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Abstract

The light emission property of InGaN quantum wells
is seriously deteriorated in the red wavelength with high
indium concentration, which is accompanied by struc-
tural defects called trench defects. However, the for-
mation mechanism of trench defects has not been fully un-
derstood. In this study, we reveal the origin of this defect
by utilizing the simplest system, one consisting of a single
InGaN quantum well on a single-crystal GaN substrate to
extract the effect solely from indium addition. Trench de-
fects are found to be associated with a stacking fault in the
cap GaN layer right above InGaN and with an excess
layer in InGaN.

1. Introduction

InGaN based laser diodes (LDs) are expected as promis-
ing candidates for next-generation solid-state light source
[1][2]. The realization of RGB InGaN LDs, especially for dis-
play applications, will demonstrate the further potential of ni-
tride light emitting devices. However, the emission property
is seriously deteriorated in the red wavelength range where a
high-In-content InGaN layer is required and structural defects
are formed [3]. The mechanism of formation of particularly
well known "trench defects" is not fully understood. In order
to directly answer this question of how trench defects are
formed in the InGaN layer, a single quantum well (SQW) on
defect-free single-crystal GaN should be analyzed. In this
study, we use this ideal structure consisting of an InGaN/GaN
SQW epitaxially grown on a low-defectivity single-crystal
GaN substrate. We clarify the formation mechanism of trench
defects by detailed structural analysis and assess the bulk and
local emission characteristics. By utilizing a single-crystal
GaN substrate, it is possible to eliminate the influence of re-
sidual strain of the seed layer and TDs of the substrates, which
therefore allows extraction of the effect purely of indium
composition increases.

2. Experimental

The investigated samples of the InGaN/GaN SQW were
grown by a metal-organic CVD technique on 2-inch c-plane
GaN substrates. The SQW InGaN layer of 3 nm thickness was
deposited on an undoped buffer GaN layer approximately 600
nm grown at 1200 °C and capped by a GaN layer approxi-
mately 100 nm grown at 850 °C to protect the InGaN surface.
The five fabricated InGaN SQWs had different emission
wavelengths depending on the indium concentration

(atomic %): 15%, 24%, 28%, 30%, and 34%, which were re-
spectively named Blue, Green, Yellow, Orange, and Red after
the emission color. The emission wavelength was tuned by
changing the growth temperature of the SQW layer under a
constant precursor gas ratio to incorporate different amounts
of indium. The growth temperatures of the InGaN layers were
(Blue) 888 °C, (Green) 830 °C, (Yellow) 810 °C, (Orange)
790 °C, and (Red) 770 °C. The detailed structural analysis has
been investigated by atomic force microscope (AFM), scan-
ning electron microscope (SEM) and transmission electron
microscope (TEM), and assess the bulk- and local emission
characteristics using photoluminescence (PL) and cathodolu-
minescence (CL).

3. Result and Discussion

Figure 1 shows (a) the sample structure of the InGaN/GaN SQW
and (b) the PL peak intensities summarized as functions of the
emission wavelength, which were measured at 100 positions within
a2 cm x 2 cm wafer. The PL peak intensity decreased exponentially
as the emission wavelength increased. In particular, the PL peak
intensity of sample Red was reduced by a factor of 1/180 in
comparison with that of sample Blue.
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Fig. 1 (a) Structure of the fabricated InGaN/GaN SQW samples. (b)
PL peak intensity [4].

Figure 2 shows AFM analysis of the sample Red. The line
profile across the trench defect, as shown in Fig. 2(b), shows that the
defect area encircled by a ditch was higher than the surrounding
defect-free area. Since there seems some relation between the width
of the trench defect [ Wa defined in Fig. 2(b)] and its height [Hq, in
Fig. 2(b)], we analyzed the defect height as a function of the defect
width. The defect height Ha monotonically increased as the defect
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width increased for Wa < 100 nm while Hq decreased with a Wa
increase for Wy > 100 nm [4].
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Fig. 2 (a) AFM images of sample Red. (b) AFM line profile over the
trench defect of sample Red. The line profile is along the a-a’  in-
dicated in panel (a) [4].

To obtain the precise origin of the trench defect formation, we
performed TEM analysis. Figure 3 shows the results of the structural
analysis by cross-section and plan-view TEM of sample Red. The
cross-sectional thickness profile of the selected defect area in Figure
3(a) well agrees with the AFM profile in Fig. 2(b). As shown
Fig.3(b), since the defect clearly shows almost homogeneous dark
contrast inside the trench defect, the defect area must have a different
crystallographic orientation. Additionally, by atomic-resolution
observation, a zincblende crystal structure of A-B-C stacking in the
trench defect was actually found in the cap GaN layer, located a few
atomic layers above the InGaN layer [4].

Fig. 3 (a) Cross-section and (b) Plan-view BF-STEM image of
trench defect.
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Fig. 4 STEM-CL results of sample Red. (2) ADF-STEM image of
the mapped area, and (1) trench defect and (2) defect-free regions
indicated by the arrows in panel (a). (b) CL mapping plots of peak
intensity [4].

In order to correlate the trench defect area to the local optical
property, we measured the nanoscopic emission distribution of
sample Red by STEM-CL at room temperature. Figure 4(a) shows
an annular dark field (ADF) STEM image of the observed area and
Figure 4(b) shows the peak intensity distributions. In the peak
intensity map in Fig. 4(b), the trench defects are mostly distributed
in the lower emission intensity area.

4. Conclusions

By using a low-defect single-crystal GaN substrate and a
single InGaN/GaN quantum well structure, we investigated
the formation mechanism of trench defects. Trench defects
were a cause of local emission degradation. TEM analysis in-
dicated that the trench defects introduced a zincblende-type
stacking fault in the capping GaN layer a few atomic layers
above the InGaN quantum well layers to relax strain induced
by the excess indium layer.
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