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Formation Mechanism of GaN Nanowires with Various Shapes on Si(111)
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We discuss the formation mechanism of GaN nanowires (NWs) with various shapes grown on
Si(111) by using a plasma-assisted molecular-beam epitaxy. The GaN NWs have not only sym-
metrical structures but also various features such as reverse-mesa and reverse-funnel shapes. To
manipulate the shape of GaN NWs, we controlled the growth kinetics of gallium (Ga) atoms by
varying V/III ratio, defined as the ratio of the nitrogen (N) flux to the Ga flux, and the growth
time. Narrow linewidth broadenings of the x-ray diffraction rocking curves and the coherent crys-
tal structure, which are confirmed by using Cs-corrected transmission electron microscope images,
indicate the formation of highly crystalline GaN NWs. The formation of GaN NWs, particularly
reverse-funnel shaped NWs (RFS-NWs), can be explained by using the so-called wedding-cake
growth mechanism, which is related to a reduction in the number of Ga atoms reaching the top
surfaces of the GaN NWs from the surface of SiN, /Si(111) as the height of the GaN NWs increases.
Photoluminescence spectra from the GaN RFS-NWs show a double-peak feature at wavelengths of
361.79 and 373.58 nm, which is attributed to two different widths of the GaN NWs in the vertical

direction.
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I. INTRODUCTION

In these days, III-nitride semiconductor materials are
being actively studied for applications in optoelectronic
devices, such as a light-emitting diode and a photo-
detector, covering the wavelength window from deep ul-
traviolet to near infrared by controlling the composition
of (Ga, In, AI)N [1]. Particularly, ITI-nitride nanostruc-
tures have advantages in terms of improvement device
performances, including improved quantum efficiency
and reduced influence of external temperature. Recently,
IT-nitride nanowires (NWs) have been studied in terms
of fundamental physics and potential device applications
due to their outstanding electrical and optical proper-
ties [2]. According to previous reports, ITII-nitride NWs
are typically grown by using a vapor-liquid-solid (VLS)
process, metal organic vapor phase epitaxy, and hydride
vapor phase epitaxy [3]. In particular, the VLS process
using metal catalysts as initial nucleation sites has been
largely used for the growth of GaN NWs [4]. However,
forming GaN NWs with high-crystal quality is difficult
because of the diffusion of metal catalysts into NWs,
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which can result in chemical contamination [5,6]. As an
example, Au and Ni are typically used as catalytic met-
als for the VLS growth of GaN NWs. However, they in-
troduce deep-trap levels in the semiconductor band-gap
due to the chemical contamination, limiting the perfor-
mances of optoelectronic devices [6]. If this kind of un-
expected effect caused by the metallic catalysts is to be
reduced, no catalyst or a self-catalyst is used in the VLS
process or the Volmer-Weber mode to form GaN NWs on
Si(111) [7,8]. However, forming highly crystalline GaN
NWs is still difficult because of the large difference in ma-
terial parameters including the lattice constants and the
thermal expansion coefficients, between GaN and Si. To
overcome this problem, S. Han et al. used gallium (Ga)
droplets, created by using a Ga pre-deposition method,
for the growth of GaN NWs on Si(111) [9]. Because
Ga droplets can act as self-catalysts, the chemical con-
tamination in GaN NWs is expected to be significantly
reduced [10]. In addition, the structural and the opti-
cal properties of GaN NWs can be manipulated by con-
trolling the growth conditions for the Ga droplets and
subsequent NWs. Compared to epitaxial films, a NW
system has important advantages in that the NWs can
be separated from the substrate and applied to fabricate
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various devices with foreign materials [11]. If the advan-
tages of GaN NWs are to be used, GaN NWs with high
crystal quality must be formed. Form this point of view,
the formation mechanism of GaN NWs without defects
and dislocations needs to be understand in detail.

In this paper, we discuss the growth mechanism of
GaN NWs with various shapes on Si(111). The shape
of GaN NWs was changed by the controlling growth be-
havior of the Ga atoms by varying the V/III ratio, which
is defined as the ratio of the nitrogen (N) flux to the
Ga flux, and the growth time. Particularly, we report
the growth behavior of reverse funnel-shaped GaN NWs
(GaN RFS-NWs). The formation mechanism of GaN
RFS-NWs is explained by using the so-called wedding-
cake growth mechanism, which is largely related to the
number of Ga atoms on the top surfaces of GaN the
NWs.

II. EXPERIMENTS

GaN NWs were grown on n-type Si(111) substrates by
using plasma-assisted molecular-beam epitaxy (MBE).
The native oxide on the Si(111) substrate was removed
by using an in-situ annealing process at a substrate tem-
perature of 900 °C. Before the growth of the GaN NWs,
only a N-plasma flux was supplied to the Si(111) sub-
strate for 10 minutes at 800 °C (nitridation process)
to form a SiN, layer with a thickness of 27 nm. Af-
ter the nitridation process, only a Ga flux was supplied
to the SiN,/Si(111) substrate to form Ga droplets for
the subsequent growth of GaN NWs, which is the Ga
pre-deposition method [9,10]. The size and the spatial
density of the Ga droplets working as nucleation sites
for the formation of GaN NWs were determined by us-
ing the supply time of the Ga flux. After the Ga pre-
deposition process, Ga and N-plasma fluxes were simul-
taneously supplied to form of GaN NWs via Ga droplets.
To form GaN NWs with high crystal quality, we varied
the V/III ratio and the growth time. GaN NWs were
grown using V/IIT ratios of 193 (NW1), 258 (NW2), 322
(NW3), and 471 (NW4) for 4 hours. The V/III ratio was
varied by changing the N-plasma flux at a fixed Ga flux
of 4.6 x 1078 Torr. The growth time for the GaN NWs
were 2 (NW5), 4 (NW2), and 6 hours (NW6) at a fixed
V/III ratio of 258. The details of the growth conditions
for GaN NWs are presented in Table 1.

The structural properties of the GaN NWs were an-
alyzed by using field emission-scanning electron mi-
croscopy (FE-SEM, HITACHI SU-70), double-crystal X-
ray diffraction (DCXRD, RIGAKU MAX-2500), and Cs-
corrected transmission electron microscopy (Cs-TEM,
JEOL JEM-ARM200F). Photoluminescence (PL) spec-
troscopy was used to investigate the optical properties of
the GaN RFS-NWs, where a diode-pumped solid-state
laser with a wavelength of 266 nm and a charge-coupled
device with an electrically controlled cooling system were

Table 1. Growth conditions for GaN NWs.

Sample  V/III ratio (Arb. Units)  Growth time (hour)
NW1 193 4
NW2 258 4
NW3 322 4
NW4 471 4
NW5 258 2
NW6 258 6
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Fig. 1. Cross-sectional FE-SEM images of (a) NW1, (b)
NW2, (¢) NW3, and (d) NW4 samples grown under different
V/I1I ratios, where the inset shows the plan-view image. The
scale bars correspond to 500 nm. (e) Average height and
diameter of GaN NWs as functions of the V/III ratio.

used as the excitation source and the detector, respec-
tively.

III. RESULT AND DISCUSSION

Figure 1 shows cross-sectional FE-SEM images for the
(a) NW1, (b) NW2, (¢) NW3, and (d) NW4 samples.
The inset of each FE-SEM image is a plan-view image
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Fig. 2. DCXRD rocking curves for the GaN NWs grown
using different V/III ratios for 4 hours.

of the GaN NWs. The FE-SEM images clearly show a
change in the shape and the structural dimension of the
GaN NWs, depending on the V/III ratio. At a V/III
ratio of 193, longer GaN NWs with symmetric shapes
were formed compared to those grown at a relatively
high V/III ratio. GaN NWs were toward a reverse-mesa
shape with increasing V/III ratio. This is attributed to
the blocking effect of the N atom, which obstructs the
migration of Ga atoms upward from the SiN, /Si(111)
substrate [12,13]. T'wo possible components of Ga atoms
contribute to the growth of GaN NWs. One is the Ga
atoms directly impinging on the top surfaces of the GaN
NWs, and the other is components that first reach the
SiN,/Si(111) substrate and then migrate to the top sur-
face through the sidewalls of the GaN NWs [14,15]. How-
ever, the migration of Ga atoms toward the top sur-
faces of the GaN NWs via the sidewalls is limited by
the N atoms in the MBE chamber. This blocking ef-
fect of N atoms changes the shape and the height of the
GaN NWs. The average heights (diameters) of the NW1,
NW2, NW3, and NW4 samples were 631.2 (71.5), 304.6
(71.3), 177.5 (74.8), and 98.3 nm (47.4 nm), respectively.
The average heights and diameters of GaN NWs are sum-
marized in Fig. 1(e). With increasing in the V/III ratio,
the spatial density of GaN NWs is increased, which is
clear when considering the FE-SEM images in the insets.
This can be also explained by N atoms blocking the mi-
gration of Ga atoms. The migration of Ga atoms via the
sidewalls toward the top surfaces of the GaN NWs can be
restricted under a high N-rich condition. As a result, Ga
atoms, which are unable to migrate toward the top sur-
faces of the GaN NWs, generate additional nucleation
sites on the SiN,/Si(111) substrate to form additional
GaN NWs. Interestingly, conical features are addition-
ally observed on the top surfaces of the GaN NWs;, as
shown in Fig. 1(b), which will be discussed at Fig. 3.

10 nm

Fig. 3. Cross-sectional FE-SEM images for (a) NW5, (b)
NW2, and (¢) NW6 samples. (d) Cs-TEM and HR-TEM
images for the (e) top, (f) middle, and (g) bottom regions of
a GaN RFS-NW. The insets show SAED patterns.

Figure 2 shows DCXRD rocking curves for the NW1,
NW2, NW3, and NW4 samples. The DCXRD peaks
are in good agreement with GaN in the wurtzite (WZ)
structure and Si with the cubic structure [16]. The
strong peak at 28.32° corresponds to Si(111), where the
asymmetric Gaussian feature is attributed to the differ-
ence in material parameters between SiN, and Si(111).
The peak related to GaN(0002) is clearly observed at
34.5° for the NW2, NW3, and NW4 samples. In case of
the NW1 sample, the peak corresponding to GaN(0002)
was not observed because of the low spatial density of
GaN NWs, as shown in Fig. 1(a). For the NW2, NW3,
and NW4 samples, the peak positions corresponding to
GaN(0002) are slightly shifted with increasing average
height of GaN NWs. This is attributed to a reduced
tensile strain caused by the large difference in material
parameters between GaN and Si(111) [17]. That is, the
tensile strain between GaN and Si(111) diminishes as the
height of the GaN NWs increases. The peak intensity of
GaN(0002) for the NW3 sample is similar to that for the
NW2 sample. This result is related to the volumes of
GaN NWs being similar due an increase in the width.
For the NW4 sample, the peak GaN(0002) intensity is
drastically reduced compared to that for the NW3 sam-
ple. This is related to the influence of the stacking faults
formed at the interface between GaN and SiN, /Si(111),
which are typically observed in Si-based III-V semicon-
ductor NWs. The GaN(0002) peaks have narrow full
widths at half maximum (FWHMs) of 0.17, 0.17, and
0.19° for the NW2, NW3, and NW4 samples, respec-
tively. These FWHMs are relatively narrow compared
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to those (~1.3°) in previous works [18,19], indicating
the formation of highly crystalline GaN NWs with an
effective WZ structure on Si(111).

In the FE-SEM image of Fig. 1(b), additional features
can be observed on the top surfaces of the GaN NWs.
To analyze this structure more deeply, we varied the
growth time for the GaN NWs. Figures 3(a), 3(b), and
3(c) show cross-sectional FE-SEM images of the NW5 (2
hours), NW2 (4 hours), and NW6 (6 hours) samples, re-
spectively. The average height of the GaN NWs for the
NW5 sample was 179.6 nm. As clearly shown in the FE-
SEM images, the height of the GaN NWs increased as the
growth time was increased. For the NW2 sample, conical
features were additionally observed on the top surfaces of
the GaN NWs, which are clearly different from the shape
of the NW5 sample, when the height of the NWs reached
350 nm or more. With further increasing growth time,
a relatively thin GaN NW was formed on the top sur-
face of thick one. Namely, GaN RFS-NWs were formed.
Figure 3(d) shows the Cs-TEM image of the GaN RFS-
NW with two different widths along the vertical direc-
tion. The lengths (diameters) of the bottom thick and
the top thin parts were measured as 394.8 (46.4) and
202.6 (18.8) nm, respectively. In the interfacial region,
the thickness changed gradually. Figures 3(e), 3(f), and
3(g) show high-resolution (HR) TEM images measured
at the top, middle, and bottom regions of the GaN RFS-
NW, respectively. Stacking faults and defects are rarely
observed in all HR-TEM images. The inset of each im-
age shows the selective area electron diffraction (SAED)
pattern. The SAED patterns for all the regions of the
GaN RFS-NWs represent the WZ structure, indicating
the formation of GaN NWs with high crystal quality.
This result is consistent with the DCXRD results shown
in Fig. 2.

According to previous reports, the role of screw dislo-
cations is significant for the growth of NWs [20,21]. That
is, the growth process of GaN NWs can be explained
by using the screw dislocation-driven mechanism. How-
ever, dislocations were not observed vertically along the
growth direction in the position-dependent TEM images
of our GaN NWs. Therefore, the growth process of the
GaN NWs in this work did not depend on the screw
dislocation-driven growth mechanism. To explain the
growth mechanism of GaN RFS-NWs, we considered an
appropriate growth model, a wedding-cake growth mech-
anism. X. Yin et al. invoked the wedding-cake growth
mechanism to explain the formation of NWs with defect-
free crystals [22], where the formation of the nanostruc-
ture was related to an increase in the diffusion length
of adatoms as the supply rate of atoms was decreased.
In the wedding-cake growth model, we consider that the
growth of GaN NWs proceeds only under a homogeneous
condition, where no foreign atoms, except Ga and N, are
involved in the nucleation and additional growth. Fig-
ure 4 shows a schematic illustration for the formation of
GaN RFS-NWs. As mentioned above, Ga atoms sup-
plied from an effusion cell reach both the SiN,/Si(111)
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Fig. 4. Schematic illustration for the formation of a GaN
RFS-NW.

substrate and the top surfaces of the GaN NWs. Ga
adatoms reaching SiN, /Si(111) directly receive thermal
energy from the substrate, resulting in diffusion through
the sidewalls toward the top surfaces of the GaN NWs.
The migration length of Ga atoms, however, is limited
due to the fixed growth temperature. The formation of
GaN NWs with a slight reverse-mesa structure is related
to the limited migration length of Ga atoms under a N-
rich condition. That is, Ga atoms traveling through the
sidewalls to the top surfaces of GaN NWs cannot mi-
grate beyond a certain distance; consequently, the num-
ber of Ga atoms reaching the top surfaces of the GaN
NWs is dramatically reduced. In the modified wedding-
cake growth mechanism, the lateral growth rate of the
GaN NWs is proportional to the number of Ga atoms
at a fixed N-flux. Above a certain height of GaN NWs,
as a result, the lateral growth of the GaN NWs is sig-
nificantly reduced. On the other hand, the additional
nucleation of GaN NWs caused by Ga atoms directly
reaching on the top surfaces is dominant. In addition,
Ga atoms reaching the top surfaces of the GaN NWs
from the effusion cell cannot overcome the energy bar-
rier at the step edge, called the Ehrlich-Schwoebel (ES)
barrier, to diffuse down to the vertical facets [23,24].
Thus, the lateral growth of GaN NWs is restricted at
the step edge. The vertical growth rate of GaN NWs is
inversely proportional to the critical size of the top ter-
race [25]. Because GaN NWs have narrow effective areas
on the top surfaces, the possibility for the formation of
GaN NWs along the vertical direction via additional nu-
cleation site is increased. As a result, GaN RFS-NWs
with two different widths were formed, as shown in the
FE-SEM image for the NW6 sample.
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Fig. 5. PL spectra of GaN RFS-NWs measured at tem-
peratures ranging from 10 to 300 K.

Figure 5 shows PL spectra for GaN RFS-NWs mea-
sured at temperatures ranging from 10 to 300 K, where
the excitation intensity was 20 mW /cm?. In previous
reports, the PL peak of the GaN NWs was observed at a
wavelength around 360 nm at low temperatures (10 K)
[26,27]. Because Si-based ITI-nitride NWs typically con-
tain defects, including stacking faults, mostly caused by
the use of a foreign substrate, measuring the free exci-
ton (FX) peaks at room temperature is not easy. That
is, photo-excited carriers can be trapped at the struc-
tural defects of the nanostructures, typically resulting in
their non-radiative recombination [28]. For GaN RFS-
NWs in this study, however, two strong FX peaks were
clearly observed at room temperature. Once again, this
result indicates the formation of highly crystalline GaN
NWs. At 10 K, the FX peaks were measured as 362
and 374 nm. The double FX peaks are related to two
different widths of GaN NWs in the vertical direction.
That is, the thickness difference between the top thin
and the bottom thick parts of the GaN NWs results in

a change in quantum size effect [29]. Figure 5(b) shows
the temperature dependence of the PL spectra for the
GaN RFS-NWs. The PL spectrum is red-shifted from
362 to 370 nm with increasing temperature. This shift
results from the enhanced electron-phonon interaction
with increasing temperature [30]. The FWHMs of the
PL spectra varied from 26 to 34 nm as the temperature
was increased, which is also attributed to the enhanced
electron-phonon coupling.

IV. CONCLUSION

In summary, we discussed the formation mechanism of
GaN NWs having various shapes on SiN,/Si(111). Ac-
cording to the FE-SEM, DCXRD, and Cs-TEM results,
highly crystalline GaN NWs were formed. The formation
of GaN NWs with various shapes grown under different
V/III ratio conditions was related to the growth behav-
ior of Ga atoms directly influenced by N atoms. Due to
the drastic change in the number of Ga atoms on the
top surfaces of the GaN NWs, GaN RFS-NWs with two
different widths along the vertical direction were formed.
To explicate the formation of GaN RFS-NWs, we used
the wedding-cake growth mechanism, which is a suitable
model for explaining the growth of defect-free crystalline
NWs. The PL spectra from the GaN RFS-NWs showed
a double-peak feature, which could be attributed to the
quantum size effect in the vertical direction of the NWs.
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