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Abstract: This paper proposes a method for synthesis of hexagonal GaN on Si(100) and
Si(113) substrates, where nanostructures with an element size less than 100 nm are formed on
the surface. It has been established that the method of gas-phase epitaxy from metalorganic
compounds in a hydrogen atmosphere on such substrates makes it possible to form semipolar
layers of GaN(10-11) and GaN(11-22) with a minimum half-width of the X-ray diffraction
swing curve of about 30 arcmin. It is shown that during the formation of a semipolar AIN layer
at the initial stage of epitaxy, a corrugated surface is formed on NP-Si(100) from the semipolar
planes AIN(10-11) and AIN(10-1-1) with counter-directional ¢ axes. Then, during the growth
of the GaN layer, a transition is made from the symmetrical state of the semipolar GaN(10-
11) and GaN(10-1-1) planes to an asymmetric state with the orientation of the ¢ axis of the
GaN(10-11) layer. That transition is apparently determined by the difference in the values of
the surface energy of GaN during epitaxy on the corrugated surface.
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MonynonapHbie csion GaN Ha HAHOCTPYKTYPUPOBAHHOM
KpeMHMMU: TeXHOJIOrMs U CBOMCTBA
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Annoranuga. IIpenmoxkeH meTon cuHTe3a rekcaroHaibHoro GaN Ha momnoxkax Si(100) u
Si(113), Ha MOBEPXHOCTU KOTOPOI cOpMUPOBaHA HAHOCTPYKTYpa C pasMepoM 3JIEMEHTOB
MeHblIe 100 HM. YcTaHOBIEHO, UTO METO razodasHoil AMUTaKCUU U3 METALIOOPTaHUYECKUX
COeIMHEHUI B aTMocdepe BoAOpoma Ha TaKUX MOMIOXKAX MO3BOJIsIET CHOPMUPOBATH
noaynoaspHsle ciaon GaN(10-11) m GaN(11-22) npu MHUHUMAaJIbHOU TOJIYIIMPUHE
peHTreHoqMGPaKIIMOHHON KpuBOil KayaHust okojo 30 arcmin. [TokazaHo, 4To B Tpoliecce
oOpazoBaHus ciost nonynossipHoro AIN Ha HavyanbHOU cTamuu anutakcuu Ha NP-Si(100)
dopmupyercsi ropupoBaHHasl MOBEPXHOCTb M3 MOJYIMOJSIPHBIX IIockocteit AIN(10-11) u
AIN(10-1-1) ¢ mpoTHMBOHaNpaBAEHHBIMU «C»-0CsIMU. 3aTeM B mpouecce pocta GaN crios
OCYILLECTBJISIETCS TEePeXOoJ M3 CUMMETPUUYHOTO COCTOSIHMSA mnoaynoiasapHbix GaN(10-11) u
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GaN(10-1-1) mmockocTeii B aCMMMETPUYHOE COCTOSIHME C OPHUEHTAIMEH «C»-OCH  CJIOSI
GaN(10-11), npuuyem mepexon , IO BUAMMOMY, OIPEASISICTCS pas3IMYueM BeJIUYMH
MmoBepXHOCTHOI 3Hepruu GaN Ipu 3MUTAKCHU Ha TO(GPUPOBAHHON MOBEPXHOCTH.

KioueBblie ciioBa: MOJYMOSIPHBIM HUTPUIL TAJUTASI, HAHOCTPYKTYPUPOBaHHAST KpeMHUEBast
MOJUIOKKA, MOBEPXHOCTHASI SHEPTUST
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Introduction

Gallium nitride is an attractive material for various electronic and optoelectronic applications.
An important physical property of IlI-nitrides with a hexagonal crystal structure is that in the
heterostructures of these compounds, layers in the direction along the ¢ axis are characterized by
the presence of piezoelectric polarization, which leads to an internal electric field, to the spatial
separation of electrons and holes in quantum wells and a decrease in their radiative recombination
(quantum-dimensional Stark effect) [1]. The Stark effect increases the recombination of charge
carriers and negatively affects the injection of carriers [2], which significantly reduces the
parameters of optoelectronic and electronic devices.

As a solution to these problems related to polarization, using non-polar and semipolar
orientations of GaN has been proposed [3]. Currently, attempts are made to synthesize semipolar
gallium and aluminum nitrides on micro [4] and nanostructured Si(100) [5] and Si(113)
[6] substrates, in which it is proposed to use an inclined face of Si(111) for synthesis. The
known methods for creating semipolar layers of GaN(1011) and GaN(1122) on silicon involve
microstructured substrates Si(100) and Si(113), respectively, with a one-sided (111)-face in an
array of microchannels [7, 8].

Recently, it has been proposed to use both inclined faces of Si(111) and Si(1-1-1) nanostructures
for synthesis on Si(100) and Si(113). (Fig.1, a). This work is dedicated to developing a technology
of semipolar GaN(10-11) and GaN(11-22) layers on V-shaped and U-shaped nanostructured
Si(100) and Si(113) substrates, respectively, with element sizes less than 100 nm.

The nanomask was formed according to the technology described in [9].
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Fig. 1. SEM images of the AIN/NP-Si(100) structure: at the initial stage
of growth (a), during the formation of a solid layer (b)
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Materials and Methods

The GaN layers on NP-Si(100) substrates were grown by MOCVD on a modified EpiQuip
installation with a horizontal reactor and an induction-heated graphite substrate holder at tem-
perature 1030 °C [5]. Hydrogen was used as the carrier gas, and ammonia, trimethylgallium
and trimethylaluminum were employed as precursors. The structures consisted of an AIN layer
~20-40-nm thick and a GaN layer ~1-pum thick. The structural characteristics of the GaN layers
were determined by X-ray diffraction, scanning electron microscopy and atomic force microscopy.

A thin AIN layer is formed on the Si(111) and Si(1-1-1) faces at the initial stage of AIN growth
on the NP-Si(100) substrate (Fig.1, a). A corrugated surface is formed from AIN(10-11) and
AIN(10-1-1) layers during further epitaxy (Fig. 1, b).

Then the growth of continuous GaN layers on NP-Si(100) occurs in the semipolar direction,
as evidenced by the typical nature of the surface morphology (Fig. 2, a, b) and a minimum half-

width of the XRD GaN(10-11) swing curve of about o= 30 arcmin.
b)
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Fig. 2. AFM image and surface profile of the GaN(10-11)/AIN/NP-Si(100) structure

A buffer layer of AIN with a thickness of 20 nm was grown on all structures during epitaxy
of AIN and then GaN on NP-Si(113) substrates (Fig. 3, a), then either an island layer of
GaN(11-22) with dimensions of ~0.05—0.2 um (Fig. 3, b) or a solid layer was grown on the
buffer layer thickness ~0.6—1 um GaN(11-22) (Fig. 4, a, b). X-ray diffraction analysis showed
that the solid layers have a half-width of the X-ray diffraction curve w; ~ 30 arcmin of the

semipolar GaN(11-22).

Si(113)

Fig. 3. SEM-images of AIN/ NP-Si(113) structure (a),
GaN/AIN/NP-Si(113) for a solid layer formed (b)

It can be seen that the AIN layer completely and uniformly covers the NP-Si(113) surface
(Fig. 2). The formation of a GaN layer on an NP-Si(113) substrate covered with a buffer AIN
layer occurs by an island mechanism on the open faces of Si(111) nanochannels (Fig. 3, a). The
shape of the crystals of the GaN island layer indicates the presence of (0001), (11-20) and (11-22)
faces (Fig. 3, b). It can be seen that the island GaN(11-22) layer is given by the direction of the
Si(111) plane and tends to form a continuous layer at thicknesses of about 1 mm (Fig. 4).

181



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

9]

1.5

1.0

o

0.5

i |l“ lel jlll- -illl- S0
[

Fig. 4. AFM image (@) and surface profiles of the GaN(11-22)/AIN/NP-Si(113)
structure in the direction along (b) and perpendicular (¢) to the nanochannel

The surface of the GaN(10-11) and GaN(11-22) layers differs according to atomic force
microscopy data (Figs. 2, 4). The surface of the GaN(10-11) layer shows blocks of semipolar
gallium nitride elongated along the grooves with a surface inhomogeneity of 150-200 nm (Fig. 2, b),
and the surface of the GaN(11-22) layer shows rectangular almost square blocks, between which
dips of up to 1.3 microns are observed (Fig. 4, b). The aspect ratio (the ratio of height to width
dimensions) of the blocks is 0,03 for GaN(10-11) and 0,15 for Ga(11-22). (Figs. 2, b, 4, b).

Results and Discussion

At the initial nucleation stage of the epitaxial AIN layer by MOCVD, AIN(10-11) and
AIN(10-1-1) planes form on NP-Si(100) substrates. These planes have different surface energies.
The values of surface energies known in the literature are given rather averaged and the influence
of surface nanostructuring is not taken into account.

The calculated surface energy of ideal AIN and GaN surfaces with polar and semipolar
orientations according to [10] shows that these values are less for polar planes than for semipolar
(1-101) and (11-22) planes (Table 1).

Data on the surface energy of ideal GaN surfaces with polar and semipolar orientations in a
nitrogen-enriched gas atmosphere show that the energy values also depend on the orientation of
the face [11].

It can be seen that the surface energy increases depending on the orientation of the GaN
surface in the following order: (0001), (11-22), (1-101), (000-1), (11-2-2) and (1-10-1). The
corrugated AIN surface leads to the synthesis of GaN(1-101) and GaN(1-10-1) layers [12], which
have different surface energies (Table 2). These differences, as well as differences in the properties
of the NP-Si(100) substrate [13], can provide different growth rates of GaN faces in different
directions, and lead to the formation of a GaN layer in one direction (Fig. 2, a, b).

Table 1

Surface energy of ideal AIN and GaN surfaces
with polar and semipolar orientations
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ev/A% | (0001) | (000-1) | (1-101) | (11-22) | (11-20)
AIN | 0.250 0.255 0.261 0.259 0.170
GaN | 0.185 0.228 0.193 0.194 0.141
Table 2

Surface energy of the faces of GaN surfaces
in an atmosphere enriched with nitrogen atoms [11]

(0001)

(000-1)

(1-101)

(1-10-1)

(11-22)

(11-2-2)

eV/A?

0.204

0.234

0.224

0.257

0.221

0.250
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The nucleation of the GaN(11-22) layer occurs on the surface of the AIN/Si(111) face,
at higher growth rates than AIN (Fig. 1, b). First, an island layer is formed (Fig. 3, a, b) and
after the coalescence stage, a continuous layer with a semipolar GaN(11-22) surface is formed
(Fig. 4, a, b). The different character of the profile of the initial NP-Si(100) and NP-Si(113) leads
to different morphology of the GaN(10-11) and GaN(11-22) surfaces. The different morphology
of the layers, in our opinion, is associated with the formation of GaN(10-11) at a later stage of
growth after the synthesis of the corrugated AIN layer, in contrast to the synthesis of GaN(11-22),
which occurs directly on a thin AIN layer on the Si(111) face.

The shape of the insular nucleus (Fig. 2, b) shows the presence of the planes c-GaN, m-GaN
and GaN(11-22). The orientation of the nanocrystallites in the array is set by the direction of the
plane Si(111) of the nanochannels in NP-Si(113).

The thickness of the layer in the direction of growth [0001] and in the direction of formation
of the plane (11-22) is about 100 nm (Fig. 3, ), which corresponds to the close values of the
surface energy of these planes (Table 1).

The larger size of the nucleus (Fig. 3, b) and the larger width of the peaks of the ACM image
(Fig. 4,b) in the direction along the nanochannels than in the direction perpendicular to them
clearly indicates the different diffusion length of Ga-L adatoms during the formation of the
insular layer. As is known, L = (D-f)"?, where D is the diffusion coefficient of Ga atoms on the
surface, and ¢ is the lifetime of the Ga atom on the surface of the nanostructure. The coefficient
D depends on the epitaxy temperature, which has been constant throughout the growth, and we
believe that D is the same in both directions and, therefore, the influencing factor ¢ remains.
When atoms diffuse along the nanochannels, the adatoms on the surface have a larger value ¢
than in the direction perpendicular to the nanochannels. Perhaps this is due to the presence of
nanogrooves in the direction perpendicular to the nanochannels, which lead to a violation of
surface diffusion and a decrease in #; and, consequently, leads to a shorter period of undulation
and a smaller island size in this direction (Fig. 3, b).

Conclusion

Thus, it is shown that during the synthesis of GaN(11-22) by MOCVD in a hydrogen
atmosphere at the initial stages of growth, the orientation of the layer is set by the direction
of the plane of Si(111) nanochannels in NP-Si(113). The detected effect of transition from
the symmetric state of semipolar linear AIN(10-11) nanocrystallites with counter-directional
¢ axes, which are formed on symmetrical silicon NP-Si(100) nanogrooves of the substrate,
to an asymmetric state with a single orientation of the ¢ axis GaN(10-11) layer, according to
the model, is determined by the difference in surface energy (10-11) and (10-1-1) faces of
the GaN layer.
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