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Abstract

Silicon carbide (SiC) with the advantages of high thermal conductivity and high breakdown field strength can meet the new
requirements of modern electronic technology for harsh conditions. Focusing on the application of deep space exploration,
the present work has explored the effects of 2-MeV electron irradiation on 4H-SiC with a fluence of 7 X 10'? cm™ and
1 x 10" cm™. The samples irradiated with 2-MeV electrons and 1 x 10'3 cm™2 fluence have a smaller full width at
half-maximum (FWHM) in both x-ray diffraction (XRD) and Raman spectra, weaker defect luminescence intensity in
photoluminescence (PL) spectra, and increased Si-C bond ratio in x-ray photoelectron spectroscopy (XPS). These
demonstrated that the electron irradiation at 2 MeV with the fluence of 1 x 10'3 cm™ has caused the crystallization
performance to recover in comparison with the original sample. The improved crystal quality can be ascribed to the thermal

effects produced during the electron irradiation.
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Introduction

SiC has excellent optical, physical, and electronic properties
with a wide band gap, high thermal conductivity, high elec-
tron saturation rate, large breakdown electric field, and good
chemical stability. SiC also has a strong resistance to radia-
tion, hence it is regarded as one of the best candidates for
applications in a space irradiation environment.! Under the
conditions of particle radiation in space, we need irradiation-
resistant electronic components, therefore, it is a requisite
task to study the effect of SiC materials irradiated by protons.

In a strong irradiation environment, particles colliding
with atoms in the crystal lattice will result in the creation
of defects within the crystal. These defects, along with the
inherent defects of the crystal itself, will inevitably affect the
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crystal quality of the SiC material, resulting in the degrada-
tion of the performance of devices based on the material.
Hence, the reliability and durability of devices operating
in a strong radiation environment degrade. Compared with
proton and neutron irradiation, the effects of electron irradia-
tion is moderate,? because most of the energy is lost in the
interaction with the crystal electrons. Therefore, the use of
electron irradiation to simulate the study of SiC materials in
a space irradiation environment can show the microscopic
effects of irradiation on materials more subtly.

Research on irradiation of 4H-SiC has attracted great
attention. For example, Yang et al.? explored the anisot-
ropy of defects by irradiating n-type 4H-SiC in different
directions, and concluded that the interstitial defects are
mainly distributed in the normal (0004) plane, and that
the vacancy carbon antisite defects are mainly distributed
in the transverse (11 2 0) and (10 1 0) crystal planes. Yu
et al.* studied the influence of irradiation temperature on
defects by using continuous and intermittent beam irradia-
tion to control the temperature, and found that the irradia-
tion under high temperature can produce thermal effects
to repair defects. Kozlovski et al.” studied the defects at
different temperatures (20, 200°C) and found that the num-
ber of defects generated under higher temperature is lower
than that of low temperature.
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Although there have been some studies on electron
irradiation of 4H-SiC, few studies on high-energy
(2 MeV) electron irradiation at fluences of 7 x 10'2 cm™
and 1 x 10'* cm™ have been reported. Therefore, in this
paper, we have carried out experiments of 4H-SiC electron
irradiation to study the changes of defects by means of
x-ray diffraction (XRD; D8 Advance, Bruker), Raman
(Renishaw inVia laser confocal Raman spectrometer) ,
photoluminescence (PL; F-4700 FL; Hitachi), and x-ray
photoelectron spectroscopy (XPS; ESCALAB250Xi)
characterization. We found that, after electron irradiation
of the 4H-SiC at 2 MeV and 1 x 10'3 cm™2, the sample has
better crystallization due to the thermal annealing effect
caused by the electron irradiation.

Experimental
Test Sample
The n-type 4H-SiC single crystal used with a surface (0001)

crystal plane was prepared by a physical vapor transport
(PVT) method, purchased from PrMat. The sample size was

(@)

Fig.1 (a) Single-crystal sample of 4H-SiC; (b) cell structure of
4H-SiC.

5 mm X 5 mm with a thickness of 0.33 mm; both the sample
and its cell structure are shown in Fig. 1a, b. Electron irra-
diation tests were carried out with 4H-SiC powders obtained
by grinding single-crystal 4H-SiC into powder. The powders
were irradiated with electrons of energy 2 MeV and flu-
ences of 7 x 102 cm™? and 1 x 10'3 ¢cm™2, and are labeled
as samples #P1 and #P2, respectively. The pristine sample
is labeled #PO.

The phase analysis of the samples was obtained by
sampling XRD patterns under Cu Ka (4 = 1.54 A) radiation.
The Raman test was performed at 532 nm and the XPS
measurements were acquired using a monochromatic Al Ko
x-ray source having a photon energy of 1486.7 eV, while the
changes of the chemical bonds in the samples were observed.
PL measurements were carried out at room temperature in
order to determine the evolution of internal defects of the
4H-SiC before and after irradiation.

Results and Discussion
XRD Analysis

We performed XRD measurements of the samples before
and after electron irradiation, as shown in Fig. 2a, First,
we presented the patterns of the pristine 4H-SiC, where
the diffraction peaks can be well matched with the struc-
ture of 4H-SiC (JCPDS No. 29-1127). Also, there is no
appearance of other stray peaks, indicating that the crys-
tals prepared by means of PVT have a good growth quality.
Figure 2b shows the XRD patterns at 260 = 33 — 39°, and,
since the three samples all exhibit better crystallization
properties on the (102) crystal plane, taking the XRD pat-
tern at 26 = 38.15 of (102) plane as an example, one can
find that the main peak of 38.02° of #PO shifts slightly to
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Fig.2 (a) XRD full spectrum, (b) (102) plane local magnification spectrum.
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the lower angle of 38.07°, which is due to the displacement
of the atoms in the sample by electron irradiation, result-
ing in lattice distortion. Table I shows the full width at
half-maximum (FWHM) of the (102) crystal faces calcu-
lated by Gaussian fitting, FWHM is inversely proportional
to the crystal quality and the grain size. Therefore, the
smaller the FWHM, the better the crystal quality.® Sample
#P2 has the smallest FWHM, which can be explained as
the annealing effects induced by the electron irradiation.
Specifically, during the irradiation process, the surface
temperature of the sample increases due to the bombard-
ment of high-energy particles, which makes some defects
in the original sample recover and improves the crystal
performance. With the increase of irradiation fluence, the
rate of defect generation exceeds the rate of defect recov-
ery by the annealing effect, so the FWHM of the (102)
decreases from 0.139 to 0.127 for the three samples, that
is, the crystal quality improves.

Raman Analysis

Figure 3a shows the Raman spectra before and after elec-
tron irradiation at 2 MeV energy. As shown in Fig. 3a, no
other obvious characteristic peaks appeared after the elec-
tron irradiation on the 4H-SiC, indicating that the irradiation
at a certain injection amount did not result in a wide range
of aberrations or recrystallization of the sample's crystal

Tablel FWHMs at the (102)

structure, which is in agreement with the XRD results.
4H-SiC is a brazincite structure with eight atoms in its pro-
tocell and four vibrational modes (A; + B, + E; + E,); from
the selection rule of Raman scattering, it can be seen that
A, E,| and E, are Raman active and B, is not Raman active.
As shown in Fig. 3a, the Raman peaks at 240, 776, 981,
and 1525 cm™! correspond to the transverse acoustic mode
E,(TA), the transverse optical mode E,(TO), the longitudi-
nal optical mode A,(LO), and the optical branch, respec-
tively.”” Among these, the optical mode represents the rela-
tive motion of the atoms within the 4H-SiC protocell and the
acoustic mode is the overall movement. It can be seen that in
the range of 100-550 cm™ is the vibrational region of chem-
ically bonded Si-Si, in the range of 580-1000 cm™! is the
Si-C vibrational region, and in the range of 1080—1600 cm’!
is the C-C vibrational region.

As 776 cm™' is the dominant peak of 4H-SiC, the
displacement of the TO phonon mode is closely related
to the compressive and tensile stress,'? and the magnified
spectrum at 776 cm™! is shown in Fig. 3b. Eo(TO) values
and their FWHM have been calculated by using Gaussian
fitting, as displayed in Table II. Therefore, the smaller the
FWHM, the better the crystallization performance of the
crystal. The FWHM is equal to 5.063, 4.978, and 4.895
for the samples #P0, #P1 and #P2, respectively. One can
find that, under the electron irradiation with a fluence
of 7 x 10'? cm™2, 4H-SiC has a better crystal quality.
As sample #P2 has the smallest FWHM, this means that
the crystal of 4H-SiC is further improved after 2-MeV

electron irradiation with 1 x 10'3 cm™2.

Samples ~ FWHM AR L
plane for the three samples. Also, at this injection, the characteristic peak of E,
#P0 0.13940 +£0.00226  (TO) shifted from 775.66 cm™' (#P0) to 776.10 cm™'
#P1 0.13425£0.00142  (#P1), indicating that there has been the generation of
#P2 0.12770 £ 0.00181  compressive strain that makes the lattice distortion
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Fig.3 (a) Raman spectra; (b) 760-800 cm™' local magnification spectra.
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produce lattice stress.!! However, with the increase of
irradiation fluence, the compressive strain of sample #P2
at 775.67 cm™' is weakened, that is, some defects that
lead to compressive strain of the crystal are reduced. In
addition, we fitted the overall Raman spectra before and
after irradiation, and found that the area ratio of E, (TO)
in the overall Raman diffraction peak increases, as shown
in Table II. The intensity of the Raman diffraction peak is
related to the vibration of the chemical bond. In general,
only heteronuclear bonds (C-Si bonds) are present in
idealized SiC, and the presence of homonuclear bonds
(C-C bonds, Si-Si bonds) implies a change in the lattice
structure of electron-irradiated 4H-SiC, that is to say, the
larger the proportion of C-Si bond, the better the crystal
quality. Then, we can conclude that sample #P2 has more
Si-C states, that is, the sample has better quality after
irradiation.'?

PL Spectra

We have performed PL. measurements of 4H-SiC before and
after electron irradiation, as shown in Fig. 4a. The emis-
sion around 384 nm corresponds to the intrinsic emission
peak of 4H-SiC, and the peak near 390 nm is the near band
edge emission of 4H-SiC.!? Sample #P0 has a weaker peak

Tablell E, (TO) and FWHM for the three samples

Samples E, (TO) (cm™) FWHM (cm™) Ratio of
776 cm™!
(%)

#PO 775.66 5.02689 + 0.09137 55.85

#P1 776.10 4.97770 = 0.09417 58.45

#P2 775.67 4.89469 + 0.08998 59.43

intensity at 384 nm than that of samples #P1 and #P2. The
weaker intensity is from the existence of the point defect,
which interacts with the impurity atoms inside SiC to pro-
duce composite defects to capture exciton luminescence and
suppress the intrinsic luminescence peak near the conduc-
tion band. To facilitate a better comparison of the intensity
changes between the three peaks, the PL spectra have been
rescaled based on the emission peaks at ~ 390 nm, as dis-
played in Fig. 4b. The emission from 500 nm to 750 nm is
related to the defects in the SiC, hence the stronger PL peak
corresponds to the larger defect density.'* As observed in
Fig. 4b, the ratio of defect intensity from sample #P2 is sig-
nificantly lower than that of sample #P0, that is, the internal
defects of sample #P2 are reduced after irradiation.

To study the defect behavior, two peaks of ~ 400 nm
and ~ 540 nm were fitted with the Gaussian function, as
shown in Fig. 5a and b, respectively, and the fitting results
are displayed in Table III. The peak at ~ 400 nm can be
deconvolved with two peaks 390 (or 391) and 384 (or 385)
nm, as shown in Fig. 5a. Thus, we can conclude that the
2-MeV electron irradiation has almost no effect on the band
gap of 4H-SiC.

The peak around 435 nm involves donor—acceptor pair
recombination related to nitrogen (N) impurities.'”> The
emission peaks located around ~ 526 nm and ~ 577 nm
are ascribed to the (V, + V) carbon-silicon vacancy pair
defects.'®7 After irradiation, the luminescence peaks at
435 nm and 526-577 nm showed a decreasing trend, and it is
speculated that the reduction of N-related defects is mainly
the result of irradiation-induced (V, + V;) deep defects.
These deep defects interact with the inevitable N impuri-
ties introduced during the growth process, thereby reducing
the presence of N impurities. In addition, the decrease in
(V. + V) defects may also be due to the self-annealing char-
acteristics of the defect states induced by the high-energy
electron irradiation or by the outward migration of defect
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Fig.4 (a) PL spectra for the three samples; (b) rescaled PL spectra based on near band emission.

@ Springer



Effect of 2 MeV Electron Irradiation on the Electronic Structure and Photoluminescence of SiC

2425

(a) (b)
_—~ <
S & 2 DS #P0
o N PO 0 ) S
~ —b \IB
>
= w =
Z % & #P1
Q
N
=
[
v #P2
® = o) ﬁ
b 2 2 o § o #HP2
, T
378 384 390 396 420 480 540 600 660 720
Wavelength (nm) Wavelength (nm)

Fig.5 PL spectra and their deconvolved peaks (a) from 350 nm to 410 nm and (b) from 410 to 730 nm.

Table lll PL peaks for the three samples

Sample A(nm) E (eV) Intensity Defects!* 151618
ratio (%)
#PO 384 3.20 0.09 Intrinsic
390 3.17 0.54 Band-edge
435 2.85 0.82 N
526 2.36 30.97 Ve+ Vg
577 2.15 43.56 Ve+ Vg
672 1.85 24.11 Si Frenkel
#P1 385 3.22 0.16 Intrinsic
390 3.17 0.49 Band-edge
441 2.81 1.43 N
522 2.38 47.10 Ve + Vg
577 2.15 37.90 Ve + Vg
663 1.87 12.90 Si Frenkel
#P2 385 322 0.64 Intrinsic
391 3.17 1.25 Band-edge
439 2.82 0.15 N
528 2.35 43.16 Ve + Vg
585 2.12 35.11 Ve + Vg
672 1.85 19.24 Si Frenkel

states in SiC.'® The emission located at ~ 672 nm corre-
sponds to the Si Frenkel defects. Steeds et al. found that the
defect can be annealed at a lower temperature.'” Therefore,
the weakening emission at ~ 672 nm can be explained as the
irradiation annealing effect.

Table III shows the possible defect recombination lumi-
nescence and the proportion of each luminescence peak in
the sample corresponding to the luminescence peak obtained
by Gaussian processing of the fitted 4H-SiC. For the three

samples, (V, + V;) double-vacancy defects dominate, while
for #P0, the intensity ratio of (V, + V;) double-vacancy
defects is 74.53 %, and is 85 % for #P1 and 78.27 % for
#P2. Compared with #P1 and #P2, sample #P0 has a rela-
tively lower (V, + V;) double-vacancy defect but has higher
Si Frenkel defect, as displayed in Table III.

XPS Analysis

We performed XPS measurements on the samples, and the
full XPS spectra are shown in Fig. 6. Four obvious peaks
can be observed, which correspond to the three elements of
Si, C, and O in all the samples. According to the full spec-
trum of #PO0, the surface of the 4H-SiC single-crystal sam-
ple is very clean, there are almost no other impurities, and
the elemental composition is consistent with the expected
results.?02!

In order to more accurately analyze the chemical bonds,
the XPS spectra of Cls and Si 2p and their deconvolved
peaks were obtained, as displayed in Table IV. Figure 7
shows the C 1s and Si 2p spectra and their fittings. In Fig. 7a,
for sample #P0, four peaks at 282.6, 284.6, 286.31, and
284.80 eV can be observed, which correspond to the bind-
ing states of the C-Si, C-C, C-O, and C-N bonds, respec-
tively.”>** As shown in Fig. 7b, Si 2p can be well fitted
with two peaks (100.34 and 100.91 eV) for sample #PO,
which correspond to the bonding states of the Si-Si and Si-N
bonds,* respectively.

As the relative atomic concentration in the sample is
proportional to the peak intensity of the characteristic
peak, the relative atomic content can be judged from the
integrated peak area.”> As shown in Table IV, in consid-
eration of the Si-C bonds in the Cls orbital and the Si 2p
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Fig.6 XPS full spectra.

Table IV C 15 and Si 2p spectra and their deconvolved peaks for the
three samples

Samples Spin orbital Center/eV FWHM Ratio% Chemical
bond?2! 2223
#PO Cls 282.60 0.99 20.64  C-Si
284.80 1.23 6038 C-C
286.31 1.30 13.88 C-O
288.85 0.95 510 C-N
#P1 282.64 1.12 5574  C-Si
284.76 1.38 3233 CC
286.25 1.69 10.37  C-O
288.91 0.91 1.57 CN
#P2 282.68 0.97 5043  C-Si
284.76 1.26 39.34 C-C
286.24 1.41 877 C-O
288.96 0.93 145 C-N
#PO Si2p 100.34 1.11 79.61  Si-C
100.91 0.93 20.39  Si-N
#P1 100.53 1.33 79.74  Si-C
101.56 2.93 20.26  Si-N
#P2 100.51 1.24 8493  Si-C
102.05 3.43 15.07  Si-N

orbital, the proportion of the Si-C bond area in #P1 and
#P2 has increased in comparison with #P0. In #PO0, the
ratio of the Si-C bond to other chemical bonds is about
1:1, while, in #P1 and #P2, the ratio of the Si-C bond
to other chemical bonds is about 2:1. In general, only

@ Springer

heteronuclear bonds (C-Si bonds) are present in idealized
SiC, and the presence of homonuclear bonds (C-C bonds,
Si-Si bonds) implies a change in the lattice structure of
the electron-irradiated 4H-SiC, that is to say, the larger
the proportion of C-Si bond, the better the crystal quality,
which further verifies that the 2-MeV electron irradiation
can restore the crystallization performance of the sample.
Combined with XRD and Raman analysis, the increase
of the Si-C bond ratio is due to the irradiation anneal-
ing. Compared with #P0, the chemical bonds related to
impurities such as C-O, C-N and Si-N bonds in #P1 and
#P2 showed an overall decreasing trend, that is, the above
defects were reduced under irradiation.

Furthermore, each individual peak has different degrees
of chemical shift after irradiation, the main chemical shifts
being for the two chemical bonds, C-C bond and C-Si
bond, in C 1s which are shown in Fig. 7a. After electron
irradiation, the C-Si bond shifts to the high binding energy
(BE) direction and the C-C bond shifts to the low BE
direction. In the study of Vali et al.2!, the XPS spectra for
the irradiated samples also showed the same phenomenon,
which they explained as the irradiation effect and gas
pollution in the air. Combined with the analysis in this
paper, it may be that more Si dangling bonds are generated
during the irradiation process. As shown in Fig. 7b, the
two peaks of the Si 2p orbital have a tendency to shift to
the high BE direction after irradiation.

Conclusions

Electron irradiation at 2 MeV on 4H-SiC with a fluence
of 7 x 102 cm™? and 1 x 10'3 cm™ has been studied.
Some results have been obtained from the measurements
of XRD, Raman, PL, and XPS spectra showing that,
under the electron irradiation with a fluence of 1 x 103
cm™ , the sample revealed an improved crystal quality,
a decreased defect emission intensity, and an increased
Si-C bond. Also, the obvious displacement damage
observed at a fluence of 7 x 10'> cm™? is weakened at
a fluence of 1 x 10'3 cm™2. Therefore, we can conclude
that the crystallinity of 4H-SiC has been improved after
2-MeV electron irradiation at a fluence of 1 x 103 cm™.
The results are consistent with the reports*in which the
improved crystal quality was ascribed to the stronger
thermal effects of irradiation-repaired defects. These
studies will be helpful in understanding the electron
irradiation effects of 4H-SiC, to better serve deep space
exploration.
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