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OPTICAL CHARACTERIZATION OF NATIVE DEFECTS IN 4H-SiC
IRRADIATED BY 10 MeV ELECTRONS WITH SUBSEQUENT ANNEALING
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Low-temperature photoluminescence was employed to investigate the defects of 4H-SiC crystals after
high-energy electron irradiation, and the annealing characteristics and dependence of the detecting temper-
ature and irradiation doses were investigated. Results showed that the emission, associated with carbon an-
tisite—vacancy (VcCs)* defects was dominant in the electron-irradiated 4H-SiC crystal. With increase in
detecting temperature, the emission decreased demonstrating red-shifted, and the full width at half-
maximum broadened, which was attributed to the increase in the concentration of carriers arising from
thermal activation at high temperature. The emission intensity was the highest value at an irradiation dose
of 7.9x10" e/cm?, and then began to decrease. This revealed the lattice damage caused by long-term high-
energy irradiation, which reduced the intensity of the defect radiation in the spectrum.
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Jna uccrnedosanusn depexmos kpucmannog 4H-SiC ucnonvzosana HuzkomemnepamypHas omonomu-
HecyeHyus nocie 00Iy4eHUs 8blCOKOIHEPLeMUYECKUMU dNIeKMpoHamu. M3yuensvl Xapakmepucmuky omaicuaa
U 3A8UCUMOCTb MeMnepamypvl 0emeKmupo8anus om 003 ooayyeHus. Pesyrbmamvl noxaszvieéarom, 4mo
6 obnyuennom snexkmponamu kpucmanie 4H-SiC domunupyem smuccus, ceszannas ¢ degexmamu yenepoo-
nas anmucmpykmypa—eaxancus (VcCs)t. C nosviuenuem memnepamypoi 0emekmupoSanus usiydenue
YMeHbUaemcsa u cogueaemcs 8 Kpachyio oo1acmo, a NOIHAAL WUPUHA HA NOTYEbICOME Y8eTUNUBACMCS, Yo
CA3AHO C NOBBIUUEHUEM KOHYEHMPayuu Hocumenell 8 pe3yibmame mepmMuieckol aKkmueayull npu eblCoKou
memnepamype. HumencugHocmy usnyuenus Makcumanbia npu 0ose oonyuenus 7.9 - 10" sn/em?, samem ona
yMeHvuaemces. Imo ceUdemenrbCmayen 0 NOBPeNCOeHUU PeulemKil, 8bl36AHHOM ONUMENbHbIM 8blCOKOIHED-
2emuuecKuM 0OIyYeHUeM, Ymo YMeHbULAem UHMEHCUBHOCIb PAOUAYUOHHO20 OedheKkma 8 cnekmpe.

Knioueevie cnosa: xapouo kpemuusi, hpomomomunecyenyus, paouayuoHuslil oepexm, 21eKmpoHHoe 00-
Jyuenue.



892 ZHANG Y. etal.

Introduction. As an important wide-bandgap semiconductor, silicon carbide (SiC) has been applied in
many areas, such as high-frequency and high-power microelectronic devices and optoelectronic devices [1-4].
The properties of the intrinsic defects in a SiC crystal play an important role in these applications; for in-
stance, carrier traps and recombination centers of intrinsic defects in high-quality 4H-SiC can shorten the
lifetime of minority carriers and make the open-state voltage drop of high voltage bipolar transistors very
small [5, 6]. Therefore, it is important to study the intrinsic defects of SiC. Photoluminescence (PL) technol-
ogy is sensitive to crystal defects and does not destroy the crystal structure; thus, it is suitable for the charac-
terization of crystal defects.

To explore the properties of defects, intrinsic defects are usually introduced into crystals artificially. In
previous studies, the most commonly used method is near displacement threshold electron irradiation using a
transmission electron microscope. This method can introduce some simple intrinsic defects successfully into
a crystal, such as carbon vacancies, silicon vacancies, and interstitial defects [7-9].

Semiconductor devices are usually irradiated by MeV order of magnitude ultra-high electron energy;
however, there are few studies concerning the defects created with high-energy irradiation on SiC. In this
paper, intrinsic defects are created by 10 MeV high-energy electron irradiation on a 4H-SiC crystal, which
are then characterized by low-temperature photoluminescence spectroscopy. The results are analyzed and
discussed.

Experimental methods. This work focused on the 3-inch high-purity 4H-SiC substrates, which were
grown through (0001) plane epitaxy using the physical vapor transport method by the Second Research Insti-
tute of China Electronics Technology Group Corporation. The substrates were divided into six groups for
10-MeV high-energy electron irradiation. The irradiation was performed with a power of 80 kW at room
temperature, and the irradiation times were set as 1, 2, 3, 4, 5, and 6 h. The whole surface of 4H-SiC films
was irradiated by the electron beam. The irradiation doses for the six specimens were as follows: 2.6x10'®,
5.3x10'%,7.9x10'%, 1x10'%, 1.3x10'°, and 1.6x10" e/cm’.

The samples were annealed after electron irradiation by an RT-1200 rapid annealing furnace in an argon
gas flow for 30 min. The temperatures ranged from 400 to 900°C, in steps of 100°C. After the irradiation,
these samples were cut into several slices of size 5%5%0.2 mm and transferred to micro-Raman spectrometers
(Renishaw) fitted with cryogenic stages (Linkam Instruments), which could be cooled to about approximate-
ly 77 K with liquid nitrogen cooling. The samples were irradiated with a Nd semiconductor laser at 532 nm.
The procedure of PL operation analysis involves the cooling down of samples to 110 K. The resolution of
the optical system was degraded by the cryostats to an approximately 1 um lateral resolution of approximate-
ly 1 um. The samples were studied in back reflection mode with the irradiated face, mostly (0001), perpen-
dicular to the incident laser beam or with the sample mounted so that the laser beam was incident perpendic-
ular to the usual direction of electron irradiation. The laser polarization was either perpendicular or parallel
to [0001].

Results and discussions. Figure 1 presents the typical PL spectra of 4H-SiC without irradiation and
with 3 h irradiation (dose 7.9x10'® e/cm?). In addition to the original TO and LO Raman modes of 4H-SiC at
555.1 and 560.9 nm with two second-order structured bands situated at 578.9 and 584.7 nm (inset in Fig. 1a),
seven new zero phonon lines appeared in the range of 645—-690 nm after irradiation, which were located at
649, 652.2, 665.2, 672, 673.2, 675.5, and 676.8 nm. The inset in Fig. 1b shows that the profile of the first
three lines were similar, and the last four lines had similar asymmetric profiles. Thus, the lines were labeled
as A1 = 649 nm, A2 = 6522 nm, A3 = 6652 nm and Bl = 672 nm, B2 = 673.2 nm,
B3 =675.5 nm, and B4 = 676.8 nm, which were referred to as 4 and B emissions. There were complex vibra-
tional structures behind the seven peaks (from 680 to 725 nm).

Moreover, the effect of the irradiation dose on the crystal defects was studied, as shown in Fig. 2. When
the irradiation time was 3 h, the intensity of the 4 and B peaks was the strongest, but the spectrum was con-
siderably quenched with an increased irradiation time. For instance, the intensity of the B3 peak was en-
hanced up to 28838 a. u. at 3-h irradiation, but the intensities weakened to 11153, 8153, and 5762 a. u. at 4,
5, and 6 h, respectively. Consequently, when the irradiation dose was 7.9x10'® e/cm?, the best luminescent
efficiency for 4 and B emissions was achieved.



OPTICAL CHARACTERIZATION OF NATIVE DEFECTS 893

La. u u La La. u Lau b
70000 4000 T 70000 r soool B3 675.5nm
TO Raman mode | r | |
60000f  555.1nm 200 [0 Cut off 60000 [ 52 6732 4m
H 2400 [/ / 1 A1 649 nm \ B4 676.8 nm
ils ’ g00 578:9 nm| | - ;[' ’ \ \2]5.&
40000 584.7 nm ; 40000 0. AL oA MY
I 0 ' [ > 650 670 2.,
30000f /580 00 9% 30000 [ [ Raman modes
I ’ 579 nm
20000[ 200001} |\ cqu0um \ | N~
i lOOOOj L’\J\K
10000{ . / U : I |
0 i A. 1 -_u '_I i L i 1 i ] O i | L 1 1 J
550 600 650 700 750 800 550 600 650 700 A, nm

Fig. 1. Typical spectra of the 4H-SiC without (a) and with (b) irradiation obtained with excitation
at 532 nm and temperature of ~110 K.
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Fig. 2. Spectra of AB emissions at different irradiation times obtained with excitation
at 532 nm and temperature of ~110 K.

To further explore the characteristics of the 4 and B emissions, the sample with the best luminescence
efficiency was selected to investigate the detecting temperature dependence. Figure 3a presents the PL spec-
tra of the sample irradiated for 3 h obtained with excitation at 532 nm and a temperature of 110-250 K. With
increase in temperature, the 4 and B peaks exhibited a red shift, together with intensity quenching and an
increase in the full width at half-maximum (FWHM). With regard to the increase in the FWHMs, Lorentzian
fit was employed to fit the FWHMSs of the 4 and B peaks. Figure 3b shows the Lorentzian analysis per-
formed on the A1 lines at 110-250 K, and the precision was over 95%. The Lorentzian function is defined as

s 24 w
Y= T 4(x—x)* +w ’
where yo and x. are the offset and center of the Lorentzian curve, respectively, while w and 4 are the width
and area of the Lorentzian curve, respectively.

The fitted values of the FWHMs were further processed, as shown in Fig. 3c. The y-axis was calibrated
to all FWHM values by subtracting the value at 110 K. A third-order nonlinear fitting of the scatter points
was also carried out, and a fitting accuracy of 98% was achieved. It was observed that as the characterization
temperature increased, the broadening of FWHMs showed a nonlinear growth.
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Fig. 3. a) Full PL spectra of the 4 and B emissions recorded at 110-250 K; b) Lorentzian curve fitting for the
A1 peak; c) temperature dependence of Lorentzian FWHMSs of the A1 peak.

Furthermore, annealing was carried out on the crystals irradiated for 3 h. At a suitable annealing tem-
perature, interstitial atoms and vacancies are activated to diffuse, which resulted in a variation of the lumi-
nescence defects. The typical PL spectra of the sample after annealing at 400—900 °C are displayed in Fig. 4.
The 4 and B lines exhibited a consistent annealing behavior, and the intensities reached a maximum at
700°C. However, the 4B lines revealed the onset of thermal quenching on annealing up to 800°C.
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Fig. 4. Full spectra of 4B emissions at different annealing temperatures obtained
with excitation at 532 nm and temperature of ~110 K.
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The PL spectrum of pure 4H-SiC should only consist of TO and LO Raman modes [10], which appear
at 555.1 and 560.9 nm upon excitation by a 532-nm laser. After irradiation, the FWHMs of the Raman mo-
des were broadened from 0.26 and 0.25 to 0.47 and 0.66 nm, and the intensities of the second-order struc-
tured bands were increased from 3098.1 and 2292 to 14760.3 and 9613.7 a. u., respectively (Fig. 1).

The carbon or silicon atoms at the 4H-SiC crystal lattice points broke away from the lattice with suffi-
cient doses of energetic electron bombardment and became interstitial atoms with a vacancy formed at the
lattice point. After irradiation, the 4 and B emissions centers were exhibited by the crystal, so the defect was
related to self-interstitials or vacancies. When the sample was irradiated for 3 h, the best radiation effect of
introducing the 4 and B defects into the crystal was achieved (Fig. 2). In addition, irradiation for a long peri-
od caused lattice damage, which resulted not only in the introduction of point defects into the crystal but also
the formation of dislocations that destroyed the crystal structure.

At a sufficiently low temperature, the photoluminescence of the defects is only a zero-phonon transi-
tion, and the multi-phonon transition requires a higher activation energy [11]. Therefore, the emissions ob-
served at cryogenic temperature were strong and sharp, but with increase in temperature, the multi-phonon
transitions began to dominate, which resulted in the decrease in the vibration energy of the 4 and B emis-
sions [12]. Additionally, all peaks were red-shifted by approximately 3.8 nm (Fig. 3a). The coincident tem-
perature dependence of the 4 and B emissions indicated that they originated from a crystal defect.

In addition, a distinction between the inhomogeneous and homogeneous broadening mechanisms for
the FWHMSs broadening should be made [13]. Homogeneous broadening is one of the ultimate consequences
of the electron-phonon coupling, and inhomogeneous broadening is the result of strains and defects random-
ly distributed in crystal hosts [14]. The interaction of the active ions with phonons in equivalent sites, and
thus with the same probability, results in a temperature-dependent Lorentzian shape of the emission. There-
fore, this type of line broadening is regarded as homogeneous broadening [15].

According to the fitting results, the FWHM was only 0.23 nm at 110 K, but the FWHM was broadened
to 3.64 nm when the temperature was increased to 250 K (Fig. 3b). With increase in temperature, the intrin-
sic carrier concentration in the crystal increased, and the electron-phonon coupling became stronger, which
showed a homogeneous broadening mechanism. This also illustrates that the AB emission was an intrinsic
defect in the SiC crystal. There was an obvious wide sideband behind the 4B emission, which indicated the
emission peaks were caused by vacancy-related defects [16].

Furthermore, the identical annealing properties of the 4 and B emissions certified that all peaks origi-
nated from the same defect (Fig. 4). Thus, the 4 and B lines were collectively referred to as 4B emissions.
During the annealing from 400 to 700 °C, the movement of interstitial atoms promoted the formation of 4B
defects and enhanced the luminescence efficiency. However, when the annealing was up to 800°C, the inten-
sities of the peaks decreased. It has been established that AB emission is created by the on-axis and off-axis
carbon antisite—vacancy (CAV) pairs, VcCs; [17]. Castelletto et al. revealed the four possible atomistic mod-
els and the electronic structure for configurations (both axial and basal plane) of the VcCsi, and the CAV
defect was positively charged [18].

The displacement thresholds of Si and C in SiC crystals were 250 and 100 keV, respectively. Therefore,
carbon vacancies (¥c) and silicon vacancies (Vsi) were produced during electron irradiation. The minimum
irradiation energy of V¢ formation was 0.3 MeV, which was lower than that of the Vs; formation energy
(0.5 MeV) [19]. It was found that the instability of Vs; caused the adjacent carbon atoms to leave their lattice
positions, occupy Vsi to form Cs;, and left a vacancy (V¢), which resulted in the VcCs; defect [20].

Conclusions. The crystal defects of 4H-SiC were characterized by Raman spectroscopy. The effects of
irradiation dose and annealing characteristics and the temperature dependence of defects were studied by
low-temperature photoluminescence. The results showed that after electron irradiation, obvious 4B emis-
sions appeared in the spectra, which were caused by the intrinsic defect of (VcCsi)". The temperature de-
pendence of AB emissions showed the decrease in intensity, red shift, and FWHMSs broadening with increas-
ing temperature. This was caused by the increase in carrier concentration arising from thermal activation at
high temperature. In addition, the effect of irradiation dose showed that the intensity of AB emissions
reached a maximum at a dose of 7.9x10'® e/cm?. This revealed lattice damage was caused by high-energy
irradiation for too long a duration and reduced the intensity of the defect radiation in the spectrum.
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