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a b s t r a c t

We investigated the gamma-ray irradiation effect on 4H-SiC device process-induced de-
fects by photoluminescence (PL) imaging and deep level transient spectroscopy (DLTS). We
found that basal plane dislocations (BPDs) that were present before the irradiation were
eliminated by gamma-ray irradiation of 1 MGy. The reduction mechanism of BPD was
discussed in terms of BPD-threading edge dislocation (TED) transformation and shrinkage
of stacking faults. In addition, the entire PL image was gradually darkened with increasing
absorbed dose, which is presumably due to the point defects generated by gamma-ray
irradiation. We obtained DLTS peaks that could be assigned to complex defects, termed
RD series, and found that the peaks increased with absorbed dose.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

High radiation resistant devices are required for the aerospace and aircraft industry, and for improving the safety of
nuclear energy industry. In particular, MGy-class radiation tolerance of these devices is strongly required for the security of
nuclear plant [1]. However, the tolerance of conventional Si devices is 10 kGy order atmost. Silicon carbide (SiC) is expected as
a high radiation hard device material because of its high bonding strength. Actually, SiC power devices with high radiation
resistance have been demonstrated [1]. For example, Tanaka et al. demonstrated 10 MGy tolerance of 4H-SiC Buried Gate
Static Induction Transistors (BGSITs) [2]. Also Akturk et al. reported a high radiation resistance of 4H-SiC commercial metal-
oxide-semiconductor field-effect-transistors (MOSFETs) [3]. Although these studies indicated the degradation of device
electrical characteristics after gamma-ray irradiation, the radiation damage in the used substrate due to the irradiation has
not yet been clarified. In this study, we have investigated the impacts of gamma-ray irradiation on the defects aroused by
device fabrication processes such as a basal plane dislocation (BPD). A photoluminescence (PL) imaging and deep level
transient spectroscopy (DLTS) were performed for visualization or detection of the defects.
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2. Experimental procedure

For comparison between radiation damage and electrical characteristic of devices, in this study, epilayers including device
structureswere employed as samples. The samples used for PL imagingwere vertical-type n-channelMOSFETs fabricated on a
4H-SiC epiwafer (Nd ¼ 8 � 1015 [cm�3], 4� off-angle), provided from Sanken Electric co., ltd. We intentionally chose the
MOSFET die that has a larger number of BPDs than the others. Fig. 1 shows the cross sectional view of the schematized
drawing of MOSFET. The width of Al high implanted layer was 2 mm, that of Al implanted (Na ¼ 1 �1018 [cm�3]) was 10 mm,
and that of P implanted layer was 3.25 mm. In order to take PL images, the three electrodes (gate poly-Si film, source Al pad,
and drain Ni contact) and insulators (SiO2) of MOSFETs were removed by chemical solutions and a SiC epilayer including Al
implant (p-well) and drift layer was left. PL images were recorded using a cooled CCD camera at room temperature. A He-Cd
laser with a 325 nm line and 200 mW output was used as an excitation source.

We also investigated deep levels generated by gamma-ray irradiation. MOS capacitors in the test-element-group (TEG)
grown on the same 4H-SiC epiwafer as that for PL imagingwere used for DLTSmeasurements. The oxide thickness was 60 nm.
The area and capacitance of the MOS capacitors were 400 � 800 mm and 26.7 pF, respectively. The sample temperature was
varied from 200 to 620 K. The reverse bias was at �10 V, the pulse voltage was 0 V, and the pulse duration was 10 ms.
Capacitance increments during 0.24 s (time window t1 ¼ 34 ms and t2 ¼ 274 ms) were recorded as DLTS signals. The DLTS
measurements were conducted in dark condition (no excitation source).

Gamma-ray irradiationwas performed using a 60Co source at dose rates between 1 and 10 kGy(SiO2)/h up to MGy-class in
Japan Atomic Energy Agency (JAEA). We repeatedly conducted PL imaging/DLTS measurements and irradiation for the same
sample.
3. Results and discussion

Fig. 2 shows PL images taken through a long-pass filter of >700 nm at the same area for the 4H-SiC epilayer at the gamma-
ray irradiation of 10 kGy (a), 40 kGy (b), and 1 MGy (c). The stripe pattern parallel to the step flow direction and the black dot
in the figures are Al implanted area (shown in Fig. 1) and a position specification marker, respectively. In Fig. 2(a) and (b),
bright lines were seen, which were probably basal plane dislocations (BPDs) [4]. Since the bright lines were also seen in the
non-irradiated sample (not shown here) and were aligned along the ion-implanted pattern, they are device process-induced
defects. However, these BPDs disappeared at irradiation of 1 MGy, as shown in Fig. 2(c).

As the gamma-ray irradiation increased, the entire brightness of PL images were gradually decreased like Fig. 2(b) and (c).
This phenomenon were observed all optical filters we used (387 ± 11 nm, 438 ± 12 nm, >700 nm). The reason may be that
point defects generated by gamma-ray irradiation and behaved non-radiative recombination centers.

Fig. 3 shows dependence of BPD area and linear densities on absorbed dose. This result indicates that gamma-ray irra-
diation has an effect for reducing BPDs. Since the average length of BPD is constant with respect to the absorbed dose, the
dependence of area and linear densities vary coincidently. Nagano et al. observed threading edge dislocations (TEDs) by
performing PL imaging at IR band [5]. However, TED was not detected in our sample, which may be due to a disturbance of
TED emission from device structures. The variation of BPDs can be distinguished into three patterns, i.e. ‘move perpendicular
to step flow’ ‘disappear/appear’ and ‘shrink/stretch’.

In general, BPDs consist of perfect dislocation or partial dislocation. Fig. 4 shows PL images taken through a long-pass filter
(>700 nm) and a band-pass filter (438 ± 12 nm) at the same area. The band-pass filter can observe single Shockley stacking
faults (1SSFs) and the 1SSF is observed as a bright area [6,7]. In Fig. 4(a) and (b), the bright lines in the IR image correspond to
the dark lines in the image at 438 nm range (pointed by white arrows in Fig. 4). Also in Fig. 4(b) and (c), the area surrounded
by a dark line is brighter than the others. The bright areas, therefore, are SFs and these BPDs are partial dislocations, which are
boundaries between SF and perfect crystal. On the other hand, the BPD in Fig. 2 pointed by thewhite arrow did not include SF.
Therefore, this BPD is probably not a partial dislocation but a perfect dislocation.

Here, the reason for BPD elimination due to gamma-ray irradiationwill be discussed. In a 4H-SiC substrate, a BPD of perfect
dislocation-type and TED easily transform from each other [8]. Looking at the BPD carefully, pointed by the white arrow in
Fig. 2(a) and (b), the position of the end at bulk-side (left edge) does not move, whereas the end at the step flow-side (right
edge) moves. Therefore, it can be considered that the BPDs are eliminated by transformation from BPD toTED, as illustrated in
Fig. 5. On the other hand, the shrinkage of BPDs of partial dislocation-type (pointed by the white arrows in Fig. 4(a) and (b))
Fig. 1. Schematic drawing of the MOSFET sample for PL imaging.



Fig. 2. PL images taken for an irradiated 4H-SiC epilayer through a long-pass filter (>700 nm).
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Fig. 3. Dependence of BPD area density and linear density on the gamma-ray absorbed doses.

Fig. 4. PL images taken for an irradiated 4H-SiC epilayer through a long-pass filter (>700 nm) at 10 kGy (a), a band-pass filter (438 ± 12 nm) at 10 kGy (b) and at
40 kGy (c).
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Fig. 5. Cross sectional schematic drawing of the BPD pointed by the white arrow in Fig. 2 (a) and (b). The BPD at around epi/bulk interface (left edge) does not
transform but at the surface-side (right edge) transforms to TED due to gamma-ray irradiation.
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cannot be explained by this hypothesis. As seen in Fig. 4 (b) and (c), the area of SF is reduced by gamma-ray irradiation.
Therefore, the shrinkage or shift of BPD partial dislocation type is probably due to the variation of SF area induced by the
irradiation. Miyanagi et al. reported that 1SSFs are shrunk by thermal treatment [7]. Thus it is considered that gamma-ray
irradiation also has an effect like a thermal treatment.

Fig. 6 shows DLTS spectra at various absorbed doses. Also the peak decomposition of DLTS spectrum at 12MGy is shown in
Fig. 7. As shown in the figure, the DLTS spectrum can be divided into four peaks at 200 K, 390 K, 470 K, and 570 K. We
calculated these ionization energies from Arrhenius plots and the values were estimated to be 0.29, 0.83, 1.15, and 1.50 eV



Fig. 6. Absorbed dose dependence of DLTS spectra taken from the n-type MOS capacitor fabricated on 4H-SiC epilayer.
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Fig. 7. Decomposition of the DLTS spectrum at 12 MGy.
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below the conduction band, respectively. According to previous work [9], the peaks at 390 K (0.83 eV), 470 K (1.15 eV), and
570 K (1.50 eV) can be assigned to RD1/2, RD3, and RD4, respectively. The major deep level for 4H-SiC epilayer, termed Z1/2
center (300 K, 0.60 eV) originating from carbon vacancy [10], was slightly observed and hardly increased between total doses
of 0e400 kGy. Although the peak at 200 K (0.29 eV) was not yet clarified, it may be P3 [9]. At present, the origins of the RD
series peaks are uncertain. Danno et al. and Sullivan et al. estimated the threshold energy for C and Si displacement as 100 keV
[10] and 250 keV [11], respectively. Hence, the internal photoemission generated by gamma-ray irradiation may eject Si and C
atoms. However, according to the experimental results, gamma-ray irradiation dose not generate carbon vacancy. In addition,
the point defect related to Si is unlikely to form an energy level at the energy range available for n-type 4H-SiC [10]. Therefore,
the origin of RD series should be complex defects. It has been recently reported that carbon vacancy and Si antisite pairs
(VCCSi) are generated by a high-energy electron irradiation followed by annealing [12e15]. An ab initio study performed by
Bockstedte et al. estimates the ionization energy of VCCSi as 1.08 eV or 1.45 eV (dependent on charge states) [16], which is
almost same as the level of RD3 and RD4. Therefore, the VCCSi is thought to be one of the candidates for the origin of complex
defect.

4. Conclusion

The effect of gamma-ray irradiation on device process-induced defects in 4H-SiC epilayer was investigated by PL imaging.
We found that the BPDs were eliminated by gamma-ray irradiation of 1 MGy. The reductionmechanism of BPDwas discussed
in terms of BPD-TED transformation and shrinkage of stacking fault. The PL images gradually darkened as the increase of
absorbed dose, which was thought to be due to point defects generated by gamma-ray irradiation. We also attempted the
detection of point defect by performing DLTS and found that gamma-ray irradiation has an effect to generate deep levels,
which may be assigned to the RD1/2 and RD3 and RD4. We regarded the origins of these deep levels as complex point defects
such as a VCCSi.
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