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HVPE epitaxy of semipolar AIN(1011) layers on the AIN/Si(100) template
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The morphology of semipolar AIN(1011) layers grown by HVPE on an AIN/Si(100) template with a thickness
of 20nm formed by MOCVD on a nanostructured silicon substrate was studied by AFM method. The average
roughness value for semipolar AIN(1011) layers was 36 nm for layers with a thickness of 5 mkm, with an FWHM
(w-geometry) of about 2.5°. It is shown that such a combined approach of AIN epitaxy on a nanostructured

Si(100) substrate results in smoother epitaxial layers.

Keywords: aluminum nitride, nanostructured silicon substrate, vapour-phase epitaxy.

DOI: 10.61011/5C.2024.09.59912.6418A

AIN with a wurtzite structure is a wide-band gap
semiconductor with a direct band gap of 6.2eV, high
thermal conductivity [1] and high piezoelectric constant, and
therefore is a promising material for the manufacture of
ultraviolet optoelectronic devices [2] and high-power high-
frequency electronics devices [3]. Thin layers of AIN are
widely used as buffer layers for growing of GaN [4]. Due to
the limited size and high cost of bulk substrates, AIN layers
are typically grown heteroepitaxially on foreign substrates
such as sapphire and silicon [5,6].

A significant number of scientific papers are devoted
to the study of the properties of wide-band gap polar
[I-nitride films [7]. One of the fundamental problems
hindering the manufacture of devices based on InGaN/GaN
and AlGaN/GaN heterostructures is the polar orientation
of GaN, which leads to the appearance of piezoelectric
fields induced by film deformation resulting from mismatch
of lattice parameters at the heterogeneous interface of the
semiconductor structure. The InGaN/GaN-based emitters
demonstrate a small overlap between the electron and hole
wave functions, which leads to a long radiation recombina-
tion time and, consequently, low quantum efficiency (the
so-called Stark effect). This becomes a problem for both
green and mostly for yellow emitters, in which a higher
concentration of In is required in the active InGaN layer,
and thus the increased deformation creates even stronger
piezoelectric fields [7]. It was found that the differences
in polarization values at the interface between GaN and
InGaN depend on the angle between the semipolar plane
and the (0001) plane [8]. Theoretical calculations are
presented in Ref. [9], illustrating that the total piezoelectric
polarization in InyGa;_xN semipolar films is significantly
lower than the total polarization in such films, but with
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a polar orientation. On the other hand, it was shown
by Smirnov et al. [10] that mechanical stress relaxation is
possible in heterostructures of IngosGag 94N/GaN with a
growth plane (1011) due to the formation of mismatch
dislocations as a result of both basal and prismatic slip
compared with other orientations of the heterostructure.
Semipolar AIN(1011) layers grown by hydride vapor phase
epitaxy (HVPE) on a nanostructured Si(100) substrate
demonstrated plastic relaxation of the semipolar layer
in the form of parallel dislocation lines, in contrast to
plastic relaxation of polar AIN/Si(111) structures, which
manifest themselves as a network of mismatch disloca-
tions [11].

Due to the large difference in lattice parameters and
thermal expansion coefficients between AIN and Si, the
thickness of the AIN layer was limited to ~ 1 um to prevent
cracking [12], but this layer thickness is not sufficient to
reduce the density of dislocations occurring at the AIN/Si
interface [13].

It was reported in Ref [14] that the use of structured
Si(111) substrates made it possible to obtain an AIN layer
with a thickness of 8 um, and the full width at half maxi-
mum (FWHM) of the X-ray rocking curves for AIN(1012)
planes of the resulting layer reached 800 arc. sec. [15].

The purpose of this work is to determine the optimal
conditions for the epitaxial growth of semipolar AIN(1011)
layers grown by the HVPE method both on a nanos-
tructured substrate NP-Si(100) and on an AIN/NP-Si(100)
template. To achieve this goal a V-shaped nanostructure
NP-Si(100) was produced on the Si(100) substrate by
analogy with paper [16], such nanostructure had ,ridges”
with a period between them of 70nm and a height of
Hridge of 30—50nm. NP-Si(100) substrate has faces that
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FWHM of X-ray diffraction wp, rms, average roughness value ra for semi-polar AIN 1ayers(101_1) grown by HVPE method on different

templates
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Figure 1. AFM image (a) and profile (b) of the surface of the AIN/NP-Si(100) structure along the growth direction of the semipolar
blocks; AFM image (c) and profile (d) the surfaces of the AIN/AIN(MOCVD)/NP-Si(100) structure along the growth direction of the

semipolar blocks.

correspond to the plane with angles of tilt ~ 54° — Si(111)
faces. The nanostructured substrates were cleaned in a
standard way and etched in a solution of hydrofluoric acid
with water in a ratio of 1:5 for 1 minute, and then buffer
layers of AIN with a thickness of 20 nm were grown on the
surface by metalorganic vapor phase epitaxy (MOCVD) in a
hydrogen atmosphere using a system with a horizontal flow
reactor and inductive heating at a temperature of 1080°
C. Thick (~ 5um) layers of AIN(1011) were epitaxially
grown by the HVPE method at a temperature of 1080°C
in an argon atmosphere. The growth rates of AIN layers
in the MOCVD and HVPE methods were 30 nm/min and
0.6 um/min, respectively. Growing AIN layers first by the
MOCVD method, followed by cooling from the growth
temperature to room temperature and further growth of
AIN by the HVPE method should lead to a decrease
in stresses arising from differences in the coefficients of
thermal expansion of the AIN layer and the Si substrate
due to stress relaxation in the buffer layer AIN.

The X-ray diffraction patterns of the AIN layers were
analyzed using a three-crystal X-ray spectrometer. Rock-
ing curves were received for (0002) and (1011) Bragg
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reflections in the mode of a two-crystal w-scan scheme of
diffraction.

The study of AIN layers grown on a substrate and
template by X-ray diffraction analysis and atomic force
microscopy (AFM) showed that the layers have a semi-
polar block structure (1011), while FWHM of X-ray
diffraction wp, rms value and average the roughness
value ra (square and arithmetic deviation of the profile,
respectively) for semipolar layers of AIN(1011) has a
significantly lower value in case of an epitaxy of the
layer on the AIN(MOCVD)/NP-Si(100) template than
on NP-Si(100) substrate (see the Table). Crystallites
with two distinct growth planes (1011) and (0001) are
formed directly on NP-Si(100) substrate during the growth
of the AIN film, which leads to a lower quality of the
semi-polar AIN layer (1011) compared to the structure of
the AIN(MOCVD) buffer layer.

The quality of the epitaxial process was assessed by
testing the growth of a polar AIN(0001) layer on a Si(111)
substrate in one process. The value of wy for the resulting
AIN/Si(111) structure was ~ 1.0arc. deg.

AFM study of the surface of the grown AIN lay-
ers showed that the block sizes of the semipolar lay-
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Figure 2. a — SEM image of the template AIN(MOCVD)/NP-Si(100); » — surface topography AIN/AIN(MOCVD)/NP-Si(100)

structures with three coordinates (X, Y, Z).

ers during epitaxy on the template are significantly
larger than on the substrate (Figure 1). AFM ima-
ges of the surface of AIN/AIN(MOCVD)/NP-Si(100) and
AIN(MOCVD)/NP-Si(100) stuctures show the ,,corrugated*
surface character associated at the beginning with the
nucleation and growth of blocks on surfaces tilted at 54°
to the Si(100) plane of the nanogrooves (Figure 2,a), as
noted in Ref. [16].

The surface profiles of the structures in the direction
perpendicular to the grooves showed that the block size
is ~5um for the AIN/AIN(MOCVD)/NP-Si(100) struc-
ture (Figure 1,a and b) and ~ 10um for the structure
AIN/NP-Si(100) (Figure 1,c¢ and d), and in the direction
parallel to the groove, this difference is significantly greater
(figures are not shown). It can be seen that the shape
of the blocks is different: basically triangular pyramids
for AIN/NP-Si(100) and mostly rectangular plates for
AIN/AIN(MOCVD)/NP-Si(100) (Figure 1). However, we
would like to note that at the initial stage of layer nucleation,
the distance between the ,ridges“ of ,corrugated” layer in
the direction perpendicular to the grooves was ~ 70nm,
and this distance increased to 7um after HVPE epitaxy of
~ 5um thick AIN layer (Figure 2).

The data obtained from studies of AIN layers grown on
a substrate and template using X-ray diffraction analysis
and AFM methods can be explained by differences in
the nucleation rates of AIN layers in the MOCVD and
HVPE methods and the diffusion lengths of Al atoms
on the surfaces of the substrate and template of different
composition and morphology.

By analogy with the model of growth of GaN [17], Al
atoms in the gas phase are adsorbed on the surface of the
substrate, and then diffuse to the surface of AIN crystals and
can easily react with nitrogen atoms from the gas phase [18],
contributing to the nucleation and growth of AIN crystals on
Si(111) faces, which leads to the formation of semipolar-
oriented blocks with AIN(1011) surface (Figure 2,a).

It is known that the effective diffusion length of Ga
adatoms depends on the atmosphere in the reactor and
can reach several micrometers at a temperature of 1040°C,

depending on the flows of H,, N, and NHj3 and the pressure
during MOCVD epitaxy [19]. The change of the hydrogen
atmosphere to argon in the case of GaN HVPE leads to a
predominant growth of the layer in the direction tangential
to the surface [18].

No diffusion length data in the argon atmosphere in the
case of AIN HVPE are presented in the literature, but we
assume that the diffusion length of the Al atom in the argon
atmosphere in case of HVPE is significantly greater than in
the hydrogen atmosphere in case of MOCVD. The migration
of Al adatoms over the surface depends on the size of
their diffusion barrier [20]. Al—N bond energy is 2.88 eV,
and Al—Si bond energy is 3.43¢eV [21]. It is known that
the diffusion barrier on the A1(0001) surface is 1.17 eV for
Al adatom, and the diffusion barrier on Si(111) surface is
1.25¢V [22]. In case of AIN HVPE grown on the template,
Al atoms have a lower diffusion barrier and a longer time to
embed in favorable lattice sites, which facilitates the fusion
of grains into blocks with lower roughness. In addition,
the data obtained on the size of blocks on the surface of
AIN(1011) layers in case of HVPE in an argon atmosphere
indicate a longer free path of Al adatom in the direction
along the ,ridges” than in the perpendicular direction.

Thus, the study results showed that growing AIN layers
with a thickness of less than the height of the ,ridges®
of the structured surface, first by the MOCVD method,
followed by cooling from the growth temperature to room
temperature and subsequent growth by the HVPE method,
results in smoother epitaxial layers that are promising for
the purposes of gallium nitride electronics.
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