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Abstract

The present work concerns the microstructural characterization of
multiple InGaN/GaN Quantum Well (QW) structures grown onto GaN
on sapphire templates by Metalorganic Chemical Vapor Phase Epitaxy
(MOVPE), using electron microscopy techniques (Transmission Electron
Microscopy-TEM and Scanning Electron Microscopy-SEM). The TEM
characterization showed V-shaped defects, including V-pits and trench
defects on the surface of the as-grown sample. Post-growth annealing
experiments were performed in order to determine whether a structural
degradation of the structure has taken place. After annealing, a very
small density of V-defects was observed, having a beneficial impact on
optoelectronics performance. The presence of sharp interfaces between
the InGaN QWs and the GaN barriers gave us an indication of their good
structural quality.
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Introduction

InGaN is the key material in III-Nitride optoelectronic devices, such as
light emitting diodes [1] (LEDs) and Laser Diodes (LDs) [2], operating in
the blue and green ranges of the electromagnetic spectrum [3—5]. Single and
multiple quantum wells (MQWs) based on GaN/In Ga, N serve as the active
region in such devices, in which photons are generated by recombination of
holes and electrons [6—9]. InGaN Quantum Wells (QWs) are typically grown
on GaN substrates (bulk or templates grown on sapphire). However, it is
difficult to grown high-quality InGaN on GaN, because it shows a large lattice
mismatch to GaN (11%) [10]. Moreover, another issue dealing with is the
low growth temperature needed for InGaN (700-800°C) [11], especially for
high-In-content InGaN (where a further decrease in the growth temperature is
required), as compared to the higher 950—-1050°C for GaN growth [12]. These
two factors induce a number of crystallographic defects, such as non-uniform
indium distribution (indium concentration fluctuations) [13,14] and a large
concentration of point defects. Such defects, in turn, deteriorate the optical
properties of devices [6]. The most common defects present on the Metalorganic
Chemical Vapor Phase Epitaxy (MOVPE) grown InGaN layer surfaces are
V-pits and V-shaped trenches forming hexagonal loops [15]. These defects,
contribute to the “green gap” problem [16-18], resulting in large polarization
fields in the active region and thus reducing the radiative recombination rates
[19,20]. Due to this problem, the external quantum efficiency (EQE) of green
LEDs is significantly lower as compared to blue (the EQE of the blue LEDs
exceeds 80%, whereas of the green LEDs is less than 60%) [21]. One of the
“green gap” problem issues is the thermal instability of the QWs that takes
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place when higher temperatures are used for the overgrowth
of the p-type layers on the QWs [22] (with the critical for
thermal degradation temperature decreasing when increasing
In content [23]). Thus, high In content In Ga,_ N layers tend
to degrade when exposed to high temperatures (essential for
good quality p-type layers [24,25]). Thus, the growth of blue
and green emitters is challenging, requiring adjustments for
the p-type layer quality and the thermal stability of the QW
[19]. In this direction, great efforts are made by scientists
[12,26] in order to grow high quality InGaN/GaN QWs that
exhibit a low density of defects and a high uniformity of the
interfaces. Thus, in this work, we report on the structural
characterization of as-grown and annealed InGaN/GaN QWs
grown onto GaN on sapphire templates by MOVPE, in order
to study the quality of the structure. Transmission Electron
Microscopy (TEM) and Scanning Electron Microscopy
(SEM) experiments were performed.

Materials and methods

In this work, two MOVPE structures, labeled A and B
respectively, were investigated. The MOVPE structures
were deposited in an Aixtron close-coupled showerhead
reactor of 3x2 in wafer configuration. As substrates, (0001)
GaN on sapphire templates were used. Triethylgallium,
trimethylindium, and ammonia were used as gallium,
indium, and nitrogen precursors in MOVPE growth,
respectively. Sample A, the as-grown sample, consists of two
10nm~In ,Ga, N QWs/GaN barriers (Quantum Barrier-QB)
capped with a 20 nm GaN layer (see Table I for the nominal
thicknesses of the structure). This structure was grown on
an Al Ga N layer, with nominal thickness 20nm and a
nominally undoped buffer GaN layer. In order to determine
whether degradation has taken place, we have performed
post-growth annealing experiments at a temperature of
800°C (Sample B) in a protective atmosphere of ammonia
and hydrogen for half an hour. All QWs/barriers were grown
under identical growth conditions and contain the same in
content (almost 18%).

The structural quality of the as-grown and annealed
samples was examined using a JEOL 2011 electron
microscope operated at 200 kV. TEM/High Resolution TEM

QB - GaN — 20nm

QW —InGaN — 10nm — 17.8% In
QB - GaN —10nm

QW - InGaN — 10nm — 17.8% In
QB - GaN —10nm

AlGaN — 20nm — 5% Al

GaN — 1.5um

Sapphire

Table 1: Sketch of the studied structure, showing the nominal
thicknesses and elemental stoichiometric composition of the layers.
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(HRTEM) observations were performed along the [1120]
and [1100] zone axes of the structure. Cross-sectional TEM
specimens were prepared by the wedge polishing technique
[27], followed by argon ion-milling. SEM experiments were
also performed in order to study the surface of the structure,
using a Field-emission Scanning electron microscopy JEOL
JSM-7610F Plus, supported by an Oxford AZtec Energy
Advanced X-act energy dispersive X-ray spectroscopy (EDS)
system.

Results and Discussion

For both samples electron diffraction analysis reveals
a strong epitaxial relationship between the epilayers and
the sapphire substrate, besides the lattice mismatch at the
interface plane. A typical electron diffraction pattern from
an area containing the sapphire substrate as well as the first
grown layers of Sample-A is shown in Figure 1.

White arrows indicate the main reflections of the two
phases (the AL O, reflections are denoted in italic). The c/aratio
is found equal to 1.62 + 0.001 (for GaN), in good agreement
with the referred in the literature value of 1.63 (ICDD PDF
file 50-0792). The InN reflections are very weak, due to the
small thickness of the layers. Moreover, they are very close
to those of GaN and they are only detected far away from
the central beam. For the structural characterization of the
epilayers and interfaces, cross-sectional TEM samples were
prepared. The conventional Bright Field (BF) TEM images
of Fig. 2(a) and (b) show the entire multilayer structure of
the as-grown (Sample-A) and annealed (Sample-B) samples,
respectively; the layer thicknesses are in good agreement
with the nominal ones (Table 1).

Figure 1: A typical electron diffraction pattern obtained from a
selected area containing part of the sapphire substrate and the first
grown layers along [11-20]. The very good epitaxial growth of GaN
layer on the sapphire substrate is clear.
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Some dislocations are observed in the undoped buffer
layer (presenting a greater number in the as-grown sample
case), but most of them do not reach the QWs and the
structure surface. The TEM image of Fig. 3 (a) shows in
a greater magnification the upper layers of the structure,
revealing V-shaped defects of various sizes on the surface
of Sample-A. Most of them (called V-pits), are connected
to a threading dislocation, featuring a hexahedron pyramid
morphology with six sidewalls on = 1101 = planes [28].
Their size does not exceed 60nm along [ 100] and 20nm
along [0001].

According to Kim et al. [29], the V-pits creation is
attributed to the strain in the high In mole fraction MQWs
and also to the low surface mobility of adatoms on the InGaN
layer. Apart from V-pits, trench-like defects of various sizes
are also observed in the structure surface, which, according
to Smalc-Koziorowska et al. [15], are formed due to the low
temperature growth of the GaN QBs, where the basal stacking
faults (BSFs) are created. Indeed, some BSFs are formed in
the GaN layer, as shown in the HRTEM image of Figure 4.

undoped buffer GaN undoped bufferlGanN

100nm

Figure 2: Bright Field TEM images showing the multilayer structure
of (a) Sample-A (as-grown) and (b) Sample-B (annealed).

InGaN
GalN

10nm
L]

Figure 3: Bright Field TEM images showing a magnified part of the
upper layers of (a) Sample-A (as-grown), (b) Sample-B (annealed).
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The Fast Fourier Transform (FFT) of the HRTEM image
is presented as inset. The reconstruction of the lattice fringes
via the inverse FFT (IFFT), using all spots of the FFT, was
used in order to better indicate the stacking faults. In the
IFFT image of Figure 5, a stacking fault is revealed in the
magnified part of the image (with the stacking sequence
noted), presented as inset.

Furthermore, the SEM experiments are consistent with
the TEM observation results. Figure 6 shows the surface
of Sample-A, where a V-pit and a trench defect are both
indicated by arrows. The inset presents a magnified part of
the SEM image (marked with a black colored rectangular
shape), where a V-pit is highlighted.

On the other hand, on the surface of Sample-B (annealed),
an almost zero density of V-pits and trench defects is easy
noticeable. Indeed, as shown in the low magnification TEM
image of Figure 3 (b), theupper GaN layeris almost continuous.
Moreover, the MQWs exhibit sharp interfaces with the GaN
barriers. Thus, it is concluded that the presence of V-shaped
defects is highly suppressed due to the 800°C annealing
process. This fact is advantageous for optoelectronics, due
to the fact that V-shaped defects result in their performance
degradation (by increasing the probability of nonradiative
recombination and by causing leakage current)[30]. On
the other hand, some recent studies[21] have revealed that
V-shaped defects can be beneficial for InGaN-based LEDs,
but only when their size (greater than 100nm) and density are
fully controlled. Finally, no structural degradation is evident
in the QWs of the annealed Sample-B, in accordance with
other studies[31].

Conclusions

In this work, InGaN/GaN QWs grown onto GaN on
sapphire substrates are studied using electron microscopy
techniques. The as-grown sample, features V-pits and
trench defects of small size, which, according to other teams

i
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Figure 4: A HRTEM image showing the GaN layer, with some
basal stacking faults noted with arrows (inset: FFT image of the area
shown in Figure 4).
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Figure 5: An IFFT image of the area showed in the HRTEM image
of Fig. 4, where a stacking fault is indicated (inset: magnified part of
a selected area of Figure 5).

Figure 6: A typical SEM image obtained from the surface of
Sample-A (as-grown), revealing the presence of V and trench
defects (inset: magnified part showing a V-pit).

scientific work, deteriorate optoelectronics performance.
After annealing at 800°C, a sharp surface with an almost zero
density of V-shaped defects is observed, having a beneficial
impact on optoelectronics. Thus, this fact, in combination
with the homogeneous MQWs with sharp interfaces, shows
the good growth of them.
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