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Scanning electron microscopy was used to study of the initial stages of the formation of a semipolar GaN(112̄2)
layer during Metalorganic Chemical Vapor Deposition on Si(113) substrates, on the surface of which U -shaped

grooves with element sizes < 100 nm (NP-Si(113)) were formed. It was found that NP-Si(113) substrates with a

buffer AlN layer stimulate the formation of islands faceted by the planes m-GaN, c-GaN. It is shown that there is

a predominant growth of the m-GaN facet in comparison with c-GaN.The experimental results correspond to the

Gibbs–Curie–Wolff selection principle, but taking into account elastic stresses in the c-GaN plane.
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1. Introduction

Optoelectronic devices using the polar plane GaN(0001)
have a strong internal polarization field, which leads to

spatial separation of electrons and holes in quantum wells

and a decrease in the parameters of a number of devices

(LEDs, lasers). One of the possible ways to increase

the efficiency of quantum-dimensional structures based on

gallium nitride is to grow structures in planes of nonpolar

and semipolar orientations [1].

The use of Si as a structured substrate allows for

synthesizing various orientations of GaN [2] crystals. How-

ever, the crystallographic mismatch of the lattices between

GaN(0001) and Si(111) ∼ 17% and the difference in ther-

mal expansion coefficients (46%) create problems during

the nucleation of the epitaxial layer and lead to deformation

of the GaN/Si heterostructure [3]. The use of silicon as a

substrate causes a number of additional difficulties, namely:

the surface of Si is subject to oxidation, therefore, before

the start of growth, it is necessary to remove the oxidized

layer [4], at normal synthesis temperatures Ga reacts with

Si, forming a eutectic alloy [5], which causes etching of

silicon, called
”
backmelting“ [6].

GaN epitaxy(112̄2) on microstructured substrates (113)Si
by a combination of MOCVD (Metal Organic Chemical Va-

por Deposition) and HVPE (Hydride Vapor Phase Epitaxy)
methods was proposed by the authors of [7]. To suppress

the effect of
”
backmelting“ in the synthesis of semipolar

(112̄2) GaN on a microstructured substrate Si(113) using

the MOCVD method, a two-stage approach was applied in

which, after the formation of the buffer layer AlN, one of

the faces is covered with a layer of SiO2 [8].

The initial stages of layer growth on a silicon substrate

play an important role in the development of semi-polar and

non-polar layers. The effect of crystal faceting of the buffer

AlN layer on the structure of the semipolar GaN layer was

demonstrated by Amano et al. [9]. The authors showed that

it is possible using MOCVD method to synthesize various

semipolar layers of GaN(101̄3) or GaN(101̄5) on Si(001)
substrates if the magnetron sputtering method is used to

pre-grow buffer layers of AlN, which have formed different

inclination of the faces to the substrate surface. The use

of faces of a structured substrate to control the structure of

a semipolar layer was proposed by Nakamura et al. and it

was named
”
epitaxy controlling the orientation“ (orientation

controlling epitaxy) [10].
Semipolar layers can be grown with upper surfaces

having a GaN orientation (101̄1) [11] and GaN(112̄2) [8]
depending on the technological conditions in case of

synthesis of semipolar GaN layers on a structured Si(113)
substrate.

This work covers the initial stages of growth of the

GaN layer(112̄2) on a nanostructured Si(113) substrate, on

the surface of which U-shaped grooves with element sizes

< 100 nm are formed (Fig. 1).
The structural characteristics of the GaN layers were

determined by X-ray diffraction analysis and scanning

electron microscopy.

2. Experiment procedure

The substrates NP-Si(113) were formed using the tech-

nology described in [12]. The layers of buffer AlN and

GaN layers were synthesized by the MOCVD method

on a modified EpiQuip unit with a horizontal reactor

similarly to [12]. Hydrogen was used as a carrier gas,

and ammonia, trimethylgallium and trimethylaluminium as

precursors. The structures consisted of an AlN layer with
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AlN

20 nm

Figure 1. SEM is an image of the surface NP-Si(113) of a

substrate coated with a thin layer AlN.

a thickness of ∼ 20 nm and two types of GaN layers of

different thickness: an insular GaN layer with dimensions

of ∼ 0.05−0.1microns and a solid GaN layer (112̄2) with

a thickness of 0.5−1microns. The insular layer was studied

to clarify the picture of the initial stages of growth of the

semipolar GaN-layer.

X-ray diffraction analysis of the layers showed that the

solid layers of GaN(112̄2) have a half-width of the X-ray

diffraction curve ω ∼ 30 arcmin. The surface morphology

of semipolar GaN(101̄1) and GaN(112̄2) structures under

epitaxy on nanostructured Si(100) and Si(113) substrates is

given in [13], where it is shown that the formation of the

GaN layer(112̄2) occurs from sufficiently large blocks.

3. Experimental results and discussion

The image of the surface in a scanning electron micro-

scope showed that on an NP-Si(113) substrate, the AlN

layer evenly covers the surface (Fig. 1), and GaN nucleation

occurs on the AlN/Si(111) face by an island mechanism

(Fig. 2), and the shape of the island (Fig. 3, a, b, c) shows

the presence of faces
”
c-GaN“,

”
m-GaN“. The orientation of

the islands in the array is set by the direction of the plane

Si(111) of the nanochannels in NP-Si(113). The average

thickness of the islands in the direction perpendicular to

the groove was ∼ 100 nm, (Fig. 3, a), and in the direction

along the groove ∼ 160 nm (Fig. 3, b). It can be seen

that the crystals are cut both in the direction along the

groove, in our opinion, — m-GaN with an angle ∼ 120◦

between the faces and C-GaN in a plane parallel to the face

Si(111) (fig. 3, a, b, c). The face m-GaN has an edge that

belongs to two adjacent planes m-GaN and lies parallel to

the plane (112̄2). It can be seen that the selective growth of

GaN(112̄2) on NP-Si(113) is accompanied by the formation

of voids in the region of the bottom of the nanochannels,

which provides stress relaxation in the GaN [14] layer and
creates the perspective of separating thick layers using the

Void Assisted Separation method (Fig. 2).

Specific surface energy in eV/A2 of ideal AlN and GaN surfaces

with polar, nonpolar and semipolar orientations [19]

(0001) (0001̄) (112̄2) (112̄0) (101̄0)

AlN 0.250 0.255 0.259 0.170 0.173

GaN 0.185 0.228 0.194 0.141 0.141

Note that the observed faceting of a GaN crystal during

synthesis on a silicon substrate occurs as a result of

nonequilibrium processes, which are influenced by the

values of supersaturation of gallium atoms in a gaseous

medium, crystal deformation during GaN/Si heteroepitaxy,

as well as, possibly, the difference in the length of the

diffusion path of Ga atoms in the directions along and

across the groove. It has been experimentally shown that

the formation of faces during epitaxial lateral overgrowth

(ELOG) in GaN is controlled by a variety of growth

parameters, such as temperature, pressure [15] and reagent

flows [16].
As is known, the faces of GaN embryo should be

formed in accordance with the Gibbs–Curie–Wolfe prin-

ciples, which require the formation of a crystal with the

lowest surface free energy. The facet of a crystal growing

under equilibrium conditions is formed by facets with

minimum values of specific surface energy [17]. Note that

the components in crystals with covalent, ionic or metallic

bonds strongly stick together upon collision, leaving them

little room to adjust their position during crystallization,

which makes it difficult to form the faces of [18]. Usually,

when a crystal grows, its faces move in a direction

perpendicular to their planes, and the higher the growth

rate, the greater the specific surface energy of the face.

The authors of [15] calculated the specific surface

energies of various GaN faces (see table). Although the

calculations were carried out at 0K, the general trends are

also applicable at higher temperatures.

As can be seen from the table, the specific surface

energy GaN(0001) of 0.185 eV/A2 and GaN(101̄0) of

100 nm

Si(113) Si(111)

Figure 2. SEM is an image of the GaN insular layer at the initial

stage of growth.

Semiconductors, 2023, Vol. 57, No. 1
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Figure 3. SAM-image of the faces of the island GaN: a — m-GaN, where the dotted lines represent the edges [112̄2] and [0001],
b — c-GaN, c — top view of m-GaN and c-GaN.

0.141 eV/A2 [19] imply that the growth rate of the c-GaN
face should be greater than m-GaN, and consequently,

the layer thickness in the direction of c-GaN should be

greater than in the direction of m-GaN. However, this is not

confirmed in the experiment. We believe that this behavior

of the growth rate of the face c-GaN is due, perhaps, firstly,

to the effect of the deformation of the face (0001) during

epitaxy on the wall of the groove Si(111), which should

reduce the value of the specific surface energy c-GaN, and
secondly, the differences in the diffusion length of Ga atoms

along and across the groove. The change in the value of

the surface energy GaN(0001) under the impact of elastic

stresses of the surface was noted in [20].
The appearance of the crystal configuration when the

edge is parallel (112̄2) can be explained by the growth

features of gas-phase epitaxy. All growth parameters can be

represented by one thermodynamic epitaxy parameter —
supersaturation of vapors Ga−γGa, which measures the

deviation of the system from equilibrium and represents the

driving force for the formation of GaN and depends on the

partial pressure Ga in the gas medium [21]

γGa =

((

PGa
in

)

− PGa
ex

)

PGa
ex

,

where PGa
in is the input partial pressure, and PGa

ex is the

equilibrium vapor pressure Ga at the interface of the vapor–
solid body.

In turn, the chemical potential of gallium µGa is associated

with the oversaturation of Ga [21] atoms as

µGa ∼ kT log(1 + γGa).

Calculations performed in [21] for three surfaces for µGa
showed that semipolar faces (112̄2) are formed at high

supersaturation of Ga vapors, while nonpolar (112̄0) faces

are preferable at low supersaturation of Ga vapors.

Such a different behavior of the nonpolar and semipolar

faces of GaN is due to the peculiarities of the atomic bonds

of the semipolar face. Semipolar surfaces were first defined

by Baker et al. as planes passing diagonally through a

Semi-polar

Non-polar

Polar

Figure 4. Cross-sectional model of polar, semi-polar and non-

polar faces.

hexagonal elementary cell and forming a non-orthogonal

angle with the c-plane [22] (Fig. 4).

An ideal semipolar face (112̄2) consists of rows of

GaN dimers, each of which contains three broken bonds

(one single, one double) in contrast to the polar or non-

polar (112̄0), which consist of atoms having one broken

bond (Fig. 4). The surface differences of the semipolar

face from the polar and nonpolar ones lead both to a

difference in the specific surface energy of the faces and

to the crystallographic dependence of the face on the

supersaturation of Ga atoms in the gas composition.

Just as with ELOG (Epitaxial Lateral Over Growth)
epitaxy [23], in our experiments with a small value of γGa
and a higher value of the specific surface energy of the

GaN face(112̄2), than for the GaN face(101̄0), there is

an increase in the growth rate on the face (112̄2), which

eventually ceased to exist and left an edge parallel to the

face (112̄2).

4. Conclusion

The fact of occurrence of faceting of islands of semipolar

GaN(112̄2) during epitaxy on substrates NP-Si(113) was

established. The fact that a predominant growth of

Semiconductors, 2023, Vol. 57, No. 1



6 V.N. Bessolov, E.V. Konenkova, S.N. Rodin

the crystal faces of m-GaN in comparison with c-GaN
is observed is due not only to the Gibbs–Curie–Wolfe

selection principle during the formation of crystals under

equilibrium conditions, but it is also attributable to the

impact of elastic stresses in the plane of c-GaN and possibly

different diffusion lengths of Ga atoms along and across the

groove.
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