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A B S T R A C T   

Non-polar m-plane GaN films were grown by Plasma Assisted Molecular Beam Epitaxy on γ-LiAlO2 (100) sub
strates by a controlled coalescence of GaN nanocolumns obtained by a two-step process including a top-down 
nanopillars etching from a GaN buffer and a subsequent bottom-up overgrowth. Transmission electron micro
scopy data show a significant reduction of extended defects density in the coalesced film as compared to the 
initial GaN buffer, most likely due to a filter effect by the regrowth process on the nanopillars inclined walls. Low 
temperature photoluminescence spectra back this reduction by a strong intensity decrease of the stacking faults 
fingerprint emission peaks, while a very intense donor-bound excitonic emission at 3.472 eV, 2.8 meV wide, 
becomes dominant.   

1. Introduction 

III-nitride semiconductors have unique properties that make them 
one of the most adequate materials family to develop opto-electronic 
devices. Typically, III-nitrides are heteroepitaxially grown on sap
phire, SiC and Si(111) with a high density of structural defects, such as 
stacking faults (SFs), inversion domain boundaries (IDBs) and threading 
dislocations (TDs), due to thermal and lattice mismatch, surface 
morphology and polarity changes. These structural defects disrupt the 
crystal periodicity having a detrimental effect on the optical and 
transport (mobility) material properties. Different approaches aiming at 
quality upgrade have been proposed in the past, such as buffer layers [1] 
to accommodate lattice mismatch, or special growth techniques such as 
epitaxial lateral overgrowth (ELOG) by Metalorganic Vapour-Phase 
Epitaxy (MOVPE) [2], that alleviate this problem. 

Another potential problem in III-nitride-based devices relates to the 
presence of a strong internal polarization field along the c-polar direc
tion that can be detrimental in Laser Diodes (LD) and Light Emitting 
Diodes (LED), or beneficial, like in High Electron Mobility Transistors 
(HEMTs). A large number of groups are involved in non-polar and semi- 
polar LD and LED research, both in UV and visible regions to reduce or 
avoid the internal electric field. Growth of non-polar m-plane materials 

on lithium aluminate substrates [3] and a-plane GaN on r-plane sapphire 
[4–7] was achieved. However, GaN growth on such semi-polar and non- 
polar substrates may result in rough surface morphologies and a higher 
density of defects (SFs and TDs) [8]. Although, InGaN/GaN QW LDs 
grown on non-polar GaN m-plane free-standing substrates have been 
realized [9,10], nowadays these substrates are limited in size and high in 
cost. 

An alternate approach to reduce defect density is the use of pseudo- 
substrates, namely, thick films grown on cheap substrates with good 
enough quality for further growth with the possibility to tailor the in- 
plane lattice constants. Related works were recently published on 
semi-polar and non-polar a-plane oriented GaN obtained by overgrowth 
on a template of self-organized nanocolumns [11], or ordered patterns 
of microstructures [12], both by epitaxial lateral overgrowth (ELOG) 
using MOVPE. A similar approach was addressed by coalescence of 
selectively grown nanocrystals by plasma-assisted molecular beam 
epitaxy (PAMBE) using colloidal lithography [13] which does not pro
duce ordered arrays. GaN nanocrystals offer a much higher structural 
quality than their films counterpart due to their very low defect density 
and strain free features [14,15]. Ordered nanocolumns (NCs) can be 
either grown with the help of a patterned nanohole mask (typical SAG 
method) [15,16], by a top-down etching process using a metal mask 
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[17], or by a combination of both methods [18] where first nanopillars 
(NPs) are etched from a GaN buffer and further overgrown. The versa
tility in fabrication and outstanding properties make ordered GaN NCs 
very appealing not only as active part of nanodevices, but also as tem
plate material for further epitaxial growth. 

This work addresses the growth of non-polar m-plane GaN pseudo- 
substrates on γ-LiAlO2 (100) (LAO) by a combination of an ordered 
pattern of etched NPs and a subsequent GaN overgrowth by PAMBE until 
coalescence into a film is achieved. LAO has a tetragonal structure with 
lattice constants a = b = 5.1687 Å and c = 6.2679 Å. So, the use of LAO 
substrates allows the growth of m-plane oriented GaN due to the small 
lattice mismatch between them (0.3% and 1.7% along [11–20] and 
[0001] directions, respectively) [19] and moreover, it has been pro
posed as an intermediate for achieving free-standing GaN via a self- 
separation process [20,21]. The morphological evolution of the over
grown NPs is shown on two arrays with different designs. Transmission 
electron microscopy (TEM) characterization shows a defect density 
decrease upon GaN NCs coalescence with no measurable tilt or twist 
between NCs. Indeed, SFs and TDs, already present in the GaN buffer 
grown on LAO (and therefore, also in the etched NPs) are efficiently 
filtered between NPs and partially filtered above them. Photo
luminescence (PL) measurements point to this SFs reduction in terms of 
a strong intensity decrease of various SFs fingerprint emission peaks, 
while a very intense, 2.8 meV wide, donor-bound excitonic emission 
(D0X) at 3.472 eV, becomes dominant. Overall, the results prove that 
this approach is a promising path for achieving high quality m-plane 
GaN pseudo-substrates. 

2. Experimental section 

A GaN buffer was grown on a quarter of 2-inch commercial LAO 
wafer (MTI Corporation) substrate using a Riber Compact 21 PAMBE 
system with a rf-plasma source for active nitrogen. The LAO substrate 
was sequentially cleaned 5 min in acetone, 5 min in isopropanol, dipped 
in de-ionized (DI) water and dried with N2. The substrate was loaded 
into the PAMBE system to degas for 30 min at 300 ⁰C in the introduction 
chamber and for 5 min at 500 ◦C in the growth chamber. A Ga wetting 
layer was deposited for 5 s at 500 ◦C (equivalent to 2.7 monolayers in 
GaN units) then the GaN growth was performed with a Ga flux of 8.5 
nm/min and an active N flux of 5 nm/min following two steps: first at 
580 ◦C for 13 min, then at 770 ⁰C for 3 h [19]. 

Fig. 1 shows the sequence of steps to fabricate the pseudo-substrates. 
GaN NPs were etched on the GaN buffer following the process described 
in A. Fernando-Saavedra et al. [18] (Fig. 1a). Then, GaN overgrowth 
proceeded for 15 h, checked ex situ by scanning electron microscopy 
(SEM) at different time stages until coalescence occurred, with a Ga flux 
of 16.5 nm/min and N of 3 nm/min at 850 ◦C (Fig. 1b and 1c). 

Samples were characterized by SEM using a FEI Inspect F50 system, 
by low temperature photoluminescence (LT-PL) using a He-Cd laser 
(325 nm @ 13 mW power excitation) and by transmission electron mi
croscopy (TEM) using a Jeol-JEM 2100F operating at 200 kV. The GaN 
buffer cross-sectional lamella were prepared by mechanical pre-thinning 
and final argon ion milling to achieve electron transparency. For GaN 
coalesced film, a focusing ion beam (FIB) milling processes along [0001] 

and [11–20] orientations were used. 

3. Results and discussion 

A non-polar m-plane GaN buffer, 900 nm thick (estimated by growth 
conditions and confirmed by TEM measurements) grown on a LAO 
substrate is shown in Fig. 2. A cross-sectional TEM image along the 
[11–20] direction shows dark lines crossing the entire epilayer normal 
to the surface, related to a high density of extended defects identified as 
SFs by High-Resolution TEM (HRTEM). This is in good agreement with 
the stripes connecting the bright spots along the [0001] direction in the 
Selected-Area Electron Diffraction (SAED) pattern [22] shown in Fig. 2c, 
that is related with basal plane disorder. 

Two square arrays, well oriented towards the [0001] and [11–20] 
directions (see supporting information), of NPs with truncated cone shape 
were etched on the GaN buffer. Sample A with NPs pitch of 600 nm with 
upper/lower diameters of 250 nm and 400 nm respectively and 500 nm 
height (Fig. 3a) and Sample B with NPs pitch of 300 nm and upper/lower 
diameters of 150 nm and 250 nm respectively and same height as in 
Sample A. 

Fig. 3b to 3f show the morphology evolution of Sample A during 
overgrowth, checked in sequential periods of 1 h, from an etched NP to a 
GaN NC with fully developed m- and c-planes. NPs top and sidewalls 
surfaces are rough due to the etching process by inductively coupled 
plasma (ICP). During the overgrowth the NPs evolve into a rectangular 
shape involving c-, a- and m-planes. Energy minimization conditions 
lead to a perfect hexagonal NC with full m-plane sidewalls as shown in 
Fig. 3f (hexagonal prism lying on the m-plane sidewall). 

After the growth steps corresponding to images in Fig. 3, overgrowth 
was continued for up 15 h to achieve a GaN film by NCs coalescence. The 
morphology evolution at time intervals of 1, +5 (6), and + 9 (15) hours 
of samples A and B are shown in Fig. 4. After 1 h growth NCs in both 
samples still have some semi-polar facets (more pronounced in Sample 
A, as shown in Fig. 3b). 

At this point it should be noticed that in III-nitrides nanostructures 
the preferential growth direction (thus, the growth rate) is always along 
the [0001] direction [23,24], that, in this case, is parallel to the surface, 
what explains the NCs prismatic shape. However, Fig. 3 shows that 
neither c- nor m-planes are fully formed after 1 h growth, so that the 
growth rate differences already mentioned should be considered when 
the NCs hexagonal facets are fully formed (or at least the c-planes). 
Then, the coalescence of formed NCs depends mainly on the distance 
between neighbouring NPs along both in-plane [11–20] and [0001] 
directions. In this case, this distance is much larger in sample A than that 
in Sample B (200 and 50 nm at the NPs bottom respectively). 

NCs coalescence in sample A is achieved along the [0001] direction 
after 6 h growth, while coalescence along [11–20] direction takes much 
longer, i.e. 15 h, leaving visible V-shaped trenches. On the other hand, in 
Sample B coalescence along [0001] and [11–20] directions occurs faster 
(shorter distance between neighbouring NPs) leaving visible V-shaped 
trenches after 6 h that smooth out after 15 h yielding a rather flat sur
face. Indeed, a similar result would also be obtained in Sample A after a 
much longer time than 15 h, so, for practical purposes, the NPs diameter 
and pitch should be carefully selected to reduce the time for the 

Fig. 1. Sketch of the fabrication process: (a) GaN NPs etched on a GaN buffer grown on LAO, (b) GaN overgrowth until (c) GaN coalescence where the dash-orange 
shapes show the shape of the GaN overgrowth at the beginning. 

A. Fernando-Saavedra et al.                                                                                                                                                                                                                  



Journal of Crystal Growth 617 (2023) 127272

3

coalescence, while avoiding residual strain (not too big diameters). 
Fig. 5 shows the growth rates along [0001] and [11–20] directions 

for NCs, measured as the NC in-plane lengths in Sample A from two 
hours growth on, being 4 times faster along [0001] direction than along 
[11–20] direction (during the first 5 h of growth). The slope change 
observed for the length along the [11–20] direction after 5 h growth can 
be interpreted as due to coalescence along the [0001] direction (growth 
stops along this direction), so that in-plane growth proceeds only along 
the [11–20] direction. 

Fig. 6 shows LT- PL spectra taken from the GaN buffer, the etched 
NPs and the coalesced film in Sample B. The spectrum of the GaN buffer 
(green double dot dashed) is blue shifted by biaxial compressive strain, 
as expected when growing GaN on LAO [25]. The dominant peak is 
located at 3.348 eV (I2′) identified as intrinsic I2 SFs family [26,27], 
together with another two weaker peaks at 3.437 eV (I1′) and 3.494 eV 
(D0X’) identified as intrinsic I1 SFs family [27,28] and the D0X emission 

respectively. Upon NPs etching strain relaxes and the whole spectrum 
red-shifts to the unstrained positions at 3.332 eV (I2), 3.410 eV (I1) and 
3.472 eV (D0X) (red dashed line). The dominant SF lines are typically 
observed in nonpolar GaN grown on LAO [20,23] and agree with TEM 
data in Fig. 2b. Finally, the PL spectrum from the coalesced film is 
clearly dominated by the D0X emission at 3.472 eV (black solid) with a 
2.8 meV linewidth, while in contrast SFs signatures become weak. In 
addition, the appearance of I2′, I1′ and D0X’ at the same position as in the 
GaN buffer, most likely arise from the remaining buffer through some 
exposed areas formed by defective masking, or incomplete coalesced 
layers between stripes (see supporting information). 

Structural details of the GaN coalesced films were studied by TEM. 
Fig. 7a, 7b show cross-sectional TEM images along the [11–20] direction 
and Fig. 7c, 7d along the [0001] direction of Samples A and B respec
tively, where the white dashed and pointed shapes represent the initial 
etched NPs as truncated cones. The coalesced films are about 1.15 µm 

Fig. 2. (a) SEM top view image of the GaN buffer, (b) cross-sectional Bright Field Scanning TEM (BF-STEM) image of the GaN buffer along the [11–20] direction 
where the inset shows a HRTEM image of the GaN buffer at the interface and (c) SAED pattern of the GaN buffer along the [11–20] direction. 

Fig. 3. Top view SEM images (Sample A) of (a) etched NPs, (b-f) GaN overgrowth checked at sequential periods of 1 h.  
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thick and do not show domains with measurable tilt or twist measured 
by local, spatially resolved SAED and HRTEM (see supporting 
information). 

Considering first Sample A, the black lines running perpendicular to 
the top surface (Fig. 7a), identified as SFs, show up with high density 
within the remaining buffer and the etched NPs, but barely observed in 
between NPs and with lower density above them. White arrows point to 
the coalescence lines between nanocrystals along the [0001] direction, 
identify as intrinsic I2 SFs by TEM (see supporting information). Fig. 7c 
shows TEM images along the [0001] direction in Sample A where the 
dark lines, very dense within the remaining buffer, and barely seen 
above NPs are identified as TDs (in the basal planes). It seems that 
dislocations are filtered in sample A when GaN overgrowth proceeds on 
the NPs. This filtering effect on extended defects was already com
mented in [18] occurring when various facets are formed during crystal 
regrowth on the NPs truncated cone inclined walls. Fig. 7c also shows 
the nanocrystals coalescence along the [11–20] direction, leaving voids 
because of the mentioned lower growth rate along this direction and the 
high NPs pitch. 

In Sample B results from TEM analysis (Fig. 7b and 7d) are basically 
similar but for a few differences, namely, a lesser filtering effect on SFs 
and TDs that run above NPs and the voids between nanocrystals which 
are narrower due to the smaller NPs pitch. The observed difference in 
filtering effects (actually, there are less TDs and SFs above NPs in Sample 
A) may be dependent on the specific truncated cone shape (different 
angle of the sidewalls) and pitch of NPs, though there is no in-depth 
study of it yet. However, although experimental results may suggest a 
stronger filtering effect in NPs arrays with larger pitch, the much longer 
times needed for full coalescence have to considered for practical 
reasons. 

4. Conclusions 

High quality non-polar m-plane GaN films were obtained by 
controlled coalescence of GaN NCs made on a GaN/LAO substrate, 
following a top-down etching to produce ordered NPs and a subsequent 
overgrowth by PAMBE. 

Fig. 4. Top view SEM images of the GaN overgrowth evolution with time on: (a) sample A and (b) sample B.  

Fig. 5. In-plane NCs lengths (±10 nm) along [0001] (polar, black squares) and 
[11–20] (non-polar, red triangles) directions in sample A starting to be 
measured after 2 h growth. The different growth rates are also indicated. Fig. 6. LT-PL spectra of the GaN buffer (green double dot dashed); etched 

pillars (red dashed) and coalesced film of sample B (black solid). 
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TEM measurements reveal that SFs and TDs present in the buffer 
layer and the etched NPs may be efficiently filtered by facet formation 
upon crystalline regrowth at the NPs inclined walls, with an efficiency 
that apparently depends on the NPs specific truncated cone shape. The 
significant reduction of extended defects observed by TEM was also 
revealed by PL measurements, where a D0X emission with a line width of 
2.8 meV becomes dominant in the coalesced film, with just traces of SFs. 
This process may be applicable to any III-nitride buffer layer grown on 
LAO or any other non-polar substrate, like r-sapphire. 

In addition, it was determined that a square arrangement of NPs, well 
oriented towards the [0001] and [11–20] directions, apparently helps 
uniform coalescence when the NPs diameter and pitch are selected to 
balance the faster growth rate along the [0001] direction. 
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[8] P. Vennéguès, Defect reduction methods for III-nitride heteroepitaxial films grown 
along nonpolar and semipolar orientations, Semicond. Sci. & Technol. 27 (2012), 
024004. 

[9] R.M. Farrell, E.C. Young, F. Wu, S.P. DenBaars, J.S. Speck, Materials and growth 
issues for high-performance nonpolar and semipolar light-emitting devices, 
Semicond. Sci. & Technol. 27 (2) (2012) 024001. 

[10] K. Okamoto, H. Ohta, D. Nakagawa, M. Sonobe, J. Ichihara, H. Takasu, Dislocation- 
Free m-Plane InGaN/GaN Light-Emitting Diodes on m-Plane GaN Single Crystals, 
Jpn. J. Appl. Phys. 45 (No. 45) (2006) L1197–L1199. 

[11] J. Bai, Y. Gong, K. Xing, X. Yu, T. Wang, Efficient reduction of defects in (11–20) 
non-polar and (11–22) semi-polar GaN grown on nanorod templates, Appl. Phys. 
Lett. 102 (2013), 101906. 

[12] L. Jiu, Y. Gong, T. Wang, Overgrowth and strain investigation of (11–20) non-polar 
GaN on patterned templates on sapphire, Sci. Rep. 8 (2018) 9898. 

[13] S. Albert, A. Bengoechea-Encabo, J. Zuniga-Perez, P. de Mierry, P. Val, M. 
A. Sanchez-Garcia, E. Calleja, Selective area growth of GaN nanostructures: A key 
to produce high quality (11–20) a-plane pseudo-substrates, Appl. Phys. Lett. 105 
(2014), 091902. 

[14] E. Calleja, M.A. Sánchez García, F.J. Sánchez, F. Calle, F.B. Naranjo, E. Muñoz, 
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