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provides an opportunity to solve the problem of singularity at the points of
«junction» of boundary streamlines and equipotential lines, contributes to in-
creasing the accuracy of quasiconformal mappings and improving the «trans-
parency» of solving process of the corresponding problem. Also, as expected,
the «five-point» scheme for ensuring orthogonality on smooth boundary lines
showed greater efficiency compared to the «two-point» one.

As a prospect for further application of the developed procedure of
«fictitious orthogonalizationy, the mechanism of its adaptation is described
on the example of electrical tomography problems.
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SIMULATION OF THE CHARGE CARRIERS DISTRIBUTION
IN THE ACTIVE REGION OF THE P-I-N-DIODES
BY THE PERTURBATION THEORY METHODS

A mathematical model of the electron-hole plasma stationary
distribution in the active region (i-region) of p-i-n-diodes in the dif-
fusion-drift approximation is proposed. The model is represented in
the form of a nonlinear singularly perturbed boundary value prob-
lem for the system of equations of the electron-hole currents conti-
nuity, the Poisson equation and the corresponding boundary condi-
tions. The decomposition of the nonlinear boundary value problem
of modeling the stationary distribution of charge carriers in the
plasma of p-i-n-diodes is carried out on the basis of the solutions
asymptotic representation. The model problem is reduced to a se-
quence of the linear boundary value problems with a characteristic
separation of the main (regular) components of the asymptotics and
a boundary corrections. It was found that the formulation of the
problem for finding the zero term of the asymptotics regular part
coincides with the classical formulation of the p-i-n-diodes charac-
teristics modeling problem, which is carried out in the approxima-
tion of the ambipolar diffusion (approximation of a self-consistent
electrostatic field). The proposed mathematical model and the
method of its linearization make it possible to determing the main
components in the diffusion-drift process and to study their role.
For example, it becomes possible to study (including by analytical

© Andriy Bomba, Igor Moroz, 2021



Cepis: TexHiuHi Hayku. Bunyck 22

methods) the behavior of plasma in the p-i-, n-i-contacts zones.
The results of the study are aimed at developing methods for de-
signing p-i-n-diode structures, used, in particular, as active ele-
ments of the signals switches of a microwave data transmission
systems and the corresponding protective devices.

Key words: perturbation method, singular-perturbation prob-
lems, boundary layer method, diffusion-drift process, p-i-n-diode.

1. Introduction. For switching of the microwave electromagnetic
field p-i-n-diodes are used [1, 2]. The electromagnetic field is controlled
by changing the concentration of the charge carriers (electrons and holes)
in the active region (i-region) using a control current. The distribution of
the charge carriers concentration is the basic characteristic of the micro-
wave switches. To estimate the value of the accumulated charge in the
active region, in particular, the hydrodynamic models of plasma dynamics
are widely used [1-3]. The mathematical model of plasma dynamics is
based on a nonlinear system of partial differential equations, for the analy-
sis of which a number of approximations are used. In particular, the ap-
proximation of ambipolar diffusion (self-consistent field mode) [1-3] does
not take into account the effects of plasma heating [1], etc. This approach
allows one to obtain linearized mathematical models. However, this re-
duces the level of modeling adequacy.

There are a number of practical problems (for example, the problem
of optimizing the characteristics of p-i-n-structures) that cannot be solved
using linearized models. There is a need for the development of an appro-
priate mathematical modeling tools.

The aim of the work: development of the mathematical model and an
method for decomposition of the problem of finding a stationary distribu-
tion of the charge carriers concentration in the semiconductor p-i-n-diodes
active region within the framework of the application of the plasma dy-
namics diffusion-drift model and the perturbation theory methods.

2. The formulation of the problem. The p-i-n-diode active region is
a limited region (Q={(x,y,2):0<x<1,0<y<w,0<z<d}) of a semi-

conductor material with intrinsic conductivity, at the boundary of which
(0Q) are p-i- and n-i-junctions intended for injection of charge carriers into
the active region (holes and electrons, respectively). The cross section of
the p-i-n structure is shown schematically in Figure 1. 0Qnp — the bound-
aries of injection contacts, 0Q — the isolated boundary. The basic math-
ematical model describing the distribution of the concentration of holes
(n), electrons (p) and potential (p) in the active region of p-i-n-diodes is
based on the equation of the holes and electrons currents continuity and
the Poisson's equation [1, 3]:
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where 7", z," are the characteristic relaxation lifetimes of holes and elec-

o
trons in the i-region (in the general case, they depend on the local concentra-
tion of electrons and holes and are determined by a certain mechanism of the
charge carriers recombination); N, =N, - N4 = N, (x,y) — a given func-

tion of the doping profile (describes the difference between the concentra-
tions of acceptors and donors in the active region); D, , D, — diffusion coef-
ficients of holes and electrons, respectively; k— Boltzmann’s constant; T —
temperature; e is the electron charge; ¢, o are the relative dielectric constant
of the semiconductor and the dielectric constant.
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Fig. 1. Cross-section of the p-i-n-diode’s active region
In general, the boundary conditions are as follows:
a) on injection contacts

((]” _i”r).;)‘agn =J. ((J?p_]pr)";)ag
((jp _jpf)';) =J, ((Iﬂ _JTW)";)LQP =0, (plan =Uu., 0

where J is a constant that determines the injection current density (control
current density); v is the normal vector to the region border; are the

=0, (p|69" =0, (4)

o0,

jn,p

currents density of electrons and holes; are the density of the re-

Jrn,rp
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combination currents. Note that boundary conditions (4)-(5) are written
under the assumption that only electrons carry current through the o0Qn
boundary, respectively, through 6Q, — holes (in the p-i-n-diodes with a
wide active region the most of the injected charge carriers recombine in
the i-region and not manages to get into the area of opposite contact).

Taking into account relations ip =eu,pE—eD,Vp,
Jn =eu,nE +eD,Vn, j=ea,pv, j, =ea,nv, it can be shown that
conditions (4.5) are equivalent to the following:

on J on
——]/nn = y T :Ol (6)
ov oo, €D, odv o0,
op J op
——}/p =, — :O’
ov 50 eD, oJv o,
o (24 .
where 5, =| o Lo | (I T 1B g the recombi-
My My ) Dy My Hp Dy

nation coefficients of electrons and holes, respectively;
b) on the isolated borders, we obtain the similar relations:

op on
—— =0, —-y,n| =0. (7
P 7ppmo 5, o
Based on the arbitrary choice of potential, we put
op
w A = 0 1 ¢ = U [ = O ’ 8
o, =0+ o, =V 50| ®)

where U is a constant that determines the voltage on the p-i-n-diode contacts.

Note that in the boundary conditions, dependent characteristics are
used — the density of the injected current J and the value of the potential
at the p-i-contact U (in the general case, the connection between the char-
acteristics is established by Ohm's law and depends on the conductivity of
the i-region and the resistance of the external electrical circuit).

It is convenient to analyze system (1)-(3) in a normalized form. It is
also proposed to consider a two-dimensional spatial model of a p-i-n-
structure  element (the solution is sought in the region

Q' ={(xy):0<x<1,0<y<w}), since its linear dimensions along the
0Oz axis significantly exceed other its linear dimensions. Let us introduce

. . . . . .. - X
into consideration the dimensionless quantities X=— (0<X< ! ),
W w

-y - - ep =~ eU _ n - Npax . p
== (0<y<l), p=—,U=—, n=— (0<n< , P=—
y w ( y<i) o KT KT N; ( N; ) P N;
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(0<p< pgax ), Ny = E—d where N; is a constant, determines the con-
1 I

centration of electrons in its own semiconductor, depends on the selected
material of the semiconductor; T — constant, determines the temperature
(300 °K); k — Boltzmann's constant. We obtain a nonlinear system of par-
tial differential equations, consisting of the Poisson's equation and the
equations of continuity of diffusion-drift currents, written for the station-
ary case, in the following form (the ~ sign is omitted):

pAp=—(p-n+N), )
An=Vn-Vo+nAp+An, (10)
Ap=-Vp-Vo-pAp+A,p. (12)
N kT 2
In (9)-(11) the notation is used: u= ";802 , A, =W—*,
e“W°N, D,z,
2
A, = — . Estimation of the value p is ~ 108,
Dy7p
In this case, conditions (6)-(8) take the form:
on J w on
——7, =—— —| =0, (12)
ov oo €Dy N " Ovlg
op J w op
——}/p =, — = O,
ov o0, er N; ov o0
0
_p_ypp =0, - 7N =0,
av o) ol
99
(pl , 0,§o|ﬁ =U,—| =0
oQ) 0Q ov oo

When describing the doping profile N, (x,y), let us consider the

case of a sharp boundary between the doped regions and the region of the
intrinsic semiconductor:

L(x,y)eQ' L(xy)eQ
Na(X,y)=4N NG (X y) =1 Ny ,-(13)
: N—a_o,(x,y)eaﬂp N—O,(x,y)eagn

3. The problem decomposition by the perturbation theory meth-
od. To find an approximate solution to singularly perturbed problems for
differential equations (similar to system (9)-(11)), a number of asymptotic
and numerical methods have been developed [4-11]. These methods, in
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particular, are used for mathematical modeling of processes in semicon-
ductor devices [10-11].

Let us apply the method of boundary functions [4-9] to analyze the
problem (9)-(13). A feature of this problem is the fact (in comparison with
the formulations of problems [10-12]), that the proposed mathematical
model (9)-(13) describes the flow of diffusion-drift currents of unbalanced
charge carriers in semiconductor diodes with a wide base (there is no sharp
boundary between the regions of semiconductors n — and p-types of con-
ductivity). Thus, in the p-i-n-diode there are two contact zones (n-i and
p-i) of semiconductors of different types.

Based on the statement of the problem and taking into account that
the structure of the solution is mainly influenced by the conditions on the
contact sections 0Q, and €, through which the i-region is filled with
minority charge carriers, we propose to find a solution in the form of the
following asymptotic series:

9 =p(X Y. 1) = Dy (XY, 1)+ Dy (€, 12 +<I><m)( ,ﬂ) (xy,u) =
:iy‘wi(x,y)@)y‘@( zﬂ i (2)+ Ry (1, v,20) - (14)
“=”(le;,u)=N<m>(X,;1u) Ny (& 22) +N(m)( 1)+ Ry (%Y, 1) =

=§;u‘ni(xy ZﬂN( #Ni(€)

(¢

)+R

P=p(X Y u)=Pm(x YH)“LP(m) 5# +Pm (& u ) o(my (% Y, 1) =

+ n(m)(X Y, /U)

3

=2 u "B (% )+ Z#P( ZﬂP(
where cb(m)(x Y. 1), N(m)(x,y,y), P(m)(x, y, 1) — the regular part of
the asymptotics; @ (&4), Ny (Si#), Py (&4), Om (& n),

N (m) (Ey) P(m) (é;#) — the near-boundary asymptotic corrections,

p(m (X Y2 22) s

respectively, in the vicinity of the points y=0 ta y=1 (é:i

R

E= =y corresponding  regularizing = stretches); R, (X, Y, 4),
i
Ragmy (% Y5 22) » Rygmy (X, Y, 12) — remainders of the series.

Substituting (14) into the equation (9)-(11) and conditions (12) and
using the standard procedure of «equating» form the following sequence
of tasks for the area Q'.

25



MatematuyHe Ta KOMI'I,IOTepHe Mo entoBaHHA

The main terms of regular series (14) satisfy the system of equations:
Mo = Po> (15)
Ang =V -(ngV g ) = Ayng = 0
Apy +V-(PeV @)~ Ay Py =0.
The boundary functions of the initial stage of the solution construc-

tion process must satisfy the systems of ordinary differential equations
(16)-(17) (the variable x is included in the equations as a parameter):

2
0 90 ~-(Py—Ny), (16)
2—o _i “n, Z(DO _o,
os?  as( o0&
Py 0, e
oc? o0& agz
3 (Po—No), (17)
o¢
2N _ = 2 =
e LMt n iR
os”  0¢ g o&
?*Py 0 (= od o’ o
—+ (P —O}r Po —5-=0.
o&”  0¢ s o&

Systems of equations (15)-(17) are supplemented with boundary
conditions (12), which take the following form:

on ON
Do o= 7aNg| =0, 20| - LW (18)
oy y-o 0| o ey N,
d oP
& = ,;0 :O,¢0+90|y:020,
oy |, oc|
op, - oPo I w
——7,Pg—¥pPo| =0,—=| =-——"T"—,
ay . P y:l aé y:]_ EDn NI
on aﬁ —
S0l 20,52 =0, g+ =U,
oy vt 0 y-1
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=0, 2

Note, that the system of equations (15) is equivalent to the linear dif-
ferential equation An, _E(A" + Ap)n0 =0, which is also obtained within

the ambipolar diffusion approximation [3].

The next stages of the search for the terms of the asymptotic expan-
sion are based on the sequential solution of the equations systems similar
to (15)-(17) with the corresponding boundary conditions:

For example, at the second stage, we are looking for solutions to the
following systems of equations:

Apy=—(p—Nny), 19)
An =V (Ve )-V-(ngVe )—An =0,
Apl+V~(p1V¢O)+V-(pOV<p1)—App1 =0;

:_(El_ﬁl)' (20)

op, 0D °d o°®, 0P, 0o,
P 9=0 . _21+ D, 2o + 250 9%
OX 6§ o0& o0& ag OX

o’ _ ~(Pr-N), (21)

N1 8 [— 850] d [— a&}
ot oe\ ag ) agl ¢

g oo @1 0" 0No Oy _
ox 0f C oF og?  0F O
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3P0 0= 0do) 0 (= od:
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Systems of equations (19)-(21) are supplemented by the following
boundary conditions (similar to (18)):

on ON
a—l—?nnl 7a Ny _0'6;1 =0,
y y=0 é—: y=0
0 oP
Py =0, —% —O!¢1+91|y:0_0'
%Y lyoo o¢ yo
op = oP1
a_l 7p Py 7p P1 =0, a_— = 0’
y Vot £,
B N: —
ﬂ =0, a—_l =0 y O +CDJ_| =0 ,
oy y-1 0 y-1 =1
on op oo,
_l_7n1 = ’_1_7,npl |: , —4 I:0.
Ox x=0,x= Ox x=0,x=— OX x=0,x=—
w w w

Note, that additional conditions are imposed on the near-boundary
functions

lim N (£) = lim P, (¢) = lim Ni (€)= lim Pi(£)=0,

o £ = Eroo Eow

Jlim @, (¢) = Jim ®i(£).

Using considerations similar to [4-9], we find at estimates of the re-
mainder terms of the asymptotic series:

R(P(m) (X’ y’fu) :O(lumﬂ) ! Rn(m) (Xv yuu) :O(,Umﬂ) ’

Ropm (XY, 1) = O(ﬂml) -

4. Conclusion. The mathematical model of the charge carriers sta-
tionary distribution in the electron-hole plasma of semiconductor p-i-n
diodes and the methodology for the decomposition of the corresponding
nonlinear model problem is proposed. The mathematical model is based
on the use of a hydrodynamic model of the dynamics of a two-
component plasma and the asymptotic representation of solutions of the
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corresponding singularly perturbed model problems for nonlinear sys-
tems of differential equations. A preliminary analysis of the results ob-
tained indicates that the proposed approach is promising. In addition to
the fact that the classical formulations of the problems of modeling the
characteristics of p-i-n-structures are automatically included in the
framework of the proposed scheme for finding solutions to the original
problem, the presented method allows us to make significant amend-
ments to the solution. This not only increases the level of modeling ade-
quacy, but also provides an understanding of the features of a number of
physical processes (diffusion-drift, recombinant) in the near-contact re-
gions of the active region of p-i-n-diodes.

The proposed approach can become a basic tool for studying nonlin-
ear thermal, diffusion-drift, generation-recombination stationary and non-
stationary processes occurring in bulk and integral p-i-n-structures under
the action of external microwave radiation, and predicting new physical
effects in the systems under study.
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MOAOENIOBAHHSA PO3NOAINY HOCIIB 3APAQY B AKTUBHIN
OBJACTI P-I-N-OIOAIB METOOAMU TEOPII 3BYPEHb

3anpornoHOBaHO MaTeMAaTH4HY MOJENb CTAlliOHAPHOTO PO3IOLTY eie-
KTPOHHO-IIPKOBOI MIa3MH B aKTHBHIN o0iacti (i-obmacti) p-i-n-miomis y
nudysiiHo-ApelihoBoMy HabImKeHHI. Moeb MoaeThesl Y BUTTIII Helli-
HilfHOT CUHTYJIsIpHO 30ypeHoi KpailoBoi 3a1aui Asl CHCTEMH PiBHSIHD HETe-
PEPBHOCTI €NEKTPOHHO-IIPKOBUX CTpyMiB i1 IlyaccoHa 3 BimmoBiZHUMH
TpaHUYHAMH yMOBaMH. [IpoBeZeHO IEKOMITO3UINIO HENiHiIHOI KpaifoBOi
3amaqi MOJIENIOBAHHS CTalliOHApHOTO PO3IOIIIY HOCIIB 3apsmy B IDIa3Mi
p-i-n-miofiB HAa OCHOBI ACHMIITOTHYHOTO IMPEICTABIEHHS PO3B’s3KiB. Mo-
JleNbHA 33/1a4a MpUBEJCHA J0 ITOCIIJOBHOCTI JiHIITHUX KpaHOBUX 3amad i3
XapaKTepHUM BHIUICHHSIM OCHOBHHX (PEryJsIpHHX) CKJIQJIOBUX aCHMIITO-
TUK 1 IPUMEKOBHX INONpPaBOK. BCTaHOBIEHO, 110 MOCTAaHOBKA 3amadi IS
3HAXOKEHHsI HyJIbOBOTO WICHA PETyJISIPHOI YaCTHHH aCHMITOTHK CIIiBIa-
Ja€ i3 KJIACHYHOIO ITOCTAHOBKOIO 33/1aui MOJEIIOBAHHA XapaKTEPUCTUK
p-i-n-mioniB, ska 3iHCHIOEThCS B HaOmMmkeHHI amOimossipaoi mudys3iil
(HaOMMKEHHST caMOY3TO/DKEHOT0 MOJI IUIa3MH). 3alpolloHOBaHAa MaTeMa-
THUYHA MOJeNb 1 MeTo il JliHeapu3alil JO3BOIAIOTh BUAUINTH Yy Tuy3iH-
HO-IpefioBoMy Ipoleci TOJIOBHI CKIAZOBi i JOCHimuTH iX ponb. Hampu-
KJ1aj, 3’SBISETHCS MOXJIMBICTh BHBYEHHS (y TOMY 4YMCII aHAJiTHYHUMH
METOJIaMH) TOBEIIHKH IIa3MH B 30HAaX p-i-, N-i-koHTakTiB. Pesynbratu
JOCTI/KEHHST CIPSIMOBaHI Ha PO3BHTOK METOMIB MPOEKTYBAHHS p-i-N-
IOTHHUX CTPYKTYP, SIKI BHKOPHUCTOBYIOTBCS, 30KpeMa, B SIKOCTI aKTHBHHUX
€JIEMEHTIB KOMYTaTOpPiB CHTHANIB HaJBHCOKOYACTOTHUX CHCTEM Iepenadi
iH(pOpMATIIT i BIATIOBITHUX 3aXUCHUX TPUCTPOSX.
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