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Abstract

In our study, we formed a multilayer heterostructure consisting of periodic GaN and AIN layers by means of chloride-hydride
epitaxial growth on a hybrid SiC/Si substrate synthesized using the method of the coordinated substitution of atoms.

A comprehensive study of the heterostructure by means of nanoscale mapping of elastic strain demonstrated that in the
upper GaN layer the dual-axis strain ¢_ is minimal (~ -0.12 GPa). There is practically no strain in the superlattices located
in the upper part of the heterostructure.
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1. Introduction

Group III nitrides (GaN, AIN, AlGaN) have
unique physical and chemical properties as
compared to other semiconductors [1-3]. They
have high hardness, good thermal conductivity,
and high resistance to radiation and chemicals.
These properties make Group III nitrides good
candidates for the role of semiconductors in
modern high-frequency equipment [3-6].

Group III nitrides are usually grown on
substrates including sapphire and silicon carbide
(SiC). However, silicon substrates, including
porous ones [7-9], are becoming increasingly
popular, because they have large diameters
and, what is more important, have the required
thermal characteristics and electrical properties.
However, due to the considerable mismatch
of crystal lattice parameters between group
III nitride films and foreign substrates, as well
as the difference in the coefficient of thermal
expansion (CTE) of these materials, large elastic
strain occurs during the growth process [10].
Therefore, it is important to lower the elastic
strain in the epitaxial layers of the superlattice.
At the same time, the misfit deformation in
epitaxial systems with mismatched lattices can
be reduced by the high density of structural
defects and the growth of transition buffer layers
based on multiperiod superlattices. Therefore,
strain engineering in group III nitrides and its
analysis present an important problem [11]. X-ray
powder diffraction is often used to control strain,
because it is a powerful and reliable method
of nondestructive analysis of heterostructures
[12, 13]. However, lately, Raman spectroscopy
has been the most preferable method [14, 9]. Its
main advantage over X-ray powder diffraction is
that it allows for spatially resolved evaluation of
inhomogeneous deformations. Raman spectra
and motorized sample stages used to adjust the
position of the sample within the scanning plane
at submicron steps make it possible to register
residual strain and its fluctuations in the layers
of heterostructures with a high spatial resolution.
Considering the fact that strain engineering
is one of the most powerful tools for adjusting
the optical and electronic properties of AIIIN
semiconductor compounds, it is important to
investigate residual strain in epitaxial layers of
gallium nitride grown by means of transition
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buffer layers based on multiperiod GaN/AIN
superlattices.

Earlier experiments demonstrated [15,16]
that group III nitrides of good structural quality
(AIN, GaN, and AlGaN) can be grown on a hybrid
substrate SiC/Si and then separated from it. Thus,
in [16] we grew single-crystal crack-free layers
of AIN (with a thickness up to 300 ym), AlGaN
(with a thickness up to 400 pm, and GaN (with a
thickness up to 200 ym), as well as GaN films of
the semipolar (1124) orientation and a thickness
up to 35 um.

Therefore, the purpose of this study was to
analyze residual elastic strain in the epitaxial
periodic heterostructure and the corresponding
GaN/AIN multiperiod superlattices after the
separation from the hybrid substrate.

2. Materials and methods

To grow a bulk GaN layer with a good crystal
structure which could then be separated from
the substrate, we used hybrid vapor phase
epitaxy (HVPE), which is well-known to be a
relatively inexpensive method of obtaining
bulk IlI-nitride layers on silicon or sapphire
substrates. In our experiment, we used a hybrid
SiC/Si(111) substrate synthesized using the
method of coordinated substitution of atoms
[17-19]. Taking into account the mismatch of
crystal lattice parameters and the difference in
the coefficients of thermal expansion, to avoid
cracking we used the method of deposition of
superlattices between the main layers of AIN and
GaN. First, we deposited a thin layer of AIN, after
which the second element was added (Ga). Then
we grew an AIN/GaN superlattice layer in a 50:50
ratio for 20 min. During the next stage, another
AIN layer was grown followed by the growth of
yet another AIN/GaN superlattice layer. The final
layer was a GaN layer with a thickness of about
3.5 ym. The structure was grown in a reactor at
high temperatures (T~ 1000 °C). Ammonia (NH,)
and argon (Ar) were used as a gas mixture, the
flow rate was 1000 and 4000 ml/min respectively.
The flow rate of Al and Ga was 100 ml/min. After
the growth of the structure, the substrate was
removed.

The diagnostics of the samples was carried
out using microstructural and spectroscopic
methods. Microscopic studies were performed
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using a JSM-7001F scanning electron microscope
(Jeol,Japan). Raman spectra were measured using
a RamMics 532 confocal Raman microscope
(EnSpectr, Moscow, Russia) with a radiation
wavelength of 532 nm. The scanning was
performed using a 60x lens. The power at the
focus was 30 mW. The spectra were registered
in the range of 100-2000 cm™! with a spectral
resolution of 1 cm™!. Analysis of the spatial
domains of the samples was carried out using a
dual-axis motorized stage with a step of 0.25 ym
along the whole structure of the samples. As a
result, we obtained the spectra in the z(xy)z and
x(xy)x geometry.

3. Results and discussion

Fig. 1 demonstrates a scheme of the GaN/AIN
multilayer heterostructure and microscopic
images of the cross-section of the sample on
different scales obtained using scanning electron
microscopy.

We have already mentioned that information
about the structural properties of free thin layers
based on GaN/AIN multiperiod superlattices was
obtained by means of Raman light scattering.
Raman spectroscopy is a very effective tool
for non-destructive testing of semiconductor
nanostructures.

Fig. 2 presents the Raman spectrum of the
sample in the z(xy)z geometry.

Due to the optical transparency of GaN and
AIN and a large depth of the Raman spectroscopy
profiling in the z(xy)z geometry the spectrum
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demonstrates Raman light scattering modes from
various layers of the heterostructure.

In accordance with the geometry of Raman
light scattering and the selection rules for the
wurtzite crystal structure (spatial group P3m1I)
observed in phases GaN and AIN, for each phase the
Raman spectra might demonstrate a characteristic
set of six longitudinal (LO) and transverse
(TO) phonon modes [20,21]. An analysis of the
experimental data (Fig. 2) demonstrated that there
are four vibrations in the spectrum. The first and
the most intense maximum at about 567 cm™ is
the phonon mode E!'s" of the wurtzite-like GaN
[22,23]. A less intense peak at about 735 cm!
is the A (LO) mode of GaN. The peak at about

i SICISI(111) (400 wm) :

Fig. 1. SEM image of the heterostructure and sche-
matic images of two types of superlattices
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Fig. 2. Raman spectrum of the film in the geometry z(xy)z
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653 cm™ is the EM¢"mode of AIN, the strongest of
the modes allowed in the films of wurtzite AIN in
the z(xy)z’ backscattering geometry used in our
experiment [24].

To perform a layer-by-layer analysis of the
structure with a high spatial resolution we
performed the scanning in the x(xy)x geometry
with a step of 250 nm. As a result, we obtained
a set of phonon modes from the region of
multiperiod superlattices GaN/AIN (Fig. 3) as well
as from AIN buffer layers (Fig. 4)

Based on the obtained results, we can say that
in the selected x(xy)x geometry, the spectra of
the GaN/AIN superlattice (Fig. 3) demonstrate
an intense nonpolar phonon mode E&" of GaN
(Fig. 2) together with active polar vibrations
A1(TO) of GaN and E1(TO) of GaN at about 535
and 555 cm™! respectively. These vibrations are
characteristic for GaN crystals with a wurtzite
structure [25]. We can see that depending on the
distance between the substrate and the studied
region, a shift in the frequencies of phonon modes
A1(TO), E1(TO), and E}*" of GaN is observed as
well as a change in their relative intensities.

As for the Raman spectra of the AIN buffer
layers (Fig.4), there are three active modes: E's",
A1(TO), and E1(TO), whose intensity practically
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does not depend on the location of the AIN layer
in the film. We should also note that the spectra
of the AIN buffer layer demonstrate vibrations at
about 530-580 cm™! (Fig. 4) attributed to A1(TO)
and EMs" modes of GaN. This can be explained
by the fact that during the scanning, the region
of generation of the desired signal occupied the
neighboring layers of the superlattice, which
in turn means that the cleavage plane was not
perpendicular to the surface of the sample.

The observed shifts of the phonon modes
of various symmetry must be connected with
the deformations of the layers caused by the
difference in the crystal lattice parameters
and the thermal expansion coefficients of the
materials of the layers that occurred during the
growth of the heterostructure. We can see that the
shifts in phonon vibrations belonging to phonons
of AIN and GaN in various layers of superlattices
and buffer layers have different directions, which
indicates different types of deformations in these
layers.

By performing micro Raman spectroscopy
of the cleavage of the heterostructure using
coordinated spectral scanning, we can obtain a
scheme of the structure in the cross-section of
the layers based on the variations on the intensity
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Fig. 3. Raman spectra from regions of GaN/AIN superlattices, taken in geometry z(xy)z
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Fig. 4. Raman spectra from AIN buffer layers taken in geometry z(xy)z

of spectral lines reflecting the distribution of
nonpolar EM&" vibrational modes of GaN and
AIN near the interface. In order to do this, we
determined integral areas under the selected
spectral lines in each spectrum corresponding to
a particular point in the scanning region.

Fig. 5a, b demonstrate the results of the
hyperspectral mapping based on the distribution
of intensities of the selected vibrations and a
SEM image of the scanned region. The results
of the chemical mapping are color coded. The
warmer the color, the greater the intensity of
the corresponding phonon and therefore the
composition of the phase in the region.

An analysis of the results of the hyperspectral
mapping (Fig. 5a, b) visualizes the structure of the
layers in the sample: the maps demonstrate bands
of the greatest/smallest intensity of GaN/AIN, and
the distance between the bands correlates well
with the SEM image.

At the same time, we should note that in the
layers forming the GaN/AIN superlattices, the
quantitative composition and the intensity of
the localized modes depend on the localization
region as well as on the period of the superlattice.
We can see that the nonpolar E&" mode of GaN
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has a maximum intensity in upper layers of the
superlattices changing gradually from layer to
layer.

As we have already mentioned, the residual
strain in thin epitaxial films is an important issue
for the production of various devices. During
the growth of multilayer heterostructures based
on group III nitrides on foreign substrates, the
residual strain observed in the films is the result
of a balance between two competing deformation
components: misfit deformation caused by the
difference in the thermal expansion coefficients
and the deformation caused by the defects in
the structure [26]. Results of numerous studies
have demonstrated that the frequencies of the
E " modes of GaN and AIN depend on the
deformations in the crystal lattice. Therefore, the
evaluation of residual strain in various layers of
the heterostructure can be carried out based on
the frequency shifts in the Raman spectrum of
the main vibrational modes: E,"s" modes of GaN
and AIN.

The calculation of residual strain at the
cleavage of the epitaxial layer was performed
based on the frequency of the Es» mode of GaN
using the equation:
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Where Aw is the Raman shift with regard to the
strain-free layer, K is a constant value for GaN
GaN KGaN =4.3 cm~!-GPa
Fig. 5c demonstrates a map of dual-axis strain
near the cleavage of the film. We can see that
in the upper GaN layer the dual-axis strain ¢
is minimal (~ —0.12 GPa). At the same time, the
strain is minimal in the upper SL2 superlattices
(with a constant period).

(D

4. Conclusions

In our study, we formed a multilayer
heterostructure consisting of periodic GaN and
AIN layers by means of chloride-hydride epitaxial
growth on a hybrid SiC/Si substrate synthesized
using the method of coordinated substitution of
atoms.

The thickness of the obtained structure was
~ 78 um. Using nanoscale mapping in the upper
GaN layers we determined the dual-axis strainc_
to be minimum (~ 0.12 GPa). There is practically
no strain in the superlattices located in the upper
part of the structure.
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