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Semipolar AlGaN layers on a nano-structured Si(100) substrate
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Structural and spectroscopic diagnostic methods were used to study AlGaN layers grown by the method of

hydride vapour-phase epitaxy on a Si(100) substrate with a V-shaped nanostructure on the surface (NP-Si(100)
substrate) and an AIN buffer layer deposited by the reactive magnetron sputtering method. X-ray diffraction analysis
showed that the use of a low-temperature AIN buffer layer provides a tendency for AIN blocks to crystallize with
a non-polar (1010) orientation. The NP-Si(100) substrate, with a thickness of 10 um, forms a block configuration
of the Al,Ga;_N layer associated with semi-polar orientations (1013) and (1015) with x = 0.42 and x = 0.39,
respectively. The layer diffraction pattern shows the presence of blocks with a polar hexagonal Al,Ga;_N with
x =0.36, and cubic c-AIN(220) and c¢-AIN(420) crystallographic orientations. The atomic force microscopy
showed that the 150 um thick AlGaN layer has block sizes of 9um and a semi-polar crystal orientation. The
layer diffraction pattern shows the presence of blocks with a polar hexagonal Al,Ga;_N with x = 0.36, and cubic
c-AIN(220) and c-AIN(420) crystallographic orientations. The AFM showed that the 150 um thick AlGaN layer
has block sizes of 9 um and a semipolar crystal orientation.
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1. Introduction

In recent years, huge strides have been made in the field
of Ill-nitride-based optoelectronics on sapphire substrates,
related to both, polar GaN grown emitters and devices com-
bining lighting and communication functions and capable of
providing very high data transmission rates. One of the
main problems that stems the rise of efficiency of emitting
structures is the polar orientation of c-plane of GaN, which
leads to the emergence of piezoelectric fields in devices with
InGaN/GaN quantum wells because of mismatch of InGaN
and GaN lattices. Emitters based on polar Ill-nitride layers
exhibit less overlap of the wave functions of electrons and
holes, resulting in a longer radiative recombination period
and, consequently, a decline in quantum efficiency, the so-
called quantum-limited Stark effect.

One promising approach to increasing the efficiency of
electronic devices is to grow heterostructures in a semi-
polar or non-polar direction, which can reduce or eliminate
internal electric fields.

However, deviation of the structures from the polar
orientation results in emergence of additional defects
and mismatch dislocations, in addition to dislocations
that are present in heteroepitaxial IIl-nitride layers with
c-orientation. Epitaxial growth of semipolar Al,Ga;_,N
layers is associated with additional challenges that can

49

significantly impact the performance of semipolar devices.
When using hydride vapor-phase epitaxy (HVPE) method,
AIN grows from AICl3 under practically nonequilibrium
conditions, and GaN grows from GaCl under conditions
close to equilibrium. Obtaining uniform AlGaN layers
presents a certain difficulty, since the rates of formation of
AIN and GaN nuclei differ significantly, and the mean free
path of an Al atom on the AIN surface is 40 nm, while that
of a Ga atom on the GaN surface is 500 nm [1]. As a rule,
known models predict the sensitivity of AlGaN composition
to changes in flow rates and to the ratio III/V [2].

Thermodynamic analysis of HVPE AlGaN using AlCl;
and GaCl is outlined in [3], where the authors showed
that controlled layer growth is possible under certain
epitaxy parameters. Epitaxial growth of AlGaN layers by
HVPE method on both GaN and AIN templates on a
sapphire substrate showed good structural quality of the
obtained layers [4]. Semi-polar AlGaN(1122) was grown
on a sapphire substrate with m-plane, but its quality was
low [5]. Recently, all high-index orientations of Si have
been theoretically predicted, which allow the growth of AIN
layers with semi-polar orientation [6].

Previously, we demonstrated HVPE method for epitaxy
of thick semi-polar AIN(1011) layers on a nanostructured
Si(100) [7] substrate. This paper continues research in this



50 V.N. Bessolov, A.Yu. Ivanov, M.E. Kompan, E.V. Konenkova, A.V. Solomnikova, Sh.Sh. Sharofidinov

field and covers the features of the growth of semi-polar
AlGaN layers on a nano-structured silicon substrate.

2. Experiment procedure

First, a series of stripes located on the surface of
Si(100) substrate were formed using interference lithog-
raphy. Then, using anisotropic etching with potassium
hydroxide, V-shaped NP-Si(100) grooves were formed,
consisting of Si(111) and Si(111) surfaces adjacent at an
angle of 54.7°, similar to [7].

NP-Si(100) substrates had grooves with an average period
of ~ 60nm, a height of ~ 50 nm and underwent a standard
procedure of cleaning and etching in an aqueous solution
of hydrofluoric acid. Initially, for one type of structures, a
100 nm thick AIN buffer layer was grown using magnetron
sputtering in a plasma mixture Ny/Ar at T = 450 °C, while
the other type did not have a buffer layer. Epitaxial growth
of AlGaN layers was carried out by HVPE method in
argon atmosphere at temperatures 1050—1080°C, with a
thickness of 10 to 150 um with a growth rate ~ 1 um/min
similar to [7]. Two types of structures ,,A“ — with a
buffer layer of AIN, ,B“ — without any buffer layer.
The crystalline properties of AIN layers were estimated
using X-ray diffractometry, atomic force microscopy (AFM)
and Raman scattering (RS). The studies were carried out
using an X-ray diffractometer DRON-8. RS was made
using Raman spectrometer JY HORIBS MRS 320. The
light source was a helium-neon laser with a wavelength
of 632.8nm. AFM measurements were carried out in
the tapping mode using a scanning probe microscope
Solver NEXT.

3. Results and discussion

The formation of AIN buffer layer showed that it is
deposited in the direction perpendicular to Si(111) and
Si(111) planes (Figure 1).

In the lower part of the groove, one can observe
formation of layers on both faces, and the thickness of
the layer on Si(111) — h; face is greater than that of the
layer on Si(111) — h;, face (Figure 1), which indicates the
preferential growth of layers in one of the directions. As
a rule, AIN buffer layers obtained at low temperatures by
magnetron sputtering are polycrystalline in nature. Some of
the surface planes of AIN blocks have inclinations of up to
58°, which differs from the inclination of Si(111) — 54.7°
relative to Si(100) plane (Figure 1). This will likely lead
to the formation of semi-polar blocks with different crystal
orientations in ,,A“ sample. In , B“ sample the heterogeneity
of the blocks is explained by different inclination of the
edges along the groove.

The X-ray diffraction analysis of ,,A“ and ,,B structures
showed (Figure 2,a,b), that the layers had a complex
block layer configuration associated with semipolar planes
Al,Ga;_,N (1013) and (1015) with x = 0.42 and x = 0.39

NP=§il (100)

Figure 1. SEM (scanning electron microscopy) image of AIN
buffer layer on NP-Si(100) substrate.

Reflectance peaks, composition and structure of the block layer

20, deg. Reflection Material
33.10 1010 h-AIN
35.09 0002 h-AlGaN, x = 0.36
61.71 220 c-AIN
64.49 1013 h-AlGaN, x = 0.42
69.16 400 c-Si
107.14 1015 h-AlGaN, x = 0.39
116.62 420 c-AIN

respectively, with polar Al,Ga;_ N with x =0.36 and
cubic ¢-AIN(220) and c¢-AIN(420) crystallographic blocks
(see the Table below). In ,,A“ sample the peaks associated
with a non-polar hexagonal AIN(1010) were observed.

In the Raman spectra of Al,Ga;_,N/AIN/NP-Si(100)
structure, the peaks Ej(high) =652.6cm™!, associated
with AIN, and E, (high) = 575.9 cm~!, which, similar to [8],
can be attributed to Aly3Gag 7N (Figure 3) were observed.

As is known, the peak Ej(high) for unstressed AIN is
located around 657.0cm~! [9]. It can be seen that the
position of the peak of E,(high) line for AIN blocks is
shifted to the low-frequency side relative to its position in
the undeformed layer, which indicates a tensile strain acting
in AlGaN/NP-Si(100) structure. AFM image of a 150 um
thick structure’s surface demonstrates that AlGaN has a
block character with a block size of ~ 9um (Figure 4,a),
and the surface profile indicates the semi-polar character of
the layer (Figure 4, b).

It is known that during AIN epitaxy, layers are formed at
different rates on the edges of AIN/Si(111) and AIN/Si(111)
grooves, and the highest growth rate leads to the formation
of a semi-polar layer in one of two possible directions,
namely AIN(1011) [7]. It's a well-known fact that AlGaN
nucleus faces usually originate complying with Gibbs-Curie-
Wulff principles [10]. The nucleation of AlGaN crystals
with different crystalline orientations is associated with the
characteristics of ,,A“ and ,B“ samples and a sufficiently
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Figure 2. Diffraction pattern of AlGaN for two types of structure NP-Si(100): a — ,,A“, b — ,,B“.

high growth rate in HVPE method. The formation of
c-AIN crystals in ,,A“ sample is either associated with
the formation of a microcrystalline block layer at low
temperatures by magnetron sputtering, which also includes
nanocrystals of cubic AIN [11], which form blocks during
further growth of the layer, or the emergence of c-AIN
crystals in the samples is possibly associated with the
transition of the layer hexagonal modification into a cubic
one during epitaxy in V--shaped groove, when two growth
fronts meet [12].

The formation of c-AIN(022), AIN(004) crystals dur-
ing epitaxy on Si(100) substrates was observed in the
study [13] and is associated with the crystallographic ratio
AIN(100)/Si(100). In our case, when AIN is generated in
»B* sample the bottom of the groove may have Si(100)
sections.

The formation of semi-polar crystals AlGaN(1013) and
AlGaN(1015) is apparently associated with specifics of the
blocks formation on Si(111) and Si(111) faces (sample
,»B“), while, apparently, for ,,A“ sample the buffer layer with
a thickness of 100nm is not an obstacle to the formation
of a semi-polar layer. The formation of blocks with non-
polar orientation AIN(1010) only in ,,A“ sample is likely
because of the effect discovered in [14]. During HVPE
epitaxy in an argon atmosphere, a spontaneous change in
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Figure 3. RS spectra of AIGaN/AIN/NP-Si(100).

growth orientation from polar to non-polar is possible during
growth on c-plane of a sapphire substrate. In ,,A* sample,
in contrast to ,,B“ the layer growth by HVPE method
occurs on a microcrystalline AIN layer, the surface of
which oxidizes when moving from the magnetron sputtering
reactor. Al oxides can have microcrystals with faces with
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Figure 4. Topography (a) and surface profiles in the direction perpendicular to the ,nanogroove” (b) of AlIGaN/NP-Si(100) structure.

r-oriented planes. With this model, with further high-
rate growth of the layer by HVPE method in an argon
atmosphere, a non-polar layer may emerge [14].

As the layer grows, competition between blocks in
the layer can partially explain the formation of layers of
predominantly one phase. According to the model, if
the formation energy of one phase is less than that of
another, and the barrier is lower, then in this case, this
phase will most likely dominate in the process of block
layer growth [15]. As the growth proceeds, the block sizes
increase, which is reflected in the AFM image (Figure 4,a).

4. Conclusion

AlGaN layers grown by method of hydride vapor-phase
epitaxy (HVPE) on a Si(100) substrate, on the surface
of which a symmetric V--shaped nanostructure and AIN
buffer layer obtained by reactive magnetron sputtering
were formed, were studied. X-ray diffraction analysis
showed that the use of a low-temperature AIN buffer
layer ensures the tendency of AIN blocks with non-polar
(1010) orientations to crystallize. The NP-Si(100) substrate
with a thickness of 10um forms a block configuration
of the Al,Ga;_,N layer associated with semi-polar orien-
tations (1013) and (1015) with x = 0.42 and x = 0.39,
respectively.  Blocks with polar hexagonal Al,Ga;_,N
with x =0.36 and cubic c-AIN(220) and c-AIN(420)
crystallographic orientations were found in the layer. In the
Raman spectra of Al,Ga;_,N/AIN/NP-Si(100) structure,
the peak Ej(high) = 652.6cm™! associated with AIN and
the peak E,(high) = 575.9 cm~!, which can be attributed to
Alp.3Gag 7N, emerged. AFM showed that the 150 um thick
AlGaN layer has block sizes of 9 um and a crystalline semi-
polar (10=13) orientation. The results of this study provide
a foundation for the technology of semi-polar AlGaN/Si

heterostructures, paving the way for innovative applications
in optoelectronics.
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