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Abstract Semipolar {20-21} GaN layers were grown on {22-43} patterned 
sapphire substrates by metal–organic vapor phase epitaxy using a two-step 
growth method. We succeeded in suppressing −c-plane growth at growth tem-
peratures of 1,000 and 900 °C for the first and second steps, respectively; the 
resulting structure exhibited a large reduction in the number of stacking faults 
upon optimizing the growth conditions. Photoluminescence measurements 
showed an increase in the near-band-edge emission and a decrease in deep-
center emission when the two-step growth was performed at higher V/III ratio.
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3.1  Introduction 

GaN and other related semiconductor materials have been widely used in the 
fabrication  of  light-emitting  diodes  (LEDs),  laser  diodes  (LDs),  radio-frequency 
devices,  and  power  devices.  In  general,  commercially  available  LEDs  and  LDs 
are fabricated on a polar c-plane  GaN.  However,  the  quantum  confined  Stark 
effect  (QCSE)  due  to  polarization-induced  strong  internal  electric  fields  inside 
c-plane  InGaN/GaN  multiple  quantum  wells  causes  the  degradation  of  device 
performance. QCSE is reduced by using semipolar and nonpolar GaN substrates 
[1]. Most notably,  the green LD has been realized by using a semipolar {20-21} 
GaN substrate [2],  and  improvements  in  the  efficiency  droop  of  LEDs  for  high 
injection currents have been achieved by using a semipolar {20-2-1} GaN sub-
strate [3]. A nonpolar or semipolar GaN substrate is usually fabricated by slicing 
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bulk c-plane GaN. Hence, large-sized semipolar {20-21} GaN substrates are not  
commercially available to grow the abovementioned device structures. Therefore, 
the fabrication of large-sized {20-21} GaN substrates on foreign substrates as well 
as a- [4], m- [5, 6], {10-1-3}, {11-22} [7], and {10-11} [8] is desirable. However, 
the use of {20-21} GaN templates on foreign substrates such as sapphire or silicon 
has not thus far been reported. We have previously reported the fabrication of a 
2-inch-diameter  {20-21}  GaN  layer  on  a  patterned  sapphire  substrate  (PSS)  by 
using metal–organic  vapor  phase  epitaxy  (MOVPE)  [9]  and  the  subsequent  fab-
rication of a 2-inch-diameter freestanding {20-21} GaN by using hydride vapor 
phase  epitaxy  (HVPE)  [10]. In this light, previous studies have reported on the 
heteroepitaxial growth mode of semipolar GaN [11–13]. In order to obtain a high-
crystalline-quality  bulk  {20-21} GaN  substrate  using  the  sapphire  substrate,  the 
crystalline  quality  of  the  {20-21}  GaN  layer  is  also  important,  and  its  growth 
mode should be investigated in detail. However, the growth mode of the {20-21} 
GaN layer has not thus far been investigated. In this work, we investigated the het-
eroepitaxial growth mode of a {20-21} GaN layer on PSS and the resulting crys-
talline quality of the {20-21} GaN layer.

3.2  Experimental Procedure 

For the growth of the semipolar {20-21} GaN layer, we prepared a stripe-patterned 
{22-43} PSS with an SiO2 mask. Stripe patterns were formed perpendicular to the 
c-axis of {22-43} sapphire by using conventional photolithography and inductively 
coupled plasma reactive  ion etching  (ICP-RIE). As a consequence,  the stripe-pat-
terned {22-43} PSS had a c-plane-like sapphire sidewall, because it is difficult to 
fabricate the exact c-plane sapphire sidewall using ICP-RIE. The depth and width 
of the grooves formed by etching were 1 and 3 μm, respectively. The period of the 
stripe  pattern was  6 μm. The SiO2 mask was deposited on the ridges to prevent 
the growth of GaN [13]. A {20-21} GaN layer was grown on the PSS by using 
MOVPE. Trimethylgallium (TMG) and ammonia (NH3) were used as the sources 
of Ga and N, respectively. The carrier gas used was purified H2. Figure 3.1 shows 
the temperature profile corresponding to the growth of a {20-21} GaN layer by 
MOVPE. A low-temperature GaN buffer layer was grown at 460 °C after thermal 

Fig. 3.1  Schematic of 
temperature profile for (a) 
thermal cleaning (b) growth 
of low-temperature GaN 
buffer layer c growth of 
GaN layer in first step, and 
(d) growth of GaN layer in 
second step. The V/III ratio 
was varied from 147 to 2,942
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cleaning.  Subsequently,  a  {20-21}  GaN  layer  was  grown  by  using  a  two-step 
growth method. The two-step growth method is useful to obtain perfectly coalesced 
GaN layers on the {22-43} PSS. Crystal growth was not interrupted between the 
first and second steps. 
The {20-21} GaN layers were observed by scanning electron microscope (SEM) 

with an acceleration voltage of 5 kV. Stacking faults were characterized by photolu-
minescence (PL) measurements at 4 K by using a 14 mW, 325 nm He–Cd laser.

3.3  Results and Discussion 

Firstly, we investigated the one-step growth of the semipolar {20-21} GaN layer 
on the {22-43} PSS [9]. The growth temperature and the V/III ratio were 1,000 °C 
and 294, respectively. This growth condition was optimized to obtain a selec-
tive area growth from the c-plane-like sapphire sidewall. Figure 3.2a, b show the 
cross-sectional  SEM  images  of  GaN  layers  grown  for  60  and  300 min,  respec-
tively. The initial facet structure was composed of one −c-plane and two {10-11}, 
as shown in Fig. 3.2a. However, the GaN layers did not coalesce with each other 
after 300 min of growth. Furthermore, the −c-plane GaN was grown as shown in 
Fig. 3.2b, with the growth region exhibiting a large defect density [14, 15]. These 
defects were mainly characterized as the I1 type of basal stacking faults (BSFs) by 
TEM observations. To mitigate these problems, we adopted the two-step growth 
method in this study. 

The growth of the GaN layer at lower temperatures was effective in enhancing 
the growth rate toward the +c-direction such that the +c facet structure shown 
in Fig. 3.2b disappeared [16]. Therefore, the two-step growth method was 
adopted to obtain coalesced continuous GaN layers. The growth temperatures 
of the first and second steps were 1,000 and 900 °C, respectively. The V/III ratio 
was maintained at 294 during the two-step growth process. The first step initi-
ates the growth of the GaN nucleus (Fig. 3.2a),  and  the  second  step  leads  to 
coalescence of the GaN layers. Figure 3.3 shows a cross-sectional SEM image 
of a perfectly coalesced GaN layer achieved by the two-step process. Triangular 
voids surrounded by the {10-11} GaN, −c-plane GaN, and {22-43} sapphire 
surface were formed. The GaN-layer surfaces consisted of m-plane and {10-11} 
facets. The width of the GaN-layer growth region toward the −c-direction was 
approximately 100 nm. 

Next, we investigated the temperature dependence of the growth rate for the 
second step. Figure 3.4a, b show cross-sectional SEM images of the GaN layers 
grown at 900 and 925 °C, respectively, in the second stage. Both GaN layers were 
perfectly coalesced. However, for the growth temperature of 925 °C, a large GaN 
growth region toward the −c-direction was observed. The width of this region 
was greater than 1,000 nm. We found that the optimization of growth temperature 
was essential to form a continuous GaN layer and to suppress GaN growth toward 
the—c-direction. 
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Fig. 3.3  Cross-sectional SEM image of semipolar {20-21} GaN layer grown by two-step 
method. Growth temperatures of first step/second step were 1,000 °C/900 °C. Dashed lines indi-
cate the region of GaN-layer growth toward the—c-direction
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Fig. 3.4  Cross-sectional SEM images of semipolar {20-21} GaN layers grown by using 
two-step growth method. The growth temperatures of the first step/second step were  
(a) 1,025 °C/900 °C and (b) 1,025 °C/925 °C. Dashed lines indicate the region of GaN growth 
toward the—c-direction
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Fig. 3.2  Cross-sectional SEM images of semipolar {20-21} GaN layers grown (a)  in  initial 
stage and (b) for 5 h by one-step growth
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The choice of the V/III ratio also affects the growth mode and crystalline 
quality  of  GaN.  Because  the  GaN  surface  along  the  +c-plane is terminated 
by Ga  atoms  (Ga-polar)  and  that  along  the −c-plane is terminated by N atoms 
(N-polar),  the  growth  of GaN  along  the −c-plane GaN was suppressed at low 
values of the V/III ratio [14]. Finally, therefore, we investigated the effect of 
the V/III ratio on the growth mode of {20-21} GaN. The growth temperatures 
of the first and second steps were fixed at 1,000 and 900 °C, respectively. The 
V/III  ratio was varied as 147, 294, 882, and 2,942. Figure 3.5 shows the cross-
sectional SEM images of the GaN layers grown at different V/III ratio. The width 
of the GaN-layer growth region toward the −c-direction was approximately 
200 nm when the V/III ratio was greater than 294. Despite the lowest V/III ratio 
of 147, the GaN-layer-width toward the −c-direction was greater than 1,500 nm. 
Although the reason underlying this phenomenon is unclear and under investiga-
tion, we speculate that the generation of many facet structures such as −c, +c, m, 
and {10-11} planes can complicate the growth mode. 

Figure 3.6 shows the near-band-edge (NBE) emission intensity and deep-center 
emission (yellow  luminescence)  intensity of  the grown GaN layers as a  function 
of the V/III ratio when measured at 4 K. The NBE emission was enhanced drasti-
cally with increase in the V/III ratio. The intensity of NBE emission of the sample 
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Fig. 3.5  Cross-sectional SEM images of semipolar {20-21} GaN layers grown by two-step 
growth method. The V/III ratios were (a) 147 (b) 294 (c) 882, and (d) 2,942. The growth tem-
peratures of the first step/second step were fixed at 1,000 °C/900 °C, respectively. Dashed lines 
indicate the regions of GaN-layer growth toward the—c-direction
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grown with the V/III ratio of 2,942 was approximately 50 times greater than that 
grown at  a V/III  ratio of 147. The deep-center emission decreased with  increase 
in the V/III ratio, as shown in Fig. 3.6b. We speculate that N vacancies are sup-
pressed at large V/III ratio. 

Figure 3.7  shows  the  PL  spectra  of  semipolar  {20-21} GaN  layers  grown  at 
various V/III ratios measured at 4 K. A peak at around 3.49 eV representing NBE 
emission was observed for the {20-21} GaN layers grown on the {22-43} PSS. 
BSFs and prismatic stacking faults (PSFs) were responsible for emission at ener-
gies of approximately 3.44 and 3.33 eV, respectively [17]. The I1 type of BSFs 
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Fig. 3.6  PL intensity of (a) NBE emission and (b) deep-center emission as function of V/III ratio
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Fig. 3.7  PL spectra of semipolar {20-21} GaN layers grown at various V/III ratio at 4 K. Inset 
shows magnification of the spectra around the range of NBE emissions
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with the lowest formation energies [18] were observed in all samples. The GaN 
layer with strong emission corresponding to BSFs exhibited a large GaN-layer 
growth region toward the −c-direction. When  the V/III  ratio  was  147,  a  strong 
emission corresponding to PSFs was observed. The NBE emission peaks exhibited 
a gradual shift to the high-energy side with increasing V/III ratio, as shown in inset 
of Fig. 3.7. The slight difference was attributed to the variation in compressive 
stress in the sample structures. A large V/III ratio was necessary to grow GaN lay-
ers with a reduced concentration of deep-center defects, such as N vacancies, and 
without lattice relaxation. High-quality template is essential for the high-efficiency 
devices. We expect that semipolar GaN template with low defect density realize 
more efficient and cheap as light sources for optoelectronic devices. 

3.4  Summary 

In conclusion, we achieved the heteroepitaxial growth of semipolar {20-21} GaN 
on {22-43} PSS by using MOVPE, and we investigated the GaN growth mode of 
these samples. We succeeded in suppressing growth toward the −c-direction at 
growth temperatures of 1,000 and 900 °C for the first step and the second step, 
respectively; this resulted in a large reduction in the formation of stacking faults. 
The  PL measurements  showed  an  increase  in  NBE  emission  and  a  decrease  in 
deep-center emission when the two-step growth was performed at higher V/III 
ratio. We believe that our study will contribute to realize more efficient and cheap 
light sources for optoelectronic devices.
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