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ABSTRACT

This paper focuses on the generation and transformation of defects associated with subsurface damages
(SSDs) in seed crystals during the physical vapor transport (PVT) growth of 4H-SiC crystals. SSDs in
the 4H-SiC seed crystal are firstly revealed and labeled by photo-chemical etching. After 30 min of the

PVT growth on the 4H-SiC seed crystal, we find that the ridge-like scratches with the height ranging
from 0.2 tol.5 pm are formed in the region above the SSDs in the 4H-SiC seed crystal. Raman spectra

analysis that these ridge-like scratches are 4H-SiC with tensile strain. We then continue the PVT growth
to obtain a 4H-SiC boule, and carry out the wafering process to obtain 4H-SiC single-crystal wafers. For
the bottom wafer above the 4H-SiC seed wafer, the full width at half maximum (FWHM) of the rocking
curves of the region above the SSDs of the seed wafer is higher than other regions, indicating the SSDs
degrade the crystalline quality of 4H-SiC single crystal. The average value of the FWHM of the rocking
curves of the top wafer becomes lower than that of the bottom wafer, indicating that the effect of SSDs
gradually recovers. Molten-KOH etching indicates that SSDs in the 4H-SiC seed crystal give rise to the

formation of low-angular grain boundaries (LAGBSs), that consists of wall of threading edge dislocations
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(TEDs), in 4H-SiC single crystals.
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1. Introduction

4H silicon carbide (4H-SiC) has attracted great attention in high-power, high-frequency and high-
temperature electronics, due to the exceptional properties such as wide bandgap, high breakdown electric
field strength, high electron mobility and high thermal conductivity [1, 2]. The physical vapor transport
(PVT) technology, which has the advantages of equipment simplicity, low cost of consumables, and
technology maturity, has become the mainstream technology to grow 4H-SiC crystals [3]. The PVT
growth of 4H-SiC single crystals are motivated by the temperature gradient between the 4H-SiC seed
crystal and the SiC powder. During the nucleation of 4H-SiC single crystals on the seeds, defects are
usually incorporate into 4H-SiC single crystals as a result of subsurface damages (SSDs) in 4H-SiC
single-crystal seeds.

The processing of 4H-SiC wafers includes wire sawing, grinding, lapping and polishing. The
grinding, lapping and polishing are expected to sequentially remove the damage layer introduced by the
wire sawing, to achieve the global and local planarization of 4H-SiC wafers free of damages and low
surface roughness[4]. Nevertheless, the processing of 4H-SiC wafers suffers from the problem of
incomplete removal of processing damages or unavoidable introduction of new damages, which in turn
seriously affect the subsequent growth and the quality of epitaxial layers [5]. It has been proposed that
SSDs can be exposed by combining photo-chemical etching and molten-alkali etching [6, 7]. However,
the effect of SSDs in the seed crystal on the crystal quality of 4H-SiC single crystals is still ambiguous.

In this work, we investigate the effect of SSDs in 4H-SiC seed crystals on the crystal quality of 4H-

SiC single crystals grown by the PVT technology. It has been found that ridge-like scratches with the
height ranging from 0.2 tol.5 pm are formed in the region above the SSDs in the 4H-SiC seed crystal

after 30 min of PVT growth. These ridge-like scratches are 4H-SiC with tensile strain. After the whole
PVT and wafering process, we obtain 4H-SiC single-crystal wafers. For the bottom wafer above the 4H-
SiC seed wafer, the full width at half maximum (FWHM) of the rocking curves of the region above the

SSDs of the seed wafer is higher than other regions, indicating the SSDs degrade the crystalline quality
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of 4H-SiC single crystal. The average value of the FWHM of the rocking curves of the top wafer becomes
lower than that of the bottom wafer, indicating that the effect of SSDs gradually recovers. Molten-KOH
etching indicates that SSDs in the 4H-SiC seed crystal give rise to the formation of low-angular grain
boundaries (LAGBs), that consists of wall of threading edge dislocations (TEDs), in 4H-SiC single

crystals.

2. Experimental Procedure

2.1 Methods

A 4-inch 4H-SiC single crystal was used as the seed crystal of the PVT growth. Before crystal
growth, photochemical etching was used to reveal SSDs of the 4H-SiC seed crystal. Using a mercury
lamp as the UV light source, the seed crystal was etched in a 0.05 M KOH solution for 20 min to check
the presence of SSDs. The seed crystal was then subjected to chemical-mechanical polishing (CMP) until
the damage was not visible under the optical microscope.

After CMP, the seed crystal was used to grow 4H-SiC single-crystal boule grown by the PVT
technology, with the temperatures in the range of 2200 to 2300 °C and pressures in the range of 1 to 10
mbar. N-type doping was achieved by mixing high-purity N, in argon (Ar) as the doping source. The
PVT growth were divided into two stages to observe the effect of SSDs on the crystal quality of 4H-SiC
single crystals. For the first stage, we investigated the effect of SSDs on the crystal quality at the seed
and growth interface. For the second stage, we focused on the changes of the crystal defects induced by
SSDs during the single crystal growth by continuing the growth thickness up to 10 mm. After the PVT
growth, 4H-SiC wafers were obtained by slicing, lapping and CMP successively. The top and bottom
wafers were etched by molten KOH etching at 550°C for 10 min to reveal dislocations on the surface of
4H-SiC.

2.2 Characterizations

Before the experiment, the wafer inspection system (Lasertec, SICA82) was used to statistically
distribute the defects of 4H-SiC seed crystal after CMP treatment. The surface morphology of the crystals
after 30 min of growth and the surface morphology of the etched the top and bottom wafers were
examined by optical microscope (OM) (Olympus, BX53M) and white light interferometer (WLI) (Bruker,

ContourX-200). The Raman spectra were measured by the Raman spectrometer (Horiba, LabRAM
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Odyssey). The high-resolution X-ray diffraction (HRXRD) rocking curve measurements were performed
on the XRD diffractometer (Malvernpanalytical, X' PERT 3 MRD) operated with Cu Kal radiation.

Dislocations after molten KOH etching were counted by the optical microscope (FabXLab).
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Fig. 1 (a) The distribution and (b) density of defects in 4H-SiC seed crystals. (c) The OM morphology
of SSDs on the surface after photochemical etching of the seed. (d) The OM morphology of the crystal

surface after 30 min of growth by the PVT and (e) its localized WLI image.

3. Result and Discussion

3.1 Generation of defects associated with SSDs at the early stage of PVT growth

Fig. 1(a) and Fig. 1(b) demonstrate the distribution and density of defects on the Si face of CMP-
treated 4H-SiC seed crystal. Although most of the defects such as scratches, pits, bumps, and particles
are successfully controlled after CMP, the UV-PL image reveals high density of PL-Black defects on the
Si surface of CMP-treated 4H-SiC seed crystal. However, we observe linear PL-black defects on the Si
face of the CMP-treated 4H-SiC seed crystal. These linear PL-Black defects are not visible under OM,
but they appear as straight lines under UV-PL measurements. The term 'PL-black’ refers to non-radiative
recombination of photo-generated carriers. Similar to what happens in Ref. [6], we reveal these SSDs in
4H-SiC seed crystal by employing photochemical etching to clarify the nature of the SSDs. Fig. 1(c)

displays the OM image of the SSDs after photochemical etching, which corresponds to the region of
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relatively high-density PL-Black region in Fig. 1(a). In order to understand the effect of SSDs on the
seed crystal on the crystal quality of 4H-SiC single crystals, we carry out CMP of the seed crystal to
remove SSDs, and use the same seed crystal to grow 4H-SiCsingle crystal by the PVT technology.

To investigate the effect of SSDs in the seed crystal on the initial crystal quality of 4H-SiC single
crystals, we stop the PVT growth, and investigate the surface morphologies of the 4H-SiC single crystal.
Fig. 1(d) shows that after 30 minutes of the PVT growth, there exists scratch-like substances on the same
region of the SSDs in the 4H-SiC seed crystal. The three-dimensional (3D) morphologies of these

scratch-like lines is presented in Fig. 1(e). It is clear that the 3D morphologies of the so-called scratch-
like substances are actually ridge-like structures with the height ranging from 0.2 tol.5 pm, while the

other regions have smooth surfaces with a Roughness Average (Ra) of 80 nm. Considering the shape and
the location of the scratch-like substances in the grown crystal overlap with the SSDs in the seed crystal,
the scratch-like lines might be caused by SSDs in the seed crystal.

Raman measurements are then used to characterize the crystal quality of 4H-SiC across the scratch-
like lines. The standard Raman spectra of 4H-SiC is shown in Fig. 2(a). The peaks locating at 204 cm’!,
776 cm!, and 980 cm! correspond to the first order of the folded modes of the transverse acoustic branch
(FTA), transverse optical branch (FTO), and the longitudinal optical branch (FLO) of 4H-SiC,
respectively. These peaks can be used to characterize the crystalline quality, internal stresses, phase
transitions, and other related properties of 4H-SiC [8]. Fig. 2(c) presents the Raman spectra of the defect
and non-defect regions of 4H-SiC in the initial growth stage. It is clear that both the defective and non-
defective regions exhibit characteristic Raman peaks, confirming the presence of 4H-SiC polymorph.
The Raman spectra in Fig. 2(d) and Fig. 2(e) exhibit the Raman characteristic peaks at 204 cm! and 776
cm!. These peaks indicate that the values of the full width at half maximum (FWHM) of the 204 cm! is
larger in the defect region compared to the non-defect region. The broadening of the FTA peak indicates
the degradation of the crystal quality in the defective region. The positive and negative shifts of the peak
of the FTO mode indicate the compressive and tensile residual stresses, respectively [9]. In contrast to
the non-defective regions, the FTO peak shifts to lower wavelengths in the defective regions with large
offset values, which indicates the presence of large tensile stresses in the defective regions. During the
PVT growth, the ambient gas phases such as Si, Si,C, and SiC, exhibit a preference to aggregate and

react, leading to nucleation at the defective area. One of the main reasons for this change in the growth
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mode is the presence of higher levels of stress in the defective region [10]. At the initial PVT growth
stage of the 4H-SiC single crystal, the spiral growth mode of the step spreading from the facet region has
not yet fully developed. Due to the imperfect spiral growth mode, there exists higher density of
dislocations caused by the SSDs in 4H-SiC seed crystals. This, in turn, results in higher energy

accumulation in these regions.
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Fig. 2 (a) The Raman spectra of 4H-SiC. The Raman spectra of 4H-SiC grown around the SSDs of the
seed crystal after 30 min of growth. (d) The Raman spectra around 204 cm’! and (e) 776 cm!

characteristic peak corresponding to the positions indicated in (b).

3.2 Evolution of defects caused by SSDs as the PVT growth proceeds

By comparing the top and bottom wafers of the crystal, we can explore the evolution of defects
corresponding to SSDs in the seed crystal as the growth proceeds. Fig. 3 presents the HRXRD rocking
curves of the top and bottom 4H-SiC wafers, with the points taken shown in Fig. 3(c). As shown in Fig.
3(a) and Fig.3(b), the shape of the rocking curve of the top 4H-SiC wafer more closely resembles the
Gaussian form when compared with the bottom 4H-SiC wafer. The rocking curves of the bottom wafer
have different shapes and even appear bimodal, suggesting that the polymorph of SiC may have changed
in this region [11]. Since the rocking curve of XRD can reflect the crystallinity of the crystal [12], the
crystallization of 4H-SiC is enhanced as the PVT growth proceeds. This indicates that the effect of SSDs
in the seed crystal gradually decreases as the PVT growth proceeds. Meanwhile, the FWHM statistics of

each point of the top and bottom wafers in Fig. 3(d) show that the FWHM of the rocking curves of the
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bottom wafer is generally larger than that of the top wafer. However, there are also singularities where
the FWHM of the bottom wafer is larger than that of the top wafer, which may be caused by other defect

factors in the crystal.
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Fig.3 Rocking curves of HRXRD corresponding to the (a) bottom and (b) top wafers of 4H-SiC at the

(c) pickup points position, and their FWHM statistics are shown in (d).

Molten KOH etching is then employed to reveal dislocations in 4H-SiC wafers to investigate the
effect of SSDs in the seed crystal on the distribution of dislocations in PVT-grown 4H-SiC single crystals.
The top and bottom wafers were etched separately in molten KOH for 10 min. Fig. 4(a) displays the
surface morphology of the growth after 30 minutes, while Fig. 4(b) and Fig. 4(c) show the morphologies
of the molten KOH etched top and bottom wafers. The distribution of defects within the crystal after 30
minutes of growth can be roughly characterized by the results of the bottom wafer. Compared with the
bottom wafer, both the distribution and density of the etching pits were optimized after the molten KOH
etching of the top wafer, indicating that defects such as dislocations have gradually disappeared during
growth, leading to an improvement in the crystal quality. Additionally, a similar morphological pattern
was observed in the upper right corner of the figure, whether after 30 minutes of growth or molten KOH
etching of the top and bottom wafers. The pattern's shape is "N"-shaped, resembling the pattern of grain
boundaries shown in Fig. 4(d), Fig. 4(e), and Fig. 4(f). Fig. 4(g) and Fig. 4(h) show the zoom-in image
of this defective region, marked by the red line in reveals that the defects at the marking location are

formed by a large number of aggregated TED dislocations. Previous studies have reported LAGBs



172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

resulting from the aggregation of a large number of TEDs, leading to the appearance of a dislocation
walls phenomenon [13]. Combining with the previous speculations, it can be determined that the defects

associated with the "N"-shaped pattern are LAGBs generated during growth.

(a)

Fig. 4 (a) Morphology of the crystal surface after 30 min of PVT growth. Surface morphologies of etched
(b) bottom and (c) top wafers after 5 h of PVT growth. (d)-(f) Zooming in surface morphologies of the
same positions in Figs. (a)-(c), respectively. Fig. (g) and (h) show localized magnified views of similar

LAGB:s in bottom and top wafers, respectively.

During the early stage of crystal growth, the mode of growth was predominantly dominated by the
preferential growth of crystals at SSDs, supplemented by growth along the direction of the step. This
leads to a deviation of the crystals grown in the two modes. Especially near the interface of the two
crystals, stresses coalesce. Due to this internal stress, in the early stages of growth, different growth
centers are dislocated and tilted against each other, leading in turn to elastic deformation of crystals
grown at two different rates to accommodate lattice tilting or the formation of LAGBs.

As mentioned before, dislocations on 4H-SiC wafers would gradually decrease along the crystal

growth direction [14, 15]. However, in Fig. 4(b) and Fig. 4(c), there are still a large number of etching
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pits visible near LAGBs. This is because LAGBs can induce dislocation nucleation. LAGBs provide
additional surface energy that can serve as nucleation sites for crystal growth. The more nucleation sites
grow, the easier dislocations, including TEDs, BPDs, and TSDs, can form. However, this does not mean
that the region would remain a high defect density in growth, as LAGBs were not constant over time,
and they would change according to the environmental factors affecting crystal growth. It can be noticed
that the LAGBs, which could be observed in the bottom wafer, have completely disappeared in the top
wafer, as shown by the blue wireframe markings in Fig. 4(g). This phenomenon can be explained by the
mechanism of dislocation conversion. The main components of LAGBs in this study are TEDs. When
TEDs encounter approaching macro-steps (formed on off-axis grown crystals by step bunching), the
TEDs are deflected due to the overgrowth of the macro-steps and can only be deflected to the basal plane
in the direction of the step flow because the macro-steps do not allow dislocations to enter their
structure[16]. As the crystal grows, the edge-type dislocations were gradually converted from TEDs to

BPDs, resulting in the gradual disappearance of LAGBs.

4. Conclusion

In summary, we have investigated the effect of SSDs in the seed crystal on the crystal quality of
PVT-grown 4H-SiC single crystals. The research indicates that the existence of SSDs results in the
development of significant internal stresses and compromised crystal quality, along with noticeable
macroscopic defects like LAGBs, within the specified region during the process of 4H-SiC crystal
growth. At the initial stages of growth, SSDs in the seed crystal increase the local surface energy, leading
to preferential nucleation of crystals with high-energy surfaces. Consequently, the dominant growth
mode is characterized by growth along these high-energy surfaces. However, at this time, especially in
the denser region of SSDs, the grown crystals of the two modes are misaligned and tilted in their growth
centers due to different growth rates and other reasons, which in turn form obvious LAGBs. By molten
KOH etching, we succeeded in revealing the etch pit morphology of LAGBs in crystals grown in
proximity to SSDs. We found that LAGBs are dislocation walls formed by the aggregation of a large
number of TEDs, and that SSDs increase the densities of dislocations such as TEDs in the crystals. As a
result, there are extremely high dislocation densities of TEDs and BPDs in the vicinity of LAGBs. Our

work indicates that careful wafering process should be designed to avoid the presence of SSDs in the
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seed crystals to improve the quality of PVT-grown 4H-SiC single crystals. It also provides a new basis

for identifying the origin of LAGBs in 4H-SiC wafers.
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