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Abstract 
Purpose: Development of technology for the formation of ordered arrays of nanocolumns (NCs) of GaN microcrystals using 
plasma-activated molecular beam epitaxy from nitrogen (PA-MBE) on profiled sapphire substrates (SPS) of large diameter 
with a micro-cone profile. The proposed method eliminates the use of low-performance and expensive nanolithography 
methods. The article is aimed at a deeper understanding of the processes that determine the growth kinetics of III-N 
nanocolumns using PA MBE on patterned sapphire substrates with multiple orientations of various non-polar and polar 
planes.
A new technological process for the fabrication of GaN NCs using PA-MPE is proposed, which ensures selectivity of their 
growth at the tops of PPS micro-cones and suppresses growth on the semipolar planes of these substrates. GaN NCs and 
microcrystals were grown using PA-MBE on commercially available PPS. 
A technology has been developed for the formation of discharged arrays of GaN nanocolumns without the use of lithographic 
procedures. Modes have been established that allow the formation of microcrystals and NCs with different diameters: from 
30 nm to several microns. A diagram of the growth of GaN by the PA MBE method on PPS has been constructed, demonstrating 
the boundaries of the technological regimes for the formation of GaN NCs and microcrystals with different surface 
topography. 
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gap semiconductor compounds A3N
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1. Introduction
Recently, three-dimensional (3D) nano- and 

microcrystals based on group III metal nitrides 
A3N (BN, AlN, GaN, InN) with a predominant 
orientation along the c or –c axes, which are 
also commonly called nanocolumns (NCs) or 
nanowires, have been widely studied. Such 
structures are important both for fundamental 
studies of the properties of III-N compounds 
and for the creation of new electronic and 
optoelectronic devices based on them. In the 
latter case, nanocolumnar heterostructures can 
significantly improve the parameters of light-
emitting and photo-receiving devices operating 
in various spectral ranges [1–4]. Highly efficient 
LEDs in the visible and ultraviolet (UV) ranges, 
respectively, have been successfully implemented 
based on InGaN/GaN and GaN/AlGaN “core-shell” 
heterostructures [5–10]. In particular, based on 
NC AlN structures, Zhao et al. [9] demonstrated 
the shortest wavelength UV LEDs emitting at a 
wavelength l = 207 nm, which showed not only 
high structural perfection due to the absence of 
threading dislocations in them, but also high 
efficiency of TM-polarized radiation output 
through the upper c-plane individual NCs [11]. In 
addition, an increased efficiency of p-doping with 
Mg atoms was discovered for AlGaN NCs compared 
to planar layers of the same composition [12]. 
And finally, NCs in the A3N material system are 
promising for the development of new types of 
emitters, including sources of single photons in 
the visible and UV ranges [13–16].

One of the main requirements for the 
design of most device structures based on NCs 
is their regular arrangement on the surface of 
the substrate with varying distances between 
individual NCs - from a minimum ~1 μm (in LEDs) 
to several microns (in single photon sources). To 
solve this problem, methods for spatially selective 
epitaxial growth of A3N-based NCs have been 
developed, in which the formation of preferred 
nucleation sites for group III adatoms is achieved 
using nano-lithographic operations on the 
surface of various dielectric masks. Most of these 
works use the processes of nanoimprinting [17] or 
electron beam lithography [18, 19]. The selectivity 
of NC growth is ensured due to its occurrence 
in open areas of nano-masks, i.e. on the surface 
of underlying substrates, with its complete 

absence on the surface of mask dielectrics. 
These methods provide spatial resolution from 
several hundred to tens of nanometers and are 
also characterized by relatively high spatial 
selectivity and uniformity of NC growth. However, 
these methods also have some disadvantages. 
For electron beam lithography, this is, first of 
all, the low productivity of the method, which 
precludes its use in the industrial production of 
devices on large-diameter substrates. The high 
cost of nanoimprinting matrices also hinders the 
widespread use of this method. Despite the success 
of nano-lithographic methods, the technological 
problems of ensuring high homogeneity of 
structures on large-area substrates and achieving 
sufficient growth selectivity with suppression 
of parasitic growth in the spaces between 
NCs have not yet been fully resolved [14]. In 
addition, all nano-lithographic methods are 
characterized by edge effects associated with 
excessive accumulation of adatoms near the edge 
of the dielectric mask. Finally, the resistive masks 
made of organic materials used in these methods 
can serve as a source of contamination of the NCs. 

To solve the above problems, an active search 
is underway for methods for growing regularly 
distributed NCs without the use of nano-
lithographic processes [20–25]. In our previous 
works [20–22], for the selective growth of A3N NCs 
by plasma-activated molecular beam epitaxy (PA 
MBE), it was proposed to use patterned c-sapphire 
substrates (PPS) with individual micro-cones with 
characteristic values of base diameters, heights 
and distances between the peaks are several 
microns. Such substrates are relatively easy 
to fabricate using standard photolithographic 
methods and wet etching of commercial planar 
c-sapphire substrates [26]. Currently, PPS 
are used mainly for the manufacture of LED 
heterostructures, the efficiency of which increases 
due to the effects of reducing the concentrations 
of extended defects (dislocations) and improving 
the output of radiation through the semipolar 
planes of such substrates [27].

In our work [21], we demonstrated the 
possibility of selective growth of nitrogen-polar 
GaN(000-1) NCs using the PA MBE method in 
nitrogen-enriched conditions at the tops of 
PPS micro-cones and presented a qualitative 
model that describes such growth taking into 
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account the features of thermodynamics (surface 
energy) and surface mobility of adatoms on 
various polar and semipolar crystallographic 
planes. The influence of the PPS geometry, the 
roughness of the initial surface, the substrate 
temperature, and the ratio of the fluxes of group 
3 atoms (Ga) to activated nitrogen Ga/N2* on the 
growth kinetics of single NCs was studied. These 
studies identified the important role of the initial 
growth stages in promoting selective growth of 
GaN NCs. In addition, the influence of the In flow 
as a surfactant on the growth of light-emitting 
NCs with InGaN/GaN quantum wells (QWs) was 
studied and the optimal ratios of the fluxes of 
all growth flows and substrate temperature were 
determined, ensuring maximum selectivity for 
the growth of GaN NCs, as well as the formation 
of InGaN/GaN QWs in them [22]. The use of PPS 
for selective growth of A3N microcolumns has 
been demonstrated by other groups. In particular, 
recent work by Ahn et al. [25], this approach 
was used to obtain GaN NCs with a diameter 
of several microns on such substrates using 
metal-organic vapor phase epitaxy. In this work, 
varying the diameters of the microcone apexes 
was achieved using pre-epitaxial chemical-
mechanical polishing of PPS, during which the 
flat apexes expanded.

This paper presents the results of a study of 
the characteristics of GaN growth by PA MBE on 
PPS with microcones in a wide range of varying 
growth temperatures and the ratio of gallium 
and plasma-activated nitrogen fluxes. Changing 
the growth parameters made it possible to vary 

the size of GaN NCs in a wide range from several 
tens of nm to 1 μm, and also to move from the 
growth of conventional cylindrical (hexagonal) 
NCs to the growth of microcrystals with a complex 
topology of polar and semi-polar crystallographic 
planes.

2. Experimental section
The samples were grown by PA-MBE on 

commercially available PPS with microcones with 
a base diameter of 2 μm, a height of 1.4 μm, and 
a distance between them of 2.1 μm, as shown in 
the images obtained using a scanning electron 
microscope (SEM) and shown in Fig. 1. 

Before the start of growth of GaN NCs, the 
substrates were annealed at a temperature of 
800 °C and nitrided at the same temperature in 
an active nitrogen flow of 0.5 Monolayers (ML)/
sec (where thickness 1 ML = 0.25 nm), calibration 
of which was carried out by measuring the growth 
rate of AlN into metal -enriched conditions. Then, 
in all samples, GaN nucleation layers were grown 
under gallium-enriched conditions with a flux 
ratio of Ga/N2* = 2.2 (N2* = 0.1ML/s) at a substrate 
temperature of 760 – 770 °C. The thickness of 
this layer in the planar regions of the PPS was 
~55 nm. Further growth of GaN NCs was carried 
out using two modes, differing primarily in the 
values of gallium (Ga) fluxes at the same active 
nitrogen flux (N2* = 0.4 ML/s). In the first mode, 
the growth of two samples was carried out under 
nitrogen-enriched conditions with the same 
Ga/N2* flux ratio ~ 0.25 and at different substrate 
temperatures (see below) for 4 hours in pulsed 

                                               a                                                                                                     b
Fig. 1. SEM images of the initial micro-cone-shaped patterned c-sapphire substrate (m-CPSS) surface (a) cross 
section of the m-CPSS with micro-cones and (b) general view of the μ-CPSS surface
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mode with growth interruption every 30 seconds 
by the blocking of all growth fluxes using the 
main shutter. During this growth interruption 
for 30 s, an increase in the substrate temperature 
was observed almost linearly from the initial 
(growth) values of 760 °C and 780 up to 785°C 
and 805 °C, respectively. Temperature values 
were measured using an infrared pyrometer. After 
NC growth, some of the samples were etched in a 
KOH solution (10%) for 10 minutes at 20 °C.  In 
the second mode, GaN NCs were grown on the 
same PPS for 5 hours under Ga-enriched growth 
conditions at Ga/N2* ~ 1.5 (without taking into 
account Ga desorption) and various substrate 
temperatures from 695 to 795°C. In all NC growth 
processes described above, an indium flux of 
In = 0.2–0.4 ML/sec was used as a surfactant.  

The surface topographies of GaN NCs were 
studied using a CamScan 4-88-DV-100 SEM. 

3. Results and discussion 
3.1. Selective growth of GaN NCs on PPS 
under nitrogen-enriched conditions

In this work, compared with our previous 
work [21], to increase the selectivity of GaN NC 

growth (i.e., suppress the growth of parasitic NCs 
on the side faces of micro-cones) and reduce their 
diameter, relatively low Ga fluxes (Ga ~ 0.1 ML/s) 
and low flux ratios (Ga/N2* = 0.25). In addition, 
in our opinion, the increase in selectivity was 
facilitated by the transition from a constant to a 
pulsed growth mode with short-term annealing 
of the sample to stimulate the upward diffusion 
of Ga atoms to the top of the microcones. An 
increase in the substrate temperature by 20 °C 
allowed a larger number of adatoms to reach the 
tops of the PPS microcones. The high degree of 
spatial selectivity in the growth of GaN NCs with 
a height of 500 – 700 nm and a diameter of up to 
35 nm was confirmed by their SEM images in Fig. 
2a-c. Note that in previous work [21], the typical 
diameters of GaN NCs were 50–100 nm.  However, 
NC growth was observed only at relatively low 
substrate temperatures of 760/785 °C during 
NC growth/annealing, respectively, and when 
temperature was increased to 780/805 °C, there 
was no growth of NCs on the tops of the PPS, 
as evidenced by the SEM images in Fig. 2d,e. 
We associate the lack of growth with increasing 
temperature with an increase in the desorption 

Fig. 2. SEM images of GaN NCs grown using nitrogen-enriched conditions (Ga/N2* = 0.25) and short-term 
growth interruptions with increasing temperature from 760 to 785°C (a-c) and from 780 to 805°C (d, e). (a) – 
general view of NC after growth; (b) – enlarged image of the NC, highlighted in (a) with a dotted line; (c) – 
General view of the NC after etching in KOH
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of Ga atoms and the thermal decomposition of 
GaN NCs. 

Unfortunately, the nucleation of GaN NCs 
at the tops of the PPS was of a probabilistic 
nature and the growth of NCs was not observed 
at every vertex even at relatively low substrate 
temperatures, as shown in Fig. 2a. This is most 
likely due to the scatter in the parameters of the 
substrates and the absence of flat nanoregions 
with a (0001) orientation on some vertices, on 
which NCs with nitrogen polarity [000-1] nucleate 
[21]. Note also that the formation of parasitic 
GaN NCs of smaller height, which were directed 
perpendicular to these planes, was also observed 
on the semipolar planes of the PPS.  

The samples after etching in KOH did not 
reveal significant changes in the shape of the 
NCs at the tops of the PPS, but complete etching 
(i.e., disappearance) of the parasitic NCs on 

the semipolar planes was observed. This result 
demonstrates the relatively slow etching of 
polarly oriented GaN [000-1] on NC vertices and 
confirms the high chemical stability of non-polar 
{1-100} planes to etching in KOH solutions, as 
recently demonstrated by Tautz et al. [28].

2.2. Growth of GaN on PPS  
under metal-enriched conditions

Fig. 3 shows SEM images of microcrystals 
and NCs formed under the same Ga-enriched 
conditions (Ga/N2* = 1.5) at a substrate 
temperature varying from 695 to 795 °C. In 
the images of all GaN micro- and nanocrystals, 
complete correspondence was observed between 
their density and the density of the original 
micro-cones on the surface of the PPS. Moreover, 
at low growth temperatures (695–707 °C), many 
(>50%) of the top parts of GaN microcrystals had 

Fig. 3. SEM images of GaN micro- and nanocrystals grown in Me-(Ga) enriched conditions (Ga/N2* = 1.5) at 
different substrate temperatures: (a) – 695 °C, (b) – 707 °C, (c) – 720 °C, (d) – 730 °C, (e) – 742 °C, (f) – 755 °C, 
(g) – 765 °C, (j) – 782 °C, (i) – 795 °C 
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the shape of hexagonal parallelepipeds with a 
height of ~300 nm and flat tops with a diameter 
of ~0.5 μm, as shown in Fig. 3a, b.

As the growth temperature increased up 
to 755 °C, a decrease in the number of such 
GaN microcrystals with flat tops was observed, 
the diameters of which also decreased and, 
moreover, a pencil-like cut of the tops was 
observed, as shown in Fig. 3b-f. A further increase 
in temperature to 795 °C led to a decrease in 
the diameter of GaN microcrystals until the 
transition to the growth of single nanocolumns 
with a diameter decreasing in the direction of 
the vertices down to a minimum diameter of <50 
nm. Importantly, these single NCs were precisely 
located at the centers of regular micro-holes with 
a diameter of 2 μm (i.e., in full accordance with 
the topology of the PPS cones). GaN layers grown 
on flat areas of the PPS form a “honeycomb” flat 
surface morphology, as shown in Fig. 3g-i. 

Fig. 4a-c show cross-sectional images of 
cleavages of several structures with GaN NCs 
grown at different substrate temperatures, the 
general appearance of which is shown in Fig. 3. 
Figure 4a shows that the growth of GaN at low 
temperatures (695 °C) begins at the top of the PPS 
in the form of an inverted pyramid (i.e., with the 

top oriented downward) similar to the hexagonal 
pyramids that we observed in a similar work on 
the growth of InN on PPS in metal-enriched 
conditions [20].  

During the growth of this pyramid, when it 
reached a height of ~1 μm, its inclined (semi-
polar) growth planes mirrored their orientation, 
and growth continued in the form of a normally 
oriented pyramid (i.e., with the apex at the 
top). However, when this pyramid reached a 
height of about 1 μm, the angle of the inclined 
planes changed again and further growth of GaN 
occurred in the form of a hexagonal flat-topped 
pyramid oriented in the vertical direction. Note 
that simultaneously with this growth from the 
tops of the PPS, growth of GaN was also observed 
on inclined (semi-polar) planes perpendicular to 
them, as shown in Fig. 4a. On flat areas of the PPS 
surface, continuous GaN layers with a relatively 
smooth surface topography grew in comparison 
with the rough topography of layers grown on the 
same flat areas of PPS under nitrogen-enriched 
conditions (see Fig. 2a).

With an increase in the growth temperature, 
first of all, a decrease in the diameters of the 
NCs and a transition to their more vertically 
oriented growth of the side walls was observed. 

Fig. 4. SEM images of cross sections of GaN microcrystals and NCs grown in Ga-enriched conditions (Ga/N2* 
= 1.5) at different substrate temperatures: (a) – 695 °C, (b) – 755 °C, (c) – 795 °C. (d-f) – SEM images with dif-
ferent magnifications of the last NC (c), grown at a maximum substrate temperature of 795 °C
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At the same time, in the region of average 
substrate temperatures (720-765 °C), the NCs 
demonstrated a change in the angle of inclination 
of the walls. However, in the sample grown at the 
maximum temperature in this work, 795 °C, the 
NC diameter varied from ~250 nm at the base to 
35 nm at the top, with a NC height of more than 2 
μm. It is important that the growth rate of the NCs 
significantly exceeded the growth rate of the bulk 
GaN layer above the flat PPS region, which over 
five hours of growth led to the heights of the NC 
tops exceeding the level of the continuous layer by 
approximately 1 μm. Thus, a series of experiments 
on the growth of GaN on PPS using PA MBE under 
significantly different growth conditions showed 
the possibility of significantly varying the shape 
of growing NCs and micro(nano) crystals. 

According to Wulff’s theorem, the equilibrium 
shape of any crystal is determined by the 
minimum surface energy of its faces—differently 
oriented crystallographic planes [29]. For the 
hexagonal semiconductor compound GaN, first-
principles calculations show significantly lower 
surface energies of the non-polar [1-100] and [11-
20] planes compared to the polar and semi-polar 
planes [0001], [000-1], [11-22], [1-101], [1-102], 
etc. [30]. Therefore, GaN NCs under equilibrium 
conditions should demonstrate preferential 
vertical growth in one of two polar directions - 
[0001] or [000-1]. The results of this work on the 
growth of N-polar GaN NCs on PPS under highly 
nitrogen-enriched PA MBE conditions generally 
confirm the above conclusion (see Fig. 2) and are 
fully consistent with the results of our previous 
work [21].  

The growth of such NCs under metal-enriched 
conditions at high substrate temperatures 
(~800 °C) was discovered for the first time, and its 
important feature is the growth of NCs on almost 
all the tops of PPS micro-cones, in contrast to NCs 
that randomly form on the same vertices under 
nitrogen-enriched conditions. It should also be 
noted that it is possible to form GaN micro- and 
nanocrystals of complex shapes with multiple 
faces of semi-polar orientation through their 
growth in Ga-enriched conditions at low and 
medium substrate temperatures (695–720 °C and 
720–765 °C, respectively). 

The results on the growth of GaN NCs on 
PPS under Me-enriched conditions indicate a 

significant role of the kinetic factors of PA MPE 
in this growth regime. Indeed, with an increase in 
the substrate temperature during the growth of 
GaN under nominally metal-enriched conditions, 
one can first assume a significant increase in 
the rate of thermal desorption of Ga above a 
temperature of 700°C (GaTD), where its value for 
the [0001] plane exceeds 0.3 ML/s [31,32]. This 
leads to the disappearance of Ga adsorption layers 
on the GaN surface (a monolayer for (000‑1)‑GaN 
and a bilayer in the case of (0001) GaN growth), 
providing high mobility of all adatoms and, 
as a consequence, 2D growth modes with an 
atomically smooth surface morphology. As the 
substrate temperature increases (>750 °C), one 
should expect the onset of thermal congruent 
decomposition of GaN at a rate of (GaCD) [33, 34]. 
These processes lead to a significant change in the 
effective flux ratio (Ga – GaD – GaCD)/(N2* – N2

CD), 
which decreased as the temperature increased. 
Thus, the shape of a GaN NC is determined not only 
by the equilibrium values of the surface energies 
of differently oriented planes. Unfortunately, an 
accurate quantitative calculation of the growth 
processes of GaN NCs under nonequilibrium 
metal-enriched conditions is impossible because 
in the known literature there are no parameters of 
thermal desorption and congruent decomposition 
for various crystalline faces of GaN. Nevertheless, 
to qualitatively explain the transitions between 
complex forms of GaN micro- and nanocrystals 
on PPS, one can use the dependences of the 
theoretically calculated values of the relative 
surface energies of various planes on the 
chemical potential of nitrogen under varying 
stoichiometric conditions of PA MPE. Such 
dependencies were constructed in the work 
of Lee et al. [30] and according to them, only 
under nitrogen-rich conditions the (000-1)N 
plane is the most stable, i.e. has lower surface 
energy compared to the energies of other 
planes. However, upon transition to Me-enriched 
conditions (i.e., when the chemical potential 
of nitrogen decreases), a different relationship 
between the surface energies of the planes is 
observed and the semipolar planes {11-2-2}Ga 
have the lowest energy. This explains the initial 
growth of inverted pyramids we observed under 
highly Ga-enriched conditions. These studies of 
the crystallographic features of GaN growth on 
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PPS under various PA MBE conditions will be 
continued in the future. At the present stage of 
research, it is possible to construct a schematic 
diagram of various growth modes of GaN NCs on 
PPS depending on the substrate temperature and 
the nominal Ga/N2* flux ratio, which is presented 
in Fig. 5.

4. Conclusion 
The features of selective area growth of 

GaN nano- and microcrystals without the use 
of lithography methods have been studied. 
The possibilities of such growth using plasma-
activated molecular beam epitaxy on profiled 
c-sapphire substrates with a microcone profile 
have been demonstrated. It has been shown 
that when using nitrogen-enriched growth 
conditions (with a flux ratio of Ga/N2* = 0.25), an 
increase in the selectivity of the growth of GaN 
nanocolumns and a decrease in their diameter 
to 35 nm (at a height of several hundred nm) is 
achieved by carrying out the process in a pulsed 
mode at a temperature substrates 780 °C with 
short-term annealing, during which the substrate 
temperature increases by 25 °C. However, in this 
growth mode, the nucleation of NCs at the tops 
of microcones is characterized by a probability of 
no more than 50%. 

In the opposite case of metal (Ga)-enriched 
GaN growth conditions with a flux ratio of 
Ga/N2*  =  1.5, the growth of nanocrystals is 
determined by the substrate temperature. At 

high values (~800 °C), the formation of GaN 
nanocolumns with a diameter in the upper part of 
~30 nm is observed, which nucleate at almost every 
vertex of the patterned substrate. Importantly, 
the tops of individual regular GaN NCs are almost 
1 micron higher than the level of the flat GaN 
layer grown between the microconuses. In the 
case of lower growth temperatures, the growth of 
complex micro- and nanocrystals with different 
surface topologies and orientations of semi-polar 
side walls is observed. At extremely low growth 
temperatures (~700 °C), the growth of complex 
GaN microcrystals is observed, which in the 
upper part have the regular shape of hexagonal 
parallelepipeds with flat tops. 
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Fig. 5. Schematic diagram of different growth modes of micro-, nanocrystals and GaN nanorods grown by 
PA‑MBE on PSS at different substrate temperatures and Ga/N2* flux ratios
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