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This paper presents the results of a modeling study of the breakdown of the GaAs-based electron-hole
junction using density functional theory and molecular dynamics method. Electrical characteristics were
simulated using Slater-Koster and non-equilibrium Green's function methods. It is shown that the presence of
initial vacancy defects and Frenkel pairs in the volume of the semiconductor crystal contributes to the
relaxation of mechanical stresses created by thermal deformation. It is determined that the electromagnetic
component of the pulse leads to the appearance of bends in the semiconductor structure, accompanied by
significant deviations of the parameters of the crystal lattice from the norm. When considering the
simultaneous action of thermal and electromagnetic components of the pulse, these bends are smoothed out,
presumably due to the relaxation of mechanical stresses through initial and thermal vacancy defects. It is
revealed that vulnerable areas of the semiconductor device are the junction points of the crystalline structure
with the contacts, as well as the boundary between p- and n-semiconductors. Analysis of electrical
characteristics shows that even before the breakdown, the semiconductor diode loses its rectifying properties,
and the pre-breakdown state of the diode is accompanied by a significant impulsive in-crease in reverse
current, further leading to overheating and thermal breakdown.
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1. INTRODUCTION processes in semiconductor devices, associated with the
breakdown of the structure of the electron-hole junction
or metal-conductor junction (in Schottky devices), etc.
Common damages to semiconductor devices in REE occur
due to thermal breakdown, which depending on the type
of electronic devices, manifest as surface breakdown, bulk
breakdown, dielectric breakdown, through breakdown in
transistors with multiple junctions.

Currently, there is widespread discussion about the
development of aviation bombs that generate UWB
PEMP similar to a nuclear explosion, where conventional
chemical explosives are used instead of nuclear material
[7]. It is also worth noting that one of the most common
variants of EMP bombs is the use of a flux compression
generator and a virtual cathode generator [8]. The
widespread use of semiconductor materials in almost all
industries, which ensure the normal functioning of
human life, makes such weapons extremely effective.

One of the important semiconductor materials, third
in terms of industrial usage scale (after common semi-
conductors such as silicon Si and germanium Ge), and
until the 1990s predominantly used in the military

It is known that powerful electromagnetic pulses
(PEMP), arising both unintentionally (naturally) and
intentionally (artificially), disrupt the normal function-
ing of radio-electronic equipment (REE) and either cause
temporary deterioration in performance or complete
cessation of the required function [1, 2]. Functional
impairments of REE can manifest as false triggers;
malfunctions in important nodes and modules; distortion
of signal shapes at the output; unauthorized activations
of executive modules, etc. [3]. The work [4] demonstrates
that sources of ultra-wideband (UWB) electromagnetic
pulses (EMP) pose a significant threat to modern REE. It
should be noted that according to standard [5], UWB
EMP are impulse electromagnetic fields of non-nuclear
origin with parameters of percent bandwidth greater
than 25, electric field amplitude of 100 V/m or more, and
frequency range from hundreds of MHz to several GHz.

The most vulnerable electronic components to PEMP
exposure are semiconductor devices [6]. When external
PEMP affects the operability of REE, the disturbances
are primarily accompanied by irreversible physical
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industry, is the compound of gallium Ga and arsenic
As-gallium arsenide (GaAs). It is known that to assess
the state of such semiconductor structures under the
influence of PEMP, thermal, electrothermal, electrical,
ionization-doping models are used [9]. These models have
specific areas of application and are not without their
drawbacks. This work is dedicated to the model study of
the breakdown of the electron-hole junction based on
GaAs. The application of atomistic methods to study the
interaction of PEMP with matter allows for the
exploration of mechanisms of thermal deformation and
destruction, as well as modeling all stages of EMP
interaction with the condensed phase.

2. SIMULATION MODEL AND METHODS
The simplified geometric model of the GaAs-based
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electron-hole junction is depicted in Fig. 1. The electron-
hole junction model consists of 52 layers of GaAs, half of
which are doped with electrons (indicated by blue
background in the figure), while the other half are doped
with holes (indicated by red background in the figure). The
concentration of electrons and holes varies depending on
the type of semiconductor from 103 cm~3 to 2 x 1015 cm—3.
The optimization of the geometric parameters of the
semiconductor structures was carried out within the
framework of density functional theory with generalized
gradient approximation (GGA), where atomic
configurations were relaxed until the forces on all atoms
fell below the specified threshold value of 0.05 eV/A. The
right and left electrodes extend the semiconductor
structure with a length of approximately 11.307 A
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Fig. 1 — Simplified geometric model of the GaAs-based electron-hole junction

To model the process of semiconductor structure
breakdown, a classical molecular dynamics method [10,
11] was employed. To describe the evolution of the
structure consisting of N interacting atoms, the system of
Newton's equations [12] is utilized:

dr; (¢)

dt?

:FiI:rD orey I.N:I (1)

i

or taking into account

dv,(t)
bodt

:Fi[rl, o rN] )

where m;, I; and Vi
th particle (I =
solving the system of equations 1, 2, it is possible to
determine the trajectory of interacting atoms (particles) as
well as analyze the temporal evolution of the system.
Potentials Tersoff GaAs_2011 [13] and Tersoff_GaAs_2002
[14] were chosen to describe Ga and As atoms.

The current-voltage characteristics (CVC) of the
electron-hole junction were determined within the
framework of the Slater-Koster method combined with
the Non-Equilibrium Green's Functions (NEGF) method
(SK+NEGF) [15, 16]. The semi-empirical Slater-Koster
method was adjusted for calculating the electrical
characteristics of the junction as follows: a k-point grid of
(7, 7, 100) was chosen, and the Bassani. GaAs basis set

— mass, coordinate and velocity of the i-

., N), F; —force, acting on i-th particle. By

was selected [17]. When calculating the CVC, the bias
voltage was selected in the range from — 2V to 2V, and
the energy from —2 eV to 2 eV, with a k-point grid of
21 x 21. The calculation of the CVC of the p-n junction
was performed within the Landauer formalism:

I(VL: VR, TL, TR)_?IT(S){f{mj_f[Z ;L]]dé’ (3)

where e is the electron charge, h is the Planck constant,
fle) is the Fermi energy distribution function of
quasiparticles, kg is the Boltzmann constant, 77, Tr are
the current temperatures and ur, g are the
electrochemical potentials of the right and left electrodes.
The simulation of the electric transport properties of the
p-n junction was implemented in the Atomistix ToolKit
with Virtual NanoLab program. The OriginPro program
was used to process the obtained numerical data.

The fundamental equations of these methods are
elaborated in more detail in works [18, 19].

3. RESULTS AND DISCUSSION

It is known that one of the main destructive factors of
semiconductor structures under the influence of EMP is
thermal deformation (thermal compression and expansion).
Let's consider the obtained results of the model destruction
of the GaAs p-n junction: a) taking into account only
thermal effects; b) taking into account only electromagnetic
effects; c¢) taking into account simultaneous effects of
thermal and electromagnetic components of EMP.
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As can be seen, the destruction of the p-n structure
occurs through high-speed thermal deformation (Fig. 2). At
the initial stage (at ¢ = 7 ps), there is a thermal displacement
of Ga and As atoms from the lattice site to the interstitial
site, creating "thermal" Frenkel defect pairs. Thus, the
process of defect generation in a defect-free crystal occurs
due to thermal compression or expansion.

For a silicon junction, the process of thermal
deformation began at a temperature of 460 K [20], while
for the GaAs junction under consideration, it is observed
at 700 K. Further retention of the semiconductor
structure at this temperature leads to an increase in the
concentration of various defects and their coagulation
(clustering). Subsequently, at ¢= 7.9 ps, the structure
collapses at the site of defect clustering, accompanied by
a rapid increase in the kinetic energy of quasi-particles.
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Fig. 2 — Destruction of the electron-hole junction (Temperature
and kinetic energy change over time)

If the temperature pressure ceases in the pre-
destructive state, the structure of the junction relaxes,
i.e., with a low degree of thermal deformation, elastic
compression is observed. The lattice relaxation occurs
with the annihilation of excess defects formed. It is noted
that theoretically, for irreversible displacement of a Ga or
As atom, i1t 1s sufficient to overcome half of the
interatomic bonds, which is ~ 2.83 A.

The evolution of the destruction of the p-n structure
with initial vacancy defects is shown in Fig. 3.

The defect plane is marked with a green arrow. At
t = 10.90 ps, noticeable displacement of Ga and As atoms
is observed in the area of the n-type semiconductor,
although the initial vacancy defects are in the p-type
semiconductor area. At ¢ = 11 ps, defect clustering occurs,
and the beginning of the structure detachment.

The onset of semiconductor structure destruction is
observed in the defect-free region (in this case, in the n-type
semiconductor area, while the defective region is in the p-type
semiconductor) at 10.9 ps. Destruction at the defective site
occurs 11.12 ps later as a continuation of the destructive
process. Logically, it would be correct if the destruction of the
semiconductor started at the weakened site (in the defective
region), as it is precisely in this area that the material's
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Fig. 3 — The evolution of the destruction of the electron-hole
junction with the presence of initial vacancy defects

strength is significantly reduced. However, the destruction
starts in the defect-free part of the crystal. It is likely that
the presence of a small concentration of defects leads to the
relaxation of mechanical stresses arising from thermal
deformation, which restrains the overheating and
destruction process. It is noted that at the same moment,
destruction occurs at the contact point (at the interface) of
the p- and n-semiconductors.

Purely for the theoretical determination of the impact
of the electromagnetic component of the pulse on the
change in the semiconductor structure, let's consider the
process of EMP impact without taking into account the
influence of thermal overheating (Fig. 4).

It should be noted that when EMP is applied, thermal
overheating of the structure undoubtedly occurs, as part
of the EMP energy is dissipated into Joule heating ¢ =

ifot IUdt (here, m is the sample mass, I is the current
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Fig. 4 — The influence of the electromagnetic component of the
pulse on the semiconductor structure

Fig. 5 — The evolution of the destruction of the p-n junction
under simultaneous influence of the thermal and
electromagnetic components of the pulse

passing through the sample, U is the active component of
the voltage across the sample), and some portion of the
EMP energy is absorbed by the lattice. (The active
component of the voltage is determined by the formula
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U=u-— L%, here u is the voltage on the semiconductor

sample, L is the inductance). As can be seen, deformation
of the p-n structure is observed. The central region of the
junction undergoes significant deformation, bending of
the structure is observed, which intensifies over time and
leads to a substantial deviation of the lattice parameter
of the structure (the lattice parameter varies from
5.653 A to 5.588 A). At 18 ps, the deviation of the lattice
parameter varies from 5.54 A to 6.11 A. Note that the
amplitude of the EMR effect on the semiconductor
structure varied from 10% V to 108 V.

The evolution of the junction destruction under
simultaneous exposure to electromagnetic and thermal
components of the EMP is presented in Fig. 5.

Destruction occurs faster than without considering
the electromagnetic component. At 2.5 ps, a wave-like
deformation of the structure is observed in the middle of
the junction. Subsequently, at 3.1 ps, atom displacement
near the right electrode begins, possibly causing the
wave-like deformation to disappear distinctly. Chaotic
coagulation of atoms occurs near the right electrode at
7.85 ps, and at the same location, structure destruction
begins at 7.6 ps.

The destruction of the p-n structure with vacancy
defects, considering the impact of both electromagnetic
and thermal components of the EMP, is shown in Fig. 5.
(The defective plane is marked with a green arrow.)

Strong bends, resulting from the interaction of the
crystal with the electromagnetic field, are smoothed out
under the simultaneous influence of the thermal and
electromagnetic components of the EMP. Presumably, this
smoothing 1is associated with the relaxation of the
mechanical stresses arising from the initial vacancy defects.

Comparison of the CVC of the model GaAs-based p-n
junction in the working and pre-destructive states is
presented in Fig. 7 (the CVC of the working model diode
is indicated by the red curve, the CVC in the pre-
destruction state of the p-n junction by the blue curve,
the CVC at the beginning of the destruction stage of the
p-n junction by the green curve). CVC of the p-n junction
under consideration was calculated using Eq. (3). As can
be seen, even in the pre-destructive state, the diode
completely loses its rectifying properties. The onset of the
pre-destructive state of the diode is accompanied by a
sharp increase in reverse current. This is explained by
the emergence of ionization current, coinciding in
direction with the saturation current of the p-n junction.
Subsequently, the ionization current stimulates
overheating of the semiconductor structure, which will
lead to thermal breakdown and failure of the diode.

4. CONCLUSION

Thus, in this study, molecular dynamics simulation of
the p-n junction destruction process based on GaAs was
conducted using the Theory of Density Functional. The
evolution of semiconductor structure destruction by thermal
and electromagnetic deformation was demonstrated. It was
shown that the presence of initial point defects
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Fig. 6 — The evolution of the destruction of the p-n junction with
initial vacancy defects under simultaneous influence of the
thermal and electromagnetic components of the pulse
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Fig. 7—The CVC of the electron-hole junction (the CVC of the
working model diode is indicated by the red curve, the CVC in
the pre-destruction state of the p-n junction by the blue curve,
the CVC at the beginning of the destruction stage of the p-n
junction by the green curve)

(such as vacancies or Frankel defect pairs) leads to the
relaxation of mechanical stresses arising from thermal
deformation, which delays the overheating process for
some time. It was established that the electromagnetic
component of the pulse leads to a significant deviation of
the GaAs lattice parameter (varying from 554 A to
6.11 A) and the appearance of structures in the form of
bends; however, noticeable bends are smoothed out under
the  simultaneous influence of thermal and
electromagnetic components of the pulse due to the
relaxation of mechanical stresses caused by vacancy
defects. Vulnerable areas of the junction were identified
as the junctions of the semi-conductor structure to
contacts, as well as the boundary between p- and n-
semiconductors. It was demonstrated that in the pre-
destructive state, the diode completely loses its rectifying
properties, and the onset of the pre-destructive state of
the diode is accompanied by a significant impulsive
increase in reverse current, leading to severe overheating
and thermal breakdown.

The obtained results can be useful in developing
testing methodologies for semiconductor structures'
resistance to external electromagnetic pulse effects, as
well as in conducting activities aimed at improving the
reliability and stability of semiconductor devices.
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MogenoBanua npo0o0 p-n nmepexonay Ha oCHOBI GaAs 3 BHUKOPUCTAHHAM METOY MOJICKYJIAPHOI
OUHAMIKH

JI. Ceprees!:2, H. #anurypiua?, A.JI. Comosiios?

L Axmiobincorull agiauitinuil ikcmumym imeni T. Beeenvoinosa, 030012 Akmobe, Pecnybnixa Kazaxcman
2 Akmwobincokull pecionanbrutl yHigepcumem imeni K. JKybanosa, 030000 Akmobe, Pecnybnixa Kazaxcman
3 Dizuko-mexHiurUll IRcmumym Husvkux memnepamyp im. b. Bepxina HAH Vipainu, 61103 Xapxis, Yipaina

VY wmiit craTTi mpescTaBieH] pe3yIbTATH MOEIIOBAHHS IIPOO0I0 eJIeKTPOHHO-JIPKOBOIO KOHTAKTY Ha OCHOBL
GaAs 3 BHUKOPHCTAaHHSAM Teopil (ODYHKI[IOHAJIy TYCTHMHHM Ta METOAY MOJIEKYJIAPHOI AuHaMiku. Eiexrpuysi
XapaKTepPUCTUKYN MOJeIoBaJMcs 3a monomorolo MeromiB Cireitrepa-Kocrepa Ta HepiBHOBaskHUX QyHKIii ['pina.
Tlorasano, 110 HASBHICTH IIOYATKOBUX BaKaHCIMHUX medekTiB Ta map Operkesnsa B 06'eMi HAIBIPOBIIHIKOBOIO
KPUCTAJLy CIIPUSiE peJiaKcallli MeXaHIYHUX HAaIpysKeHb,
Busnaueno, 1110 eJIeKTPOMATHITHA CKJIAZ0BA IMITYJIBCY PU3BOJUTH JI0 IOSIBU BUTHWHIB y HAIIBIIPOBIIHUKOBIA
CTPYKTYPI, 10 CYIIPOBOKYIOTHCS 3HAYHUMU BIAXUJIEHHAMU [TapaMeTPiB KPUCTAIIYHOI penriTku Bijx Hopmu. [Tpu
PO3TJISAl OJHOYACHOI [ii TEeIJIOBOI Ta EeJIEKTPOMATHITHOI CKJIAOBHUX IMITyJIBCY I[i BUTHWHH 3TJIQ/KYIOTHCS,
MMOBIpHO, UYepe3 pesaKcallilo MeXaHIYHMX HAIPYKeHb dYepes IIOYATKOBI TA TEIJIOBl BaKaHCIMHI medeKTH.
BusiBieno, mo BpassWBAMH JUISHKAMYW HAIIBIIPOBIIHUKOBOTO IIPUJIANY € TOYKHA 3'€JHAHHSA KPUCTAJIYHOL
Ta nN-HAMIBIPOBITHUKAME. AHAIN3 eJIEKTPUIHUX
XapaKTepUCTUK II0Ka3ye, I0 Ie 0 Ipo00 HAIIBIPOBIIHUKOBUI 107 BTpadyae CBOI BHIIPSIMHI BJIACTHBOCTI, a
epennpodifHUN CTaH Jiofa CYIPOBO/KYETHCS 3HAYHMM IMITYJIBCHUM 301JIBIIIEHHSM 3BOPOTHOTO CTPYMY, IO

CTPYKTYpPH 3 KOHTaKTaMHU,

HAJTAJTI TIPU3BOUTB JI0 TTEPErPiBy Ta TEIJIOBOTrO IIPo0oI0.

a TaAKOK MeKa MK p-

0 CTBOPIOIOTHCA TEPMIYHUMH IepopMAIlisIMH.

Kmouori ciosa: Komr'iorepre mojesoBanHs, p-n mepexin, EiaexTpoMardiTHWE IMITyJsibe, TersioBuii edexr,

Mounerynsipaa nuaaMika.
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