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We report on void defect formation in ð2021Þ semipolar InGaN quantum wells (QWs) emitting in

the green spectral region. Fluorescence and transmission electron microscopy studies indicate that

this type of defect is associated with voids with f10�11g, f10�10g, and f000�1g side facets in the

QW region. Systematic growth studies show that this defect can be effectively suppressed by

reducing the growth rate for the active region. Green light-emitting diodes (LEDs) with reduced

active region growth rate showed enhanced power and wavelength performance. The improved

LED performance is attributed to the absence of void defects in the active region. VC 2013
American Institute of Physics. [http://dx.doi.org/10.1063/1.4794864]

Nonpolar (NP) and semipolar (SP) growth of the

(Al,Ga,In)N-based semiconductors are attractive for the fab-

rication of long wavelength light-emitting diodes (LEDs)

and laser diodes (LDs), due to the reduction of the quantum

confined Stark effect (QCSE) in the quantum wells

(QWs).1–4 NP and SP devices have higher radiative recombi-

nation rate and reduced wavelength shift with increasing car-

rier injection in comparison with conventional c-plane

(0001) LEDs.5–7 Growth of high-indium-content NP and SP

QWs, however, often leads to the formation of the extended

defects, e.g., misfit dislocations (MDs) and basal plane stack-

ing faults (BPSFs), at highly mismatched interfaces.8 These

defects, which commonly act as nonradiative recombination

centers, are extremely detrimental to optoelectronic device

performance. Understanding the defect generation mecha-

nisms and their suppression methods are therefore essential

for developing high performance NP and SP LEDs and LDs

in the long wavelength region.

Recently, several SP orientations have shown improved

defects tolerance and material quality for the growth of long

wavelength InGaN QWs.9 The SP ð2021Þ plane has been

used to produce high performance green LEDs and LDs.3,4,9

It was argued that InGaN layer grown on this plane exhibit a

high degree of homogeneity even with high indium content.3

Several other advantageous features, including high optical

polarization, high indium incorporation, and small wave-

length shift, were recently reported on ð2021Þ green LEDs

and LDs.10–13 However, due to the increased lattice mis-

match, defect generation was almost inevitable for high-

indium-content SP InGaN QWs, which resulted in a reduced

overall device performance in the green and yellow spectral

region. Structural defects such as dislocations, V-defects,

and stacking faults have already been found on c-plane and

m-plane GaN-based heterostructures.8,14 However, there are

few reports on structural defects on SP InGaN QWs.

Recently, ð2021Þ SQW LEDs have attracted attention due to

the low droop performance in the blue region. However,

black triangular defects were observed for ð2021Þ SQW

LEDs when the device wavelength extends to the green spec-

tral region. Similar defects were also observed for ð2021Þ,
ð3031Þ, and ð3031Þ SP devices. In this paper, we investigate

the defect formation in the long wavelength (>500 nm) SP

ð2021Þ InGaN/GaN QWs. Black triangular defects with fea-

ture dimension of 10 to 50 lm were observed for green SQW

ð2021Þ LEDs under fluorescence (FL) microscopy (this

defect has been observed frequently in our laboratory for

many SP orientations). Transmission electron microscopy

(TEM) studies demonstrate that these black triangular

defects were composed of a high density (�109/cm2) of 50

to 100 nm voids in the active region. Systematic growth stud-

ies show that these defects can be effectively eliminated by

growth rate optimization.

LED structures were grown by conventional metal or-

ganic chemical vapor deposition (MOCVD) on free-standing

ð2021Þ GaN substrates supplied by Mitsubishi Chemical

Corporation. The device structure consisted of a 1 lm Si-

doped n-type GaN layer, 15 sets of In0.01Ga0.99N (2.5 nm)/

GaN (2.5 nm) superlattice, an InGaN single quantum well

(SQW) active region, an 8 nm Mg-doped Al0.15Ga0.85N elec-

tron blocking layer (EBL), and a 40 nm p-type GaN layer. The

emission wavelengths of the InGaN SQW are in the range of

500 to 510 nm. First, to study defect formation conditions,

SQW LED structures with different QW thickness (2 nm,

4 nm, 6 nm) were grown on under the same conditions. The

corresponding electroluminescence (EL) intensity of the LEDs

decreased with increasing QW thickness. The FL and optical

microscopy images for the devices are summarized in Figs.

1(a)–1(f), where a high density of black triangular defects

were observed on 4 nm and 6 nm QW samples. The FL mi-

croscopy has similar structure with the optical microscopy

except that a light source (a mercury lamp) and filter blocks

are used for observation. The wavelengths for excitation filtera)Electronic mail: yujizhao@engineering.ucsb.edu.
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(EX), dichroic mirror (DM), and barrier filter (BA) of the FL

microscopy are 380 to 420 nm, 430 nm, and 450 nm, respec-

tively. To investigate the origin of reduction in EL power,

the 6 nm QW LED was selected for TEM characterization.

Second, to explore the suppression technique for such defects,

3 nm SQW ð2021Þ LEDs with different growth rate

(GR¼ 1 Å/s, 0.3 Å/s, 0.15 Å/s) were grown by MOCVD.

Quick test EL measurements were performed on these sam-

ples by depositing �1 mm diameter indium dots on the top of

the p-GaN as contacts. Third, to study the effect of growth

rate on material properties, ð2021Þ samples with 3 sets of

InGaN (3 nm)/GaN (10 nm) QWs were grown under fast

(GR¼ 1 Å/s) and slow growth rate (GR¼ 0.15 Å/s). Atomic

force microscopy (AFM) and secondary ion mass spectrome-

try (SIMS) characterization were performed on the samples.

Figures 1(a)–1(f) demonstrate FL and optical micros-

copy images for ð2021Þ SQW LEDs with QW thickness of

2 nm, 4 nm, and 6 nm, respectively. All of the samples

showed green luminescence under FL, which is consistent

with emission wavelengths of the devices (500–510 nm). At

a QW thickness of 2 nm, the LEDs exhibited uniform lumi-

nescence, while black triangular defects were observed for

the 4 nm and 6 nm SQW LEDs. To further study the micro-

structure of the defects, the 6 nm QW LED sample was

selected for TEM characterization. Figures 2(a) and 2(b)

demonstrate two beam scattering contrast images in ½�12�10�
cross-sectional TEM with g¼ 10�10 diffraction condition.

The TEM images show that these defects are dish-like

microstructural voids (cross-sectional dimension of 50 to

100 nm) with clear f10�11g, f10�10g, and f000�1g internal

facets. These facets are consistent with the previous reports

of the facet planes on V-defects and pyramid void defects

from c-plane devices.14,15 Figure 2(c) shows a ½�101�4� cross-

sectional TEM of the sample. However, no clear facets were

observed in this cross-section. The defects initiate below the

bottom of the QW and remain empty throughout the whole

QW region. A high density of voids (�109/cm2) were found

under the dark triangular surface area. Figure 2(d) shows the

schematic view of one example of the defect on SP ð2021Þ
plane in a wurtzite crystal structure. The formation of these

void defects, possibly originated during the InGaN growth,

was further exacerbated by the high temperature growth of

EBL and p-GaN layer after the active region.16 BPSFs and

MDs were also observed on the samples; however, it is still

unclear whether they are related to void defects. It is a topic

of ongoing investigation.

Different growth techniques have been explored to sup-

press this type of void defect for long wavelength SP QWs.

In our previous studies, such defects in the InGaN QWs can

be effectively reduced or eliminated using an AlGaN quan-

tum barrier.4 However, the significant difference between

the optimal growth temperatures between high-indium-

content QWs and AlGaN barriers limited the achievable

improvement. Low barrier growth temperature results in

poor crystal quality of AlGaN barrier while an excessively

high growth temperature causes thermal damage to the QWs.

For high performance green light emitters, high quality

InGaN QWs with simple Al-free GaN barrier is desirable.

To explore the best growth condition for such a structure,

SQW SP ð2021Þ InGaN/GaN LEDs were grown with a dif-

ferent growth rate by MOCVD. The triethygallium (TEG)

flow for the active region of the devices was varied from

30 to 5 SCCM, the corresponding growth rate was 1 Å/s,

0.3 Å/s, and 0.15 Å/s, respectively, as confirmed by x-ray dif-

fraction (XRD) analysis. The dependence of EL intensity for

FIG. 1. FL and optical microscopy for semipolar

ð20�2�1Þ SQW LEDs with a QW thickness of (a),(d)

2 nm, (b),(e) 4 nm, and (c),(f) 6 nm.

FIG. 2. (a) and (b) Two beam scattering contrast images for the 6 nm SQW

ð20�2�1Þ LED in ½�12�10� cross-sectional TEM with a diffraction condition of

g¼ 10�10. (c) Multiple beam ½�101�4� cross-sectional TEM for the same sam-

ple. (d) Schematic view of one example of the defect on semipolar ð20�2�1Þ
plane in a wurtzite crystal structure.
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the devices on wavelength is summarized in Fig. 3(a). The

EL intensities for all the devices decreased with increasing

emission wavelength. The LEDs grown under slow growth

rate demonstrated higher EL intensity and longer emission

wavelength compared to those with faster growth rate,

indicating higher quality QWs. Figures 3(b) and 3(c)

demonstrate the FL images for LEDs with growth rate of

0.15 Å/s (b) and 1 Å/s (c) at an EL wavelength of 510 nm,

respectively. Samples grown under slower growth rate

(GR¼ 0.15 Å/s) showed a clear image in FL, indicating

greatly reduced defect formation in the QW. This was also

confirmed by TEM characterization on the slow growth rate

sample [Fig. 3(c)]. In contrast, black triangular areas and

void defects were found on samples grown at the fast growth

rate (GR¼ 1 Å/s).

To further study the impact of growth rate on the epitax-

ial layer quality, QWs samples with 3 sets of undoped

InGaN (3 nm)/GaN (10 nm) QW/barrier were grown on SP

ð20�2�1Þ GaN substrates with a growth rate of 0.15 Å/s and

1 Å/s, respectively. To ensure the accuracy for the material

characterization, both the samples were grown with reduced

indium composition. The PL wavelengths for the two sam-

ples were 488 nm and 492 nm, respectively, indicating a sim-

ilar indium composition for both QWs. Black triangular

defects were not observed for either the samples under FL

measurement. Figures 4(a) and 4(b) demonstrate the AFM

images of the two samples. Sample with slow active region

growth rate (GR¼ 0.15 Å/s) showed a much smoother sur-

face than that of the sample at fast growth rate (GR¼ 1 Å/s).

This is possibly because the adatoms were unable to reach

preferential incorporation cites at fast growth rate. The ada-

tom diffusion length can be enhanced by reducing the growth

rate, which may explain the improved the surface morphol-

ogy for slow growth rate sample. In addition, the striated

morphology was observed for both samples, indicating an

in-plane diffusion anisotropy on the ð20�2�1Þ plane. Such in-

plane growth anisotropy has been reported on m-plane and

ð2021Þ plane.17–19 However, more systematic study is

required to fully clarify this phenomenon.

Figure 5 demonstrates SIMS results for above two sam-

ples. Again black triangular defects were not observed for

either the samples so that the effect of the defects on the

accuracy of SIMS is minimal. In the InGaN QWs, two sam-

ples showed almost identical indium composition profile and

is consistent with similar PL emission wavelength from both

samples. For the GaN barrier, however, the sample with low

growth rate showed a sharper barrier profile. A significant

amount of indium was present in the nominal GaN barriers

for the sample with fast growth rate, resulting in a barriers

profile with higher indium composition. These results may

be related to the indium condensation and droplets formation

during the growth. Jiang et al. studied indium condensation

boundaries for MOCVD InGaN growth and showed that

growth parameters such as TMI pressure and substrate tem-

perature have a significant effect on both condensation and

FIG. 3. (a) EL intensity as a function of wavelength for green semipolar

ð20�2�1Þ SQW InGaN LEDs grown at 1 Å/s, 0.3 Å/s, and 0.15 Å/s, respec-

tively. FL microscopy images for ð20�2�1Þ LEDs grown at (b) 0.15 Å/s and

(c) 1 Å/s at 510 nm. (d) Multiple beam cross-sectional TEM taken around

½1�210� zone axis for ð20�2�1Þ LED grown at 0.15 Å/s at 510 nm.

FIG. 4. AFM images of the InGaN/GaN

ð20�2�1Þ QWs grown at (a) 0.15 Å/s and (b)

1 Å/s.

FIG. 5. SIMS measurements for the InGaN/GaN ð20�2�1Þ QWs grown at

0.15 Å/s (solid line) and 1 Å/s (dashed line).
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adsorption of indium.20 It is possible that at the fast growth

conditions, the indium condensation becomes energetically

favorable, which contributes to the poor structure uniformity

and structure degradation in the active region. Slow growth,

on the other hand, leads to more ideal QW and barrier profile

with stable compositions. In addition, it was recently discov-

ered that the after-active-region p-GaN growth also affects

the formation of black triangular and void defects for SP

ð2021Þ laser structures.21 Due to the complexity of these

defects, many of their physical properties are still largely

unknown. More material studies are therefore required to

fully understand this problem.

In conclusion, void defects with f10�11g, f10�10g, and

f000�1g facets were identified for SP ð20�2�1Þ InGaN/GaN QWs

emitting in the green spectral region. These defects can be

effectively suppressed using a slow growth rate for the active

region, resulting in devices with higher power and longer emis-

sion wavelength. QWs of slow growth rate also showed

improved surface morphology and compositional profile.
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