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Within the framework of the density functional theory and methods of molecular dynamics, the process
of destruction of a silicon p-n junction at the influence of an electromagnetic pulse (thermal effect) is
considered. With an increase in the amplitude of the electromagnetic pulse, a nonlinearity of the mobility
of quasiparticles arises and impact ionization processes occur, leading to the formation of various defects in
the crystal lattice of the semiconductor. The evolution of the occurrence of point defects in a semiconductor
by thermal deformation, as well as a further increase in their concentration, is shown. It is demonstrated
that the primary passage of an electromagnetic pulse generates defects in a defect-free crystal. Further
thermal impact of the pulse leads to an increase in the deviation of atoms, leading to the accumulation of
defects and the destruction of the structure. With an increase in temperature, the p-n junction loses its
rectifying properties and an instantaneous increase in the magnitude of the reverse current is observed
due to the occurrence of an ionization current, which coincides in direction with the saturation current. It
is revealed that thermal deformation significantly distorts the p-n junction profile. It was found that the
destruction of the semiconductor structure occurs in the defect-free part of the crystal, and the defects
stimulate destruction. In semiconductors doped with Li or Sr, the destruction time of the p-n junction
increases due to the occupation of mobile Li or Sr ions by the formed silicon vacancies during the thermal
action of the pulse. The results obtained can be useful in the development of semiconductor structures
resistant to external influences of an electromagnetic pulse.
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1. INTRODUCTION

It is known that an electromagnetic pulse (EMP) is
one of the damaging factors of a nuclear explosion
(mainly high-altitude), which is an exotic phenomenon
as a physical process [1]. The source of such EMP can
be special electrical generators capable of generating
powerful pulses with a short duration of the order of
nanoseconds to tens of nanoseconds, and have a high
energy density (see, for example, [2]). The emergence of
such powerful EMP generators of “non-nuclear” origin
has led to the creation of highly effective weapons that
can be used for terrorist or criminal purposes to
deliberately deliver electromagnetic strikes in order to
disable the radio-electronic equipment (REE) of the
alleged enemy by physically destroying its
semiconductor components, or temporarily
(suppression) of equipment malfunction in the form of a
functional failure (Fig. 1) [3]. Note that lightning-
induced EMP also poses a serious danger to modern
electronic devices [4].

Under the influence of an external electromagnetic
radiation, malfunctions of the REE are usually accom-
panied by irreversible physical processes in semicon-
ductor devices associated with the destruction of the
structure of the p-n junction, i.e. the most vulnerable
electronic components are semiconductor devices.

To solve the problems of determining and ensuring
the resistance of the electronic component base of the
REE to the external effects of EMP, many models of
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physical processes in semiconductor structures under
conditions of strong electromagnetic influence have
been developed [5].
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Fig. 1 - Faults and failures in semiconductor devices under
the influence of external electromagnetic pulse

The report of the US Air Force Laboratory analyzes
various theoretical models describing the breakdowns
of semiconductor devices (diodes and transistors),
where the Wunsch-Bell (thermal) and Baruch-
Budenstein (electrothermal) models [6] are indicated as
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the main models of the breakdown process, and the
shortcomings of these models are also presented,
associated with incorrect descriptions with a decrease
in the duration of the acting EMP (in the region of
nanosecond pulsed effects). However, until now, the
basis for the development of models for describing the
electromagnetic effect on semiconductor components
are methods and algorithms designed to assess the
EMP of a nuclear explosion in REE. The question of the
identity of the impact of EMP of nuclear and non-
nuclear origin on REE remains open. A full analysis of
such physical processes requires further research in
this direction.

Many modern models are focused on solving a
homogeneous heat equation, where the values of the
amplitude and duration of the acting pulse are set and
the damage to electronic components is estimated,
taking into account the elementary external heating of
the structure. In [7, 8], simplified models are
considered based on the solution of the heat equation,
taking into account the localization of thermal power as
the main factor of the influencing EMP, i.e. implying
the main influence on the destruction of the
semiconductor conditional (given by the value of the
amplitude of the EMP) thermal processes. In [6], by
numerical simulation of processes in electronic
components, taking into account their design and
technological parameters and parameters of the acting
EMP, the electrical characteristics of the functional
disruption of the operation of electronic equipment and
thermal damage to their constituent electronic
components were determined.

Further development of the description of the
physical processes under consideration is connected
with the phenomenological model (physico-topological
model), which takes into account some parameters of
the semiconductor, such as the band gap, intrinsic
impurity concentration, mobility and lifetime of free
charge carriers, etc. [9]. However, even such more
advanced models do not allow one to reliably predict
the level of resistance of semiconductor structures to
EMP.

In our opinion, taking into account only the effect of
thermal heating of the semiconductor element design is
not sufficient, and in order to “illuminate dark corners”
in this complex physical process, one should resort to
atomistic modeling, i.e. take into account to assess the
parameters of the influence of various defects in the
crystal lattice of a semiconductor, stimulated by high-
energy EMP. The fundamental factor of such
destruction is the occurrence of various defects in the
crystal lattice of the semiconductor under the influence
of EMP, which will “transfer” the solid body into highly
nonequilibrium states of the condensed phase, and a
detailed study of such phenomena is necessary for the
further development of technology for creating EMP-
resistant semiconductor materials.

At present, there are many experimental
techniques (for example, femtosecond interference
microscopy) for studying pulsed phenomena in various
time ranges. However, these methods provide only
indirect information about the extreme state of matter.
This led to the widespread use of various physical and
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mathematical modeling methods for studying the state
of matter [10]. One of the proven tools in this direction
is the atomistic methods of the density functional
theory and molecular dynamics. The application of
atomistic methods to the study of the interaction of
high-energy EMP with matter makes it possible to
study the mechanisms of thermal deformation and
destruction, as well as to model all stages of the
interaction of EMP with a condensed phase. The
contribution of produced and intrinsic defects to the
kinetics of destruction of a substance remains an
important aspect [11]. Therefore, the purpose of this
work 1is to study the process of destruction of
semiconductor structures by methods of atomistic
modeling [12, 13].

2. SIMULATION MODEL AND METHODS

Atomistic modeling is carried out in the following
sequence: creation of a computer model of a
semiconductor device (optimization of the geometry of a
semiconductor, creation of a passivated layer, creation
of the geometry of a diode (p-n junction), evaluation of
the structure taking into account the formed defects),
calculation of the main parameters (substantiation and
choice of a calculation method, choice of exchange
correlation functional, choice of pseudopotential and
base grid, setting calculation parameters), processing of
obtained numerical data, analysis of obtained results.

The geometry of the electron-hole junction is shown
in Figure 2. The model of the p-n junction is 52 layers
of silicon (2106 atoms), one half (26 layers) of which is
doped with electrons (marked in blue in the figure), the
other half is doped with holes (marked in the figure in
red). The concentration of electrons and holes,
depending on the type of semiconductor, varies from
1013 ¢cm-3 to 2 x 1019 ¢m —3.

b)

Fig. 2 — The geometry of the p-n junction

The optimization of the geometric parameters of
semiconductor structures will be carried out within the
framework of the electron density functional theory
with the generalized gradient approximation (GGA).
The setting of the semi-empirical Slater-Koster method
was carried out as follows: k-point was chosen (7, 7,
100), Bassani. Si was chosen as the basis [14].

The process of destruction of the p-n junction
structure was studied by the method of molecular
dynamics [15]. According to this method, systems
consisting of N interacting atoms are described by the
system of Newton's equations:
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where M;, I and V; — mass, coordinate and the veloc-
ity of i-th particle (i=1, ..., N), F — force, acting on
i-th particle. By solving the system of equations 1, 2, it
is possible to determine the particle trajectories. Ter-
soff_Si_2005 [16], StillingerWeber_Si_1985 [17], Re-
axFF_HOSiAlLi_2012 [18] were chosen as potentials.

Computer simulation of the current-voltage charac-
teristics (CVC) of the p-n junction was carried out us-
ing the Slater-Koster method in combination with the
Non-Equilibrium Green's Functions (NEGF) method
[19, 20]. When calculating the CVC, the bias voltage
varied from — 1 V to 1V, energy — from — 2 eV to 2 eV,
k-point was chosen 21 x 21. To calculate the CVC, the
transmission spectrum (function) of the p-n junction
under consideration is first determined:

T(e)=tr[T'GIRG' |=tr[TRGI'G' ], ®)

where FL(R)(E) is broadening matrix (broadening

function) of the left (right) electrode, G (5) , Gf (8) are

retarded and advanced green's functions, £ is energy.
Further, using the transmission function, the CVC of
the p-n junction is determined based on the landauer
equation:

+00 — —
=211 (o) ] £ g £ ae,
h —0 kBTR kBTL
is the Planck
f(s) is the Fermi energy distribution

is the

constant, TL, TR are the current temperatures and Mg >

where € 1is the electron charge, h
constant,

function of quasiparticles, kg Boltzmann

4, are the electrochemical potentials of the right and

left electrodes. The numerical data obtained were
processed using the Origin program.

3. RESULTS AND DISCUSSION

As can be seen, the destruction of the p-n structure
occurs due to thermal deformation (Fig. 3). At the
initial stage of destruction, we observe the temperature
displacement of atoms from the crystal lattice site to
the interstices, i.e. the primary passage of EMP
generates defects in a defect-free crystal. With an
increase in the electron temperature, the deviations of
atoms increase, accumulations of defects are observed,
which then lead to destruction. At the moment of
destruction, a sharp increase in the kinetic energy of
the quasiparticles is observed.
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It is reasonable to assume that at weak fields created
by EMP, the mobility of carriers in a semiconductor is
almost independent of the field. However, if the EMP field
is significantly large, the quasiparticle mobility becomes
nonlinear and, in some cases, the drift velocity is
saturated. Under such conditions, impact ionization
processes occur. When exposed to a powerful EMP,
scattering often occurs through the emission of optical
phonons, i.e. when a strong EMP interacts with matter,
carriers acquire field energy and lose it due to the
predominance of phonon emission over absorption. This
leads to the appearance of a state in which the electron
temperature is several orders of magnitude higher than
the temperature of the crystal lattice. Such extreme
overheating of a substance is accompanied by compression
and tension, thereby causing the birth of both point and
linear structural defects. We believe that under the
influence of a pulsed energy input into a substance over a
short period of time, depending on the pulse amplitude,
the crystal structure can be restored, then we are talking
about temporary failures of an electronic device (Fig. 1),
on the other hand, it depends on the types and “sizes”
born defects, as well as from intrinsic defects of the
semiconductor. Such defects determine the -electrical
transport properties of a semiconductor device. Thermal
deformation strongly affects the potential profile of the p-
n junction; in the pre-fracture state of the junction, we
observe its strong distortion (Fig. 4).
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Fig. 3 — Destruction of p-n junction (change in temperature,
kinetic and potential energy over time)
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Fig. 4 — Potential profile of p-n junction at different
temperatures of quasiparticles (300 K and 420 K)

04033-3



D. SERGEYEV, K. SHUNKEYEV, N. ZHANTURINA, A.L. SOLOVJOV

The EMP energy can be estimated using the expres-
sion:

0

& = [s(t)s™(t)dt, (5)
0

where S(t) a function describing a signal, S"(t) com-

plex conjugate function. For real signals, expression (5)
is transformed

& = [s2()dt. ©
0

From expression (6) it is obvious that the signal
energy is directly proportional to the square of the
amplitude. Then it can be assumed that the EMP
energy with certain amplitude is sufficient to detach
the atom from its original position, and for the
irreversible displacement of the atom, it is sufficient to
overcome only half of the interatomic bonds (1.18 A).
Note that the current temperature of the
semiconductor has a noticeable effect on the value of
the threshold energy of displacement of atoms. From
the evaluation of the EMP energy, it is obvious that the
thermal heating of a semiconductor element under the
influence of a low level of EMP cannot lead to its
complete failure, it only temporarily “knocks down” the
operating mode. In this case, it is reasonable to assume
that failures in semiconductor devices and electronic
equipment based on them mainly occur under the
influence of a powerful external EMP, which

significantly exceeds the operating electrical loads.

Fig. 5 — The evolution of the destruction of p-n junction with
vacancy defects

Real p-n-junction contains a relatively high
concentration of growth and technological defects and
is in a non-equilibrium disordered state. With the
accumulation of defects in the excited region of the
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crystal, the root-mean-square deviations of atoms
increase, almost as at the melting temperature. Under
such conditions, overheating of the defective
semiconductor structure occurs. Figure 5 shows the
evolution of the destruction of an electron-hole junction
with vacancy defects at a temperature of ~ 395 K (in
the figure, the locations of vacancy defects are marked
with a yellow dotted line). Usually, the melting process
begins at the intersections of defects; however, as can
be seen from Fig. 5, the destruction of the structure
occurs in the defect-free part of the crystal.

The CVC of the p-n junction in the pre-destructive
state are shown in Figure 6. As can be seen, with
increasing temperature, the diode loses its rectifying
properties. There is a sharp increase in reverse
current. An increase in the reverse current is explained
with the appearance of an ionization current that
coincides in direction with the saturation current of the
p-n junction. The ionization current leads to a
redistribution of potentials in an electronic device, and
also stimulates overheating of the p-n junction, which
can lead to thermal breakdown.

1,04

0,5

0,0 /\

Z 05
£
i —— 300K
' —— 420K after 7.8 ps
—— 420K after 8 ps
1,5
2,0

T T
-10 -08 -06

T T T T T T T 1
-04 -02 00 02 04 06 08 10

Voltage (V)

Fig. 6 — CVC of p-n junction at different temperatures of
quasiparticles (300 K and 420 K)

The destruction temperature slightly increases in
silicon p-n junctions doped with lithium Li. We believe
that this is due to the high mobility of Li ions under the
action of an electric field and the occupation of the
formed silicon vacancies, temporarily reanimating the
site of destruction. Figures 7 and 8 show the diffusion
properties of Li and Sr in Si.
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Fig. 7 — Diffusion of the Li atom in the crystal lattice of Si
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Fig. 8 — Diffusion of the Sr atom in the crystal lattice of Si
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Fig. 8 — CVC of a silicon electron-hole junction doped with Li
and Sr
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To overcome the barrier and occupy the place of Si
vacancies, the Li ion requires ~ 3 eV of energy, and the
Sr ion ~13 eV. However, an increase in the
concentration of Li and Sr in Si leads to a deterioration
in the rectifying properties of the p-n junction. Figure 9
shows the CVC of p-n junctions with 7 % Li and Sr
content.

4. CONCLUSIONS

Thus, in this work, on the basis of atomistic model-
ing, the process of destruction of a silicon p-n junction
is considered. The dynamics of the occurrence of defects
in a semiconductor by thermal deformation is shown.
The CVC of the diode before the destruction of the sem-
iconductor structure are given. It has been established
that the destruction of a defective semiconductor struc-
ture occurs in the defect-free part of the crystal. An
increase in the destruction time of p-n junctions doped
with Li or Sr due to the occupation of silicon vacancies
by Li or Sr ions is shown. The obtained scientific re-
sults expand the understanding of the physical pro-
cesses occurring in semiconductor structures under the
influence of EMP, and can be useful in developing
methods for testing semiconductor structures for re-
sistance to external EMP influences, guidelines aimed
at improving the reliability and stability of semicon-
ductor components of REE.
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MopgenoBanHsa pyHHYBaAHHA P-N-II€PEXO0Ay €JIEKTPOMATHITHUMY iMITyJIbCaAMK
. Cepreesl2, K. lllyuxeen?, H. #anrtypina2, A.JI. Cosositos3

1 Axmio6incoruti asiayitinuli incmumym imeni T. Bezenwoinosa, np. Mondazynosa, 39, 030012 Axmobe, Kazaxcmarn
2 Akmiobincoruil pecionanvruli ynisepcumem imeni K. JKybarnosa, np. Mondazynosa, 34, 030000, Akmobe, Kasaxcmakr
3 Diguko-mexHiuHuil incmumym nHusvkux memnepamyp im. b. Bepxkina HAH Ykpainu, 61103 Xapkis, Vepaina

YV pamrax Teopii iCHYBaHHA T'YCTHMHM Ta METOIIB MOJIEKYJIIPHOI IWHAMIKH Y CTATTI PO3IJIASAETHCS
IIpollec PyMHYBAHHA KPEMHIEBOIO P-N-MePexXo/y I Ji€0 eJIeKTPOMATrHITHOTO IMITYJIbCy (TepMIuHUA edeKrT).
31 30LIBIIEHHAM AaMIUNTYOA eJeKTPOMATHITHOTO IMIIyJIbCy BHUHHKAE HEJIIHIAHICTD PYXJIUBOCTL
KBA3IYaCTHHOK 1 BIIOYBAIOTHCA MPOIIECH YAAPHOI 10HI3allli, 10 MPUBOIATHL I0 YTBOPEHHS PI3HOMAHITHUX
IedeKTiB y KPUCTAJIIYHIN PeIriTIii HamiBupoBigauka. [Jokazamno eBoJIOIi0 BUHUKHEHHI TOYKOBUX TeeKTiB
Yy HAIIBIPOBIIHUKY IILJISXOM TepMiduHOl gedopMarrii, a TAKOK II0JAJIbIle 30LIBIIEHHS IX KOHIIEHTPALTil.
TTokasano, 10 ITepBUHHE IIPOXOKEHHS €JIEKTPOMATHITHOTO IMITYJIBCY HOPOIKYE TederTr B OesmedekTHOMY
kpucraim. [loganpmmii TepMiYHHN BIUIMB IMIIYJIBCY TPUBOIUATH JI0 301IBIMEHHS BIIXWJIEHHS ATOMIB Ta
HAKOIIMYEHHs JedeKTiB 1 pyHHYBaHHS CTPYKTYPU. 3 HiJABUINEHHIM TEMIEPATyPU p-n-IePexi BTpadae CBOi
BUNPAMIISIOY] BJIACTHBOCTI 1 CIIOCTEPITAEThCI MUTTEBE 30LIBIMEHHS BEJIWYWHKA 3BOPOTHOTO CTPYMY 3a
PaxyHOK BUHUKHEHHS CTPYMy 10Hi3aIrll, SKuil 30iraeTbes 3a HAIIPSIMKOM 31 CTpyMOM HacudueHHs. Busiiero,
mo TepmiuHa gedopMarllis CyTTEBO CIOTBOPIOE Mpodisib p-n-mepexony. BeramoBieHo, mio pyiHyBaHHS
HAIBIPOBIIHUKOBOI CTPYKTYpH BIIOyBaeTbCs B Oe3qedeKTHIN YacTHHI KpucTaia. Y HAIIBIPOBLIHUKAX,
meroBaHux Li aGo Sr, yac pyHHYBaHHS p-Nn-IEPeXoay 301IbIIYEThCA 34 PAXYHOK 3aCeJIEHHS PYXJIMBAMU
iomamu Li abo Sr yTBOpeHMMH BaKAHCIAMH KPEMHI i JYac TeruIoBol mii iMmyJibey. OTpuMaHi pe3yabTaTi
MOYKYTH OYyTH KOPHCHHMU IIPA PO3POOIIl HAMBIPOBIIHUKOBHX CTPYKTYP, CTIMKHMX 0 30BHINIHBOIO BILIUBY
€JIEKTPOMATHITHOTO 1IMITYJIBCY.

Kmiouosi cnosa: Komm'orepHe MopenoBauHsa, p-n-mepexin, EmexTpomardiTHwmit iMmyJibe, TeroBmit
ederr, MosekyaapHa TUHAMIKA.
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