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Abstract: The problem of mathematical modeling of the diffusion of nonequilibrium
minority charge carriers generated by kilovolt electrons in semiconductor targets is
considered. Models are considered that make it possible to perform calculations in ho-
mogeneous targets and multilayer planar semiconductor structures. In carrying out the
calculations, the matrix method was used, which makes it possible to solve the differen-
tial equations of heat and mass transfer in multilayer planar structures with an arbi-
trary number of layers. Some results of mathematical modeling of the processes of in-
teraction of wide electron beams with planar structures for GaN and substrate materi-
als (SiC and Si) are presented.
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Aunnomayun: Paccmompena npobnema mamemamuyecko2o Mooeaupo8anus ouggysuu
HepA8HOBECHbIX HEOCHOBHBIX HOocumenell 3apsaod, 2eHepUpyemvlx Kuio80IbMHbIMU
INEKMPOHAMU, 8 NOTYNPOBOOHUKOBBIX MuuieHsx. Paccmompenvt modenu, nozsonsiowue
npo8ooUms pacuemuvl 6 0OHOPOOHBIX MUMUEHAX U MHO2OCIOUHBIX NIAHAPHBIX HOTYNPO-
800HUKOGbIX cmpykmypax. IIpu npoeedeHuu pacuemos UCNOIb308aNCs MAMPUUHbILL
Memoo, no3eonAwull pewiams oup@epenyuanvrvlie ypagHeHus meniomMacconepeHoca
6 MHO2OCTIOUHBIX NIAHAPHBIX CIPYKMYPAX ¢ NPOU3BOTIbHBIM YUCIOM Ccloes. [Ipusedensl
HeKomopbie pe3yIbmamvl MAMeMamuiecko20 MoOeIuposanus npoyeccos 83aumooeli-
CMEUA WUPOKUX DNEKMPOHHBIX NYUKOS8 ¢ naanapubimu cmpykmypamu onsa GaN u mame-
puanog noonoxcku (SiC u Si).

Kniouesvle cnoga: mamemamuueckoe MoOeIuposanue, HOIYNPOSBOOHUKU, WUPOKULL
9NEeKMPOHHDBIU NYHOK, HEOCHOBHbLE HOCUMeNU 3apa0d, ougy3sus.
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1. Introduction

Gallium, indium and aluminum nitrides are promising materials for mi-
cro-, opto- and microwave electronics [1, 2]. The properties of these materials
[3] are such that semiconductor devices based on them can operate at high volt-
ages, temperatures and in adverse environmental conditions, for example, under
radiation exposure — in nuclear reactors or in space. Because of this, the prob-
lem of studying the process of heat and mass transfer in these semiconductor
materials and structures based on them is of interest both from a theoretical
point of view of describing physical processes and from a practical point of
view of technology for creating, improving and using semiconductor devices.

One of the few methods that allow non-contact non-destructive diagnos-
tics of such objects are electron probe methods based on the use of beams of
kilovolt electrons. Registration of informative signals excited in the target and
comparison of experimental data with the mathematical model of the phenome-
non under study allow us to identify target parameters that are very difficult or
even impossible to determine using other methods [4, 5].

This paper discusses some of the problems of modeling the processes of
interaction of wide electron beams with homogeneous materials and planar mi-
crowave structures based on gallium nitride.

2. Homogeneous materials

2.1. Collective diffusion model

In this case, the differential equation for the diffusion of nonequilibrium
minority charge carriers (MCCs) generated by a wide electron beam in a semi-
infinite homogeneous semiconductor target has the classical form [6, 7]:

d*Ap(z) Ap(z)
D .k SV 1
dZZ r p(z) ( )
with boundary conditions
DdASZ(Z) — 0,Ap(0), Ap() =0. )
z=0

Here D, L, r are electrophysical parameters: diffusion coefficient, diffusion
length and lifetime of the MCC, respectively, while L=+/Dz, and v, is the rate
of surface recombination of the MCC. The function Ap(z) describes the depth
distribution of non-equilibrium MCCs generated by an external energy impact
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after their diffusion in the semiconductor. Function p(z) is the dependence on

the coordinate of the density of MCCs generated by an electron beam in a semi-
conductor target prior to their diffusion. The solution to problem (1), (2) is giv-
enin [6, 7] For a wide electron beam p(z) can be found from the expression for

the energy density of the electron beam released in the target per unit time be-
fore the start of the diffusion process [8].

2.2. Independent sources model

The diffusion of MCCs generated in a semiconductor target by an electron
beam is modeled using the model, according to which the diffusion of nonequi-
librium MCCs generated by an electron beam from any microvolume of the sem-
iconductor is not affected by other electrons or holes from other microregions of
the material. In this case, for one-dimensional diffusion in a semi-infinite semi-
conductor, the depth distribution of excess MCCs is given by the expression

Ap(z)szp(z, 2y )dz,.
0

The function Ap(z,z,) describes the distribution over the depth of the MCCs
generated by a plane infinitely thin source located at a depth z,, z, €[0,0) ; z isthe
coordinate measured from the flat surface into the interior of the semiconductor.

Thedistribution Ap(z,z,) isfound as asolution to the differential equation

DdzAp(Z, ) Ap(z2)

- LG Q)
with boundary conditions
dAp(z, z5)
DT =0sAp(0, 75 ), Ap(e0, y) =0. 4)
z=0

From the solution (3), (4) we find the required distribution of MCCs after
their diffusion.

Note that model (3), (4), in principle, allows modeling layered structures
with different material parameters in each layer.

3. Inhomogeneous materials

3.1. Model for a semi-infinite multilayer planar semiconductor structure
based on the model of independent sources

Initially, to solve this problem for a multilayer semiconductor structure,
standard methods of mathematical analysis were used. Using these methods (see



STEPOVICH M. A. et al. On some problems of modeling the processes of interaction... 89
CTEIIOBUY M. A. u ap. O HEKOTOPBIX IpoOiieMax MOACIUPOBAHUS IPOLIECCOB B3aUMOICUCTBHS. ..

(3), (4)), we have obtained a solution only for two-layer and three-layer struc-
tures [9, 10]. An attempt to obtain an analytical solution for an arbitrary number
of layers of a multilayer structure was unsuccessful. This problem was solved
using the matrix method (see below).

3.2. Model of diffusion of non-equilibrium minority charge carriers generated
by wide electron beam in a multilayer semiconductor target with final thickness

In the case of one-dimensional diffusion into the final semiconductor
along the OZ axis, perpendicular to the surface of the n-layer semiconductor

structure (z [0, 1]), the depth distribution of the MCC is found as a solution to

the differential equation:
d?ap® (z) Ap®(z)

D (z - =—pW(z), i=1,n, ()
(2) dz? W (2) (2)
with boundary conditions
@
p® 98P (2) — v B ap® (0),
dz o
(n)
pm 98P (2) — g™ (1), ©6)
dz .
The superscript in parentheses indicates the layer number. For a
multilayer structure, we denote: z =0, z,,, =1 - the outer boundaries of the

semiconductor, z,, zg, ..., z, - the coordinates of the interfaces of the layers;
DO, LW, 70 are parameters: diffusion coefficient, diffusion length and lifetime
of the MCC in the i-th layer, respectively, while L =D®z® | i=1n. At the
boundaries of the semiconductor (at z=0 and at z=1) the reduced rates of
surface recombination s® =Wy ® /p® | s™ — M, ™ /p™ “where v,® and
v.( are the rates of surface recombination of the MCC in the first and n-th
layers, respectively. The function Ap® (z) describes the depth distribution in
the i-th layer of non-equilibrium MCCs generated by an external energy impact
after their diffusion in the semiconductor. Function p® (z) is the dependence

on the coordinate of the density of MCCs generated by an electron beam in a
semiconductor target prior to their diffusion. For a wide electron beam, it can be
found from the expression for the energy density of the electron beam released
in the target per unit time before the start of the diffusion process [8]. The
solution to problem (5), (6) can be obtained by the matrix method [11, 12].
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4. Results of mathematical modeling

Some results of mathematical modeling of the processes of interaction of
wide electron beams with planar structures for GaN and substrate material SiC
and Si are shown in fig. 1 and fig. 2.

Fig. 1 shows the distributions of the MCC Ap(z) generated by the electron

beam in the semiconductor structure “GaN film-GaN substrate” for various
thicknesses and beam electron energies: 5, 10, 15, 20, 25 and 30 keV. The follow-

ing parameter values were used: for a GaN film L=35pum, r=10"%s, $=30,

Vo =1.05-10° um/s, D =1.22-10° um?/s; similar values for a GaN substrate are
L=30um, r=10"s, S=30, v, =9-10" um/s and D =9-10" mkm?/s. The layer
thicknesses are as follows: a— 0.5 um thick (0.1 um GaN film and 0.4 um GaN
substrate); b— 1.9 um thick (0.1 um GaN film and 1.8 um GaN substrate); ¢ —
3.6 um thick (0.1 um GaN film and 3.5 pm GaN substrate). The parameters of the
film and substrate are selected so as to show the influence of the thickness of the
structure and the energy of primary electrons on the MCCs distributions.

The curves shown in fig. 2 illustrate the influence of the electron beam en-
ergy and electrophysical parameters of GaN on the results of diffusion of MCCs.
At an electron beam energy of 10 keV, almost all of their energy is released in a
0.5 mkm thick target — see figure 1a. An increase in the beam energy for a film
of this thickness leads to a decrease in the energy lost in the target (figure 1a)
and, as a consequence, to a decrease in the generated MCCs. The smaller value
for 10 keV, as compared to the distribution at 20 keV, may be associated with
stronger influence of surface MCC recombination. Note that the value of the re-
duced rate of surface recombination is quite large, and the value corresponds to
an almost infinite rate of surface recombination.

Analysis of the parameters of various multilayer planar structures and pro-
cesses for various electron energies [11, 12] suggests that for films with a rela-
tively small thickness, model (5) can be used with the right-hand side p(z),

which is characteristic of the substrate material.

Otherwise, the calculations should use the parameters characteristic of the
film material.

In such cases, on the right-hand side of equation (5), it is necessary to use
one p(z) that depends only on the parameters of the substrate or film, and this

equation will have the following form:
b d2apW (2)  Ap®@(2) —
DD (z S =—p(z), i=1,n.
( ) de z_(|) (Z) P( )
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p/Ea, arb. units

p/Ea, arb. units

Fig. 1. Normalized to the power E,, released in targets by an electron beam, energy losses by
electrons in single-crystal gallium nitride (solid curves), silicon carbide (dashed lines) and silicon
(dash-dotted lines). Energies of the beam electrons: 10 (a), 20 (b) and 30 (c) keV.

Puc. 1. HopmMupoBaHHBIC Ha MOIITHOCTb E,, BEIACISEMYIO B MUILLIEHU 3JIEKTPOHHBIM ITyYKOM,
HOTEPH SHEPTHHU IEKTPOHAMH B MOHOKPHCTAIUTMYECKOM HUTPHU/IE TAJUTHS (CIUIOLIHBIE KPHUBBIE),
KapOuze KpeMHUs (IITPUXOBBIE JIMHUM) U KPEMHUH (IITPUXITYHKTHPHBIC JTINHAN).
Onepruu 2mexTpoHoB myuka: 10 (a), 20 (b) u 30 (C) k3B
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Fig. 2. Depth distributions of MCCs generated by an electron beam in a two-layer semiconductor
structure of gallium nitride: a — 0.5 um thick (0.1 pm GaN film and 0.4 um GaN substrate);
b—1.9 pm thick (0.1 um GaN film and 1.8 um GaN substrate); ¢ — 3.6 pm thick (0.1 pm GaN film
and 3.5 um GaN substrate). Electron energy of the beam: 10, 20, 30 keV.

Puc. 2. Pactipenenerne MCC 1o riryOuHe, TeHepHpyeMbIX HIEKTPOHHBIM ITyYKOM B JBYXCIIOWHOM
TIOTYTIPOBOJHUKOBO CTPYKType U3 HUTpHAA rayumws: a — toimmHa 0,5 mxm (turenka GaN 0,1
MkM u oiokka GaN 0,4 mxm); 6 — TommmHa 1,9 MM (mwienka GaN 0,1 Mxm u moioxka GaN
1,8 mxm); ¢ — TonmmuHa 3,6 MM (twieHka GaN 0,1 MM u nomoxka GaN 3,5 Mkm).
OHeprus nekTpoHoB myuka: 10, 20, 30 k3B
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5. Conclusions

The analysis of the considered models showed that the most acceptable is the ma-

trix method, which allows one to obtain a solution to the problem in an analytical form.
In this case, the best results are obtained when using as a substrate material one that has
close parameters characterizing the energy dissipation in the film and substrate. In this
case, the substrate parameters can be used on the right side of the differential equation.
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