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Morphology development of GaN nanowires using
a pulsed-mode MOCVD growth technique

Byung Oh Jung,*ab Si-Young Bae,c Yoshihiro Kato,d Masataka Imura,e

Dong-Seon Lee,c Yoshio Hondaab and Hiroshi Amanoab

In this paper, we demonstrate a scalable process for the precise position-controlled selective growth of

GaN nanowire arrays by metalorganic chemical vapor deposition (MOCVD) using a pulsed-mode growth

technique. The location, orientation, length, and diameter of each GaN nanowire are controlled via

pulsed-mode growth parameters such as growth temperature and precursor injection and interruption

durations. The diameter and length of each GaN nanowire are in the ranges of more than 240 nm and

250–1250 nm, respectively, with different vertical-to-lateral aspect ratios that depend on the growth

temperature. Also, it is found that a higher growth temperature helps increase the vertical growth rate

and reduces the lateral growth rate of GaN nanowire arrays. Furthermore, in the case of longer TMGa

injection duration, the Ga-rich region allows the higher lateral growth rate of GaN nanostructures, which

leads to a transition in the morphology from nanowires to a thin film, while in the case of longer NH3

injection duration, the surface morphology changes from nanowires to pyramidal structures. In addition,

the surface structure can also be controlled by varying the precursor interruption duration. Finally, we

report and discuss a growth model for GaN nanowire arrays under pulsed-mode MOCVD growth.
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Introduction

Low-dimensional nanostructure materials such as GaN, GaAs,
and ZnO have attracted great interest in the fields of electri-
cal and optical applications owing to their unique chemical
and physical properties.1–3 Among these materials, nanowires
composed of GaN and related group III–V compound semi-
conductor materials have a huge potential for realizing revo-
lutionary semiconductor device configurations.

The position-controlled selective growth of GaN nanowire
arrays has received considerable interest over the past few
years because these structures have great promise for various
applications, such as light-emitting diodes (LEDs), laser
diodes (LDs), optical sensors, high power transistors, and
solar cells.4–9 In particular, the controlled growth of GaN
nanowires allows the possibility of pushing III–V based
50

55
optoelectronic devices further towards their efficiency limits.
Compared with the conventional planar structure, structures
based on GaN nanowire arrays have a number of advantages.
A nanowire size of less than a few hundred nm can help
completely eliminate the threading dislocations formed dur-
ing homoepitaxial growth.10 Therefore, the crystal quality of
GaN nanowires can be improved much higher than that of the
conventional planar structure. Also, because of the small
dimensions of nanowires, the lateral strain relaxation in nano-
wires on either the top or sidewall plane can lead to a higher
level of indium incorporation during InGaN/GaN multi-
quantum-well (MQW) growth.11 In addition, the growth of
c-axis-oriented GaN nanowires can lead to nonpolar or
semipolar planes on either the sidewall or slanted plane.1 If
the shape of nanowires can be controlled, it will also be possi-
ble to expose preferred planes (m- or a-planes) on the nano-
structure, which can act as basal templates for the growth of
epitaxial layers to obtain the desired functions in devices. For
example, the commonly used conventional planar c-plane
InGaN/GaN LEDs on sapphire substrates suffer from acute
piezoelectric polarization due to the large lattice mismatch
between GaN and InGaN, which leads to the quantum-
confined Stark effect (QCSE) and results in decreased radiative
recombination efficiency, as is widely known.12 However, the
exposed nonpolar planes (m-planes) of GaN nanowire arrays
are known to eliminate piezoelectric polarization, which can
dramatically reduce the QCSE in the quantum-well.13 To grow
ngComm, 2014, 00, 1–10 | 1
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vertically well-aligned GaN nanowire arrays, it is necessary to
understand the growth mechanism of GaN nanowires in detail.

GaN nanowire arrays are typically grown by metalorganic
chemical vapor deposition (MOCVD),1 molecular beam epi-
taxy (MBE),14 and vapor–liquid–solid (VLS) growth methods.15

In many previous studies on catalyst-free MOCVD with
selective-area growth (SAG), Ga-polar GaN nanowire arrays
were successfully grown on a GaN template.1 N-polar GaN
nanowires also have recently been successfully grown on a
GaN template by constant-mode MOCVD growth (also known
as conventional-mode growth, continuous-mode growth, or
the continuous flow mode).16 However, it is well known that
conventional-mode growth, in which the III and V precursors
are introduced simultaneously into the reactor, generally
leads to the formation of pyramid structures through the
emergence of {11̄01} semipolar planes on the GaN template.17

The pulsed-mode MOCVD growth technique (also called the
pulsed source injection mode or source modulation mode)
was first introduced in 2006 by Hersee et al.1 Since then,
many research groups have used this technique to success-
fully form GaN nanostructures in hexagonal rod shape with
six {11̄00} m-planes forming the vertical sidewalls of the
structures on a GaN template. The growth mechanism of
N-polar GaN nanowires under constant-mode growth has
already been clarified in detail.16 Although many studies on
Ga-polar GaN nanowire growth have been carried out using
the technique of Hersee et al., including growth parameters
such as source injection and interruption time, the growth
mechanism of Ga-polar GaN nanowires under a pulsed-mode
MOCVD growth technique is still unknown. Growth condi-
tions such as the role of the carrier gas, temperature, NH3

partial pressure, nucleation dependence, and the use of a
source injection or interruption step, may strongly affect the
growth rates of facets and the surface morphology.

In this paper, we report the successful selective growth of
vertically well-aligned Ga-polar GaN nanowire arrays on
c-GaN templates by a pulsed-mode MOCVD technique and
our investigation of their structural properties under different
growth conditions. The dependence of the Ga-polar GaN
nanowire arrays on growth parameters, including the initial
nucleation layer dependence, growth temperature, and pre-
cursor injection and interruption times, are presented and
discussed in detail. Finally, the growth model for these verti-
cally aligned GaN nanowire arrays is summarized briefly.

Experimental details

Our approach to clarifying the growth mechanism of GaN
nanowire arrays is shown in detail in Table 1. GaN templates
2 | CrystEngComm, 2014, 00, 1–10

Table 1 Types of experiment carried out in this study and
corresponding controlled growth parameters

Exp. type Controlled parameter

I With or without a filling process
II Growth temperature, 900–1025 (°C)
III Ga injection and interruption times
IV N injection and interruption times
consisting of an epitaxial layer of c-plane GaN grown on a
sapphire substrate were prepared for nanowire array growth
by patterning the substrate with a SiO2 growth mask
containing a hexagonal array of nanoscale openings prepared
by thermal nanoimprinting and reactive ion etching (RIE).
First, a 30 nm-thick SiO2 growth mask was deposited by RF
magnetron sputtering on a 2 μm-thick undoped GaN tem-
plate grown on a c-plane sapphire substrate. Then, SiO2 circu-
lar aperture arrays were formed by thermal nanoimprinting.
Each circular aperture had a diameter of 230 nm and the
center-to-center spacing was 500 nm. The pattern was trans-
ferred from the resist to the SiO2 growth mask using a
CF4-based RIE process, and the surface was then cleaned
with solvents and further treated with oxygen plasma for
10 min to remove any residual resist. The SiO2/GaN/sapphire
substrate was then loaded into showerhead MOCVD equip-
ment for GaN nanowire array growth. The GaN nanowire
arrays were initially grown at 1000 °C at a pressure of
200 Torr. Trimethylgallium (TMGa) and ammonia (NH3) were
used as the precursors in the growth. The TMGa flow rate
was maintained at 78 μmol min−1 (15 sccm) and the NH3

flow rate was kept at 223.21 mmol min−1 (5 slm). Pure
hydrogen (H2) was used as the carrier gas. TMGa and NH3

were introduced into the reactor with the H2 carrier gas dur-
ing each injection step. During both the TMGa and NH3

interruption steps, only the H2 carrier gas was introduced
into the MOCVD chamber. The optimized pulsed-mode
growth cycle consists of (a) a TMGa injection step (5 s), (b) a
TMGa interruption step (1 s), (c) an NH3 injection step (10 s),
and (d) an NH3 interruption step (1 s) as schematically shown
in Fig. 1. Also, we defined the value of the pulsed-mode
growth ratio (PMGR) as source injection ratio divided by
source interruption ratio. The injection ratio means N injec-
tion time divided by Ga injection time while interruption ratio
means N interruption time divided by Ga interruption time.
For example, our optimized PMGR value is 2 during growth.

PMGR = ( )
(

N injection time Ga injection time
N interruption t


iime Ga interruption time )









 (1)

The pulsed-mode growth cycles of between 10 and 300
were applied in the experiments and a nucleation step
(namely, a filling process) was performed in some experi-
ments. The morphology of the GaN nanowire arrays was
observed by field-emission scanning electron microscopy
This journal is © The Royal Society of Chemistry 2014

Fig. 1 Schematic diagram of steps in each cycle in pulsed-mode
MOCVD growth. (a) TMGa injection step, (b) TMGa interruption step,
(c) NH3 injection step, and (d) NH3 interruption step.
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(FE-SEM, S-5200) at an operation voltage of 5 kV. The micro-
structural characterization of GaN nanowires was carried out
by transmission electron microscopy (TEM, JEM-2100F) oper-
ated at 200 kV. The convergent-beam electron diffraction
(CBED) patterns were recorded in CBD mode while control-
ling the condenser aperture and electron-beam angle.18 To
prepare TEM specimens for the electron incidence condition
of [11̄00] zone-axis, the GaN nanowires were thinned using a
focused ion beam system (FIB, SII Xvision 200DB) which
includes a FE-SEM. The photoluminescence (PL) measure-
ments of the GaN nanowire arrays were carried out at room
temperature using a He–Cd laser operating at 325 nm.

Results and discussion
Effects of the filling process and pulsed-mode growth cycle

In the case of the pulsed-mode MOCVD approach, the source
modulation injection technique, including the source inter-
ruption duration, appears to be a critical factor in GaN nano-
wire array growth. This will be discussed later in this paper.
However, the nucleation layer dependence of the GaN nano-
wire morphology or shape development requires further
research because the effect of nucleation is still unclear in
GaN nanowire array growth. To investigate this effect, we
prepared experiments involving or not involving a filling
process. Generally, the filling process is inserted before the
pulsed-mode growth procedure for brief intervals. During the
This journal is © The Royal Society of Chemistry 2014

Fig. 2 Cross-sectional SEM images of GaN nanowire array samples at each
(e)–(h) Results of pulsed-mode growth including a 30 s filling process. (i)
(j) Schematic diagram for pulsed-mode growth of GaN nanowires involving
filling process, TMGa and NH3 were introduced simulta-
neously into the reactor as the III and V precursors, respec-
tively, and the objective of the filling process was to initiate
uniform GaN growth inside all the growth mask apertures.

Fig. 2(a) shows only the nanosized hole pattern on the
GaN template with the SiO2 growth mask. In contrast,
Fig. 2(e) shows the slightly filled hole pattern after the filling
process. Pulsed-mode growth cycles were applied to investi-
gate the effect of the filling process. After cycles of pulsed-
mode growth, the surface morphology was completely differ-
ent. A pyramidal structure with a partial (0001) c-plane
emerged as the dominant shape after a few pulsed-mode
growth cycles in the case of no filling process, as shown in
Fig. 2(b)–(c). However, when the filling process was carried
out, the surface morphology exhibited a c-plane-dominant
hexagonal structure on top of the GaN nanowires with partial
{11̄01} semipolar planes as shown in Fig. 2(f)–(g). The domi-
nance of the semipolar planes in the initial stage for each
sample has normally been ascribed to the slow growth rate of
the {11̄01} semipolar planes resulting from the hydrogen pas-
sivation effect. This phenomenon is consistent with the
results discussed elsewhere.19

According to previous research, the length of self-
assembled GaN nanowires can be controlled by MOVPE
growth parameters.20 However, in the case of pulsed-mode
MOCVD growth, the length of GaN nanowires mainly
depends on pulsed-mode growth cycles as shown in Fig. 2(i).
CrystEngComm, 2014, 00, 1–10 | 3

stage. (a)–(d) Results of pulsed-mode growth without a filling process.
Result of GaN nanowire arrays after 300 pulsed-mode growth cycles.
and not involving a filling process.
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If the number of pulsed-mode growth cycles applied is
increased, the length of GaN nanowires will be increased
more and more as shown in Fig. 2. The growth rates of GaN
nanowire arrays in Fig. 2(i) were about 15 nm min−1 or
4.2 nm per pulsed-mode growth cycle. After the pulsed-mode
growth process, each GaN nanowire had a perfectly defined
symmetric hexagonal rod structure comprising six nonpolar
m-planes. However, the topmost shape in the two arrays is
clearly different. This indicates that the nucleation layer in
the initial stage has a strong effect on the shape at the top of
the GaN nanowires. The pulsed-mode growth technique
increases the growth rate along the [11̄00] direction but
reduces the growth rate in the m-plane direction. Therefore,
the shape of the top of the GaN nanowires depends on the
initial shape of the nucleates and can have different mor-
phologies after pulsed-mode growth as shown in Fig. 2( j).
However, we believe that the filling process isn't the deciding
factor determining the success or failure of GaN nanowire
4 | CrystEngComm, 2014, 00, 1–10

Fig. 3 (a) Graph showing height (c-plane) and width (m-plane) of GaN
temperature PL spectra of the GaN nanowire arrays according to different g
of GaN nanowire arrays grown at temperatures of (a) 900 °C, (b) 950 °C,
GaN nanowire arrays.
array growth. We consider that the shape of the top of the
GaN nanowires can affect the light emission after InGaN/GaN
MQW growth in the core–shell structure. This will be
discussed in a future paper.
Effect of growth temperature

The growth temperature can be considered a crucial factor in
the growth of GaN nanowire arrays. To determine the effects
of the N and Ga kinetics and precursor diffusion behavior,
we prepared GaN nanowire arrays at growth temperatures
from 900 to 1025 °C (thermocouple reading in the susceptor)
at intervals of 25 °C, with the TMGa and NH3 flow rates kept
at 15 sccm and 5 slm, respectively, without the filling
process.

The graph in Fig. 3(a) shows the height and width of the
nanowires as functions of the growth temperature. At a low
temperature of 900 °C, the surface morphology had an
This journal is © The Royal Society of Chemistry 2014

nanowires as functions of the growth temperature. (b) The room
rowth temperatures. Cross-sectional SEM images showing morphology
and (c) 1000 °C. The insets of (d) and (e) are plan-view SEM images of
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almost continuous merged structure. However, the surface
morphology markedly changed from 950 °C as shown in
Fig. 3(c)–(e). In other words, a higher growth temperature
led to a higher vertical-to-lateral aspect ratio of the GaN
nanowires, i.e., the height increased, while the diameter
decreased. Li et al. reported that a higher growth tempera-
ture leads to the enhanced surface diffusion of Ga adatoms,
which leads to the increased height and aspect ratios of the
nanowires.16 Also, according to previous results, the Ga
desorption rates have different values from the c- and
m-planes of GaN.21 In addition, the desorption rate of Ga
adatoms from the c-plane is lower than that from the
m-plane. When the growth temperature was increased, the
desorption rate of Ga adatoms from both the m- and
c-planes was also increased, resulting in the accelerated
desorption of Ga adatoms. However, the sticking coefficient
of Ga adatoms on the c-plane is typically higher than
that on the m-plane. The diffused Ga adatoms from the
m-plane to the c-plane dwell on the c-plane for a longer
time. Hence, the Ga adatoms on the c-plane can surmount
the effect of the increased desorption rate. Consequently,
the vertical growth is enhanced while the lateral growth is
suppressed.

The optical properties of the GaN nanowire arrays under
various growth temperatures were investigated by PL spec-
troscopy at room temperature as shown in Fig. 3(b). Irrespec-
tive of the growth temperature, a strong near-band-edge
(NBE) emission is observed at around 364 nm from GaN
nanowire arrays. According to growth temperature, much of
the UV emission intensity increase is undoubtedly due to
the geometry of GaN nanowire arrays, indicating high optical
quality and crystallinity of the GaN nanowires. Also, we con-
sistently observe visible yellow emissions in the GaN nano-
wire array samples. Many hypotheses have proposed about
the origin of the yellow emission.22–24 However, we believe
that the yellow emission comes from the GaN basal template
in the case of GaN nanowires.
This journal is © The Royal Society of Chemistry 2014

Fig. 4 (a) Cross-sectional TEM images of the GaN nanowires used to obt
zone-axis CBED (b) experimental and (c) simulated patterns of GaN nanowi
Polarity confirmation

A GaN layer grown via MOCVD generally displays polarity
along the c-axis direction due to the lack of inversion symme-
try in III–N wurtzite lattices. The polarity has various effects
on the chemical and physical characteristics of the respective
orientation. Especially, it can influence the surface chemical
reactivity during GaN growth such as dopant or impurity
incorporation.25,26 To determine the polarity of GaN nano-
wires, we performed CBED analysis under a [11̄00] zone-axis.
Theoretical CBED patterns were calculated using a many-
beam dynamical calculation and least-squares fitting (MBFIT)
program based on the Bloch-wave dynamical theory of
electron diffraction.27 A bright-field TEM image of sectioned
GaN nanowires is shown in Fig. 4(a). The surfaces of the GaN
nanowires were covered with a Pt/carbon layer to protect
them from damage by the FIB. Fig. 4(b) shows experimentally
observed CBED patterns of the GaN nanowire with a 95 nm-
thick detection region. On the center of images, a dark band
was shown in the 0002 disk, while a white band was observed
between two dark bands in the the 0002̄ disk. These patterns
really confirm the Ga-polarity along the growth direction
from base to top in GaN nanowires.28 More vivid CBED pat-
terns were obtained using the Bloch-wave simulations for the
same thickness of experimentally detected region, as shown
in Fig. 4(c), indicating well matched patterns with experiments.

Effects of Ga injection and interruption durations

The TMGa injection time was found to be another important
parameter in GaN nanowire array growth, because if the
TMGa injection time is changed, the growth rate of various
facets is also changed under pulsed-mode MOCVD growth.
To investigate the change in the GaN nanowire array mor-
phology with the TMGa injection time, an experiment was
performed at 975 °C with various TMGa injection times with-
out the filling process. The results are shown in Fig. 5 for
injection times of (a) 5 s, (b) 10 s, and (c) 20 s. The NH3
CrystEngComm, 2014, 00, 1–10 | 5

ain the CBED patterns for polarity determination. (Color online) [11̄00]
res (d = 95 nm thick).
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injection time was maintained at 10 s, and the Ga and N
interruption times were kept at 1 s. It can be seen that the
surface structure showed the typical nanowire array morphol-
ogy and the value of PMGR is maintained at 2 under the opti-
mized TMGa injection time. When the TMGa injection time
was increased from 5 to 10 s, strong lateral growth occurred
along the m-planes and the value of PMGR is reduced to 1.
When the TMGa injection time was further increased to 20 s,
the nanowire morphology was markedly changed from nano-
wires to a thin film and the value of PMGR is reduced to as
0.5. This result is similar to pulsed lateral overgrown GaN
(PLOG) behavior.29 In our pulsed-mode MOCVD, we consider
that the migration of Ga adatoms primarily controls the
growth rate of each facet and the GaN nanowire volume in
each aperture. According to previous results, a high density
of Ga species in the mask region leads to a higher rate of
growth in the lateral direction under pulsed-mode growth.29

Under Ga-rich “injection or interruption” conditions, Ga dif-
fuses from the surface to the growth mask region. If the
TMGa injection time increases, the number of migrated Ga
species in the growth mask region is also increased. Thus,
this allows a higher growth rate along the lateral direction.
To achieve the nanowire morphology and prevent growth in
the lateral direction, it is necessary for the value of PMGR to
be maintained above 1 by adjusting the TMGa injection time
in the pulsed-mode procedure.

We carried out one more experiment to determine the
effect of the Ga interruption time. In this experiment, only
the TMGa interruption time was varied from 1 to 3 s. The
NH3 and TMGa injection times were maintained at 10 s and
20 s, respectively, and the N interruption time was kept at
1 s. As seen in Fig. 5(d)–(e), in the case of longer TMGa
injection duration (20 s), the GaN nanowire arrays were
6 | CrystEngComm, 2014, 00, 1–10

Fig. 5 Cross-sectional SEM images of GaN nanowire arrays with TMGa inje
time on the morphology of GaN nanowire arrays: (d) 2 s and (e) 3 s.
formed by adjustment of the TMGa interruption time and
the value of PMGR is maintained at 1 and 1.5, respectively. It
means that if the PMGR has a value above 1, the surface mor-
phology has nanowire geometry as the dominant shape. Also,
hydrogen thermal etching appeared to occur on top of the
GaN nanowires for an even longer interruption duration (not
shown). The change in the surface morphology from a thin
film to nanowires is evidence of an increase in the desorption
rate of Ga adatoms on the m-plane.30 If TMGa interruption
time is increased, Ga on the surface can be redistributed dur-
ing the TMGa interruption period. In our case, during the
longer TMGa interruption period, the desorption of Ga
adatoms began to occur on both the m- and c-planes. The
desorption rate on the m-plane was higher than that on
the c-plane owing to the lower sticking coefficient of Ga on
the m-plane. This led to the prevention of growth in the
lateral direction. However, the desorption of Ga adatoms on
the c-plane can overcome the increased desorption rate owing
to the higher sticking coefficient. In addition, Ga adatoms
can be resupplied to the surfaces by residual TMGa in the
reactor from the previous injection cycle, which leads to the
maintenance of the vertical growth rate. As a result, the net
vertical growth rate is preserved and the lateral growth rate
is suppressed. Therefore, the optimal interruption time is
necessary for maintaining the value of PMGR above 1 and
achieving a nanowire morphology under longer TMGa injec-
tion duration because the nanowire array morphology is
mainly determined by the absorption/desorption behavior of
Ga adatoms on each facet.

Growth model of GaN nanowires following TMGa steps

In the Ga injection step, TMGa is injected inside the reactor.
The atomic Ga formed from the homogeneous decomposition
This journal is © The Royal Society of Chemistry 2014

ction times of (a) 5 s, (b) 10 s, and (c) 20 s. Effect of TMGa interruption
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of TMGa diffuses from the surface to the growth mask
region,31 and then is adsorbed on all the exposed planes dur-
ing this step. If the TMGa injection time exceeds the optimal
value (it means that the value of PMGR is reduced below 1),
lateral growth will be non-negligible owing to the high
density of Ga adatoms in the growth mask region as shown
in Fig. 6(a). Consequently, an appropriate injection duration
(it means that the PMGR should have a value above 1) can
suppress growth along the m-plane direction.

During the Ga interruption step, Ga adatoms already
adsorbed on the m-plane from the previous TMGa injection
step can desorb from the m-plane, but the Ga adatoms on
the c-plane have a longer lifetime during the interruption
step, which is related to the different sticking coefficients on
various GaN facets.32 Also, the Ga adatoms are expected to be
resupplied to the surface by residual TMGa in the reactor. If
a suitable TMGa interruption duration is applied (it means
that the PMGR should have a value above 1) under longer
TMGa injection duration, lateral growth can be prevented by
the selective desorption of Ga adatoms on the m-plane as
shown in Fig. 6(b). To achieve the nanowire morphology, the
Ga interruption duration should be applied with an appropri-
ate value depending on the Ga injection time.

Effects of N injection and interruption durations

The following experiment was carried out to investigate the
effects of the N injection and interruption times on the
This journal is © The Royal Society of Chemistry 2014

Fig. 6 Schematic growth model of GaN nanowire arrays following TMGa
duration under prolonged TMGa injection duration.
surface morphology of GaN nanowire arrays. To study the
transition of GaN nanowire arrays, GaN nanowires were
grown at 975 °C with various NH3 injection times from 10 to
40 s without the filling process. The morphologies of the
GaN nanowire arrays are shown in Fig. 7 for N injection dura-
tions of (a) 10 s, (b) 20 s, and (c) 40 s. The TMGa injection
time was maintained at 5 s and the G and N interruption
times were maintained at 1 s. To investigate the effect of the
N injection time, we increased the NH3 injection time from
10 to 20 s. As the NH3 injection time increased, growth along
the [11̄01] direction was slightly suppressed while growth on
the m-plane direction was slightly enhanced. However, the
morphology of the nanowire arrays still maintained their
dominant structure. When the NH3 injection time was longer
than 20 s, the morphology of the nanowire arrays markedly
evolved from nanowires to pyramidal shapes and the value of
PMGR is changed to 8. It is similar to the typical morphology
obtained by constant-mode growth of GaN SAG.17 This experi-
ment indicated that an appropriate NH3 injection duration is
an important factor in obtaining GaN nanowire arrays under
pulsed-mode growth. If the NH3 injection time is increased
without changing the interruption time, the result of pulsed-
mode growth changes as constant-mode growth does owing
to overlapping of Ga and N adatoms. Generally, the pyrami-
dal structure is related to the low growth rate of the {11̄01}
semipolar plane. Chen et al. previously reported that the
growth rate of possible low index planes can be represented
CrystEngComm, 2014, 00, 1–10 | 7

steps. (a) Longer TMGa injection period. (b) Longer TMGa interruption
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Fig. 7 Cross-sectional SEM images of GaN nanowire arrays with NH3 injection times of (a) 10 s, (b) 20 s, and (c) 40 s. Effect of NH3 interruption
time on the morphology of GaN nanowire arrays: (d) 2 s and (e) 3 s.
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by a kinetic Wulff plot.33 The plot indicates that the {11̄01}
semipolar planes have the slowest growth rate under
constant-mode growth, which leads to the growth of hexago-
nal pyramids due to the hydrogen passivation effect.19 Also,
according to the Wulff growth theory,34 the low-growth-rate
planes remain after growth, which leads to the pyramidal
structure. For MOCVD growth under ambient conditions,
there are a large number of hydrogen atoms obtained from
the decomposition of NH3, the carrier gas, and other sources.
If the NH3 injection time is increased, the number of hydrogen
atoms from the decomposed NH3 also increases. Thus, we
consider that if hydrogen is abundant during growth, the
N-terminated facets of {11̄01} are passivated by hydrogen,
leading to stable {11̄01} planes.35 Hence, these planes have
very low growth rates during Ga-polar GaN nanowire growth.
Consequently, the GaN nanowires have the pyramidal shape
as the dominant morphology.

To determine the effect of the N interruption time, we
performed another experiment in which the NH3 interruption
time was varied from 1 to 3 s. The NH3 and TMGa injection
times were maintained at 40 s and 5 s, respectively, and the
Ga interruption time was kept at 1 s. As seen in Fig. 7(d)–(e),
the GaN nanowire arrays were changed by controlling the
NH3 interruption time under longer NH3 injection duration
(40 s). The value of PMGR is maintained at 4, and 2.6, respec-
tively, by the NH3 interruption time. It means that if the
PMGR has a value below 4, the surface morphology has nano-
wire geometry as the dominant shape. Hydrogen thermal
etching was also observed on top of the GaN nanowires for
an even longer interruption duration similar to the case of
longer TMGa interruption duration (not shown). It is well
known that the H2 carrier gas can etch GaN structures via
N–H and Ga–H formation at high temperatures.36,37 Thus,
the optimal interruption time is essential to prevent hydrogen
thermal etching. In addition, the change in the surface
8 | CrystEngComm, 2014, 00, 1–10
morphology from pyramidal structures to nanowires indi-
cates that the role of N interruption is to prevent the
overlapping supply of Ga and N through the removal of resid-
ual N atoms.30 Ignoring the hydrogen thermal etching effect,
if the pulsed-mode growth does not have a sufficient inter-
ruption duration in the case of a long NH3 injection dura-
tion, the pulsed-mode growth will change to constant-mode
growth owing to the overlap of N and Ga adatoms.30 Actually,
the key concept of pulsed-mode growth is to enhance the dif-
fusion of group III species by reducing the V/III ratio. Ideally,
during pulsed-mode growth, the V/III ratio is maintained at
0 under Ga-rich conditions (injection and interruption). In
contrast, under N-rich conditions (injection and interrup-
tion), the V/III ratio should be kept at infinity. To maintain
these V/III ratios, the precursors must be completely sepa-
rated during each step. Therefore, to prevent the overlap of
precursors and maintain the value of PMGR below 4, the
optimal N interruption duration is required under pulsed-
mode growth.
Growth model of GaN nanowires following NH3 steps

In the N injection step, NH3 is thought to decompose hetero-
geneously on the surface or to reactor walls to yield atomic
nitrogen or nitrogen-containing radicals.38 The N atoms
come in contact with the Ga adatoms remaining on the
surface from the previous step. This N injection step induces
the growth of GaN. If the NH3 injection time is too long
(it means that the value of PMGR is increased to 8), the
injected precursors can overlap during each source injection
step due to residual N atoms as shown in Fig. 8(a). In the
case of a longer NH3 injection time, pulsed-mode growth is
changed to constant-mode growth. Hence, the pulsed-mode
growth characteristics are lost. If an appropriate NH3 injec-
tion duration is applied (if the PMGR has a value below 4),
This journal is © The Royal Society of Chemistry 2014



Fig. 8 Schematic growth model of GaN nanowire arrays following NH3 steps. (a) Longer NH3 injection period. (b) Longer NH3 interruption
duration under prolonged NH3 injection duration.
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the surface can avoid the result similar to constant mode
growth. As a result, the GaN nanowires can achieve the nano-
wire geometry.

During the N interruption period, the residual N is
washed or evacuated from the surface by the carrier gas.30

Depending on the NH3 injection time, the surface morphology
can be changed between nanowires and pyramidal shapes.
Under a longer NH3 injection period, the high partial pres-
sure of NH3 can lead to typical GaN crystal growth. If a suit-
able N interruption duration is applied following the NH3

injection time (if the value of PMGR is decreased less than 4),
it can prevent the change from pulsed-mode growth to
constant-mode growth. Therefore, an appropriate N interrup-
tion time is required to flush out the N remaining in the
reactor from the previous injection step to achieve GaN nano-
wire array growth as shown in Fig. 8(b).

Conclusion

We investigated a scalable process for the synthesis of
selectively grown GaN nanowire arrays under pulsed-mode
MOCVD growth. Each experiment indicated the formation
mechanism of GaN nanowire arrays by showing the depen-
dence of the behavior of Ga and N adatoms on different
growth parameters. The different shapes of the initial nucle-
ation layers depending on whether or not a filling process
was carried out affected the shape of the top of the GaN
nanowires after pulsed-mode growth. The GaN morphology
This journal is © The Royal Society of Chemistry 2014
was controlled by the growth temperature and the precursor
injection and interruption durations. The maintenance of the
vertical growth rate and the suppression of the lateral growth
rate are necessary for the growth of GaN nanowire arrays.
A higher growth temperature leads to the enhanced surface
diffusion of Ga adatoms, indicating that the growth of GaN
nanowire arrays is mainly determined by the kinetic behavior
of Ga adatoms. A longer TMGa injection duration allows a
higher growth rate along the lateral direction. In addition, a
longer NH3 injection period leads to hexagonal pyramidal
shape due to overlap with N and Ga adatoms. Nevertheless,
the morphology of GaN nanowire arrays can be controlled by
applying an appropriate interruption duration with longer
precursor injection times. Consequently, the surface mor-
phology has nanowire geometry as the dominant shape when
the value of PMGR is between 1 and 4. To achieve the GaN
nanowire morphology, suitable precursor injection and inter-
ruption periods must be applied in pulsed-mode MOCVD
growth. The realization of GaN nanowire arrays promises to
be beneficial for the fabrication of large-scale integrated opto-
electronic devices using nanomaterials.
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