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Epitaxial evolution on buried cracks in a strain-controlled AIN/GaN
superlattice interlayer between AlGaN/GaN multiple
quantum wells and a GaN template*
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Epitaxial evolution of buried cracks in a strain-controlled AIN/GaN superlattice interlayer (IL) grown on GaN tem-
plate, resulting in crack-free AIGaN/GaN multiple quantum wells (MQW), was investigated. The processes of filling the
buried cracks include crack formation in the IL, coalescence from both side walls of the crack, build-up of an MQW-layer
hump above the cracks, lateral expansion and merging with the surrounding MQW, and two-dimensional step flow growth.
It was confirmed that the filling content in the buried cracks is pure GaN, originating from the deposition of the GaN thin
layer directly after the IL. Migration of Ga adatoms into the cracks plays a key role in the filling the buried cracks.
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1. Introduction

Recently, many groups have focused on GaN-based inter-
subband transition (ISBT) devices for infrared detection based
on Al,Ga;_,N/GaN (AlGaN/GaN) multiple quantum wells
(MQW). AlIGaN/GaN MQW structures offer significant poten-
tial for ISBT due to a large offset in the conduction band, en-
abling much wider spectrum detection and a very short relax-
ation time, enabling ultrafast optics devices.[!™! When fabri-
cating AlGaN/GaN MQW on GaN templates, cracking caused
by tensile strain due to the large lattice mismatch is always an
obstacle and a major problem. %!

In our previous publication, we reported a strain control
technique employing an AIN/GaN superlattice (SL) interlayer
(IL).I! 1t was found that the IL acts as a strain relief chan-
nel and works against cracking in the AlGaN/GaN MQWs.
Cracks are generated in the IL, and then misfit dislocations
form and relax the strain. The cracks in the IL are filled up im-
mediately and then buried by the subsequent epilayer. Crack-
free MQW are then grown on top of the IL. However, the
mechanism and growth kinetics of buried crack formation and
filling up processes remained unknown. In the present study,
the growth evolution of the buried cracks has been investigated

ex-situ, and the growth kinetics are discussed here in detail.
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2. Experiments

The samples used in this study were grown on c-plane
sapphire substrates by low pressure metal-organic chemical
vapor deposition (MOCVD). Trimethylgallium, trimethylalu-
minum, and ammonia were used as Ga, Al, and N sources.
First, a 2-pum-thick GaN template was grown under H, atmo-
sphere at 1040 °C. After that, an IL consisting of 15 periods
of 2-nm-AIN/1 nm-GaN SLs with the equivalent Al compo-
sition 0.66 was deposited at 1060 °C and then covered by
a 20-nm-thick GaN layer to make the surface flat enough
for deposition of the MQWSs. Subsequently, 40 periods of
Alp 35Gag 6sN/GaN MQWs were deposited. The barrier and
well thickness were set to be 5 nm and 3 nm, respectively. Fi-
nally, the MQWs were covered by a 20-nm-thick Al ¢Gag 4N
cap layer. The growth of the structures was interrupted several
times to obtain samples for the growth evolution study. The
structure is illustrated in Fig. 1.

After the growth, Seiko SPI-400 atomic force microscopy
(AFM) and Tecnai F30 high-resolution transmission electron
microscopy (HR-TEM) were used to characterize and inves-
tigate the surface morphologies and cross-sectional details.
In addition, high-angle annular dark field scanning transmis-
sion electron microscopy (HAADF-STEM), combined with
energy-dispersive X-ray spectroscopy (EDX), was applied to
investigate the interfaces and compositional variation.
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Fig. 1. (color online) Schematic structure of AIGaN/GaN MQW grown
on AIN/GaN SL interlayer. The arrows indicate the growth interruption
at different stages.

3. Results and discussion

To study the growth evolution of the cracks generated in
the IL and the filling-up processes during the subsequent epi-
taxial growth, the surface morphology was ex-situ character-
ized at each stage by AFM. A typical surface morphology af-
ter deposition of the SL IL is shown in Fig. 2(a). A crack in

SL+GaN+10MQW

SL4+GaN+20MQW

the surface is clearly shown lying along the (1120) direction,
suggesting that cracks are indeed generated during growth of
the SL IL. Figure 2(b) shows the surface morphology after
deposition of the thin GaN layer on top of the SL IL. Some
parts of the crack tend to merge together from both side walls.
Figure 2(c) shows the surface morphology after deposition of
five periods of MQW. The crack has already coalesced and
the MQW layer located above the buried crack is found to
be higher than the surrounding area, which indicates that the
growth rate above the buried crack exceeds that of the areas
farther from cracks. The coalescence of both side walls of the
crack finally leads to an MQW-layer hump above the buried
crack. The hump is several nm high with a span of about
200 nm. Figures 2(d) and 2(e) show the surface morphology
after 10 and 20 periods of MQW deposition, respectively. The
hump continues to expand laterally and gradually merges with
the surrounding parts of the MQW layer. Meanwhile, a step
flow mode is conducted and clear atomic steps develop. Fig-
ure 2(f) shows the surface morphology of the entire structure
after deposition of 40 periods of MQW and the cap layer.
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Fig. 2. (color online) Surface morphology at different growth stages.

To further examine the filling up process around the
buried cracks, cross sectional TEM was employed. Figure 3(a)
shows the cross sectional Z-contrast image from the HAADF-
STEM, taken along the (1010) zone axis. The GaN template,
SL IL, and the MQW layer are distinguished separately by Z-
contrast. It is clear that a trapezoid region with light contrast
on a 50-nm scale is located in the dark contrast SL IL. The
trapezoidal region gives evidence of the existence of a crack
(vertical cross section) in the SL IL. The trapezoidal region

could be more precisely described as a V-shaped region, be-

cause the apex of the V shape extends into the GaN template.
In addition, no void is found in this V-shaped region, suggest-
ing that the buried crack has been totally filled up during the
subsequent epitaxial layer.

Figure 3(b) shows the details around the V-shaped region
under higher magnification, by HAADF-STEM. Two sets of
fringes correspond to the short-period SL IL (darker), and the
long-period MQW (lighter). Note that the Z contrast in the V-
shaped region is similar to the one in the GaN template, which

differs from the periodic dark and light contrast variation in the
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SL IL. This fact implies that the composition in the V-shaped
region is uniform. Besides, it can be observed that the inter-
faces of the first few quantum wells above the buried crack are
slightly bent outward, and the well and barrier thicknesses are
not uniform. The appearance of bent MQW is consistent with
the hump of MQW above the buried crack shown in Fig. 2.
The degree of bending shrinks, and it vanishes after 10 peri-
ods of MQW deposition, by which time the interfaces become
straight and sharp, and the well and barrier become uniform.
EDX line scans were taken to determine the composition
in the region. Line 1 in Fig. 4(a) shows a 80-nm-long scan

(a)

buried crack

-

s 200 nm

line which vertically crosses through the SL IL from the GaN
template into the MQW layer. Line 2 is an equally long scan
line which vertically crosses through the V-shaped region. The
signals of Ga and Al elements in Lines 1 and 2 are extracted
and plotted in Fig. 4(b). The scan electron spot is focused on
the GaN template layer at the beginning in Line 1, so only the
Ga signal is present. As the spot moves into the SL IL, the Ga
signal decreases while the Al signal increases. When the spot
moves into the MQW layer, where the average Al composi-
tion is lower than that in the SL IL, the signals of Ga and Al
elements reverse their trends.

(b)

100 nm

Fig. 3. HAADF-STEM images of cross-sectional sample under (a) low magnification and (b) high magnification.
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Fig. 4. (color online) (a) Two parallel scan lines of EDX that cross through the SL IL and V-shaped region vertically. (b) Signals of
Ga and Al elements in scanned Lines 1 and 2. (c) Scan line of EDX which cross through the V-shaped region horizontally. (d) Signals

of Ga and Al elements in scanned Line 3.
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Unlike in Line 1, in Line 2 the Ga signal is almost con-
stant at a high level, while the Al signal is absent during the
whole scan. Line 3, shown in Fig. 4(c), is another scan line
crossing the V-shaped region horizontally. When the scan
electron spot is in the SL IL, the signals of Ga and Al are
around 800 and 1200, respectively. When the spot moves into
the V-shaped region, the Ga signal goes up to about 1800,
while the Al signal drops to around zero. These EDX results,
shown by Lines 2 and 3, demonstrate that the main filling con-
tent in the V-shaped region (i.e. the buried crack) is pure GaN.
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Fig. 5. Cross-sectional HR-TEM observations taken (a) near and (b) far
from a buried crack.

To confirm the origin and process of GaN filling up the
buried cracks, more cross-sectional HR-TEM observations
were made, both near and far away from a buried crack in the
SL IL. Figure 5(a) shows the image near a buried crack. The
MQW layer is directly on top of the SL IL, and is not sepa-
rated by the GaN thin layer. Figure 5(b) shows a contrasting
image of a joint part of MQW and SL that is located far from
the buried cracks. It is clear that the 20-nm-thick GaN layer
is sandwiched between the SL and the MQW layers. There-
fore, the absence of the thin GaN layer near the buried cracks
implies that adatoms move about in this region during growth.

When the cracks are generated in the SL IL, Ga adatoms on
the surface are diffusing and tend to settle into the cracks.
This significantly depletes the Ga adatoms within a certain
distance from the cracks. We determined the distance within
which the GaN thin layer is depleted by HADDF-STEM. It
was found that with increasing distance from the buried crack,
the GaN thin layer gradually becomes thicker. At a distance
of 1 um~2 pm, the thickness of GaN thin layer recovers to
around 20 nm. This distance can be regarded as the diffu-
sion length of Ga adatoms in this system. In addition, the side
wall facet of the buried cracks can also be determined from
Fig. 5(a) since it is taken precisely along the (1010) zone axis.
The angle between the inclined side wall facet and the ¢ plane
is about 70°, thus the side walls of the buried crack correspond
to the {1011} crystal planes.

Based on the above results, the growth evolution kinet-
ics of buried cracks is illustrated in Fig. 6. To simplify
our model, we mainly focus on the surface process of Ga
adatoms, without giving regard to the chemical reactions on

8-101 Figure 6(a) shows the evolution onset with a

the surface. !
2-um-thick GaN template with an atomically smooth surface.
Then, the AIN/GaN SL IL is grown on the template with the
equivalent Al composition 0.66 and the thickness of 50 nm.
Tensile strain, which is due to the great lattice mismatch be-
tween the GaN template and the SL IL, leads to cracking along
the (1120) direction. The crack has a V-shaped cross section
with the apex extending into the GaN template, as shown in
Fig. 6(b). The side wall facet is the {1011} crystal plane,
which consists of many steps at atomic scale, as shown in
Fig. 6(c). These atomic steps can act as nucleation sites for Ga
adatom absorption and incorporation into the lattice. When a
Ga adatom meets a V-shaped crack during the diffusion pro-
cess, it will continue to migrate onto the inclined {1011} face
because the face has greater surface energy than the (0001)
plane. This means that Ga adatoms tend to fill up the crack.
Therefore, the growth competition between the [0001] direc-
tion and the direction perpendicular to the {1011} faces should
dominate the crack filling, which eventually fills the V-shaped
cracks with GaN. Meanwhile, Ga adatoms within a certain dis-
tance from the crack are somewhat depleted. So a hump forms
above the buried crack due to the fast growth on the crack and
depletion of GaN in the surrounding area, as indicated by the
dashed line in Fig. 6(d).

Figure 6(e) shows the surface process when the deposi-
tion of MQW continues after the crack has been filled. Due
to the hump above the buried cracks, the first few periods of
MQW deposition will conform to the surface shape, bending
outward slightly, as proved by our STEM result in Fig. 3(b).
Due to the depletion of GaN near the buried cracks, the thin
GaN layer increases gradually in thickness with increasing
distance from the buried cracks. Meanwhile, under optimal
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growth conditions, the lateral growth of MQWs is enhanced
and the hump expands and coalesces with the surrounding
MQWs. This will finally lead to a coherent and smooth MQW
layer, as illustrated in Fig. 6(f).
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Fig. 6. (color online) Model of growth evolution kinetics illustrating the
processes of filling the buried cracks.

Figure 6(g) illustrates the diffusion length of Ga adatoms.
The distance is about 1~2 pum according to our HAADF-
STEM results, shown in the insets, which is on the same order
as the result of 535 nm of Narita et al.!'!] Generally, the diffu-
sion length can be expressed as Lgisr = +/DsT, where Dy is the
diffusion coefficient and 7 is the diffusion lifetime. The diffu-

~E/KT \where

sion coefficient can be expressed as Ds = A2vge
A is the hopping distance of an atom between two neighbor-
ing sites, vy is the test frequency with a representative value
of 10'%/s, E is the energy barrier of surface diffusion, k is
the Boltzmann constant, and 7 is the temperature on the sur-

face. The energy barrier for a Ga adatom on a (0001) Ga-

polar GaN surface has been obtained by many groups employ-
ing density-functional theory.!'">~'4] For example, Takeuchi et
al. got the value of E = 0.63 eV.[!3] We chose the parameters
T =1300K, A =0.3189 nm, and Lgj¢ = 1 um-2 pm, as men-
tioned in our experiments. Thus, the diffusion lifetime of Ga
adatoms is estimated to be T = 2.6 x 1073 s—1 x 1072 s based
on the above model.

4. Conclusion

In conclusion, the growth evolution of buried cracks in
strain-controlled AIN/GaN SL IL, resulting in crack-free Al-
GaN/GaN MQWs, has been investigated. The kinetic process
was revealed by ex-situ atomic force microscopy, including
crack formation in the IL, coalescence from both side walls
of the crack, a hump above the buried cracks, lateral expan-
sion and merging with the surrounding MQWSs, and a two-
dimensional step flow growth mode. It was also confirmed
that the filling content in the buried cracks is pure GaN, which
originates from the deposition of the GaN thin layer directly
after the IL. Migration of Ga adatoms into the cracks plays
a key role in filling the buried cracks. The diffusion length of
Ga adatoms was measured to be 1 um—2 pm, and the diffusion
lifetime was estimated to be 2.6 x 1073 s—1x 1072 s.
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