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Self-generated micro-cracks in an ultra-thin AIN/GaN superlattice
interlayer and their influences on the GaN epilayer grown on
Si(110) substrates by metalorganic chemical vapor deposition

Xu-Qiang Shen, Tokio Takahashi, Hirofumi Matsuhata, Toshihide Ide and Mitsuaki Shimizu

We investigate the effect of an ultra-thin AIN/GaN superlattice interlayer (SL IL) on the GaN epilayer grown on Si(110)
substrates by metalorganic chemical vapor deposition (MOCVD). It is found that micro-cracks (MCs) are self-generated in
the SL IL region, which depend on the thickness of the SL IL. The MCs influences the characteristics of the GaN epilayers
grown on the SL IL, such as surface morphologies, strain and structural qualities. Furthermore, different MCs
configurations depending on the SL IL thickness are observed, which imply the controllability of the MCs generation. The

mechanism understanding and the optimization of the SL IL structure make it possible to grow crack-free high-quality GaN

films on Si substrates for optic and electronic device applications.

1 Introduction

Recently, heteroepitaxial growth of high-quality IlI-nitrides on
Si substrates is attracting a great attention due to its low-cost,
large size availability and suitability in integration with Si
electronics. However, large mismatches both in the lattice
constant and the coefficient of thermal expansion (CTE)
between GaN and Si “? prevent from obtaining high-quality
and crack-free thick GaN films grown on Si substrates. To
overcome the crack problem, relaxation structures trying to
compensate the CTE-induced tensile strain during the cooling
down process after the growth have been proposed and the
crack-free thick GaN and the device operations grown on Si
substrates have been demonstrated.>™®

Among the proposed relaxation structures, an ultra-thin
AIN/GaN superlattice interlayer (SL IL) structure shows an
unique feature because it makes use of the naturally
generated micro-crack (MC) during the cooling down process
in the SL IL to compensate the CTE-induced tensile strain in the
plasma-assisted molecular beam epitaxy (rf-MBE)."**  As a
result, a crack-free 4 um thick continuous GaN epilayer grown
on a Si(110) substrate has been realized by rf-MBE.>° We have
applied the technique to the growth of GaN epilayer on 4-inch
Si(110) substrates by metalorganic chemical vapor deposition
(MOCVD) because MOCVD technique is showed to be the best
one for high-quality IllI-nitride film growth and mass
production at present. A 2 um thick continuous crack-free
GaN film has been obtained using such an ultra-thin AIN/GaN
SL IL structure.’> Furthermore, the optimized average Al
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composition of the SL IL (treated as a quasi-AlGaN 22) is around
0.45 by totally taking account of both the strain and the wafer
bowing issues. Since the growth conditions are completely
different between the MOCVD and the rf-MBE growth, there
are many unknown factors concerning the SL IL roles in the
MOCVD-grown GaN on Si substrates, such as SL IL thickness
effect on the strain modulation and the MC generation.
Therefore, it is necessary to make them clear in order to
control the growth and to obtain high-quality crack-free GaN
films on Si substrates for optic and electronic device
applications.

In this paper, we report the experimental results concerning
the effect of an ultra-thin AIN/GaN SL IL on the GaN epilayer
grown on Si(110) substrates by MOCVD. As a result, self-
generated MCs in the SL IL region are observed, which depend
on the thickness of the SL IL. The different MCs configurations
influence the surface morphology, the residual tensile strain
and the quality of the GaN epilayers grown on the SL IL, and
can be controlled by the SL IL thickness.

2 Experimental

The samples were grown by MOCVD on 4-inch Si(110)
substrates. Trimethylalminum (TMA) and trimethylgallium
(TMG) were used as lll-group precursors for the growth of AIN
and GaN. The growth temperature was set at 1070°C, and the
growth chamber pressure during the growth and the cooling
down process was kept at 30kPa. After the growth, the
sample temperature was naturally reduced at a cooling rate of
approximately 100 degree/minute under the mixed gases
(NH3+H,+N, ) environment. The sample structure is described
as following. After a ~100 nm AIN seed layer and a ~200 nm
GaN buffer layer growth, an ultra-thin AIN(~1.8 nm)/GaN(~2.2
nm) SL IL was grown. Following, a ~2.0 pm GaN epilayer was
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grown on the SL IL. To study the thickness effect of the SL IL,
three samples were grown with the period of SL being 20, 40
and 60, respectively. In-situ wafer curvature measurements
(LAYTEC EpiCurve®TT with a laser wavelength of 670 nm) were
carried out to monitor the wafer curvature variation during the
growth. This can help us to understand the details of the
strain transition between each layer during the growth.
Optical microscope (OM) and scanning transmission electron
microscope (STEM) were used to observe the GaN surface
morphology and the microstructures in the film. In addition,
high-resolution X-ray diffraction (HRXRD) was used to
characterize the residual strain and the structural quality of
the GaN epilayers.

3 Results and discussion

Figure 1 shows the in-situ wafer curvature monitoring results
of the three samples during the growth and the cooling down
process. Due to the lattice constant mismatch, the wafer
curvature experiences several changes during the different
growth stages. Basically, the wafer curvature tends to develop
to a convex shape during the GaN growth on AIN and SL IL,
while those of AIN on Si and AIN/GaN SL IL on GaN change to a
concave shape. Several results can be obtained from Fig. 1.
First of all, the concave curvature during the SL IL growth on
the GaN buffer layer increases with the increase of the SL IL
period (SL IL thickness). Since the ultra-thin AIN/GaN SL can be
treated as a quasi-AlGaN layer, the equivalent tensile stress
accumulated in the SL IL increases with the layer thickness.”®
However, the concave curvature of a 60-periods SL IL does not
follow the trace as those of 20- and 40-periods samples at the
latter half growth, which implies a structure change during the
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Fig. 1 In-situ wafer curvature monitoring results of the three
samples with different AIN/GaN SL IL thicknesses during the
growth by LAYTEC EpiCurve®TT with a laser wavelength of 670
nm.
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SL IL growth as will be described later. The next feature is the
compressive effect of the SL IL on the GaN epilayer grown on
it. The curvature of the GaN epilayer changes to the convex
direction due to the difference of the equivalent lattice
constant between the quasi-AlGaN and the GaN. From the
absolute curvature change in the GaN epilayer growth, it is
clear that the strongest compressive effect on the GaN
epilayer is supplied by a 40-periods AIN/GaN SL IL, while the
weakest one is by a 20-periods SL IL. The final phenomenon is
the wafer curvature after cooling down to the room
temperature (RT). The sample with a 40-periods AIN/GaN SL IL
shows the smallest concave curvature, which means that this
SL IL structure is the most effective one to compensate the

Fig. 2 Optical microscope (OM) images of three ~2.0 um thick
GaN epilayers grown on the Si(110) substrates with different
AIN/GaN SL IL thicknesses. The periods (thickness) of the SL IL
are (a) 20 (~80 nm), (b) 40 (~160 nm) and (c) 60 (~240 nm),
respectively. Large cracks are observed only from the sample
(a).
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CTE-induced tensile strain during the cooling down process.
The above in-situ curvature monitoring results indicate that
the ultra-thin AIN/GaN SL IL thickness plays an important role
in the strain modulation during the GaN epilayer growth and
the cooling down processes.

The surface morphologies of all samples are characterized
by OM as shown in Fig. 2. Large cracks are unexpectedly
observed from the sample with a 20-periods AIN/GaN SL IL
(Fig. 2 (a)). The crack line is along the <11-20> direction.
There are complete no small cracks between the large cracks.
This kind of crack is believed to be generated during the
cooling down process as discussed later. The sample with a
40-periods AIN/GaN SL IL shows a crack-free surface (Fig. 2
(b)), which corresponds to the smallest final wafer curvature at
RT as shown in Fig. 1. On the other hand, the sample with a
60-periods AIN/GaN SL IL illustrates some small line-like
patterns as marked by arrows (Fig. 2 (c)), which run in the
same direction as those shown in Fig 2(a). These patterns are
not cracks as those in Fig. 2 (a), but they seem to get a great
influence from the beneath structure imperfection. In order to
fully understand the above phenomena, it is necessary to
carefully study the microstructures in the samples.

To investigate the origins of the above phenomena, cross-
sectional STEM observations are carried out in the <11-20>
direction of GaN, which is along the lateral crack propagating
direction. Figure 3 shows the cross-sectional dark-field (DF)
STEM images of the three samples together with the insets of
the magnified high angle annular dark field (HAADF) images.
Unique microstructures from the samples are observed, which
can help us to understand the thickness effect of the SL IL on
the upper GaN epilayer growth. When the SL IL is thin (20
periods, ~80 nm), no MCs are found in the SL IL position. This
can be considered that the thickness of the SL IL with 20
periods does not exceed the critical thickness for the MC
generation during the growth.23 Instead, a large crack is
observed going through the whole film as shown in Fig. 3(a),
which corresponds to the cracks observed by OM (Fig. 2(a)).
This large crack is considered to be generated during the
cooling down process because the STEM image shows that the
crack starts from the top of the GaN epilayer surface without
any buried GaN in it. On the other hand, when the period of a
SL IL is 40 (~160 nm), a MC is observed locating at the SL IL
position as shown in Fig. 3(b). This means that the SL thickness
exceeds the critical value for the MC generation. No large
cracks are observed in the upper GaN epilayer, which implies
that the SL IL with the MC can compensate part of the CTE-
induced tensile strain during the cooling down process
resulting in the crack-free GaN on Si substrates. The MC is
limited within the SL IL position, and it is buried by the GaN as
clearly shown by the magnified HAADF image in Fig. 3 (b).
Since the MC is small, the upper ~2.0 um thick GaN epilayer
can cover the MC-induced imperfection by lateral growth
resulting in a flat crack-free GaN film as shown in Fig. 2(b).
However, a MC generated in a 60 periods (~¥240 nm) SL IL
shows a different MC configuration compared to that in a 40
periods one. The MC propagates downward and extends its
region to the Si substrate as shown in Fig. 3(c). An empty
hollow is visible in the MC region, although the upper part of
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the MC is buried by the GaN as shown by the magnified HAADF
image. This phenomenon can be ascribed to a strong release
of a tensile strain during a thick SL IL growth with a high
average Al composition (~0.45). The deep MC generation can
reduce the degree of the wafer concave curvature during the
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Fig. 3 Cross-sectional STEM images of three ~2.0 um thick GaN
epilayers grown on the Si(110) substrates with different
AIN/GaN SL IL thicknesses. The periods (thickness) of the SL IL
are (a) 20 (~80 nm), (b) 40 (~160 nm) and (c) 60 (~240 nm),
respectively. MC can be found when the SL IL periods are 40
and 60, instead, a large crack going through the whole GaN is
formed in the sample with a 20-periods SL IL. Insets are the
magnified HAADF images clearly showing the different MC
configurations with the buried GaN.
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SL IL growth, which is reflected by the in-situ wafer curvature
monitoring shown in Fig. 1. Furthermore, the large structure
imperfection makes it difficult to completely flatten the
surface by a ~2.0 um thick GaN epilayer grown on it. That is
why small line-like patterns are observed from a 60-periods SL
IL sample surface as shown in Fig. 2(c). From the above
results, it is estimated that the critical thickness for a MC
generation in a SL IL with an average Al composition of 0.45 is
between 80 and 160 nm and further detailed work is necessary
to accurately determine it.

The different SL IL (treated as a quasi-AlGaN) thicknesses
greatly influence the compressive strain accumulation in the
upper GaN epilayers during the growth.2 When the SL IL is thin
(20-periods), the compressive effect on the upper GaN
epilayer is weak as shown in Fig. 1. Since there is no MC
generation in the SL IL for an additional tensile strain
compensation, a ~2.0 um thick GaN epilayer (far over a critical
thickness of ~0.3 um for cracking ) can not bear the CTE-
induced tensile strain during the cooling down process
resulting in a large crack formation as observed by OM and
STEM. On the other hand, a thick SL IL (40 and 60 periods) can
offer an enough compressive strain to the upper GaN epilayer
as shown in Fig. 1. It can compensate the CTE-induced tensile
strain by the compressive strain release together with the MC
effect after the growth avoiding the large crack generation.20
However, different MC configurations shown in Fig. 3 (b) and
(c) do influence the compressive degree offered by the SL IL to
the upper GaN epilayer. It is believed that the MC limitted
only in the SL IL position (in case of the 40-periods SL IL) can
provide the strongest compressive strain to the upper GaN
epilayer, which is supported by the in-situ curvature
monitoring results. The final net residual strain in the upper
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Fig. 4 Dependence of the residual tensile strain together with
the FWHM values of (002) and (102) diffractions on the SL IL
period from the ~2.0 um thick GaN epilayers grown on Si(110)
substrates measured by HRXRD. The sample with a 40-periods
SL IL shows the smallest residual tensile strain and the best
structural qualities.
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compensation mechanism. Figure 4 shows the dependences
of the net residual strain and the structural quality of the GaN
epilayer on the SL ILthickness measured by HRXRD. All
samples are in a tensile strain state, and the sample with a 40-
periods SL IL shows the smallest tensile strain. The strain state
is different from the results in rf-MBE-grown samples because
the MC configuration and the MC generation mechanism are
different between the two growth techniques.19 The
structural quality of the GaN epilayer depends on the SL IL
thickness as shown in Fig. 4, and the best values of the full
width at half maximum (FWHM) of a 40-periods sample are
448 arcsec and 716 arcsec from the (002) and (102) diffraction
peaks, respectively. From the above values, it is estimated
that the screw and the edge dislocation densities in the GaN

epilayer are ~ 2.0 x 10® cm™ and ~ 1.3 x 10° cm'z,
respectively.25

Based on the above experimental results and discussions,
clear images of the AIN/GaN SL IL thickness effect on the MC
generation and the strain modulation in the upper GaN
epilayer are obtained. Ultra-thin AIN/GaN SL acting as a quasi-
AlGaN layer receives a tensile strain from the beneath GaN
buffer layer and turns to a concave bending during the growth.
When the SL IL thickness exceeds the critical value for cracking,
the MC will be generated to relax the tensile strain.”?* From
the burying of GaN in the MC shown in Fig. 3, it is assumed
that the MC is generated during the SL growth before the GaN
epilayer growth. The cracking depends on the accumulation
degree of the tensile strain in the SL IL, where the MC can limit
within the SL IL region or propagate into the beneath GaN or
even into the Si substrate with a large empty hollow structure.
In addition, the different MC configurations influence the
compressive effect of the SL IL on the upper GaN epilayer
during the growth. Our experimental results show that the
small MC terminating within the SL IL can porvide the
strongest compressive effect on the upper GaN epilayer during
the growth. Furthermore, the small MC formation makes it
easy to be buried by the upper GaN epilayer resulting in a
crack-free GaN epilayer growth.

Conclusions

In conclusion, we investigate the effect of an ultra-thin
AIN/GaN SL IL on the GaN epilayers grown on Si(110)
substrates by MOCVD. It is found that the thickness of the SL
IL plays an important role in the MC generation and results in
the different MC configurations. The different MC
configurations greatly influence the surface morphology, the
residual tensile strain and the structural quality of the GaN
epilayers grown on the SL IL. The estimated critical thickness
for the MC generation in the SL IL with an average Al
composition of 0.45 is between 80 and 160 nm. A complete
crack-free 2.0 um thick GaN epilayer grown on a Si(110)
substrate with smooth surface and high structural qualities, is
obtained by the use of a 40-periods SL IL. The mechanism
understanding of the MC generation and the optimization of
the SL IL structure make it possible to grow high-quality crack-
free GaN films on Si substrates for optic and electronic device
applications.
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