Technical Physics, 2025, Vol. 70, No. 6

07

Modeling of processes of irradiation of Cr/4H-SiC structures
with high-energy Ar ions
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A comprehensive mathematical modeling of the processes of radiation defect formation under 4H-SiC
irradiation with Ar ions was performed. Ultraviolet photodetectors based on Cr/4H-SiC Schottky barriers
with a charge carrier concentration of 3-10”cm™> in a Sum thick CVD layer were irradiated 7 times
with Ar ions with a fluence of 1-10'cm™2 (total fluence - 7-10"cm™2) with an energy of 53 MeV.
Based on the results of measuring the external quantum efficiency of the photodetectors at different fluences
of irradiation with Ar ions and modeling the irradiation processes in SRIM/TRIM, it is shown in what
range of values the concentration of radiation defects should be under irradiation for a noticeable decrease
in the quantum efficiency to occur up to its complete degradation at limiting fluences. For the specified
concentration of charge carriers, the limiting fluence of Ar ions leading to complete degradation of Cr/4H-
SiC photodetectors was determined experimentally for the first time. As a result of modeling, the ratio
of silicon and carbon vacancies by the depth of the Ar ion stopping distance was determined for the

first time. Key words: silicon carbide, Ar ions, irradiation, SRIM/TRIM, depth profiles, external quantum

efficiency.
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Introduction

Semiconductor devices for power, high-frequency and
nuclear applications, engineering of radiation detectors
require the use of high-temperature, radiation-resistant
materials capable of operating in aggressive media. The
most widely used commercial semiconductor is silicon
carbide of 4H polytype with its unique electrophysical
characteristics. The large band gap (3.23eV), high ther-
mal conductivity (at copper level), extremely low leak-
age currents (10—25A - cm~2), high threshold energy of
defect formation allow operation at high temperatures
(up to 900°C) and at increased radiation levels [1-3].
The radiation resistance of 4H-SiC was proved when
irradiated with electrons, protons, neutrons, powerful X-
ray pulses, as well as ions in a wide range of their
masses and energies [6,7].  Of particular interest is
heavy ion irradiation which simulates structural damage
caused by nuclear fission fragments [8,9]. It should
be stressed that there are no publications covering the
impact of limiting fluences occurring after photodetec-
tors irradiation with Ar ions, leading to complete degra-
dation of the characteristics of SiC-based photodetec-
tors.

Mathematical modeling in TRIM software implementing
Monte Carlo method is used to predict the results of
radiation defect formation in semiconductors irradiated with
flows of charged particles [10]. Mathematical modeling also
makes it possible to predict and analyze the characteristics

of new devices prior to their production, thereby signif-
icantly reducing their development costs. In addition, it
makes it possible to visualize many physical phenomena and
processes in the volume of a semiconductor, which are quite
difficult to measure and estimate when working with a real
crystal [11-13]. When 4H-SiC was irradiated with protons
and various ions, mathematical modeling was partially
used to determine energy losses, calculate the profile of
interstitial particles, calculate the number of vacancies and
the parameters of ion-induced displacements [6,9,14-20).

The purpose of this work is to determine the limiting
fluence of Ar ions during a step-by-step irradiation of
Cr/4H-SiC detector structures with energy 53 MeV by
110 cm~2 fluence (total fluence — 7-10'° cm~2), and
to conduct complex modeling of radiation defects formation
in irradiated structures, compare the modeling results with
changes in the spectra of external quantum efficiency of
Cr/4H-SiC photodetectors.

1. Materials and methods

1.1. Description of a real modeling object

Irradiation was simulated for 4H-SiC samples
with Cr Schottky barriers designed for detection of
the ultraviolet (UV) radiation within the wavelengths
40—400nm [21]. On 4H-SiC substrates with a thickness
of 400um with a concentration of non-compensated
donorsNg—Na = (1-3) - 10'® cm~3 by method of chemical
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Figure 1.
barrier.

vacuum deposition (CVD) first, only thin highly doped
buffer layer < 1 um thick was buildup, after that 4H-SiC
layer with a thickness of 5um with a concentration of
Ng—Na = 3- 10" cm—3 was formed (Fig. 1). Cr/Al base
contacts and Cr Schottky barriers were formed by thermal
vacuum sputtering using various spraying technologies. Cr
Schottky barriers were sputtered through the masks with a
diameter of 2—8 mm and thickness of 20 nm.

The samples were irradiated with Ar ions from the side of
Cr-Schottky barriers step by step 7 times using 1 - 10! cm—2
fluence with an energy of 53 MeV at a temperature of 25 °C
on the cyclotron at Ioffe Physical-Technical Institute. Taking
into account the characteristics of cyclotron, it can be argued
that heating of samples during implantation with Ar ions is
excluded. The fluence was determined by the total charge
of Ar ion beam applied to the irradiated target. Since SiC
has a cumulative effect, the total fluence after sevenfold
irradiation was 7-10'cm™2. The uniformity of density
of radiation defects formed on the surface of the samples
during implantation with Ar ions was not worse than 7,%.

The spectra of external quantum efficiency of Cr/4H-
SiC UV photodetectors were measured by comparison
using a monochromator based on spectrophotometer SF-
16. The source of UV radiation in the wavelength range
200—400 nm was a deuterium discharge lamp DDS-30. The
currents were recorded using Keithley picoammeter 6485,
the dark currents of Cr/4H-SiC photodetectors did not
exceed 10713 A,

1.2. Description of modeling method
in SRIM/TRIM

Using TRIM software, the depth of penetration of Ar
ions into the structure 4H-SiC was estimated at an energy
of 53MeV, energy losses of incoming ions and phonon
generation, the total number of defects and the number
of vacancies formed Si and C. In addition, using TRIM

software, the interaction of 4H-SiC target atoms with
implanted ions were considered both in the epitaxial CVD
layer with a thickness of Sum and in the substrate until
the ions completely stop at irradiation fluences in the range
of 1-10°—7.10%c¢cm—2. In this case, the calculation of
binary collisions was used, taking into account Ziegler ion-
ion analysis [10]. This is a widely used program in the
field of ion beam analysis, which makes it possible to study
any target composition, provided that correct properties of
the irradiated structure are entered. Using this code, the
concentration of vacancies created by the action of Ar ion
beam on 4H-SiC was estimated in a wide range of their
energies. According to TRIM, with the energy of Ar ions of
53 MeV the ions stopping distance was ~ 10um, ie. they
started to decelerate in the substrate. The layer of Cr with
a thickness of 20 nm had no effect on the defects formation
in SiC when the ions energy was 53 MeV.

For a more accurate determination of the vacancy
concentration, a detailed calculation with a cascade mode
of complete damage was performed. 4H-SiC structure was
selected as a material of the target. For the correct calcula-
tion of vacancies in the target the monolayer collisions were
calculated [10]. The flux of incident ions can be calculated
from the beam current, and the fluence is related to the
irradiation time.

2. Results and discussion

The characteristics calculated by TRIM program for 4H-
SiC material and modeling of Ar ion irradiation process
are presented in the table, taking into account the generally
accepted values of these parameters at a density of 4H-SiC
equal to 3.21 g/cm?.

Fig. 2, a illustrates the calculated cascade collisions of Ar
ions with the atoms of 4H-SiC target to a depth of 12 um.
The scattering of Ar ions after they had been introduced
into the target was no more than 2.5um. With an energy
of 53 MeV the total depth of Ar ions penetration into 4H-
SiC until the full stop didn’t exceed 10 um. The distribution

Parameters of modeling of SiC irradiation with Ar ions

Energy Ar, MeV 53
Fluence, cm > 1-10"°—7.10%
Number of iterations 10°
Thickness of target, um 12
Density of SiC target, g/cm® 321
Atoms Si C
Stoichiometric composition 0.5 0.5
Lattice bond energy, eV 3 2
Bond energy of atoms on the surface, eV | 7.41 447
Displacement energy, eV 28 15
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Figure 2. Calculated characteristics obtained during modeling of irradiation of 4H-SiC structure with Ng—Na = 3 - 10 ecm ™2 by Ar
ions with an energy of 53 MeV: a — displacement cascades formed by Ar ions after 4H-SiC irradiation; b — profile of distribution of
implanted Ar ions in 4H-SiC; ¢ — distribution of total displacements; d — target ionization losses; e — distribution of the nocked-on
atoms; f — generation of phonons.

of Ar ions concentrations in 4H-SiC structure demonstrated The distribution of collision events over the depth of the
that their highest concentration was observed at a depth of simulated structure is shown on a two-dimensional graph
9.83 um (Fig. 2, b). (Fig. 2,¢). The peak of collision events occurred at a depth
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Figure 3. Results of modeling of 4H-SiC structure with Ng—Na = 3 - 10'* cm ™ irradiation by Ar ions with an energy of 53 MeV and

-2,

fluence 1-10'° cm™% a — ionization losses of target, b — generation of phonons, ¢ — energy of Ar ions absorbed by Si and C atoms.

of about 9.83 um at an ion energy of 53 MeV for the target
4H-SiC, which is consistent with the distribution of Ar ions
concentration (Fig. 2, b). The total number of displacements
was 8860/ion. The number of Si and C atomic vacancies
that was included in the total number of displacements was
defined as 8422/ion. Meanwhile, the number of displaced
atoms during ion irradiation was 438/ion.

It is calculated that the total energy transferred to damage
the target per ion is 21.05keV/ion. The main ones are
ionization losses during the passage of Ar ions in 4H-SiC
to a complete stop (Fig. 2,d). The intensity of distribution
of the relative magnitude of ion ionization energy losses
in 4H-SiC varies depending on the depth of penetration
of Ar ions. Full energy transferred to ionization of 4H-
SiC made 527204 keV/ion. Fig. 2,e illustrates in detail
the distribution of the knocked-on atoms of 4H-SiC target.
The phonons were distributed across the depth of 4H-
SiC structure in eV/(A-ion) units as shown in Fig. 2,f
Phonons are described as volumetric lattice vibrations of
atoms and molecules. In the case when the transferred
energy does not exceed the displacement energy necessary
to remove an atom from its lattice by a sufficient distance, it
will return to its initial state and emit a phonon. If the
energy exceeds the displacement energy, then the atom
does not return to its initial state and phonon emission
is not observed. Full energy transferred for generation of
phonons in 4H-SiC target was 258.6 keV/ion. According
to calculations, the largest number of phonons is observed
at the end of the stopping distance of Ar ions at a depth
of ~ 10 um.

Ionization losses, phonon generation, and the energy
of Ar ions absorbed by Si and C atoms upon irradiation
of 4H-SiC by Ar ions with an energy of 53 MeV are shown
in Fig. 3,a. The data obtained are consistent with the values
shown in Figure 2. By the end of the stopping distance
of Ar ions (~ 10um) the ionization losses in 4H-SiC are
diminished especially when Ar ions pass the CVD-layer
(Sum) and enter the substrate where they are actively

decelerated. The loss of energy for the formation of phonons
and the energy absorbed by Si and C atoms, on the contrary,
increase sharply (Fig. 3,5, ¢).

The changes in defects concentration in 4H-SiC structure
with the depth of Ar ions stopping for fluence 1 - 10! cm—2
are given in Fig. 4,a. In addition, the figure shows the
profiles of Si and C vacancy concentrations, their total
number, and the number of displaced atoms. All profiles
of the concentration distribution of all types of defects
were approximated by the Pearson function IV. From this
it follows that for 4H-SiC structure the highest number
of defects with a concentration of 8-10'7 atom/cm’ is
expected at a depth of 9.83 um when irradiated by Ar ions
of this energy.

The concentration of defects in 4H-SiC structure in
CVD-layer at a depth of Sum when irradiated by Ar ions
with a fluence 1-10'cm™2 as obtained from the calcula-
tions makes about 2.5 - 10'® cm~2 (Fig. 4, b). The calculated
total defects concentration in the range of fluences of Ar ion
irradiation 1-10'°—7-10°cm~2 at a depth of the CVD
layer 5um is in the range 2.6-10'9—1.8 - 10'7 atom/cm®
(Fig. 4, ¢).

The calculation results also showed that for the indicated
irradiation of 4H-SiC with Ar ions, S has the largest number
of the nocked-on atoms, since they absorb most of the
energy coming from the ions compared to C atoms. This is
due to the difference in the masses and sizes of Si atoms
(radius 0.24 nm, mass 28.0855a.m.u.) and C atoms (radius
0.154 nm, mass 12.0107 a.m.u.). It should be noted that the
ratio of Si and C vacancies concentrations across the depth
of the stopping distance of Ar ions in 4H-SiC (~ 10 um)
is non-linear and decreases from 242 to 2.19 (Fig. 4,d).
The growth of C vacancy concentrations occurs faster than
the growth of Si vacancies, which is associated with the
secondary formation of radiation defects in the displacement
cascades [19].

The calculated total defect concentration for Ar
1-10'°-7-10 ¢cm~2 ion irradiation fluences was shown
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Figure 4. Results of modeling of 4H-SiC structure having doping level Ng—Na = 3 - 10> cm ™ irradiated by Ar ions with an energy
of 53 MeV: a, b — distribution of various defects depending on Ar ions penetration depth when 4H-SiC is irradiated with the fluence
1-10cm™2 ¢ — total displacements of 4H-SiC in CVD-layer with a thickness of5um under irradiation fluences within the range
1-10°—7-10"cm™2; d — ratio of concentrations of Si and C vacancies depending on the depth of penetration of Ar ions (~ 10um).
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Figure 5. The quantum efficiency of Cr/4H-SiC detector with
a doping level of Ng—Na = 3- 10" cm™> in CVD-layer for UV
radiation with the wavelength of 240 nm versus irradiation fluences
with Ar ions.

in the results of the quantum efficiency of Cr/4H-
SiC photodetectors with a concentration of Ng — Ny =

Technical Physics, 2025, Vol. 70, No. 6

=3.10% cm™? in the CVD layer. The quantum efficiency
decreased from 0.7 electron/photon for an unirradiated sam-
ple to 0.01 electron/photon when irradiating the photode-
tector with fluence 7-10%cm=2 (Fig. 5). For Cr/4H-
SiC photodetector with the concentration of Ng — Ny =
=3-10% ecm™3 in CVD-layer the fluence of Ar ions equal
7-10"%cm~2 turned out to be fatal which resulted in
worsened quality of the detector. The graph in Fig.5 is
shown when irradiated with ultraviolet radiation with a
wavelength of 240 nm (direct transition).

Thus, according to calculations and experimental data, in
order for the quantum efficiency of a SiC-based photodetec-
tor to decrease, the concentration of radiation defects in the
near-surface area of the device, where ultraviolet radiation is
absorbed, shall stay within 2.6 - 10'6—1.8 - 10'7 atom/cm”.
Also, the obtained profile of the concentration of radia-
tion defects for SiC at the limiting fluences of Ar ions,
equal to 5-10'cm™2, showed that complete degradation
of the characteristics of photocathodes based on 4H-SiC
occurs when the defect concentration was in the range
5.2-10'°~1.8 - 10'7 atom/cm’.
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Conclusion

Based on the results of numerical modeling of Cr/4H-SiC
structures irradiation with high-energy Ar ions, the following
may be concluded:

1) when 4H-SiC is irradiated with Ar ions with an energy
of 53 MeV the ions stopping distance until the full stop is
no more than 10 um for 1—7 - 10'° cm? fluences;

2) the total concentration of radiation defects calculated
in the range of radiation fluences 1-10'°—7-10"%cm~2 is
within the range 2.6 - 10'°—1.8 - 10'7 atom/cm’;

3) higher concentration of the radiation-induced de-
fects with implantation of Ar ions from 2.6-10'
to 1.8-10'7 atom/cm® results in lower external quantum
efficiency of Cr/4H-SiC photodetector;

4) the limiting fluence 7 - 10!° cm~2 was experimentally
found when implanted with Ar ions with an energy of
53MeV resulting in full degradation of Cr/4H-SiC pho-
todetector with a concentration of Ng—Ng = 3 - 10"% cm—3
in CVD-layer;

5) the ratio of Si and C vacancy concentrations over
the depth of the stopping distance of Ar ions in 4H-
SiC epitaxial layer is nonlinear and varies in the range
of 2.42—2.19, which is associated with the secondary
formation of radiation defects in the displacement cascades.
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