
1Scientific RepoRts | 5:10748 | DOi: 10.1038/srep10748

www.nature.com/scientificreports

Direct growth of freestanding GaN 
on C-face SiC by HVPE
Yuan Tian, Yongliang Shao, Yongzhong Wu, Xiaopeng Hao, Lei Zhang, Yuanbin Dai & 
Qin Huo

In this work, high quality GaN crystal was successfully grown on C-face 6H-SiC by HVPE using a two 
steps growth process. Due to the small interaction stress between the GaN and the SiC substrate, 
the GaN was self-separated from the SiC substrate even with a small thickness of about 100 μm. 
Moreover, the SiC substrate was excellent without damage after the whole process so that it can be 
repeatedly used in the GaN growth. Hot phosphoric acid etching (at 240 °C for 30 min) was employed 
to identify the polarity of the GaN layer. According to the etching results, the obtained layer was 
Ga-polar GaN. High-resolution X-ray diffraction (HRXRD) and electron backscatter diffraction (EBSD) 
were done to characterize the quality of the freestanding GaN. The Raman measurements showed 
that the freestanding GaN film grown on the C-face 6H-SiC was stress-free. The optical properties of 
the freestanding GaN layer were determined by photoluminescence (PL) spectra.

Recently, GaN-based materials have attracted much interest as a material suitable for use in optoelec-
tronic and electronic devices due to their excellent properties1–3. However due to the immature GaN 
freestanding substrate technology, current commercial GaN-based devices are fabricated by epitaxy onto 
foreign substrates. The large lattice mismatch and difference in thermal expansion coefficient between 
the substrate and the layer results in high defect density (107–1010/cm2), which degrades its optical and 
electrical properties4–6. Thus, freestanding GaN wafers are in urgent need. Hydride vapor phase epitaxy 
(HVPE) is supposed to be the most promising method to acquire freestanding GaN with the advantages 
of simple equipment, low cost and quick growth speed7. GaN bulk growth using HVPE is started in 
most cases on c-oriented Al2O3 substrates. Due to the high lattice mismatch (13.8%), a high dislocation 
density is formed. In order to improve the crystal quality of GaN film, SiC is considered to be promising 
substrate material because of small lattice match (3.4%) and similar thermal expansion coefficient. GaN 
grown on SiC instead of sapphire has better crystal quality and smaller residual stress8. Several papers 
about the direct growth of GaN layers on Si- face SiC substrates by HVPE9 have been reported. However, 
there have been few papers about the direct growth of GaN layers on C-face SiC substrates by HVPE as 
the growth of high quality GaN on C- face SiC is much more difficult10.

In this paper, we successfully obtained high quality, stress-free GaN layer which directly self-separated 
from the SiC substrate. This method avoids ex situ processing to separate GaN layer from substrate 
before or after the growth. This is very different from the ones reported before such as mechanical lap-
ping of sapphire11, laser lift-off12, chemical etching13, void assisted separation14 and ELOG15. Moreover, 
due to the small interaction stress between GaN and the SiC substrate, the SiC substrate was excellent 
without damage after the whole process so that it can be repeatedly used in the GaN growth.

Experimental
The growth was done in a home-built vertical HVPE reactor at atmospheric pressure. The precursors and 
carrier gases were delivered from the bottom. GaCl, NH3 and N2 were used as gallium source, nitrogen 
source and carrier gas, respectively. The C-face 6H-SiC substrate was employed in the subsequent HVPE 
growth. HCl gas reacted with liquid Ga at 500-800 °C to form GaCl, which was then transported to the 
template where it reacted with NH3 to form GaN.
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Figure 1 shows the different growth steps. First, the substrate was heated to 600 °C for deposition 
of low temperature GaN (LT-GaN) buffer layer, which was grown with 1800 sccm of NH3 and 10 sccm 
of GaCl for 30 min. Thereafter, the temperature was increased to 1080 °C and kept constant for 10 min. 
The layer was annealed in this step in presence of NH3 to improve the crystallinity. Then, thick high 
temperature GaN (HT-GaN) was grown at 1050 °C with 1800 sccm of NH3 and 20 sccm of GaCl. Finally, 
the temperature was cooled down with 300 sccm of NH3.

The morphologies of GaN were investigated by a field emission scanning electron microscope 
(FE-SEM, Hitachi S-4800). A cross-sectional EBSD measurement was carried out by an EBSD system 
(Oxford Instruments INCA Crystal EBSD system, Nordlys EBSD Detector and HKL CHANNEL5 soft-
ware) in the FE-SEM. Structural characterization of LT-GaN buffer was carried out with a Burker AXS 
X-ray system using Cu-Kα  radiation. The Raman spectroscopy (LabRAM HR system of Horiba Jobin 
Yvon) at room temperature using a 532 nm solid state laser as the excitation source was employed to 
identify the stress of the freestanding GaN. The accuracy during the Raman measurements was 0.5 cm−1 
with a spot size of approximately 2.0 mm. High-resolution X-ray diffraction (HRXRD) characterizations 
were performed on a Bruker D8 Discover High Resolution X-Ray Diffractometer using symmetrical 
(002) and asymmetrical (102) reflections, which provided a resolution of about 13 arcsec and a slit width 
of 0.6 mm. The optical property was determined by room temperature photoluminescence (PL) measure-
ments with a 325 nm He–Cd laser as the excitation source.

Results and discussion
The morphology of LT-GaN buffer before annealing with randomly oriented three dimensional GaN 
islands formed at onset of nucleation is shown in Fig. 2a. The image demonstrates a clear Volmer-Weber 

Figure 1. Schematic diagram of the growth process. 

Figure 2. SEM images of LT-GaN buffer before annealing (a), after annealing (c,d) and 2θ − ω XRD 
diffraction pattern of LT-GaN buffer (b). 
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island growth mode because of the poor surface wetting between GaN and SiC16,17. The subsequent 
annealing step recrystallizes the layer. After annealing, the morphology changes and some flat regions 
appear as shown in Fig.  2c. Figure  2b shows 2θ − ω XRD diffraction pattern of LT-GaN buffer on SiC 
before annealing. From Fig. 2b, the LT-GaN buffer studied in this work has a single crystalline structure. 
The position of the peaks corresponds to wurtzite GaN and 6H-SiC, with the epitaxial relationship (0001) 
GaN//(0001) 6H-SiC.

After cooling down process, a mirror-like GaN layer with a thickness of about 100 μ m and area of 
about 4 cm2 was spontaneously separated from SiC substrate. The picture of freestanding GaN is shown 
in Fig. 3c. The separation occurred at the interface of the buffer and the SiC. The LT-GaN buffer and the 
annealing process are responsible for the separation of the GaN and the SiC. At high temperature, GaN 
is decomposed into liquid gallium and nitrogen gas. The threshold temperature for the thermal decom-
position of GaN is known to be 830 °C18 and the decomposition rate rises with temperature19. LT-GaN 
buffer was grown on 6H-SiC directly. The crystallographic orientation relationship between GaN and 
6H-SiC is shown as follows:

[0001] [0001]GaN SiC//

[1010] [1010]GaN SiC//

Though the LT-GaN buffer studied in this work has a single crystalline structure, the crystal quality 
is poor which can be seen from Fig.  2b. This made the decomposition much easier. LT-GaN buffer 
before annealing was not separated from SiC. Figure 3a shows the cross-section of LT-GaN buffer before 
annealing. There are many small voids at the interface between LT-GaN buffer and SiC. The voids at the 
interface are confined, as a result, the supply of source materials for GaN, i.e., NH3 and GaCl, is virtu-
ally stopped. During annealing process, decomposition of GaN in the confined space begins as a result 
of the high temperature. The decomposition is significant on the N-face of the islands, and buffer layer 
separated from SiC. Fig. 3b shows the cross-section of the LT-GaN buffer after annealing. The buffer is 
separated with the substrate though the buffer is very thin (about 500 nm) which indicates a very small 
interaction force between GaN and the substrate. This can also be seen from the bird’s-eye view of the 
LT-GaN buffer after annealing with many swell and drop off. (Figure 2d)

The freestanding GaN was etched in phosphoric acid at 240 °C for 30 min.The morphologies of the 
surface (Fig. 4a) and the back surface (Fig. 4b) after etching were shown in Fig. 4. GaN polarity can be 
identified after hot phosphoric acid etching since the etching rate and the resulting surface morphology 
is polarity dependent. Only N-polar GaN epilayers can be etched in phosphoric acid at 100 °C20. When 
the etching temperature is higher than 220 °C, the N-polar GaN films etched quickly, with either a drastic 
change in the surface morphology or complete film removal while only hexagonal etch pits associated 
with defects formed on Ga-polar films, leaving the defect-free GaN areas intact and the morphology 
unchanged21–26. According to Fig.  4, the GaN layer grown on C face 6H-SiC in this study is Ga-polar 
GaN.

Raman spectroscopy has been widely used to identify the property of III-nitrides. In GaN, the E2 
(high) phonon of Raman spectroscopy is used to characterize the in plane stress state of the GaN epilayer. 
The stress can be calculated by equation (1)27:

cm Gpa
4 3 1

1 1σ
∆ω

=
.
( ) ( )

− −

Where σ  is the biaxial stress and ω  is the E2 phonon peak shift. The E2 phonon of stress-free GaN 
is believed to be 566.2 cm−1 28. Figure 5a depicts the Raman spectra of the freestanding GaN grown on C 

Figure 3. SEM images of cross-section of LT-GaN buffer before annealing (a) and after annealing (b), 
backside of freestanding GaN (c). 
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face 6H-SiC. The position of E2 (high) phonon is at 566.2 cm−1, which indicates that the freestanding GaN 
grown on C face 6H-SiC is stress-free. Figure 5b shows the the back surface morphology of freestanding 
GaN. The decomposed area is more than 50%, which explains the stress state of the freestanding GaN.

The electron backscatter diffraction (EBSD) technique in a scanning electron microscope (SEM) is an 
effective technique for studying the crystal phase, orientation, and lattice strain variation that are typical 
in semiconducting materials29,30. This technique allows us to probe the mechanism of the crystal quality 
improvement at the microstructural level with high spatial resolution and good strain sensitivity31–33. 
The Kikuchi patterns in EBSD is widely used to identify the crystallographic orientation of crystalline 
by conform the Miller index of the surface. Figure  6a showed the Kikuchi patterns in cross-sectional 
surface of freestanding GaN, the patterns were clear which means that the surface was flat and the crystal 
structure of GaN was perfect. The result indicates that the GaN cross-sectional surface is (11-20) plane.

The EBSD mapping measurement was carried out at the cross-section of freestanding GaN. The polar 
figures of this section (Fig. 6b) were calculated by the HKL CHANNEL5 software depending on the map-
ping results, which confirm that the surface detected is (11-20) plane. The band slope (BS) was a measure 
of the quality of the original electronic backscattering patterns (EBSP) used in the indexing procedure. BS 
value is derived from the mean gradient of detected peaks in the Hough transform, and is a measure of 
the sharpness of bands, with higher values representing better EBSP quality. The BS value is strain sensi-
tive, especially in measurement of single crystals. Meanwhile, it reflects local dislocation concentrations. 
Figure 6c shows the BS from EBSD mapping data for cross-sectional surface of freestanding GaN. The BS 
value is small near the interface and increases when the distance to the interface becomes large. This pre-
dicts a decrease of strain and dislocation concentration upon growth. To be clear, the BS varies with sur-
face polish or damage34, so the BS valve increases acutely near the surface corresponding to the rough area.

Figure  7 shows the ω -scans spectra from the symmetric (002) and asymmetric (102) planes of the 
freestanding GaN layers. HRXRD characterizations were performed to examine the misorientation 
between sub-grains, which mitigated by generation of dislocations. mosaic tilt reflects screw and mixed 
type TD density while twist indicates edge and mixed TD density. The full width at half maximum 
(FWHM) on the (002) reflection probes tilt which represents misorientation of sub-grains out-of-plane. 
The FWHM on the (102) reflection is sensitive to both tilt and twist. Thus, the FWHM of the (002) peak 
is usually used to evaluate the screw or mixed TDs density while the (102) peak is sensitive to all TDs. 
The FWHM of (002) peak is 261 arcsec (Fig. 7a) and the FWHM of (102) peak is 272 arcsec (Fig. 7b). 
The dislocation density can be calculated from equation (2)35:

Figure 4. SEM images of the surface morphology and back surface morphology of freestanding GaN 
after hot phosphoric acid etching. 

Figure 5. Raman spectroscopy of freestanding GaN (a) and SEM image of the back surface morphology (b). 
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Where β  is the FWHM and b is the Burgers vector. The calculated TD density in GaN layer is 1.17 
E +  08 cm−2.

Figure 8 shows the room temperature PL spectra of the freestanding GaN grown on C face 6H-SiC. 
A strong band edge emission of GaN is found at 362 nm (3.425 eV), which confirms that the GaN layer 
is a hexagonal phase rather than cubic phase (excitonic emission around 3.2 eV).

The TDs in the GaN film play the role of non-radiative recombination centers to deteriorate the 
luminescence efficiency36. The strong band edge emission demonstrates that the optical quality of the 
HVPE GaN layer is good and the TDs density is low. The FWHM of the band-edge emission is 123 meV. 

Figure 6. EBSD Kikuchi patterns (a), pole figures (b) and band slope (c) detected in cross-sectional GaN. 
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The very weak yellow luminescence band at 500–600 nm implies a low density of native defects, such as 
vacancies, interstitials and anti-sites in the sample37–39.

For a semiconductor, the band gap energy is changed by the stress applied to the layer. The band gap 
energy of GaN at room temperature under c-plane was reported as equation (3)40:

E eV 3 4285 0 0211 xx GPa 3σ( ) = . + . ( ) ( )

According equation (3), the strain of the freestanding GaN is approach to zero, which quite fits in with 
the result of the Raman spectroscopy.

Conclusion
The direct growth of GaN on the C-face 6H-SiC by HVPE has been demonstrated. The GaN was 
self-seperated from the 6H-SiC which can save both time and money to separate GaN layer and sub-
strate. Moreover, the SiC substrate was excellent without damage after the whole process so that it can 
be repeatedly used in the GaN growth. The self-separation was attributed to the LT-GaN buffer and the 
annealing process. According to the hot phosphoric acid etching results, the obtained layer was Ga-polar 
GaN. According to the HRXRD results, the FWHM of (002) peak was 261 arcsec and the The FWHM 
of (102) peak was 272 arcsec. EBSD carried out at the cross-section of the freestanding GaN proved a 
high crystal quality and a decrease of strain and dislocation concentration upon growth. The Raman 
measurements and PL spectra showed that the freestanding GaN film grown on the C-face 6H-SiC was 
stress-free. The PL spectra also indicated good optical quality of the freestanding GaN layer.
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