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Abstract  

A method to obtain high quality semipolar {101	3} GaN grown on m-plane sapphire is 

presented, which is similar to two-step nanoepitaxial lateral overgrowth (2S-NELOG) by 

combining TiN interlayer and self-assembled SiO2 nanospheres. For the 2S-NELOG semi-GaN, 

the root-mean-square roughness (RMS) is 1.8 nm with the scan of 5×5 µm2. The reduction of 

defect density is demonstrated by high resolution X-ray diffractometer (HRXRD) and 

transmission electron microscopy (TEM). The full widths at half maximum (FWHMs) of on-axis 

X-ray rocking curves (XRCs) are 381 and 524 arcsec, respectively, rocking toward the [3032] 

direction and the [1210] direction, and the anisotropy of mosaic is lower compared with planar 

and TiN semi-GaN. In addition, Raman analyses also show partial relaxation of the stress in the 

2S-NELOG semi-GaN. 
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1. Introduction  

Semipolar GaN layers have attracted considerable attention as means of reducing the 

quantum-confined Stark effect in GaN-based light emitting diodes (LEDs) [1-2]. Recently, 

semipolar blue LEDs have been demonstrated to approach their c-plane counterparts [3]. 

Especially, the output power and external quantum efficiency are the highest ever reported for 

green LEDs grown on semipolar GaN [4]. However, these devices are usually grown on bulk GaN 

substrates, which are obtained by slicing thick c-GaN grown by hydride vapor phase epitaxy 

(HVPE). Considering the limited availability of bulk GaN substrates due to their high cost and 

small size, heretoepitaxy is still an attractive approach to obtain semipolar GaN. Unfortunately, 

heteroepitaxial semipolar GaN films typically contain very high defect density, such as basal plane 

stacking faults (BSFs) in the range of 105 cm-1, partial dislocations (PDs) in the range of 1010 cm-2 

[5], which is believed to limit the room internal quantum efficiency of semipolar InGaN/GaN 

structures [6]. Although semipolar {101	3} GaN films have been grown on spinel substrate and 

m-plane sapphire [7-8], the crystal quality of as-grown films must be further improved for device 

growth.  

Epitaxial lateral overgrowth (ELOG) is a widely used technique to obtain high quality polar 

GaN, which has also been applied to grow low defect density of nonpolar and semipolar GaN 

[9-11]. Nevertheless, conventional ELOG process requires ex situ photolithographic steps, which 

increases the process complexity and cost that mass production is difficult. Alternative method is 

interlayer technique, such as CrN, ScN, TiN interlayer in heteroepitaxial semipolar GaN films 

[12-14]. This is similar to ELOG process, and the interlayer is used as the mask due to their 

porous network structure. Recently, self-assembled nanosphere technique also exhibits an 

improvement of polar or nonpolar GaN epilayer quality due to nanoepitaxial lateral overgrowth 

(NELOG) [15-17]. In addition, it is reported that two-step ELOG can further reduce the density of 

defects in GaN growth [18-19]. However, this requires more troublesome processes. In this paper, 

a method to obtain high quality semipolar {101	3} GaN grown on m-plane sapphire is presented, 

which is similar to two-step nanoepitaxial lateral overgrowth (2S-NELOG) by combining TiN 

interlayer and self-assembled SiO2 nanospheres. It is worthy of noting that interlayer and 

self-assembled nanosphere techniques similar to NELOG are nonlithographic nanoheteroepitaxy 

to obtain large size and uniform films due to nanometer-scale feature, which is cost-efficient for 
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mass production compared with the conventional ELOG.  

2. Experimental  

The fabrication process and schematic diagram of the samples were shown in Fig. 1. All 

samples were grown by HVPE in the home-designed horizontal quartz reactor. Ammonia gas 

(NH3) and GaCl which generated by reactions between hydrogen chloride (HCl) gas and liquid Ga 

are used as the nitrogen and gallium source, respectively. Nitride gas (N2) is used as carried gas in 

all experiments. First of all, nitridation treatment was carried out at 1080 ℃ for 8 min in a NH3 

environment prior to epitaxial growth. Then, the temperature was reduced to 930℃ and a buffer 

layer was grown for 5 min at a V/III ratio of 50 with HCl rate of 10 sccm. Subsequently, the 

temperature was raised to 1050℃, and about 5-µm GaN layer was grown at an enhanced V/III 

ratio with HCl rate of 40 sccm. This was used as GaN template in next growth. Secondly, a 10-nm 

TiN film was deposited on the GaN template by Discovery Magnetron Sputter Deposition systems, 

which is of wurtzite structure with porous network surface Morphology similar to previous report 

[20]. Thirdly, close-packed SiO2 nanospheres were formed by self-assembled at the air-water 

interface and were transferred to the underlying TiN layer. The detailed process was described in 

ref. [21]. Then, the separate nanospheres were obtained by inductively coupled plasma (ICP) 

etching with CF4 as etching gas. Diameter of nanospheres was determined by the process time of 

ICP etching. Finally, obtained substrate as shown in Fig. 1(d) is grown again under the same 

growth condition as the first growth by HVPE with the exception of nitridation step. About 50-µm 

GaN layer is obtained after 60 min growth and is labeled as 2S-NELOG semi-GaN. For the 

purpose of comparison, two samples respectively grown on a planar m-sapphire and GaN template 

with TiN interlayer were also prepared (labeled as planar semi-GaN and TiN IL semi-GaN, 

respectively), which is of the same thickness as 2S-NELOG semi-GaN. The crystallographic 

orientation and the crystalline quality of the as-grown GaN layers were studied by a high 

resolution X-ray diffractometer (HRXRD) using Cu Kα1 radiation. Morphology character of the 

as-grown films was characterized by JSM-5600LV scanning electronic microscope (SEM) and 

Nanoscope III atomic force microscope (AFM). The structural character of 2S-NELOG semi-GaN 

was investigated by transmission electron microscopy (TEM). Cross-section TEM specimens were 

prepared by a focused ion beam (FIB) instrument, and the observations were carried out on FEI 

Tecnai G2 F20 microscope operated at 200 kV accelerating voltage. The stress of the semipolar 
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GaN was analyzed by Raman spectroscopy. 

3. Results and discussion  

Top-view SEM image of separate nanospheres is shown in Fig. 2(a). Regular nanospheres 

with the average diameter of 500 nm are obtained on the underlying TiN layer followed by 200 s 

etching time. Cross-section and surface SEM images of 2S-NELOG semi-GaN are shown in Fig. 

2(b) and Fig. 2(c). Different layers can be seen from cross-section images and the surface of the 

sample is rather smooth. AFM images of all samples are illustrated in Fig. 2(d-f). The 

root-mean-square (RMS) roughness of the planar semi-GaN is 4.6 nm with the scan of 5×5 µm2. 

However, the RMS is reduced to 3.2 nm and 1.8 nm for TiN IL and 2S-NELOG semi-GaN, 

respectively. As far as the planar semi-GaN is concerned, the striated surface morphology 

perpendicular to the GaN [3032] direction is clearly visible. In contrast, the number of stripes 

reduces for the 2S-NELOG semi-GaN. It should be noted that the striated features are typical for 

nonpolar and semipolar GaN epilayers, which could prove strong morphological anisotropy and 

reflect density of BSFs [22-23]. These results suggest that the crystalline quality of the GaN layer 

can be improved, which ascribes to using TiN interlayer and self-assembled SiO2 nanospheres 

similar to 2S-NELOG.  

The surface orientation is determined using 2θ-ω scans that reveal the {101	3} plane for all 

samples. The detailed investigations have been reported in ref. [24]. It is reported that the 

dislocations in semipolar GaN epilayers include Frank-Shockley PDs with the Burgers vector b = 

1/6 <2023> (90%), Shockley PDs with b = 1/3 <1010> (8%) and perfect dislocations of a-type 

with b = 1/3 <1120> (2%) [25-26]. In addition, semipolar epilayers commonly contain BSFs and 

PSFs, which is I1-type BSFs bounded by Frank-Shockley PDs, I2-type BSFs bounded by Shockley 

PDs and prismatic stacking faults (PSFs) with the displacement vector R = 1/3<1120>. The 

invisibility criteria of the defects under XRD or TEM has been studied, and g·R = n are used for 

BSFs as well as g·b = 0 for PDs, where g is the reflection, R is the stacking fault displacement 

vector, b is the dislocation Burgers vector and n is an integer (including zero) [27-29]. For 

semipolar GaN, dislocations Burgers, stacking faults displacement vector and extinction rules 

under XRD or TEM are summarized in Table I. In order to characterize the defects of semipolar 

GaN layers, double-crystal X-ray rocking curves (XRCs) for on-axis and off-axis diffraction 

planes were carried out by HRXRD, where a 1.0×0.5 mm slit was employed for light source.  

Page 4 of 15CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure 3(a) shows on-axis XRCs of the semipolar {101	3} GaN with incident beam direction 

of [3032]. It can be seen that the full width at half maximum (FWHM) reduces and that the 

intensity of XRD increases when TiN IL or 2S-NELOG processes are applied. Fig. 3(b) shows the 

FWHMs of off-axis (000n) XRCs with different order n (2, 4, 6), which has an inclination angle 

320 with respect to {101	3} plane. Compared with that of the planar and TiN IL semi-GaN, the 

FWHMs of (000n) XRCs for the 2S-NELOG semi-GaN markedly decreased. According to the 

invisibility criteria as shown Table I, the Shockley PDs and perfect dislocations of a-type are 

visible under on-axis XRCs with incident beam direction of [3032], in contrast, and all stack 

faults are invisible. Also, only Frank-Shockley PDs is visible under off-axis (000n) XRCs. 

Therefore, these results indicate that the density of dislocations in the 2S-NELOG semi-GaN is 

decreased effectively. Fig. 3(c) shows FWHMs of the on axis {101	3} XRCs as a function of the 

azimuthal angle ϕ. The angle ϕ was set at 00 and 900 when the rocking direction was parallel to 

[3032] and the in-plane [1210], respectively. All samples exhibits anisotropy of mosaic in the 

on-axis rocking curves, which is often observed in semipolar GaN films caused by the growth rate 

in different orientation [7]. For the 2S-NELOG semi-GaN, the FWHMs of on- axis XRCs are 381 

and 524 arcsec respectively rocking toward the [3032] direction and the [1210] direction, which is 

the lowest in all samples. Meanwhile, the anisotropy of mosaic is of the same trend, which is 

ascribed to the reduction of the dislocations.  

To evaluate the BSFs in the semipolar {101	3} GaN, XRCs of off-axis (n0n0) planes, which 

has an inclination angle 580 with respect to {101	3} plane, were carried out. Fig. 3(d) shows the 

FWHMs of (n0n0) XRCs with different order n increased from 1 to 3. Compared with that of the 

planar and TiN IL semi-GaN, the FWHMs of (n0n0) XRCs for the 2S-NELOG semi-GaN 

markedly decreased. It should be noted that I1 and I2 BSFs should affect the (1010) and (2020) 

reflections, whereas neither should affect the (3030) reflection. Thus, these results indicate that the 

density of BSFs has been reduced in 2S-NELOG semi-GaN. The previous reports have 

demonstrated that TiN IL or SiO2 nanospheres as the mask can reduce the defect density in 

heteroepitaxial semipolar GaN, which is similar to nanolateral epitaxial overgrowth [14, 16]. So it 

is reasonalbe to speculate that the reduction of defect density in 2S-NELOG semi-GaN is due to 

two-step nanolateral epitaxial overgrowth, where TiN IL is used as the one mask and SiO2 

nanospheres as the other mask as shown in Fig. 1(e). 
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Cross-section TEM images of 2S–NELOG semi-GaN taken near the [1120]GaN zone axis are 

performed to further investigate the structure character and growth mechanism. At first, selected 

area diffraction (SAD) patterns were taken and shown in Fig. 4(a), which is used to determine 

(0002) and (0110) plane. Figure 4(b) presents a multiple beam bright-field (BF) image, which 

reveals the structure of the sample. Along the growth orientation, different layers are obviously 

seen, including GaN-1 at the bottom, the TiN interlayer (a magnified view of region I as shown in 

the inset), SiO2 nanospheres and GaN-2. Figure 4(c) shows dark-field (DF) image with diffraction 

vector g = (0002). As far as diffraction vector in the c-plane is concerned, BSFs, Shockley PDs 

and perfect dislocation of a-type are invisible, while Frank-Shockley PDs are visible. One can see 

that the density of Frank-Shockley PDs reduces markedly for GaN-2 layer, which is attributed to 

the block of TiN interlayer and SiO2 nanospheres and accords with the results of XRD. Figure 4(d) 

shows DF image at a magnified view of regionⅡ with diffraction vector g = (1100). It should be 

noted that BSFs is visible, in contrast, and PSFs is invisible in this case. Only a part of BSFs 

reoccurs at the surface of SiO2 nanospheres in GaN-2 layer. Because all TEM images are taken 

round the interface, we speculate the density of defects should further be reduced with the increase 

of film thickness. 

The stress of the semipolar GaN is analyzed by Raman spectroscopy. Figure 5(a) shows the 

results of Raman scattering analysis for all samples. The E2-high phonon modes of are located at 

567.3 cm-1 for 2S-NELOG semi-GaN, which is the lowest in three samples. The E2-high peak 

value of the unstrained GaN is believed to be 567.0 + 0.1 cm-1 [30]. The result indicates the partial 

relaxation of the stress in 2S-NELOG semi-GaN. Figure 5(b) and 5(c) show cross-sectional SEM 

images of TiN IL semi-GaN and 2S-NELOG semi-GaN, respectively. Some holes occur at the 

interface for TiN IL semi-GaN, and SiO2 nanospheres deform after regrowth for 2S-NELOG 

semi-GaN, so it is reasonable to speculate that the stress is partially relaxed due to the holes or 

deformation. 

4. Conclusion  

In conclusion, as far as 2S-NELOG semi-GaN is concerned, not only the defect density 

reduces, but the stress is partially relaxed compared with the planar and TiN IL seimi-GaN. 

Furthermore, the anisotropy of mosaic in the semipolar GaN is also obviously improved by 

2S-NELOG growth. Interestingly, this method is a nonlithographic process, and 2S-NELOG can 
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be realized only by once re-growth. It suggests this method is a useful and valuable technique to 

obtain high quality semipolar GaN. 
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Figure Captions 

Figure 1 A schematic graph of the fabrication process: (a) GaN templates grown on m-plane 

sapphire by HVPE. (b) TiN film by magnetron sputtering deposition. (c) close-packed 

nanospheres by self-assembled. (d) The separate nanospheres on the underlying TiN layer. (e) A 

schematic diagram of 2S-NELOG. 

Figure 2 (a) Top-view SEM image of nanospheres suffered from 200 s ICP etching. (b) 

Cross-section and (c) surface SEM images of 2S-NELOG semi-GaN. AFM (5×5 µm2) images of 

(d) planar semi-GaN, (e) TiN semi-GaN and (f) 2S-NELOG semi-GaN. 

Figure 3 (a) On-axis XRCs of {101	3} GaN with incident beam direction of [3032]. (b) FWHMs 

of (000n) XRCs (n=2, 4, 6). (c) FWHMs of the on-axis XRCs of {101	3} GaN as a function of the 

azimuth angle, ϕ. (d) FWHMs of (n0n0) XRCs (n=1, 2, 3).  

Figure 4 Cross-section TEM images of 2S-NELOG semi-GaN taken near the [1120]GaN zone axis. 

(a) Selected area diffraction (SAD) patterns. (b) Multiple beam BF image, the inset shows a 

magnified view of Region I. (c) DF image at (b) region, g = (0002). (d) DF image at a magnified 

view of regionⅡ, g = (1100).  

Figure 5 (a) Raman scattering analyses of semipolar {101	3} GaN. The inset shows a magnified 

view of red region. Cross-sectional SEM images of (b) TiN IL semi-GaN and (c) 2S-NELOG 

semi-GaN 

Table 1 Dislocations Burgers, stacking faults displacement vector and extinction rules under XRD 

or TEM 
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A schematic graph of the fabrication process: (a) GaN templates grown on m-plane sapphire by HVPE. (b) 
TiN film by magnetron sputtering deposition. (c) close-packed nanospheres by self-assembled. (d) The 

separate nanospheres on the underlying TiN layer. (e) A schematic diagram of 2S-NELOG.  
962x289mm (72 x 72 DPI)  
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(a) Top-view SEM image of nanospheres suffered from 200 s ICP etching. (b) Cross-section and (c) surface 
SEM images of 2S-NELOG semi-GaN. AFM (5×5 µm2) images of (d) planar semi-GaN, (e) TiN semi-GaN and 

(f) 2S-NELOG semi-GaN.  
878x516mm (72 x 72 DPI)  
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(a) On-axis XRCs of {10(1 ) ̅3 ̅} GaN with incident beam direction of [303 ̅2 ̅]. (b) FWHMs of (000n) XRCs 

(n=2, 4, 6). (c) FWHMs of the on-axis XRCs of {10(1 ) ̅3 ̅} GaN as a function of the azimuth angle, Φ (d) 

FWHMs of (n0n ̅0) XRCs (n=1, 2, 3).  

735x520mm (72 x 72 DPI)  
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Cross-section TEM images of 2S-NELOG semi-GaN taken near the [112 ̅0]GaN zone axis. (a) Selected area 

diffraction (SAD) patterns. (b) Multiple beam BF image, the inset shows a magnified view of Region I. (c) DF 
image at (b) region, g = (0002). (d) DF image at a magnified view of regionⅡ, g = (11 ̅00).  

334x335mm (150 x 150 DPI)  
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(a) Raman scattering analyses of semipolar {10(1 ) ̅3 ̅} GaN. The inset shows a magnified view of red 

region. Cross-sectional SEM images of (b) TiN IL semi-GaN and (c) 2S-NELOG semi-GaN  
512x359mm (72 x 72 DPI)  
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Dislocations Burgers, stacking faults displacement vector and extinction rules under XRD or TEM  
412x84mm (72 x 72 DPI)  
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