-parts of the diode in the range of
x=0.5...1.6 um. Here, a strong electric field reaching
the value of 340 kV/cm (at U,=-47V) and a rapid
increase of the carrier concentrations (see green curves in
Fig. 3) are obtained. Such value of the electric field
corresponds to an exponential growth of the impact
ionization coefficients shown in the inset in Fig. 2.

4. Photoelectric characteristics

In general, the proposed theoretical model and obtained
numerical results are well-agreed with physics of
avalanche diodes and well-correlated with early-obtained
analytical results (see, for example, Ref. [2]). Moreover,
the proposed model may be applied for an arbitrary
geometry of doping profiles and may be easily adopted
for the case of external illuminations with the aim of
calculating photo-electrical characteristics. For this
purpose, an additional generation term, —G,, has to be
added into the right-hand side of Eq. (5e). This term is
given by the following expression:

|
ﬂwk (X) ,
no

where 1, and o=2nc/A are the flux density and

frequency of the incident electromagnetic radiation with
the wavelength A, ), is the quantum efficiency, and % and
¢ are the reduced Planck constant and light velocity in the
vacuum, respectively. W, (x) is the spatial distribution of
the part of electromagnetic energy absorbed in the diode
material per unit length. For spatially uniform
semiconductor wafer of the finite thickness L,, this
quantity can be calculated as follows:

G, = (12)

Wx(x):%lm[xk]x
OS{Zn\/E[Lb - x]} i Sin(znﬁ[% _ X]J 2
A Je A

X

(13)

*
iK;L+1

cos[ Zn‘/;f_;Lb ] - sin {Zn\/ng J

"
24K

Here, x; =Re [K;]H Im[x’{] is the complex optical
permittivity, corresponding to indirect band-to-band
transitions in silicon. Note that these formulas are written
for the case of normal incidence of external radiation.

Using the photo-generation term (12) properly
incurporated into the system (5), together with the dis-
tribution W, (x) (13), we have calculated the photo I-V
characteristics jon(Up) (shown in Fig. 4a) and responsivity
R;.(Up) (shown in Fig. 4b). The latter is defined as

RL(Ub):|jph(Ub)_ j(Ub)|/|x-

Here, j(Uy) is the dark current density calculated without
illumination (see Section 3). Calculations of the photo-
electric characteristics were performed at I, = 0.1 pW/cm?
and three incidence radiation wavelengths, A =0.8 um
(blue curves), A=0.9 um (red curves), and A=1pum

(black curves). The following values of « were used for
these wavelengths: kg =13.5+i0.04, k3 =13.06+i0.015

and «;, =12.75+i0.0036 . The spectra of both parts of

the optical permittivity in the near-IR spectral range
(according to the novel database [10]) are presented in
the inset (1) in Fig. 3a. We can see from this figure that
silicon has a weak absorption capacity for
electromagnetic waves of the considered spectral range.

The imaginary part of «; is 2-3 orders smaller as

(14)

compared to the real part of «; , which is almost constant

and equal to ~13. The distributions of W, (x) shown in the
inset (1) in Fig. 4a indicate the characteristic length Ly,
of penetration of electromagnetic waves into the silicon
crystal. For all the assumed wavelengths, Ly, is much
larger than the thickness of the p-n junctions (space-
charge region). We have estimated that Ly, ~20...30 pm
at A=08um, Ly ~ 100pm at A=0.9pum, and at
A=1um, Ly becomes comparable with the total
thickness of the diode L,. At this, we observe an
oscillating behavior of W, (x) corresponding to the Fabri—
Perot interference effect.

Our calculations predict rather good photoelectric
sensitivity of the avalanche diode even to small portions
of incident electromagnetic energy. For the flux density
I, = 0.1 pW/cm?, the photocurrent calculated at A = 1 pm
(see the main panel in Fig. 4), is twice as large as the
dark current. With the decrease of wavelength, the
absorption capacity of silicon increases and, as a result,
the values of the photocurrent also increase. At
A =0.8 um, jpn is approximately one order larger than the
dark current. These observations are valid for a wide
range of subthreshold voltages, U, =0...—40 V. In this
range, the responsivity of the diode (see Fig. 4b) does not
exceed 0.1 A/W. However, the situation dramatically im-
proves at approaching to the critical voltage of avalanche
transport regime. The responsivity of the avalanche diode
increases by three orders of magnitude and R;, reaches the
values of 30 to 100 A/W in the narrow range of applied
voltages, U, = —46.5...—47 V (see inset in Fig. 4b).
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Fig. 4. (a) Photo-current density j,, vs applied voltage U,
calculated at three values of the incident radiation wavelength.
Dash-dotted line is the dark 1-V characteristic. Inset (I): near-IR
spectra of the optical permittivity taken from Ref. [9]. Inset (11):
spatial distributions of W, (x) in a 380 um thick silicon wafer.
(b) The corresponding voltage dependences of the responsivity
R;(Up). Inset magnifies the region of the rapid increase of the
responsivity.

Thus, our calculations emphasize the advantages of
the avalanche diode over conventional p-n diodes with
respect to detectivity of electromagnetic radiation in the
near-1R spectral range [11]. An additional increase in the
diode photoresponse can be achieved by using various
types of optical metasurfaces [12, 13], which allow
focusing IR radiation on the avalanche region.

5. Summary

In summary, we have developed a self-consistent
theoretical approach for numerical modeling of the basic
electric and photoelectric characteristics of Si-based
avalanche diodes with specific n**-p-p*™-p-p** doping
profiles. In the framework of the proposed model, we
found that the avalanche transport regime is realized at
the reverse voltage of ~ 47V applied across the diode
length of 380 um. This regime is described by formation
of the avalanche region between the n**- and p*-parts of
the diode, where a strong electric field of the order of

~ 300 kV/cm, sufficient for impact ionization, can be
formed. At this, the 1-V characteristics demonstrate rapid
exponential growth at increasing the current density by
3-4 orders of magnitude. We have also investigated the
diode photoresponse to electromagnetic radiation in
the near-IR spectral range (A =0.8...1 um). We have
discovered that the diode performance with respect to
photoresponse strongly depends on the radiation
wavelength and the applied steady-state voltage. In the
sub-threshold transport regime, |Uy| < 30V, the diode
responsivity does not exceed 0.1 A/W at A = 0.8 um and
0.01 A/W at A=1um. The responsivity of the diode
rapidly grows with a further increase of |Uy| and
transition to the avalanche-type transport regime. We
have found that in a narrow range of the applied voltages
(near U,), the responsivity can reach high values of
100 A/W at A =0.8um and 30 A/W at A=1pum. We
suggest that the developed theoretical approach and
performed analysis of electric and photoelectric
characteristics of the Si-based avalanche photodiode will
be useful for fabricating and testing working photo-
detectors for the near-IR spectral range.
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Jlapunnnii gion Ha ocmoBi Si nT-p-p-p-p’:  camoysromkene MojmeqoBaHHs s iHpavepBOHHX
ONTOEJEKTPOHHUX 32CTOCYBAHD

C.B. Canon, b.M. Pomaniok, B.Il. Meabnuk, O.B. [ydikochkuii, O.A. Kyanoaunucbkuii, O.C. OdepeMoK,
3.B. Makcumenko, O.B. Kocyas, B.B. Koporees, B.H. CoxoJioB, A.B. Buuok

AHoTanisg. 3ampornoHOBaHO TEOPETHYHUI MiAXiJ Ui  MOJETIOBAHHS CJEKTPUYHMX Ta (POTOENEKTpHUYHUX
XapaKTEPUCTHK KPEMHI€BOTO JIABMHHO-TIPOJIITHOTO Miofia 3i ckmamuum N' -p -p*-p -p*" mpodinem nerysanus. Byno
PO3paxoBaHO €JIEKTPOCTaTHYHI (BUTMH 30H, PO3MOAUTH BOYJIOBAaHHMX €JEKTPUYHKX IIOJIIB Ta HOCIIB 3apsly) Ta BOJIBT-
aMIepHi XapaKTepPUCTHKH JioJa BKIOYHO 3 ¢oTtocTpyMamMu Ta (QYHKIIE BIATYKY Ha CIIEKTPOMArHiTHE
BUIPOMIHIOBaHHsI OJIMDKHBOTO 1H(PAuepBOHOIO CIEKTPAIBLHOIO Jiarna3oHy Ipu poOOYMX KIMHATHHX TEMIIEepaTypax.
Po3paxyHku mpoBeeHO HpH KOHKPETHHX IMPo(UILX JIeryBaHHS BHUTOTOBJICHOTO IPOTOTHITY KpEeMHI€BOTO mioma. Y
3aIpOINOHOBaHI Mozeni Oylo OTpUMaHO, IO JIABUHHUI PEXHUM TPAHCHOPTY HOCIIB peasli3yeTbcs NMPH 3BOPOTHUX
MpUKIaAeHuX Hampyrax ~—47 V Ha nopxuHy miogHoi o6macti 380 Mxm. Lleit pesxuM TpaHCTIOPTY XapaKTEPH3y€EThCS
IIBUJKKM EKCITIOHEHLIAIbHUM 3pOCTaHHAM ryctuHH ctpymy Big 0.01 mo 100 MxA/cMm® y niamazoHi HPHKIIAACHUX
nanpyr —40...—47 B. Ilpu upomy doToBinryk miona nporsHosyerses B inrepsaii 100...30 A/B s enekrpoMarHiTHoro
BHIIPOMIHIOBaHHS 3 MoBXkuHamu XBwib 0.8..1 MkM. VYci pesynbraTa Oya0 OTPUMAaHO 3 BUKOPUCTAHHIM JITEPATypHIX
JIAHUX II0JI0 TOJIbOBHX 3aJIeKHOCTeH Koe(illieHTIB yaapHOi ioHI3allii, CHEKTpPaJbHUX 3aJIEKHOCTEH ONTHYHOT
MIPOHUKHOCTI (TIOKa3HUKA 3aJIOMJICHHS Ta eKCTHHKIIIi), TOIIO.

KuatouoBi ciioBa: ¢orosion Ha 0CHOBI Si, BOJIBT-aMIEPHI XapaKTEPUCTHKH, (POTOBIATYK, IMIUIAHTAILiS.
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