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Abstract

We review changes of the majority-carrier concentration and mobility in SiC by
irradiation of high-energy electrons using Hall-effect measurements. The hole
concentration (p) in Al-doped p-type SiC is decreased by irradiation of electrons
with over 150 keV. This decrement of p is found to result from a decrement of Al
acceptors with an acceptor level (E,) of E,+0.22 eV. Because the irradiation of
electrons with approximately 200 keV can displace only C atoms at lattice sites,
neither Si nor Al atoms, one of four C atoms bonded with an Al atom at a
Si-sublattice site is displaced by the irradiation, resulting that the Al atom at the
Si-sublattice site cannot behave as a shallow acceptor, and is changed to a deep
acceptor with E, of E,+0.38 eV. In N-doped n-type SiC, the density of N
donors at hexagonal C-sublattice sites with a donor level (E,) of E.—-0.07 eV is
reduced much more than the density of N donors at cubic C-sublattice sites with E_
of E.-0.12 eV.

Keywords: Electron irradiation; Irradiation damage; Silicon Carbide; 4H-SiC;
6H-SiC; Majority-carrier concentration; Majority-carrier mobility )
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1. Introduction and high frequency devices capable of
operation at elevated temperatures. For
electrons with energies greater than 500
keV, minority-carrier-lifetime degradation

Silicon carbide (SIiC) is a wide
bandgap semiconductor with significant
potential for applications in high power
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by electron irradiation in SiC was
reported to be lower than that in gallium
arsenide (GaAs) by more than three
orders of magnitude, and lower than that
in silicon (Si) by at least one order of
magnitude.! This indicates the greatly
superior resistance of SiC to displacement
damage in radiation environments.

Electron irradiation is an excellent
tool for the controlled generation of
intrinsic defects in Si for use in high
power devices.? On the other hand,
electron  irradiation  degrades the
conversion efficiency of Si solar cells, for
example such as those used in space
applications.® Therefore, electron-
radiation damage in Si has been
intensively investigated in the past.® On
the other hand, ion-implantation-induced
defects in 4H-SIiC epilayers have been
reported.”® However, the understanding
of electron-irradiation damage in SiC is
far from complete.

By comparing electron-irradiation
damage in 4H-SiC with that in Si,®® it
was found that the reduction in the
temperature dependence of the hole
concentration  p(T) in  aluminum
(Al-doped p-type 4H-SIiC by electron
irradiation was much larger than that in
Al-doped p-type Si,** even though the
electron energy (500 keV) and fluence
(0.5x10"cm™) used for the SiC were less
than those (IMeV and 1x10"*cm™) used
for the Si.

The reduction in p(T) in boron
(B)-doped or gallium (Ga)-doped p-type
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Si was found to be similar to that in
Al-doped Si° Moreover, p(T) in
Al-doped 4H-SIC irradiated with a
1x10* cm™? fluence of 0.5 or 1 MeV
electrons could not be measured because
of the much higher resistivity of the
irradiated samples.’® Since the large
reduction in p(T) in Al-doped 4H-SiC
by the electron irradiation was an
unexpected result, the reduction in p(T)
by irradiation with different electron
energies was investigated.”*?

The densities and energy levels of
traps (or defects) have usually been
evaluated using deep level transient
spectroscopy  (DLTS). However, a
quantitative relationship between p(T)
and the trap densities cannot be obtained
using DLTS. The reason for this is that in
the DLTS analysis, the following
approximation is assumed.**

C(t) =C(oo)\/1—Lexp(—ij
NDopant+ NT z-T

N 1
= C(w0)|1- L exp| ——
(OO)|: 2 N Dopant + NT Xp( TT J:|

(1)

when
NT

<<1 2
+ N @)

N

Dopant

where C(t) is the transient capacitance
of a pn diode or a Schottky barrier diode
after removal of the filling pulse and
return to the steady-state reverse bias
voltage in the DLTS measurement
sequence, C(w) is the steady-state

capacitance, N, is the dopant density
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(i.e., donor or acceptor density), N, is
the trap density, and 7, is the time
constant corresponding to the trap. Based
on EQg. (2), DLTS can determine the
density and energy level of the trap only
when N is much lower than Ny,
indicating that the trap determined by
DLTS barely affects p(T). Moreover,
transient capacitance methods (e.g.,
DLTS and isothermal capacitance
transient spectroscopy) cannot be applied
to high-resistivity semiconductors such as
heavily-irradiated semiconductors
because the measured capacitance of a
diode is determined by the thickness of
the diode, not by the depletion region of
the junction due to its long dielectric
relaxation time.**%!

The van der Pauw method can
evaluate resistivity ( o(T) ) and the
Hall-effect measurement can measure a
Hall voltage (V,(T)). From V,(T), the
temperature  dependence  of  the
majority-carrier  concentration  (holes:
p(T) or electrons: n(T) ) can be
determined. Then, from p(T) and
p(T) (or n(T) ), the temperature
dependence of the majority-carrier
mobility (holes: g, (T) or electrons:
4, (T)) can be obtained.

If the densities and energy levels of
dopants and traps can be determined
using experimental p(T) or n(T), the
relationship between p(T) (or n(T))
and both the dopant density and the trap
densities can directly be investigated. For
the analysis of p(T) or n(T), a
graphical peak analysis method (FCCS:
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free carrier concentration spectroscopy)
has been proposed and tested, >
which can determine the densities and
energy levels of dopants and traps from
experimental p(T) or n(T) without
any assumptions regarding dopant species
and traps.

The experimental g (T) or g (T)
can be compared with five mobility
components simulated from scattering
mechanisms due to ionized impurities,
neutral impurities, acoustic phonons,
polar optical phonons, and nonpolar
optical phonons,?® and the origin of the
degradation of the experimental mobility
by electron irradiation can be
investigated.

In  this paper, we review
electron-irradiation damage in SiC using
the temperature dependencies of the
majority-carrier ~ concentration and
majority-carrier mobility measured by the
Hall-effect measurement.®*230-3

2. Experiments and Analyses

The temperature dependencies of
p(T) and 4 (T) (or n(T) and
4, (T)) were obtained by Hall-effect
measurements in the van der Pauw
configuration within the temperature
range of 80 to 650 K in a magnetic field
of 1.4 T wusing a modified MMR
Technologies’ Hall system. At room
temperature, samples were irradiated by
high-energy electrons.

The densities and energy levels of
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dopants and traps can be determined by
FCCS from the temperature dependent
majority-carrier concentration.  Using
the experimental p(T) or n(T), the
FCCS signal is defined as'®#2

_ p(T)Z Eref
T E) =) exp[kBTj .

or

2

= e ) om
where kg is the Boltzmann constant and
E. IS the parameter that can shift the
peak temperature of the FCCS signal
within the temperature range of the
measurement. The FCCS signal has a
peak at the temperature corresponding to
each dopant level or trap level. From each
peak, the density and energy level of the
corresponding dopant or trap can be
accurately determined. The application
software for FCCS (for the Windows
operating system) can be downloaded for
free at our web-site
(http://www.osakac.ac.jp/labs/matsuura/).

3. Results and Discussion
3.1. Al-doped 4H-SiC Epilayers

A 10-um-thick  Al-doped p-type
4H-SiC epilayer on n'-type 4H-SiC
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(thickness: 376 um, with a resistivity of
0.02 Q-cm) was cut to a size of 1x1 cm?.
Four ohmic metal (Ti/Al) dots were
deposited by a sputtering method on the
four corners of the surface of the sample,
and then the sample was annealed at
900 °C for 1 min in an Ar atmosphere.
The p(T) and 4, (T) were measured
before irradiation, and then the sample
was irradiated. After the Hall-effect
measurement was carried out, the sample
was again irradiated. The Hall-effect
measurement and electron-irradiation
were repeated. In this paper, a fluence of
electrons (d) means the total fluence.
Although the Hall-effect measurements
were carried out twice for each @, the
p(T) remained unchanged, indicating
that any defects affecting the p(T) were
not annealed at all for measurement
temperature lower than 650 K.

Figure 1 shows the changes of p(T)
by electron irradiation with energies of
100, 150, 200, 500, and 4600 keV and
several fluences. By 100 keV electron
irradiation, the p(T) was slightly
increased, suggesting that the sample was
considered to be annealed by heat due to
the electron irradiation. By irradiation of
150 keV electrons with the fluence of
1x10" cm™, the p(T) was slightly
increased, while the p(T) was slightly
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Figure 1. Changes of p(T) by electron irradiation with several electron energies and

several fluences.

Copyright 2017 KEI Journals. All Rights Reserved

http://journals.ke-i.org/index.php/qpr




Matsuura H.

decreased with the fluences of >2x10"
cm. Even with the 1x10'*° c¢m fluence
of 200 keV electrons, the p(T) was
decreased. By irradiation of 500 keV
electrons even with the fluence of
5x10™ cm™ or by irradiation of 4600
keV electrons even with the fluence of
2.6x10" cm? the p(T) was
significantly decreased.

In the samples before and after
irradiation, the values of the density (N,)
and energy level (E, ) of a shallow
acceptor, the density (N,,) and energy
level (E,,) of a deep acceptor, and a
compensating density ( E_. ) were
determined by FCCS.

comp

Figure 2 shows the relationship
between N, and N, in unirradiated
epilayers, and irradiated samples with
several electron energies and several
fluences.

The shallow acceptor level was
approximately E, +0.22 eV, while the
deep acceptor level was approximately
E, +0.38 eV, where E, is the top of
the valence band. The former acceptor
species is assigned to an Al acceptor
(Als)) at a Si-sublattice site from
photoluminescence®® and Hall-effect®
measurements, while the latter acceptor
species is not assigned.

The origin of the deep acceptor is
considered. Boron (B) in 4H-SiC was
reported to form two electrical levels in
the lower half of its bandgap.®” One is
located at approximately E,, +0.30 eV
as determined by Hall-effect
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measurements,®’ and the other is between
E,+055 and E,+060 eV as
determined by DLTS.*® The shallow
acceptor is assigned to a B atom (Bg;) at a
Si-sublattice  site. ~ The  probable
identification of the deep acceptor is a
complex (Bsi-Vc) of Bs; and its nearest
neighbor C vacancy (V¢).*%

In this study, although one of the
possible origins of the unknown deep
acceptor is B with which 4H-SiC is
sometimes  contaminated,®*  the
concentration of B in the Al-doped
4H-SiC epilayers, which was measured
by secondary ion mass spectroscopy
(SIMS), was lower than 4x10* cm?
indicating that B is not related to the deep
acceptor.

In Fig. 2, the relationships between
N, and N, in unirradiated epilayers
with several doping densities are denoted
by open squares, which were reported
previously.*** Because the empirical
relationship in the unirradiated epilayers
is obtained from Fig. 2 as

Npa =0.6x N, 4)
the deep acceptor should be related to Al.

By analogy with B in 4H-SiC, the
deep acceptor in Al-doped 4H-SiC may
be a complex (Alsi-V¢) of an Alg; and its
nearest neighbor V¢, which was detected
by electron paramagnetic resonance
(EPR) spectroscopy.*’ It may be closely
linked with the D1 line observed by PL.*

The maximum energy ( E., )
transferred from an irradiated electron
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with an energy (E, ) to a nucleus is given
42

by

= _2E,(E +2mc?)
e Mc?

, 4)

where M is the atomic mass, m, is
the electron rest mass, and c¢ is the
velocity of light. This indicates that an
atom at a sublattice site is displaced by
the irradiated electron when E_, is
greater than the threshold displacement
energy ( E;). Therefore, the minimum
irradiation electron energy ( E, .., )
required to displace an atom at a

sublattice site is the E, at E_, =E;,

and the relationship between E, ., and
M is given by
o 2mec2+\/(2mec2)2+2Mc2Ed |
Ir-min 2
(5)

Since the atomic mass of C is smaller
than that of Si, the maximum energy
transferred from an electron to one C
atom at a sublattice site (Cs) in SiC by
elastic collision is larger than the energy
transferred to one Si atom at a sublattice
site (Sis).

In the sample irradiated by 100 keV
electrons, the values of N, and Ng,
were almost unchanged. By 150 keV
electron irradiation, the change of N,
was a little. On the other hand, N, was
significantly decreased by > 200 keV
electron irradiation.

Equation (5) indicates that the
minimum energy of irradiated electrons,
which is necessary for displacing Cs,
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should be much lower than those for
displacing Sis and Als;. According to
experimental and theoretical
considerations,"'%** the value of E,
was approximately 40 eV in SiC. In this
study, on the other hand, because N,
was slightly decreased by 150 keV
electron irradiation, E, is considered to
be between 30 eV and 40 eV.
Alternatively, E; for Cs bonded with
one Alg; and three Sis is considered to be
lower than 40 eV if it is correct that E,
for Cs bonded with four Sis is 40 eV. This
indicates that 200 keV electrons can only
displace Cs in SiC, neither Sis nor Als;.
Therefore, we have mainly investigated
the reduction in p(T) in Al-doped
p-type 4H-SiC by the irradiation of 200
keV electrons at several fluences.

3.1.1. 200 keV Electron Irradiation
3.1.1.1. Hole Concentration

Figure 4 shows the experimental
p(T) for ® of 0, 1x10°, 3x10%,
5x10" , 7x10", and 9x10" cm?
denoted by triangles, circles, squares,
diamonds, inverse triangles, and crosses,
respectively. The p(T) at low
temperatures decreased significantly with
increasing @, whereas the p(T) at high
temperatures was changed slightly by the
irradiation.

The values of N,, E,, Npa, Epas
and E,, were determined by FCCS
using the experimental p(T). The p(T)
was numerically simulated by using the

following equations:
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p(T)+ Neomp = Nag feoa(EanT)

(6)
+ NDA fFD,A(EDA’T)

and

ik, T

B

p(T)= No(T) exp{— M] ™

where f.(E,T) is the Fermi-Dirac

distribution function for acceptors, given
by

1

E-E@|
kT

Jroa(E.T) = (8)

1+g, exp[

g, Iisthe degeneracy factor for acceptors,
expressed as

gA:41 (9)

and N, (T) is the effective density of
states in the valence band, which is given

by

* 3/2

Nvﬁ)zz(m;:#j . (10)
Here, E.(T) is the Fermi level at T,
m, is the hole effective mass for the
semiconductor, and h is Planck's
constant. Each solid line in Fig. 4 is the
result of a p(T) simulation using the
values of N, , E,, Npr, Ep., and
Nem for the corresponding @ . The

simulations are in good agreement with
the corresponding experimental results.

At @ of <7x10" cm? two types
of acceptor species were detected. At @
of 9x10' cm™ only the deep acceptor
was detected because N, was much
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lower than N,,. Figure 5 depicts the
fluence dependencies of N, and Ng,.
N, decreased with increasing @, and
finally there are no more Al acceptors. On
the other hand, N, initially increased
with @, and then decreased.

In order to reduce N, by the 200
keV electron irradiation, the surroundings
of the Al acceptor need to be changed by
the displacement of one of four C;
bonded with Als;. This indicates that the
rate of decrease of N, by the irradiation
is proportional to N,. Consequently, the
differential equation that leads to fluence
dependence of the Al acceptor density,
N, (®), is given by

AN (D)
do
where x,,0, 1S the removal coefficient
(or removal cross-section) of Al acceptors
for 200 keV electron irradiation.
Therefore,

=—Kaz00Nal (D), (12)

Ny ((D) =Ny (O)exp(— KAD[}O(D)' (12)

In Fig. 5, a straight broken line is
obtained by least-squares fitting. Since
the straight line is in good agreement with
the circles in the semi-logarithmic plots,
Eg. (12) is applicable for the fluence
dependence of N, . &y IS then
determined from the slope as 4.4x107"
cm?® Since by irradiation of 1 MeV
electrons the removal coefficient of B
acceptors in p-type Si with a B-doping
concentration of 2x10® cm® was
reported to be approximately 8x107*°
cm?.° the electron-irradiation resistance of
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p-type 4H-SIC is inferior to that of p-type
Si.

In Fig. 5, at ® of <3x10" cm?>,
Ny, increased with increasing @ |,
while N, decreased. Furthermore, the
increment of N, is close to the
decrement of N, . This experimental
result may indicate that the 200 keV
electron irradiation transforms the Al
acceptor (Alsj) into the deep acceptor
(Alsi-Vc). On the other hand, N_, is
assumed to be decreased by the change of
the surroundings of the deep acceptor due
to the displacement of one of three C
bonded with Alg-Vc. As a result, the
differential equation describing the
fluence dependence of the deep acceptor
density, N, (®), can be expressed as

dNp, (@) _ dN, (@)
do dd

KoazooNpa (P)
(13)

where xpa.0, IS the removal coefficient
(or removal cross-section) of the deep

acceptors for 200 keV electron irradiation.

Figure 5 depicts the experimental
Npa(®) and the simulated Ng,(®)
With &pap0, OF 1.0x107™7 cm? using Eq.
(13), denoted by solid squares and the
solid line, respectively. The simulation
results in Fig. 5 show qualitative
agreement with the experimental data.

Although N, ~was increased
slightly with increasing @, it was less
than 10" cm™. This might be because
V. is increased by Cs displacement, that
is, the displacement of one of four Cs

bonded with one Sis. However, the
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increment of V¢ was too small to
decrease the p(T) by the irradiation.
Consequently, the reduction in p(T) by
the 200 keV electron irradiation is mainly
due to the decrease in N,, not to the
increase in the density of V..

The following findings have been
obtained from the study of 200 keV
electron irradiation in Al-doped p-type
4H-SiC: (1) The reduction in p(T) is
greater than expected from the increase in
Ve, (2) the reduction in p(T) is mainly
due to the decrease in N,, and (3) Al
acceptors can be transformed into the
deep acceptors with E, +0.38 eV. These
results suggest that the displacement of a
C atom bonded with one Al atom and
three Si atoms occurs much more easily
than that of a C atom bonded with four Si
atoms.

3.1.1.2 Hole Mobility

Figure 6 shows the g, (T) for 200
keV electron irradiation with @ of 0,
1x10", 3x10', and 7x10'® cm™. The
4, (T) decreased with increasing @
between 0 and 3x10' cm?, and then
it was not changed. Compared with the
decrement of p(T) by 200 keV electron
irradiation, the decrement of 4, (T) was
a little.

In order to investigate which
scattering mechanisms were affected by
200 keV electron irradiation, we
simulated five Kkinds of temperature
dependent mobility due to (1) acoustic
phonon scattering, (2) nonpolar optical
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phonon scattering, (3) polar optical
phonon scattering, (4) ionized impurity
scattering, and (5) neutral impurity
scattering.®*’

The relaxation time for the acoustic
phonon scattering, z,.(E.,T), is given
by29,48

1 J2m "k, TD,E”
7,.(Ec,T) h'py,

where p is the mass density of atoms
(p=3211 kgn™ in SiC¥), v, is the
velocity of longitudinal acoustic phonons
for the sound velocity along the
hexagonal axis ( v, =13730m/s in
SiC®), D, is the acoustic deformation
potential, 7z is h/2z, and E, is the
Kinetic energy.

, (14)

The relaxation time for the nonpolar
optical-phonon scattering valid for p-like

wave functions, 7 (E.,T), is given
by29,51—53
2 % 3/2
1 Dop mdh

z'npo(EK ,T) B \/Eﬁphsa)nop

x{n(a)nopXEK +ha)nop)u2 ,
+H(Ey —haye, @) +1]
><(EK _ha)nop)l/z}
(15)
where n(w,,) is the phonon occupation

factor of nonpolar optical phonons with
an energy (hw, ), given by the Bose

nop

distribution function
1

o)t
exp( “°”]—1

KgT

(16)
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Figure 6. Temperature dependencies of
hole mobilities for Al-doped 4H-SiC
before and after irradiation with 200 keV
electrons at three different fluences.

H(E« —h@,,) is the Heviside step
function, D,, is the optical deformation
potential. Here, 7w, is 0.10 eV’
which corresponds to an average energy
of the optical-phonon modes at the T’

point of the Brillouin zone.>

The relaxation time for the polar
optical phonon scattering, 7, (E..T) ,
derived by Callen,* is given by*

11 da
Toop(ET) 2 4ze n2E, /|2

pop\—K? p K dh

ho 1/2
x{n(a)op{1+ E—""J
K

+H(E, —ha)op)[n(a)op)+1](l—%j/2

K
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1/2
7
+ 2% [, )Jsinh | |
Ex ha,,

+H(EK_hwop)%[n(a,op)+1]
K

1/2
xsinh™ i—1
ha,,

where 7w, is the polar optical-phonon
energy of 0.12 eV at small values of the
phonon wave vector,>* ¢, is determined
by

17)

RN S (18)

g, £,8 &%

¢, is the very high-frequency relative
dielectric constant (&, =6.58),2%° ¢, is
the static relative dielectric constant
(&=9.78), and ¢, is the dielectric
constant in vacuum. nlw,,) is the Bose

distribution function;

1
n = 19
(@) oY (19)
P kgT
The factor of 1/2 in Eq. (17) results from
the p-like symmetry of the wave vector.>’

The relaxation time for the ionized
impurity scattering, z;(E,,T), derived
by Brooks and Herring,® is given by

1 _2 q°*N, (T)L(2k2, )

E -3/2
T (B, T) 3 167[(2m; /26‘52802 “
(20)
and
4k *
L(2kA, )= In({l+4k?A °)-—— "D
(2K4o) ( ° ) 4k2A,7 +1
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(21)

where k is the electron wave vector
assuming spherical parabolic bands and
given by

=2 (22)

Ao 1s the Debye screening length, given
by

.k T
P 2 L (23)
>\ a’p.(T)

p.(T) is the screening  hole
concentration surrounding the ionized

impurity, given by
P (T) = p(T)
+ (NA — ND — p(T))(ND + p(T))
NA
(24)

N, is the donor density, which is
assumed to be N, and N, is the
acceptor density that is assumed to be
N, + Np, inAl-doped p-type 4H-SiC.

The relaxation time for the neutral

impurity scattering, 7,(E.,T), derived

51,59

by Erginsoy’s equation, is given by

1 _10&,6,N,;(T)h®
(B, T) 2mq

h

, (29)

where N, (T) is the concentration of
neutral impurities, given by

N, (T)=Nx=Np—p(T). (26)

By Matthiessen’s rule,” the average
total relaxation time, (r.,(T)) , is
approximately described as
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1 1 1 1
(toa@) (@@ (@) (7))
- ! + ! |
(Toop(T))  {Z0po(T))

1

(27)

where each average relaxation time is
calculated by

o E
. EKslzr(EK,T)exp(—k_*lf)dEK
j: E. " exp (— E_'IfjdEK
(28)

Finally, the drift mobility for holes
perpendicular to the c axis is obtained by

q<TtotaI (T )>

ht

(#(T)) =

Mo (T) = (29)
where m;, is the hole effective mass in
the basal plane, and m’, =0.66m,.*"

Figures 7-9 show the experimental
and simulated temperature-dependent
hole mobility for 200 keV electron
irradiation with three fluences of 0,
1x10', and 3x10 cm™, respectively.
In the figures, solid, broken, doted,
long-broken,  dashed-dotted,  dashed
double-dotted lines represent the total
mobility, and the mobilities for the

acoustic phonon, nonpolar optical-phonon,

polar optical-phonon, ionized impurity,
and  neutral  impurity  scattering,
respectively. The total mobility is in good
agreement  with  the  experimental
mobility.

According to Eqg. (17), the mobility
due to the polar optical phonon scattering
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Figure 7. Experimental and simulated
temperature-dependent hole mobilities
for Al-doped 4H-SiC before irradiation.
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Figure 8. Experimental and simulated
temperature-dependent hole mobilities
for Al-doped 4H-SiC after 200 keV
electron irradiation with fluence of
1x10'® cm?

is not changed by electron irradiation, and
is much larger than the experimental

u,(T) . Although p(T), p.(T), N,,
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and N, were changed by electron
irradiation, the mobilities calculated from
the ionized and neutral impurity

Al-doped 4H-SiC epilayer

nonpolar optical
phonon scattering

[y

o
w

T

scattering are much larger than the g

experimental g (T). Therefore, they do E _ ]
. 2 acoustic phonon

not affect the experimental 4, (T) at all, > scattering

according to Matthiessen’s rule. As a 310F ) E

result, the acoustic phonon scattering = 500 keV electrons

affected the mobility at low temperatures, . Fluence [x.%o16 cm’?]

while the nonpolar optical-phonon - 1 N
scattering influenced the mobility at high 1ot L 3 . L
temperatures. 200 300 400 500 600

Temperature [K]

Figure 10 depicts the changes of the
temperature-dependent mobilities for the
acoustic phonon and nonpolar
optical-phonon scattering for 200 keV
electron irradiation with three fluences of
0, 1x10", and 3x10' cm™. The both
mobilities were decreased with @
between 0 and 3x10'° cm™.

Figure 10. Changes of temperature-
dependent hole mobilities for acoustic
and nonpolar optical phonon scatterings
for 200 keV electron irradiation with
three fluences.

w
o

=
o

Optical Deformation Potential [x10™ eV/cm]

Fluence of 200 keV electrons
3x10% cm?

[EN
o
=Y

neutral impurity
U

—_—

Acoustic Deformation Potential [eV]

O P N W M O O N 00 ©

) . [

S ionized impurity .
~ [ 3
4 L ]
510 10r ]
2 i ' 5
= nonpolar optical phonon ; E
'_g T [ O : Acoustic deformation potential 3
S L t A : Nonpolar optical deformation potential ]
10°% Z+o._ acousticphonony 0 Do R [ L]

T T~ — — 0 1 2

3
. * - - Fluence of 200 keV Elecrons [x10'® cm™]

Al-doped 4H-SiC epilayr L1
Experimental: = % . .
1P [Simutation: — . , Figure 11. Fluence dependencies of D,
200 300 400 500 600 or D .

op

Temperature [K]

Figure 9. Experimental and simulated
temperature-dependent hole mobilities
for Al-doped 4H-SiC after 200 keV
electron irradiation with fluence of
3x10* cm™

Figure 11 shows the fluence
dependencies of D, (circles) and D,
(triangles), indicating that D, and D,,
are slightly increased with increasing @.
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Figure 12. Temperature dependencies of
hole concentrations for Al-doped 4H-SiC
before and after irradiation with 150 keV
electrons at three different fluences.
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Figure 13. Fluence dependencies of
shallow and deep acceptor densities.

These suggest that 200 keV electron
irradiation influenced a lattice vibration.

3.1.2. 150 keV Electron Irradiation
Figure 12 shows the p(T) before
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irradiation (circles) and after irradiation
with 150 keV electrons at three fluences
of 1x10" (triangles), 3x10" (squares),
and 5x10'° cm™ (diamonds). The p(T)
was slightly increased at low
temperatures at the 1x10" cm™ fluence,
and then is decreased with increasing @
at >3x10" cm™ fluences of 150 keV
electron irradiation.

From each p(T), two types of
acceptor species were detected and
evaluated using FCCS. The fluence
dependencies of N, (circles) and N,
(squares) are shown in Fig. 13. The N,
decreased with increasing @ , from
which the removal cross section (& p;s,)
for 150 keV electron irradiation of the Al
acceptor was determined to be 4.8x107*
cm? by least-squares fitting. The solid
curve in Fig. 13 represents the N, (d)
calculated using Eqg. (12), which is in
good agreement with the experimental
results shown by the circles.

The Ny, , on the other hand,
increased experimentally with increasing
® . The broken curve in Fig. 13
represents the N, (@) simulated with
Kparso Of 1.0x107* cm? using Eq. (13),
which coincides qualitatively with the
experimental fluence dependence of
No. by 150 keV electron irradiation,
denoted by squares.

3.2. N-doped 4H-SiC Epilayers
3.2.1. Lowly N-doped Samples

A 10-um-thick N-doped n-type
4H-SiC epilayer on p*-type 4H-SiC was
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cut to a size of 3 mm x 3 mm. Four
100-nm-thick ohmic metal (Ni) dots were
deposited by a vacuum vapor deposition
method on the four corners of the surface
of the sample, and the sample was then
annealed at 1000 °C in an Ar atmosphere.
The n(T) and 4/(T) for samples
irradiated with @ of 0, 1x10%, and
2x10"* cm? were obtained. The
Hall-effect measurements were carried
out twice at each fluence between 80 K
and 300 K, and the n(T) remained
unchanged, indicating that any defects
affecting n(T) were not annealed at
temperatures up to 300 K.

Figure 14 shows the experimental
n(T) before irradiation (triangles) and
after irradiation by 200 keV electrons

T
N-doped 4H-SiC eplayer |

=
o
—
a
T

=
o
—
N
1

I 200 keV electrons

Electron Concentration [cm™]

13| Fluence [x10% cm?]
10°F 4 . E
o 01
o 12

| n(T) simulation

1012 AP I PP P PP P PP B
3 4 5 6 7 8 9 10 11 12

1000/T [K™M]

Figure 14. Temperature dependencies of
electron concentrations for N-doped
4H-SiC before and after irradiation with
200 keV electrons at two different
fluences.
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with @ of 1x10" cm™ (circles) and
2x10"® cm? (squares). From each
experimental n(T) shown in Fig. 14,
two types of donor species were detected
by FCCS, and the densities and energy
levels of two donor species and N,
were determined. In the light of the
accuracy of Hall-effect measurements and
FCCS analyses, the density values have
two significant figures, and values larger
than 10" cm™ are accurate. In the
n-type case, N, is both N, and the
density of electron traps deeper than the
energy levels of detected donors.

Two energy levels detected here
correspond to the energy levels of the
isolated, substitutional N donors at
hexagonal and cubic  C-sublattice
sites. %928 The energy level of N
donors at hexagonal C-sublattice sites
(Ewy) was E.-0.07 eV, where E; is
the bottom of the conduction band. The
energy level of N donors at cubic
C-sublattice sites (E,.) was E.—0.12
eV.

The corresponding densities were
Ny, =5.1x10" and N, =4.7x10"
cm®. As a result, N, ~ N, , which
coincides with the expectation that N
atoms equally occupy hexagonal and
cubic C-sublattice sites because the
number of hexagonal sites is equal to the

number of cubic sites in 4H-SiC.

The electron concentration was
simulated numerically by using the
following equations:
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N(T)+ Ny = NNH|_1_ fFD,D(ENH’T)J

+N NK [1_ fFD,D (ENK T )]
(30)

and
n(T) = NdT)exp{——EC‘EF(T)

kT } (1)

where f,,(E,T) is the Fermi-Dirac
distribution function for donors, given by

1

1 [E-EM]
1+exp{k8_|_}

D

fFD,D(EvT):

(32)

dpo=2, and N.(T) is the effective
density of states in the conduction band,
which is given by

* 3/2
27mKk.T
NC(I'):Z(h—;B] M. (33)

Further, E.(T) is the Fermi level at T,
m, is the electron effective mass for the
semiconductor, and M. is the number
of equivalent minima in the conduction
band. Each solid curve in Fig. 14 is the
result of an n(T) simulation using the
values of N,, Eu,, N, Ew., and
Nem for the corresponding @®. The
n(T) simulations are in good agreement
with the corresponding experimental

results.

Figure 15 shows the fluence
dependencies of N,, (circles) and
N, (squares), respectively. N,
decreased substantially with increasing
® , whereas N, decreased only
slightly, indicating that N donors at
hexagonal C-sublattice sites are less
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Figure 15. Fluence dependencies of
shallow and deep donor densities.

radiation-resistant than N donors at cubic
C-sublattice sites. This finding suggests
that 3C-SiC should be the most
radiation-resistant and 6H-SiC should be
the least radiation-resistant of N-doped
3C-SiC, 4H-SiC, and 6H-SiC.

Let us now consider other mechanism
of the reduction in n(T) by the 200 keVV
electron irradiation. The irradiation of
200 keV electrons can only displace Cs in
SiC.%% Therefore, V¢ and an interstitial
C (Cj) are created by the irradiation.
With the rate of displacement of Cs by
collision with 200 keV electrons, which is
denoted by &, , the fluence
dependence  of the density of
carbon-related defects (Vc or Cj),
Np (®), can be expressed as™

AN (@) _

4 Kep - (34)
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Therefore,
Nep (@) = k@ + Nep (0). (35)

In other words, x., is the generation
rate of carbon-related defects. The density
of defects related to C displacement (i.e.,
Zyp, centers with E. —0.65 eV and EHg/y
centers with E.—-1.55 eV) has been
reported to be nearly proportional to
@ ,°" as expected from Eq. (35). The HK4
center with E,+1.44 eV has been
reported to be a complex including
defects induced by Cs displacement.®*®®
According to studies of intrinsic defects
in SiC,® the (0/+) level of V¢ is at
E,+1.4 eV and its (+/++) level is at
E,+1.68 eV. Since the defects
induced by Cs displacement are located
around the middle of the band gap in SiC,
they should act as electron traps in n-type
SiC.

We now turn to the influence of
Nep(@) on n(T). In order to simulate
n(T) for irradiated cases, the following
assumptions are made: (1) the 200 keV
electron irradiation does not change N,
Ewi: N, and Ey from their values
at ®=0 cm?, and (2) the irradiation
only increases N, (thatis, N, for

an irradiated sample is the sum of N,
for the non-irradiated case and the

increase  in N(®) due to the
irradiation).
Figure 16 shows the n(T)

simulations with N, of 0, 4.3x10",
and 5.8x10" cm?, which are used in
order for the wvalues of the n(T)

simulated at higher temperatures to be
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Figure 16. Simulations of temperature-
dependent electron concentrations for
three N, -
close to the experimental n(T), denoted
by solid, broken, and dashed-dotted
curves, respectively. Also shown for
comparison, the measurements of n(T)
for total fluences of 0, 1x10" and
2x10" cm? denoted by triangles,
circles, and squares, respectively, are
shown. In the irradiated samples, at
lower temperatures, the n(T) simulation
is much lower than the experimental

n(T).

In a comparison between Figs. 14 and
16, the deviation of the simulation curve
from the experimental data is much larger
in Fig. 16 than in Fig. 14. Therefore, it
is clear that, although n(T) does
decrease with increasing N , the
reduction in n(T) by electron irradiation
cannot be explained by only an increase

in the density of carbon-related defects.

Irradiation-induced defects in
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N-doped n-type 4H-SIiC have been
intensively studied by DLTS.®*® By
DLTS, deep-level defects with density
much lower than the total density of N
donors can be investigated.'* On the other
hand, changes in N-donor density due to
irradiation can be investigated by FCCS.
In this study, therefore, it is found that N
donors are less radiation-resistant at
hexagonal C-sublattice sites than at cubic
C-sublattice sites.

By analogy with Eqg. (11), the fluence
dependencies of N, and Ny, are
expected to be derived from the following
differential equations:

dN, ., (®

% = —KnpizooN nr (P) (36)
and

dN,,. (®

% = —KnkaooNnk (©) (37)
Therefore,

Ny (q)) =Ny (O)exp (_ KNHZOOq)) (38)
and
Nk ((D) = Ny (O)eXp (_ KNKZOO(D) , (39)

Where  Kyng aNd Koo are the
removal cross-sections for 200 keV
electron irradiation of the N donors at
hexagonal and cubic C-sublattice sites,
respectively. By fitting the curve to the
experimental data, the values of xy,00
and  Kyk.0, Were determined to be
12x10™ and  6.0x10™  cm?
respectively.  The broken and solid
curves in Fig. 15 represent the simulated
Ny, (@) and N (D), respectively.
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This finding indicates that the density
of N donors at hexagonal C-sublattice
sites was reduced much more than the
density of N donors at cubic C-sublattice
sites. It is clear from Fig. 3 that C and a
N atom (Nc) at a C-sublattice site can be
displaced by 200 keV electron irradiation,
suggesting that the threshold
displacement energy of Cs or Nc at the
hexagonal site is much lower than that at
the cubic site.

In summary, the electron
concentrations in lightly N-doped n-type
4H-SiC epilayers were decreased by 200
keV electron irradiation. The influence
of the increase in the deep-level defect
density as well as the decrease in donor
density on the decrease in the electron
concentration by irradiation  was
investigated using simulation results.
Finally, this decrease in the electron
concentration arose because the electron
irradiation reduced the density of N
donors. Moreover, the density of N
donors at hexagonal C-sublattice sites
was reduced much more than the density
of N donors at cubic C-sublattice sites.
This finding suggests that 3C-SiC should
be the most radiation-resistant and
6H-SIC  should be  the least
radiation-resistant of N-doped 3C-SiC,
4H-SiC, and 6H-SiC.

3.2.2. Highly N-doped Samples

A 10-um-thick N-doped n-type
4H-SiC epilayer on p*-type 4H-SiC was
cut to a size of 3 mm x 3 mm. Four
100-nm-thick ohmic metal (Ni) dots were
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deposited by a vacuum vapor deposition
method on the four corners of the surface
of the sample, and the sample was then
annealed at 1000 °C in an Ar atmosphere.
The n(T) and g (T) for samples
irradiated with @ of 0, 1x10", and
3x10"® cm? were obtained. The
Hall-effect measurements were carried
out twice at each @ between 85 K and
580 K, and the n(T) remained
unchanged, indicating that any defects
affecting n(T) were not annealed at
temperatures up to 580 K.

Quarterly Physics Review, vol. 3, issue 3, October 2017
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Figure 17. Temperature dependencies of
electron concentrations for highly
N-doped 4H-SiC before and after
irradiation with 200 keV electrons at two
different fluences.
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Figure 17 shows the n(T) in the
highly N-doped 4H-SiC epilayer by 200
keV electrons with @ of 0 (triangles),
1x10" (circles), and 3x10' cm?
(squares). Although the n(T) was a little
decreased with increasing @, the ratio of
decrement of n(T) is much lower than
that in lowly N-doped epilayers.

3.3. Al-doped 6H-SiC
3.3.1. Epilayers

A 4.9 um-thick Al-doped p-type
4H-SiC epilayer on n'-type 4H-SiC
(resistivity: 0.027 Q-cm) was cut to a size
of 1x1 cm? Four ohmic metal (Ti/Al)
dots were deposited by a sputtering
method on the four corners of the surface
of the sample, and then the sample was
annealed at 900 °C for 1 min in an Ar
atmosphere. The p(T) and 4 (T)
were measured between 200 K and 600 K
before irradiation, and then the sample
was irradiated. After the Hall-effect
measurement was carried out, the sample
was again irradiated. The Hall-effect
measurement and electron-irradiation
were repeated. Although the Hall-effect
measurements were carried out twice for
each @, the p(T) remained unchanged,
indicating that any defects affecting
p(T) were not annealed at all for
measurement temperature lower than 600
K.
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A sample was irradiated by 200 keV
electrons with @ of 0, 1x10'°
2x10', and 3x10* cm™ However, the
p(T) at ® of 3x10' cm™ could not
be obtained. Another sample was
irradiated with 100 keV electrons with
® of 0, 1x10'°, 3x10', and 5x10"

cm™.

Figure 18 shows the p(T) by 100
keV electron irradiation with @& of 0,
1x10', 3x10', and 5x10'° cm? By
100 keV electron irradiation, just like
Al-doped 4H-SiC, the p(T) was
slightly increased, suggesting that the
sample was considered to be annealed by
heat due to electron irradiation.

Figure 19 shows the experimental
p(T) before irradiation (triangles) and
after irradiation with 200 keV electrons at
@ of 1x10"(circles) and 2x10* cm™
(squares). The p(T) was significantly

decreased by 200 keV electron irradiation.

Because the p(T) irradiated at @ of
3x10' cm™ could not be measured, this
sample was annealed at 500 °C (773 K)
for 2 min in an Ar atmosphere, whose
p(T) was denoted by plus marks. By
annealing, the p(T) was significantly
recovered.

As a result, 100 keV electrons could
not displace any atoms at lattice sites in
6H-SIC, indicating that E; in 6H-SIiC
should be larger than 20 eV.* As is clear
from Fig. 3, 200 keV electrons can
displace only Cs, neither Sig nor Als;.

The values of N,, E,, Npa, Epa,
and E were determined by FCCS

comp
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Figure 18. Temperature dependencies of
hole concentrations for Al-doped 6H-SiC
before and after irradiation with 100 keV
electrons at three different fluences.
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Figure 19. Temperature dependencies of
hole concentrations for Al-doped 6H-SiC
before and after irradiation with 200 keV
electrons at two different fluences, and
for 3x10"™ cm? fluence irradiated
sample annealed at 500 °C.

http://journals.ke-i.org/index.php/qpr



Matsuura H.

using the experimental p(T). The p(T)
was numerically simulated by using Egs.
(6)-(10). Since the p(T) simulations
(solid curves) are in good agreement with
the experimental p(T) in Fig. 19, the
values obtained by FCCS are reliable.

Figure 20 shows the fluence
dependencies of N, and N, , denoted
by circles and squares, respectively.

With irradiation by 200 keV electrons
at ® of 1x10" cm?, the decrement of
N, is nearly equal to the increment of
N, , indicating that the irradiation
transforms Al acceptors into the deep
acceptors. The dependencies of N, and
N,, on @, simulated using Egs. (11)
and (13) with «,,,, of 1.2x10™° cm?
and  Kp.,, Of 9.0x10™* cm? are
shown by the broken and solid curves,
respectively. Compared with &, IN
4H-SIC, K, IN 6H-SIC is larger by
2.7, indicating that a Als-Cs bond in
6H-SiC is weaker than that in 4H-SiC. On
the other hand, &, IN 6H-SIC is
nearly equal to x5, 1N 4H-SIC.

After annealing the 3x10"™ cm?
fluence irradiated sample at 500 °C for 2
min, N, and N, could be determined.
By annealing at 500 °C, N, was
increased, and N_, was decreased.
From Fig. 20, furthermore, the increment
of N, is nearly equal to the decrement
of N_,, suggesting that the 500 °C
annealing transforms the deep acceptors
into Al acceptors.

In the light of the results obtained by
the irradiation and annealing, the deep
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Figure 20. Fluence dependencies of
shallow and deep acceptor densities.

acceptor is considered to be the Alsi-Vc
complex. The 200 keV electron
irradiation removes one of four Cs bonded
with one Als; into an interstitial site,
which creates the Alg-Vc and an
interstitial C (C;). Moreover, it removes
one of three Cs bonded with Alsi-Vc into
the interstitial site. As a result, the density
of Alsi-V¢ is decreased. This model leads
to Egs. (11) and (13)

Almost all defects were annealed out
at higher than 750 °C.*®"%° Only a few
defects were annealed out at 400 °C, and
were reported to be related to C;.*®
Compared to V¢, C; is rather mobile but
can migrate and react with other defects
or impurities.®® The 500 °C annealing,
therefore, makes C; migrate and react
with Alsi-Vc, which transforms Alsi-V¢ to
Alg;.
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In summary, because the p(T) was
unchanged by irradiation with 100 keV
electrons, 100 keV electrons could not
displace any atoms at lattice sites in
6H-SIiC. This indicated that E, in SiC
was higher than 20 eV, which meant that
200 keV electrons could not displace Als;
and Sis in Al-doped 6H-SIiC. Therefore,
200 keV electrons could displace only Cs.
By C; displacement in Al-doped 6H-SiC,
N, decreased monotonously with @,
while N, initially increased and then
decreased. By irradiation with 200 keV
electrons with @ of 1x10" cm? the
decrement of N, was nearly equal to
the increment of N_,, while by 500 °C
annealing the increment of N, was
nearly equal to the decrement of N, .

3.3.2. Al-Implanted Layers

In order to form a p-type 6H-SIiC
layer, Al ions were implanted at 800 °C in
a 4.9-um-thick n-type 6H-SIiC epilayer
with a N-doping level of 6.7x10" cm™
on an n*-type 6H-SiC substrate. To obtain
a 0.5-um-thick box profile of Al
concentration, fivefold Al ion
implantation was carried out using 20, 50,
110, 200, and 340 keV onto the n-type
SiC  epilayer surface. After the
implantation, the sample of 5x5 cm?
size was annealed at 1700 °C for 30 min
in an Ar atmosphere. Four ohmic metal
(Al/Ti) dots were deposited by a
sputtering method on the four corners of
the surface of the sample, and the sample
was annealed at 900 °C for 1 min in an Ar
atmosphere to form good ohmic contacts.
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Figure 21. Temperature dependencies of
hole concentrations for Al-implanted
6H-SiC before and after irradiation with
1 MeV electrons at three different
fluences.
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Figure 22. Fluence dependence of
acceptor density.

The fluences of 1 MeV electrons were of
0, 1x10'®, 5x10%, and 1x10*" cm®
The p(T) was measured in the
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temperature range from 210 to 720 K.

The hole concentration is expected to
be reduced by the increase in the density
of deep-level defects as well as the
decrease in the density of Al acceptors.
Therefore, we evaluated these densities in
order to determine the main cause of the
reduction in p(T).

Figure 21 shows the p(T) for the
unirradiated and irradiated p-type 6H-SiC
layers. Using each p(T) in Fig. 21, the
values of acceptor densities and levels,
and E,,, were determined by FCCS. In
the analysis of p(T ), the excited states of
Al acceptors should be considered,
because the Al concentration ( C, )
measured by SIMS was higher than
1x10"® cm® in these implanted
layers.”" Moreover, there is one
acceptor level (E, ) in heavily Al-doped
SiC (C,, of >1x10" cm™), while there
are two acceptor levels (E,, and E_,)in
the case of C,, <1x10*® cm32

In the case of heavily-doped p-type
wide bandgap semiconductors, instead of
feroa(Ex) in Eq. (8), the distribution
function ( f_(E,,T) ) including the
first-to-( n—1 )th excited states of the
acceptor is used, and described as’®®!

1
1+gex(F)exp{

f (E,,T)=
ex( A ) EA—EF(T)
KgT
(40)
where g, (T) is the degeneracy factor
for acceptors, given by
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U (T) = gAexp(—Ef(X—(TT)j

frgam(®i2)
r=2 B

(41)

EexiTi is the ensemble average of its
ground and excited state levels, given by

n

2 (EA—E/)g, exp[ & _TEJ

Eex(T): =2 n
1+Zg,exp( )

(42)
g, is the (r-1)th excited state
degeneracy factor, given by

g, =r?, (43)
and E, is the (r-1)th excited state

level, which is given by
g‘m,

& = geezen T
° o (44)
=136— 0+ E, [eV]
0“s r
The  p(T) was  numerically

simulated by using

p(T)+Nco AI ex(EAI’T) (45)

In Fig. 21, the p(T) simulations are
described by solid curves, which is in
good agreement with the experimental
p(T).

The values of the acceptor level
obtained by FCCS wusing f_(E,,T)
were independent of @ , and were
approximately E,, +0.22 eV, indicating
that this acceptor species is an Al
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acceptor (Als;).

Figure 22 depicts the dependence of
N, on @. The density of Al acceptors
is decreased by the displacement of Al
atoms or their nearest neighbor C atoms
because only the Al atom bonding to four
C atoms works as an Al acceptor. Since
the number of collisions between incident
electrons and those atoms in unit volume
is proportional to N, , the following
differential equation describing the
fluence dependence of the Al acceptor
density, N, (®), is obtained:

dNL(P) _
dT = —Kan000N A ((D)’ (46)

where K00 1S the  removal
cross-section of Al acceptors for 1 MeV
electron irradiation and @ is the fluence
of 1 MeV electrons. Therefore,

N (q)) =Ny (O)eXp (_ KAIlOOOCD) . (47)

In Fig. 22, the solid curve is the fit
obtained by the least-square method.
Because the experimental data agree quite
well with the theoretical model, x;400iS
determined as 6.4x10™*® cm?.

The values of N, are of the order
of 10" cm™, which are much lower than
N, . This indicates that the reduction in
p(T) by the irradiation is mainly due to
the decrease in N,,, not to the increase
in the density of deep-level defects.
Furthermore, the surroundings of Al
acceptors are considered to be more
easily changed by irradiation than the

surroundings of the SiC matrix.

In summary, we investigated the
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p(T) in Al-implanted p-type 6H-SiC
before and after 1 MeV electron
irradiation as a function of @ . Using
p(T), the acceptor density and level in
the bandgap were determined by FCCS in
consideration of the excited states of Al
acceptors. As determined from the
acceptor level, this acceptor species was
assigned to Al. The reductionin p(T) by
electron irradiation was mainly due to the
decrease in the density of Al acceptors,
not to the increase in the density of
deep-level  defects. Therefore, the
surroundings of Al acceptors were
changed by electron irradiation more
easily than the surroundings of the SiC
matrix.

Conclusions

Electron-irradiation damage in
Al-doped 4H-SIiC epilayers, N-doped
4H-SIiC epilayers, Al-doped 6H-SiC
epilayers, and Al-implanted 6H-SIiC
layers was investigated using Hall-effect
measurements. The  Hall-effect
measurements tell us the changes of the
majority-carrier ~ concentration and
mobility, while DLTS gives the changes
of deep-level densities much less than the
majority-carrier concentration. From
the temperature dependence of the
majority-carrier concentration, FCCS can
determine the densities and energy levels
of dopants and defects.

Irradiation of electrons with >150
keV decreased the majority-carrier
concentration, while 100 keV -electron
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irradiation could not change it. The
decrease in the hole concentration in
Al-doped SIiC by 200 keV electron
irradiation resulted from the decrease in
the density of Al acceptors with
E,+0.22 eV. Since 200 keV electron
irradiation could displace Cs, neither Sis
nor Als;i in Al-doped SiC, the decrement
of the Al acceptor density came from the
displacement of one of four Cs bonded
with Als;.  The displacement of Cs made
another deep acceptor with E, +0.38
eV.

The decrease in the electron
concentration in N-doped SiC by 200 keV
electron irradiation resulted mainly from
the decrease in the density of N donors at
hexagonal  C-sublattice  sites  with
E.—-0.07 eV, not the density of N
donors at cubic C-sublattice sites with
E.—-0.12 eV. Since 200 keV electron
irradiation could displace Cs and N¢, not
Sis in N-doped SiC, the displacement of
Nc resulted in the decrement of donor
densities, and the N donors at cubic
C-sublattice  sites  have  radiation
resistance more than the N donors at
hexagonal C-sublattice sites.
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