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Al0.14Ga0.86N/GaN and GaN layers in the strained-layer superlattice �SLS� in GaN-based laser
diodes were distinguished as dark and bright bands, respectively, in a high-angle annular dark-field
scanning transmission electron microscopy �HAADF-STEM� image. From the HAADF-STEM
images the thickness of the AlGaN layers was determined to be 2.24±0.09 nm and that of GaN layer
2.34±0.15 nm, which corresponds to nine atom planes in the �0001� direction. The parameters of
the distorted AlGaN and GaN lattices were evaluated to be a=0.32, c=0.50 nm and a=0.32, c
=0.52 nm, respectively. This shows that the resultant good lattice matching on the �0001�
AlGaN/GaN interfaces suppressed the generation of misfit dislocation in the SLS cladding. © 2005
American Institute of Physics. �DOI: 10.1063/1.1995952�

The lifetime of violet laser diodes �LDs� containing mul-
tiple quantum wells �MQWs� InGaN/GaN has been im-
proved to more than 10 000 h.1 This long lifetime was
achieved by epitaxially lateral overgrowth of GaN contact
layer on the sapphire substrate2,3 and the cladding of the
AlGaN/GaN strained-layer superlattices �SLSs�,1 both of
which reduce dislocation density in the active MQW.

High-angle annular dark-field �HAADF� scanning trans-
mission electron microscopy �STEM� has been used for
analysis of crystals and defect structures.4–6 It has recently
been applied for structural analysis of MQW InGaN/GaN
layers in violet LD. The interface between MQW InGaN
�2.5 nm� and GaN �8.0 nm� layers was defined at atomic
scale.7 The high-resolution HAADF-STEM image provided
precise atomic column positions and clearly dependent
atomic number contrast �Z-contrast�, thereby allowing us to
map both the strain field and In atom distributions in succes-
sive MQW GaN and InGaN layers.8 These maps indicated
that In-rich regions in the InGaN layers, considered to be
quantum dots, cause lattice expansion along the �0001� di-
rection. It was also found that the V-defects or inverted hex-
agonal pyramid defects,9,10 nucleated at threading disloca-
tions, grow in the form of a thin six-walled structure with the

InGaN/GaN �101̄1� layers.11

There have been very few structural investigations of the
AlGaN/GaN SLS cladding layers although their nanostruc-
ture greatly influences the final laser properties. Bremser et
al.12 and Pecz et al.13 observed Al0.2Ga0.8N/GaN and
Al0.06Ga0.94N/GaN layers, respectively, using conventional
transmission electron microscopy. The diffraction contrast
due to small strain field along the interfaces between the
AlGaN and GaN layers visualized these layers. However, the
diffraction contrast images can neither distinguish between
AlGaN layer and GaN layers as thin as nanometers nor
evaluate exactly their thickness. High-resolution TEM
�HRTEM� has been a very successful analytical method for
studying structures of crystals and defects in various materi-
als. Therefore, it would be expected to be the most powerful
tool for characterization of the SLS. However, our prelimi-
nary HRTEM investigation, shown in Fig. 1�a�, revealed that
Al0.14Ga0.86N and GaN layers are not distinguished in
HRTEM images since Al incorporation on Ga sites in AlGaN
layers introduces minimal structural changes. HRTEM im-
ages by Bremser et al.12 showed no distinction between the
AlGaN and GaN layers. Recently, high-resolution field-
emission scanning electron microscopy �SEM� has distin-
guished the n-Al0.14Ga0.86N �3 nm� and n-GaN layers �3 nm�
in secondary electron images.14 However, the exact thickness
of these layers could not be determined because of insuffi-
cient point-to-point resolution of the SEM. Furthermore, it
failed to detect the p-Al0.14Ga0.86N �3 nm� and p-GaN layers
�3 nm�. This is why in our letter we report on a HAADF-
STEM investigation of Al0.14Ga0.86N/GaN SLS, with the fi-
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nal aim to determine the exact thickness and lattice distor-
tions in the Al0.14Ga0.86N and GaN layers comprising the
SLS.

An SLS cladding composed of 200 coupled layers of
n-Al0.14Ga0.86N and n-GaN was grown directly on an
n-GaN:Si layer deposited on the �0001� sapphire substrate
by metalorganic vapor-phase epitaxy. Nominal thickness of
each layer was 3 nm. The specimen was a prototype wafer of
the violet LDs produced by production scale metalorganic
chemical vapor deposition reactor,15,16 and the upper struc-
ture including active layer and p-layer was not deposited.
The samples for STEM were prepared by mechanical polish-
ing, followed by ion milling. HAADF-STEM and HRTEM
observations were performed in a JEM-2010F TEM/STEM,
operated at 200 keV, equipped with a lens of CS=0.48 mm.
All the HAADF-STEM images were recorded with a
10 mrad semi-angle of the probe and an ADF detector range
from 100 to 220 mrad. HRTEM image simulations were per-
formed in a conventional multislice program and HAADF-
STEM image simulations were made using a scheme based
on Bethe method developed by Watanabe et al.17,18

Figure 2�a� shows an experimental HAADF-STEM im-
age of the whole n-type cladding region on the n-GaN:Si
layer. Four hundred individual layers of the Al0.14Ga0.86N
and GaN are clearly distinguished in the image. According to
the low thermal diffuse scattering cross section of Al atoms,
the Al0.14Ga0.86N layers in the HAADF-STEM image were
identified as dark bands, while the GaN layers were identi-
fied as bright bands, as clearly seen in Fig. 2�b�. If the
HAADF-STEM contrast is the Z-contrast proportional to the
square of the atomic number, the intensity ratio of the N
column to the Ga column in the Al0.14Ga0.86N and to the Ga

FIG. 1. �a� Experimental HRTEM image of Al0.14Ga0.86N/GaN SLS taken
along the b axis. Simulated images of GaN and Al0.14Ga0.86N crystals 30 nm
thick at a defocus of �f =−15 nm are inset, together with atomic columns
positions of Ga �large circles� and N �small circles�. No difference can be
distinguished between the Al0.14Ga0.86N and GaN layers. �b� Atomic-
resolved experimental HAADF-STEM image of the Al0.14Ga0.86N/GaN
SLS. The image was processed by noise filtering. Simulated images of GaN
and Al0.14Ga0.86N crystals at �f =−20 nm are inset. The difference in the
absolute intensities between the two compositions is readily observable.

FIG. 2. �a� Experimental HAADF-STEM image of SLS cladding deposited on the n-GaN:Si layer. 200 Al0.14Ga0.86N layers and 200 GaN SLS layers are
clearly resolved. Dark bands indicated by white vertical lines are Al0.14Ga0.86N layers. �b� Enlarged image of a part in �a� and its FFT image. A low-pass mask
filter is shown in the FFT image. �c� Low-frequency HAADF-STEM image. �d� Normalized HAADF-STEM image ��image b�-�image c��. �e� Average filtered
HAADF-STEM image. The thickness of the layers was determined according to the FWHM criterion in the line profile.
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column in the GaN would be 5:82:100. This difference in
intensity was readily confirmed by the HAADF-STEM im-
age simulations for the defocus and thickness values that
were comparable to the experimental values, as shown in
Fig. 1�b�. In the atomic-resolved HAADF-STEM images
along the b axis, the Ga column sites exhibit bright spots and
the N column sites have no appreciable intensities.

In order to determine the width of the Al0.14Ga0.86N and
GaN layers in the SLS, we used an average filtering tech-
nique. First, a low-pass mask filter was applied to the fast
Fourier transform �FFT� image of the original image shown
in Fig. 2�b�, which is an enlarged image of a part of Fig. 2�a�.
The radius of the low-pass mask was chosen so that the
spots, which represent a periodic arrangement of the
Al0.14Ga0.86N and GaN SLS layers, were excluded. There-
fore, this low-pass masking does not influence the final re-
sults of thickness measurements. The low-frequency inten-
sity HAADF-STEM image shown in Fig. 2�c� was then
obtained by inverse FFT of the filtered image. The subtrac-
tion of a low-pass filtered image from the original raw
HAADF-STEM image produced normalized HAADF-STEM
image without low spatial frequencies, which is shown in
Fig. 2�d�. The real-space averaged image was finally ob-
tained by adding up all the intensity line profiles, which were
divided by the number of the intensity line profiles. The final
average image and intensity profile are shown in Fig. 2�e�.
The thickness of the layers was estimated by measuring the
width of dark and bright zones. Since the intensity profile
over the consecutive layers was sinusoidal, the full width at
half-maximum �FWHM� values for the positive and negative
peaks were assigned to the widths of bright and dark layers,
respectively. The average thicknesses of the Al0.14Ga0.86N
and GaN layers were determined to be 2.24±0.09 nm and
2.34±0.15 nm, respectively. Since the thickness of indi-
vidual Al0.14Ga0.86N and GaN layers is quite similar and the
standard deviation of thickness is small, it is reasonable to
assume that the number of atom planes comprising each in-
dividual Al0.14Ga0.86N and GaN layer in the �0001� direction
is the same. Comparison of the measured Al0.14Ga0.86N and
GaN layer thickness with the lattice parameters of GaN in-
dicates that each Al0.14Ga0.86N and GaN layer is comprised
of nine atom planes. Accordingly, the real spacing between
the �0002� Al0.14Ga0.86N atom planes was measured to be
0.249 nm �c=0.498 nm� and the spacing between the �0002�
GaN planes was measured to be 0.260 nm �c=0.520 nm�. If
we compare the measured c values with the c value for pure
GaN �c=0.519 nm� it can be concluded that the lattice of the
Al0.14Ga0.86N crystal in the SLS shrinks by �4% along the c
axis while the GaN lattice in the SLS layers undergoes no
change along the c axis. On the other hand, the crystal lattice
in the Al0.14Ga0.86N and GaN layers expands by �1.3%
along the a axis �a=0.323 nm� as compared with the pure
bulk GaN �a=0.319 nm�. The lattice extension was directly
measured from the experimental HRTEM images shown in
Fig. 1�a�. The strained-lattice in the cladding layer has been
illustrated directly by this lattice distortion in the
Al0.14Ga0.86N and GaN layers. Thus, the lattice distortion
brought about a good lattice matching in the basal plane
between the AlGaN and the GaN, which would suppress the
generation of misfit dislocations on the Al0.14Ga0.86N/GaN
interfaces in the SLS cladding as well as the interface be-

tween the Al0.14Ga0.86N layer and the GaN:Si contact layer.
Summing up, we have identified n-Al0.14Ga0.86N and

n-GaN layers in the SLS cladding as dark and bright bands
in a HAADF-STEM image, respectively. With the aid of im-
age processing, the averaged thickness of the
n-Al0.14Ga0.86N and GaN layers was determined to be
2.24±0.09 nm and 2.34±0.15 nm, which should correspond
to nine atom planes in the �0001� direction. It was revealed
that the Al0.14Ga0.86N lattice in the SLS shrinks by �4%
along the c axis and extends by �1.3% along the a axis,
while the GaN lattice only extends by �1.3% along the a
axis. As a result, the Al0.14Ga0.86N and GaN layers grew
forming coherent �0001� interfaces without lattice misfitting.
HAADF-STEM can determine not only the thickness of in-
dividual layers but also the position of individual atom col-
umns. Since HAADF-STEM imaging contrast depends di-
rectly on the composition of the layers, distinguishing
between p-type AlGaN and p-type GaN layers, which SEM
failed in,16 is also possible by HAADF-STEM. The control
of thickness and the elimination of defects in the SLS clad-
ding are very important for the fabrication of these laser
devices. HAAD-STEM is therefore a very powerful tool for
characterization of the nanostructures such as SLS.

The authors thank M. Gec, Jožef Stefan Institute in Slo-
venia, for the sample preparation for STEM.
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