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Semipolar aluminum nitride: the epitaxy of bulk material on a
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The epitaxial growth of bulk semipolar AIN layers by hydride vapour-phase epitaxy on a nanostructured silicon
substrate (NP-Si(001)) was studied by X-ray diffractometry, atomic force microscopy, and Raman scattering. The
semipolar layer was epitaxially grown at high growth rates in an argon atmosphere, separated from the substrate,
had a thickness of 140 um and a half-width of the X-ray diffraction curve AIN(1011) wp = 60 arcmin. It was found
that the bulk semipolar AIN layer has a lower amount of stretching after removal of the substrate than the layer on

the NP-Si(100) substrate.
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Emitting III-N semiconductor structures are valued in
optoelectronics for their small size, low power consumption,
high efficiency, and extended lifetime (compared to con-
ventional light sources). Typical emitting structure designs
use InGaN/GaN chips coated with a phosphor to convert
blue light into longer wavelengths. However, this process
results in a loss of excitation energy, the magnitude of which
is close to 25% [1]. Without the phosphor, the external
quantum efficiency of LEDs operating within the yellow—
green spectral range decreases [2].

Hexagonal gallium nitride (GaN) and aluminum nitride
(AIN) structures feature both spontaneous and piezoelectric
polarization in their lattice cell structure [3]. The polar-
ization discontinuity at heterojunctions in heterostructures
leads to the formation of layers of opposite charges at both
interfaces, which induces the emergence of intense internal
electric fields. The electric field reduces the overlap of
electron-hole wave functions in the active region and the
efficiency of radiative recombination [4]. A high fraction
of indium nitride is needed to obtain green emission in
the active region of structures along polar direction [0001].
However, since InGaN has a larger lattice parameter than
GaN, an increase in InN fraction enhances the piezoelectric
polarization effect due to structural deformation.

Studies into the growth mechanisms of aluminum nitride
epitaxial layers are important for several reasons. First,
hexagonal AIN is a semiconductor with a direct band
gap (6.2¢eV), which makes it a promising material for the
production of ultraviolet optoelectronic devices. Second,
thin layers of aluminum nitride are used widely as buffer
layers for gallium nitride synthesis. Moreover, gallium may
react chemically with Si during GaN epitaxy on silicon
substrates, leading to significant degradation of the growing
layer, but pre-deposition of AIN helps prevent this.
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As is known, AIN grows predominantly along the
AINJ[0001] polar direction [5]. This leads to significant
polarization perpendicular to the AIN/GaN layers, putting
a limit on the quantum efficiency of emitting structures [6].
Significant research efforts have been undertaken in recent
years to find ways to reduce polarization. = However,
no effective techniques for direct growth of non-polar or
semipolar bulk aluminum nitride with a high stability of
interface properties, which is required to achieve a long
structure lifetime, have been proposed [7].

Only a few studies into the epitaxial growth of semipolar
AIN layers on silicon substrates have been published to date.
This is a rather complex technology, which was discussed
in part in review [8].

The growth of semipolar AIN layers on r-sapphire, the
m plane of SiC, and structured Si(100) substrates has been
reported. A method for producing non-polar (cubic) gallium
nitride with the use of V-shaped grooves 1 um in width and
0.7 ym in depth, which are positioned 4 um apart, on the
Si(100) surface is known. Experiments have revealed that
the growth fronts of hexagonal GaN initially form on Si faces
in the process of metal-organic chemical vapor deposition
(MOCVD) at low layer growth rates, but a region of cubic
GaN may then arise between the growing layers [9].

In the present study, we demonstrate that the growth of
AIN at high rates by hydride vapor-phase epitaxy (HVPE)
on a nanostructured V-shaped Si substrate (NP-Si(100))
provides an opportunity to synthesize a structure with a
semipolar AIN(1011) plane and obtain a bulk semipolar
crystalline layer separated from the substrate.

Sample fabrication is a two-step process that involves
the formation of a nanostructured surface on a Si(100)
substrate and subsequent HVPE growth of AIN. A series of
stripes were formed first by interference lithography within
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a large area on the silicon substrate surface. Anisotropic
etching with potassium hydroxide was then performed to
obtain V-shaped grooves formed by Si(111) and Si(111)
surfaces adjacent at an angle of 54.7° (see the cross-
sectional diagram in Fig. 1). The NP-Si(100) substrates
had a faceted surface structure with periodically (45nm)
positioned crests with a height of 35nm.

Prior to epitaxy, the substrates were treated in a 1:5
aqueous solution of hydrofluoric acid for 1 min. The growth
of semipolar AIN layers with thicknesses close to 140 um
was then carried out by HVPE in argon at a temperature of
1080 °C and rates on the order of 50 um/h.

Two types of AIN structures were studied: those syn-
thesized on the NP-Si(100) substrate (type A) and those
obtained after substrate removal by chemical etching of
silicon (type B). In X-ray measurements, rocking curves
were recorded in a double-crystal diffraction arrangement
in reflections (0002) and (1011) of CukK,,-radiation using
a triple-crystal X-ray spectrometer. The structures were
studied at room temperature using atomic force microscopy
(AFM) in the tapping mode with a SolverNEXT scanning
probe microscope (SPM) and Raman spectroscopy with a
JY HORIBA MRS 320 spectrometer.

Judging by the images of cleaved faces of the structures,
the original nanostructured NP-Si(100) surface remained
unchanged after epitaxy, and the layers grew in one of two
possible directions: [111] or [111]. The results of X-ray
diffraction analysis revealed that the layers had semipolar
orientation (1011) with a FWHM of X-ray diffraction curve
wp = 60 arcmin. It should be noted that the FWHM of
Xray diffraction for 300-nm-thick semipolar AIN (1210)
produced by MOCVD on an m-sapphire substrate was the
same (approximately 3600 arcsec [10]).

The surface image in Fig. 2,a makes it evident that the
AIN layer has a block nature with a block size close to 6 um
and hexagonal faceting of AIN faces. The root-mean-square
(RMS) and average ((R,)) surface roughness values for the
layers were 0.805 and 0.678 um, respectively.

SEM imaging revealed no cracks on the surface, which
provided an opportunity to remove the substrate and
obtain a bulk semipolar layer with a thickness of 140 um
(structure B).

The Raman spectra of AIN (1011)/NP-Si(100) for
structures A and B differed (Fig. 3): peaks E(high)

Si(100)

m

Figure 1.
surface.

Schematic diagram of a groove on the NP-Si(100)

(6512cm™!) and A(TO) (610.2cm™!) were identified
for structure A, while structure B had peaks at 652.1
and 606.7cm~!. The spectral line associated with Si
was not detected for structure B (Fig. 3). It is known
that peak E,(high) for unstressed AIN is located near
657.0cm~! [11]. It is evident that the E,(high) line
peak for AIN layers is shifted toward lower frequencies
relative to its position in the non-deformed layer. This fact
suggests the presence of tensile strain in the AIN(1011)/NP-
Si(100) structure, and the shift magnitude is indicative of
residual strain. Tensile strain in AIN(1011) grown on NP-
Si(100) is easy to explain, since the lattice parameter and
the thermal expansion coefficient of AIN are smaller and
larger, respectively, than those of Si. This is what leads to
deformation of the structure at the epitaxy temperature and
its increase upon cooling to room temperature. The Raman
spectrum of the AIN layer after substrate removal reveals
weaker tensile strain than that in the A-type structure.

The model of formation of the semipolar AIN (1011)
layer proposed here (Fig. 2, b) has two underlying elements:
first, the difference in surface energy of AIN faces; second,
a fairly high growth rate inherent in the HVPE method.
It is known from literature that the surface energies of
AIN(0001) and AIN(0001) faces, which are 0.355 and
0.374eV/A2?, respectively, differ. These values are signif-
icantly higher than the energy of semipolar faces (0.234
and 0.145eV/A? for AIN(1120) and AIN(1100)) [12]. The
growth rate is known to increase with surface energy of
a crystal face. The growth rate of plane (0001) should
then be higher than that of plane (1120) [13]. As is
known, the layer growth regime depends on the difference
in surface energies between the substrate and the formed
layer during heteroepitaxy [14]. The surface energy of
certain ,ideal” faces of a Si crystal is known: Si(001) —
161.2meV/A2, Si(111) — 139.1 meV/A2, and Si(113) —
145.8 meV/A? [15]. However, the determination of surface
energies of the interfaces of semipolar AIN/Si structures is a
complex task, and typical calculations of these values yield
approximate values, since the influence of carrier gas in the
reactor atmosphere also needs to be taken into account. For
example, the surface energies of AIN faces determined in
epitaxy in hydrogen or argon atmospheres differ [16]. At
high layer growth rates, layers form at different rates on
the Si(111) and Si(111) faces of grooves, which may be
attributed to the difference in concentration of defects on
the surface. Notably, the highest growth rate leads to the
formation of a semipolar layer in one of the two possible
directions (specifically, AIN(1011)), but a significant surface
roughness R, = 0.678 um (Fig. 2,b) emerges at the same
time.

The relatively small change of the E;(high) maximum
after substrate removal is apparently indicative of a change
in thermal strain in structures A and B. Indeed, growth
proceeds on just one Si face in the course of epitaxy of
a semipolar AIN(1011) layer, and the second face has
virtually no part in the heterostructure formation. Therefore,
strain induced by the difference in thermal expansion
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Figure 2. Surface topography of the AIN/NP-Si(100) structure with a thickness of 140 um (a) and schematic diagram of the formation

of AIN(1011) crystals ().

coefficients of Si and AIN is present in the structures, but
decreases after the substrate removal due to the presence of
voids on one half of the NP-Si(100) substrate (Fig. 2, b), and
strain associated with the difference in lattice parameters of
AIN and Si should produce the same contributions to the
energy position of peaks for structures A and B (curves /
and 2 in Fig. 3) at the epitaxy temperature due to the
formation of defects.

Thus, a new approach to the synthesis of bulk semipolar
AIN(1011) with the use of high-rate layer growth by HVPE
on a nanostructured silicon substrate was demonstrated.
The semipolar layer was separated from the substrate and
had a thickness of 140 um and a FWHM of X-ray diffraction
curve wy = 60 arcmin. Raman studies revealed that the AIN
layer after substrate removal had a weaker tensile strain
than the AIN(1011) layer obtained on NP-Si(100). Bulk
AIN(1011) holds promise for the production of semipolar
structures based on GaN and AlGaN compounds.
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Figure 3. Raman spectra of AIN structures. / — Type A; 2 —
type B.
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