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Molecular dynamics simulations of heavy ion
induced defects 1in S1C Schottky diodes

Arto Javanainen, Member, IEEE, Henrique Vazquez Muinos, Kai Nordlund,
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Marek Turowski, Senior Member, IEEE, Ronald D. Schrimpf, Fellow, IEEE

Abstract — Heavy ion irradiation increases the leakage current
in reverse-biased SiC Schottky diodes. This work demonstrates,
via molecular dynamics simulations, that a combination of bias
and ion-deposited energy is required to produce the degradation.

Index Terms — lon radiation effects, Modeling, Power semicon-
ductor devices, Schottky diodes, Silicon carbide

I. INTRODUCTION

ILICON CARBIDE (SiC) power devices are of great interest
for their possible use in power applications in spaceborne
electronics. However, SiC power devices (MOSFETs and di-
odes) are sensitive to heavy-ion particle radiation such as that
found in space. Javanainen et al. [1] previously discussed the
leakage current in SiC Schottky diodes resulting from heavy-
ion exposure. This paper examines the physical processes that
result in that leakage current.

SiC Schottky diodes may exhibit Single Event Burnout
(SEB) similar to that observed in silicon-based power devices;
at bias voltages below the SEB threshold, however, SiC
Schottky diodes also exhibit ion-induced increases of reverse
leakage current, as illustrated in Figure 1. The leakage current
may begin to increase during irradiation at operating biases sig-
nificantly lower than the rated breakdown voltage [1]-[8]. For
the 650 V devices in this work, semi-permanent increases in
ion-induced leakage occur at a bias as low as 150 V. Device
simulations have been used to attribute this to a highly localized
temperature rise that goes above the phase transition tempera-
ture of SiC [4], [5]. Even though the temperature recovers after
the ion strike, physical modifications of the crystal occur, as ev-
idenced by the changes in the current-voltage characteristics.
Simulated temperature effects due to ion and bias also have
been reported by Abbate et al. [7], [8] and by Witulski et al. [6].

In order to study the permanent defects generated by the
heavy-ion and bias-induced Joule heating, we use molecular dy-
namics (MD) to simulate the effect of ion impact on the SiC
crystal structure. The ion energy deposition in these simulations
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Figure 1. Three response regions observed in SiC diodes exposed
to heavy-ion irradiation. After Kuboyama et al. [2].

is defined by the average Linear Energy Transfer (LET) (also
known as electronic stopping force, S.) value for 1217-MeV Xe
ions, that is 62.4 MeV/(mg/cm?). This corresponds to experi-
mental values used earlier [1], [4], [5].

Because MD simulations cannot include the electric field or
current transport, technology computer-aided design (TCAD)
simulations are used to obtain the temporal and spatial temper-
ature and carrier distributions in biased devices. These data are
used as input for MD simulations that describe the response of
the SiC lattice structure to the energy dissipation due to the
Joule heating.

II. EXPERIMENTAL AND TCAD RESULTS

The experimental results used to inform the simulations pre-
sented in this paper have been published previously [1], [4], [5].

The SiC Schottky diodes exhibit strong dependence on the
ion species (or LET) and reverse bias applied during the irradi-
ation. The current work concentrates only on Xe-ions.

TCAD simulations have indicated that the synergetic effects
between the heavy-ion induced ionization and the applied bias
lead to SiC lattice temperatures that exceed the phase transition
point of the material. This is illustrated in Figure 2, where the

A. Javanainen is also with the Electrical Engineering and Computer Science
Department, Vanderbilt University, Nashville, TN 37235 USA. (email: arto.ja-
vanainen@vanderbilt.edu)

H. Vazquez Muinos, K. Nordlund, and F. Djurabekova are with Helsinki
Institute of Physics and Department of Physics, University of Helsinki, P.O.
Box 43, FI-00014, Finland

K. Galloway and R. Schrimpf are with the Electrical Engineering and Com-
puter Science Department, Vanderbilt University, Nashville, TN 37235 USA.
(email: {ken.galloway, ron.schrimpf}@vanderbilt.edu)

M. Turowski is with Silvaco Inc., 2811 Mission College Blvd, 6th Floor,
Santa Clara, CA 95054, USA, (email: marek.turowski@silvaco.com)



TCAD-simulated time evolution of the lattice temperature is
presented for four different bias conditions.

However, TCAD simulations are not capable of giving infor-
mation on material changes that may occur at these high tem-
peratures. Hence, for ion-induced damage formation we used
molecular dynamics simulations that are discussed below.
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Figure 2. TCAD simulated temporal evolution of the heat power
densities (solid) and the maximum lattice temperature (dashed) in
SiC Schottky diode structure after Xe ion strike. The average LET
value of 62.4 MeV/(mg/cmz) is used for estimating the energy dep-
osition by the ion. Different curves represent different reverse bias
voltages applied on the Schottky diode.

III. MD SIMULATIONS

The molecular dynamics (MD) code PARCAS [9] is used to
simulate the effects of heavy-ion impacts on different model
damage states in 4H-SiC at room temperature. The Erhart-Albe
SiC potential [10] is used to describe the Si-C interactions. This
potential predicts a melting point between 3500-4000 K [11],
compared to the experimental value of 3000 K [12]. In order to
simulate the effect of energetic heavy ions in classical MD sim-
ulations (where electrons are not present explicitly), the heat
added to the lattice due to the electronic excitations is estimated
utilizing the inelastic thermal spike model [13]. In this model,
two heat equations for electronic and atomic lattice subsystems,
coupled through the electron—phonon coupling constant, are
solved concurrently.

The energy deposited initially by the heavy-ion into the
electronic subsystem is estimated from the electronic stopping
power function of the ion in SiC as given by SRIM [14]. Solv-
ing these equations, one can estimate the evolution of the tem-
perature in the lattice as a function of time and radial distance
from the ion trajectory.

In order to see the effect of bias and find the correlation with
the experimental results, we simulate the impact of a 1217-MeV
Xe ion with an LET of 62.4 MeV/(mg/cm?) in the SiC lattice
with and without applied bias. In the heavy-ion experiments
the unbiased case means that all the device pins are grounded.

Ce%=V[Ke(Te)-VTe] _g(Te_Tl)‘l'A(T,t) (1)
G5 = VIK(T) - VT, ] + g (T, = ) )

For the case without bias, we calculate the evolution of the
electronic and lattice subsystems according to the thermal spike
model (see eqns. 1 and 2), and use the same electronic parame-
ters as in previous work [15]. The parameters employed are:
electronic specific heat capacity C, = 1 Jem™3K ™1 [16], elec-
tronic heat conductivity K, = C,D, with diffusivity D, =
2 cm?s™! [16], and electron-phonon coupling constant g =
K,/2 [16]. In the latter, we estimate the electron-phonon mean
free path to be A = 5.6 nm as in [15]. Furthermore, we obtain
the lattice parameters used in the calculation from [17], [18].
We give the initial energy deposition to the electron subsystem
A(r, t) according to the distribution from Waligorski et al. [19];
this distribution was obtained as a fit to Monte Carlo simula-
tions of ion-induced electronic cascades. We calculate analyti-
cally the temperature evolution in the electron and lattice cou-
pled subsystems until 100 fs, when the electrons have transmit-
ted most of their energy to the lattice. We extract the lattice
temperature profile at this moment and deposit the correspond-
ing kinetic energy to the atoms in the MD cell. The MD simu-
lations are used to obtain the structure of the track created by
the passing ion after the first 100 ps when the energy has already
dissipated into the bulk and the atoms in the core of the track
have cooled down. The dimensions of the simulation cell used
were 30x30x5 nm”.

For the case when bias is applied, we use the results from
previous TCAD work [5], where the evolution of the heat power
density with time was calculated for the same ion as above with
200V applied. The evolution of the system is simulated with
MD, while adding the time-dependent heat power distributions
from the TCAD calculations. The dimensions of the simulation
cell used were 92x105x5 nm’.

The TCAD simulations show large spatial spread (around 40
nm) of the Joule heating, however due to limited computational
resources we use a spatial Gaussian distribution of 23 nm
FWHM. Therefore, these results correspond to a lower bound
estimate of the damage produced by the irradiation with bias.
The displacements of the atoms and the appearance of structural
deformations due to the Joule heating are obtained from MD.

The results are indicative, as the phase transition point of the
MD potential used here might not reproduce correctly the phase
transition point of the SiC, underestimating the appearance of
defects in the material.

IV. RESULTS AND DISCUSSION

Figure 3 shows the radial distributions of the maximum tem-
perature after Xe-ion strikes at different biases, obtained from
the MD simulations. Without an applied bias, the lattice tem-
perature rises slightly, but remains below the SiC melting tem-
perature (3500-4000K)[11]. Also at 50V bias, the lattice tem-
peratures obtained from both TCAD and MD simulations are
relatively low. However, when higher bias is applied, the sim-
ulated lattice temperatures reach much higher values. Combin-
ing this with the fact that the thermal runaway temperature
within SiC diode structures has been shown [20] to decrease
with increasing reverse bias voltage, the simulation results sup-
port the idea that ion strikes at higher bias voltages are more



capable of generating lattice damage. Figure 4 illustrates the
lattice structure after an ion strike with 0 and 200 V bias.
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Figure 3. Radial distribution of the maximum temperature within
the 4H-SiC lattice after the ion strike at different bias configura-
tions.

At biases of 50 V and below the simulations do not show any
permanent damage in the lattice. Figure 5 presents the radius of
the ion-induced damage site within the SiC lattice as a function
of applied bias as obtained from the MD simulations. In the ex-
perimental results reported earlier [4], the onset for permanent
damage induced by Xe-ions was at about 130V. The difference
in the damage onset between simulations (50 V) and experi-
ments (130 V) can be explained by the limited size of the vol-
ume considered in the simulations. In real devices, the Joule
heat can dissipate in much larger volume compared to the sim-
ulated structure. Also, the top metal layers, that can affect the
heat transport, are not taken into account in the simulations.

All in all, the results agree with previous experimental results
that have not shown any heavy-ion induced permanent damage
in SiC at sufficiently low biases [4], or without any external
electric fields [21]. The results with the higher applied bias sug-
gest, however, that heavy-ion exposure can result in amorphous
regions in the material about 10 nm in size. In the simulations,
the energy deposited by Joule heating is very high, and suffi-
cient to cause a phase transition in the material despite the high
thermal conductivity of SiC. Even though the recrystallization
rate of SiC is high, based on previous experience [15], it is un-
likely that the material is able to recrystallize back completely
to eliminate such a large defect, leaving permanent structural
modifications in the material.
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Figure 4. Simulation cell used in the MD simulations show-
ing no damage (top) for 0V bias and damage (bottom) for
200V bias. The size is 92x105x5 nm’. Material is 4H-SiC.
The atoms are colored blue or red depending on if their lo-
cal surrounding is crystalline or amorphous respectively.
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Figure 5. The MD simulated radius of ion-induced damage
site in SiC as a function of applied bias voltage.

These simulations suggest that the Joule heating induced by
the interplay of the ionization by the impinging ion, and the ap-
plied bias, is capable of producing permanent defects in SiC lat-
tice. However, an ion, impinging on the material with suffi-
ciently low or zero electric field, is not. The nanoscale defects
observed in this work could potentially explain the source of the
leakage current observed in the experiments under heavy-ion
irradiation with applied bias.

V. CONCLUSIONS

Molecular dynamics simulations are used to examine heavy-
ion induced material modifications in biased SiC Schottky di-
odes. The high power dissipation along the ion track in the bi-
ased structure results in violent lattice vibrations that can lead
to permanent lattice damage if the bias voltage is sufficient.

The MD simulations suggest that there is a threshold voltage
for the lattice damage, supporting recent experimental findings.
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