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Catalyst-Free GaN Nanorods Synthesized by Selective Area

Growth

Yen-Ting Lin, Ting-Wei Yeh, Yoshitake Nakajima, and P. Daniel Dapkus*

GaN nanorod formation on Ga-polar GaN by continuous mode metalorganic
chemical vapor deposition selective area growth (MOCVD SAG,) is achieved
under a relatively Ga-rich condition. The Ga-rich condition, provided by
applying a very low V/III ratio, alters the growth rates of various planes of the
defined nanostructure by increasing relative growth rate of the semi-polar
tilted m-plane {1-101} that usually is the slowest growing plane under contin-
uous growth conditions. This increased growth rate relative to the non-polar
m-plane {1-100} and even the c-plane (0001), permits the formation of GaN
nanorods with nonpolar sidewalls. In addition, a new growth mode, called
the NH;-pulsed mode, is introduced, utilizing the advantages of both the
continuous mode and the lower growth rate pulsed mode to form nanorods.
Finally, nanorods grown under the different growth modes are compared and

discussed.

1. Introduction

GaN nanorods have gained substantial interest because of
their potential applications in devices such as light emitting
diodes,'*! laser diodes!®! and transistors for power electronics.”]
The small foot print of the nanorod reduces the threading dis-
location density®! in homoepitaxial growth through spatial
filtering and dislocation bending and relieves the strain due
to the thermal expansion and lattice mismatch in heteroepi-
taxial growth. InGaN/GaN based LED structures formed by
the growth of InGaN quantum wells (QWSs) on the side wall
of the nanorod is an especially promising structure to explore
to solve the persistent “efficiency droop” problem observed in
most LEDs formed on the c-plane. The large surface area of the
active region can effectively decrease the operating current den-
sity hence alleviating the droop effect. In addition, the elimi-
nation of piezoelectric field inside the QWs on the non-polar
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sidewalls allows a thicker quantum well to
be formed and in turn reduces the leakage
current and increases the radiative recom-
bination efficiency.”!% In order to form a
uniform and reproducible nanorod array
for high quality LED devices, it is impor-
tant to find an adequate epitaxial method
for their growth and to understand the
physical mechanisms underlying their
formation.

GaN nanorod arrays have been
grown by the vapor-liquid—solid (VLS)
growth, 112l molecular beam epitaxy
(MBE)"3l and metalorganic chemical
vapor deposition (MOCVD).*17] In the
case of catalyst free MOCVD, selective
area growth (SAG) epitaxy method is
the most common way to produce GaN
nanorods by controlling the kinetics of growth on various
facets formed during the growth. Li, Bergbauer et al.l'>!7]
have studied catalyst free MOCVD GaN nanorod growth on
sapphire and N-polar GaN. It is well known that under typical
MOCVD growth conditions on Ga-polar GaN substrate, selec-
tive area growth of GaN nanostructures will predominantly
form as nanopyramids. To alter this growth habit, Hersee
et al.® introduced the pulsed growth mode, during which
the group V and group IIl precursors are injected sepa-
rately in time, and achieved growth of GaN nanorods. Chen
et al.l¥ and Choi et al.' also successfully demonstrated GaN
nanorod formation using the continuous growth mode, by
controlling the pattern pitch, temperature and V/III molar
ratio.

The mechanisms of nanorod growth by the pulsed mode
have been discussed,?” but the mechanism for the continuous
growth mode has not been described. In this paper, the GaN
nanorod formation by continuous growth mode as well as the
principles behind their formation will be discussed. In addition,
a comparison will be made between nanorods grown under dif-
ferent growth modes. The paper is organized in the following
manner: We first designed a series of experiments to study GaN
nanostructure formation and growth behavior by manipulating
the V/III molar ratio and the growth temperature. We then
investigate their formation mechanism and characterize the
as-grown nanorods' optical response by cathodoluminescence
(CL). Based on the characteristics of the pulsed growth and con-
tinuous growth modes, we investigate a new growth mode, the
NH;-pulsed growth mode, to improve the nanorods. Finally, a
comparison of these different growth modes and the properties
of materials grown by each are discussed.
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Table 1. Experiments details of experimental sets A, B, and C.

Experimental Temperature TMG carrier gas flow rate NH; flow rate
set °q [scem]?) [sccm]?)

A 1125 24 5-150

B 1125 8-48 5

C 1050-1175 36 5

A1 sccm of TMG carrier gas flow results in a delivery of 2.2 ymol min~'. of TMG
under the conditions employed; ®1 sccm of NH; flow equals 44.66 pmol min~'.

2. Experiments Details for Continuous Growth
Mode

In the continuous growth experiments described here, we
apply MOCVD growth using a variety of growth conditions
to selected area growth (SAG) on a nanopatterned substrate.
The sample preparation and the experimental procedures can
be found in our previous work.?% Based on our observations
in studying pulsed mode processes, we extended our growth
method toward continuous mode by decreasing the V/III molar
ratio and increasing the growth temperature compared to those
we applied in the pulsed mode growth studies. We designed 3
sets of experiments summarized in Table 1. The total pressure
is set to be 250 Torr and nitrogen is used as the carrier gas.
In all cases, note that the relative partial pressure of the V/III
precursors is lower than typically employed in MOCVD growth
and in our previous pulsed mode growth studies. After growth,
the as-grown GaN nanorods are studied by a high-resolution
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field-emission scanning electron microscope (FE-SEM) for
their profile, transmission electron microscopy (TEM) for their
crystal structure and cathodoluminescence (CL) for their optical
properties.

3. Results and Discussion of Mechanistic
Principles

3.1. Effect of V/IIl Molar Ratio on Nanostructure Formation

In experiment set A, the temperature and TMG flow rate are
set at 1125 °C and 24 sccm respectively, while the NH; flow
rate is varied from 150 sccm to 5 sccm. The nanostructure
morphology evolution as a function of NH; flow rate can be
seen in Figure la: 150; b: 25; ¢: 10; and d: 5 sccm. The result
shows that the nanopyramid structure defined by {1-101} semi-
polar planes is formed when the NH; partial pressure is high
(Figure 1a)). The size of the nanopyramids is comparable to the
original opening diameter indicating that the growth rate of
semipolar m-plane {1-101} is extremely low and limits the for-
mation of nanostructures as nanopyramids. The slow growth
rate of these planes has been attributed to a hydrogen-passi-
vation effect,?1'?2] where the decomposition of NHj acts as the
sources of hydrogen atoms that attach to the surface bonding
sites. When the NHj injection rate is decreased to 25 sccm,
we see that the pyramids become larger and less symmetric,
and some of the nanostructures become a tetrahedral shape.
This trend indicates that the {1-101} planes start to become

Figure 1. Experiment set A: Nanostructure evolution with respect to NH; flow rate a) 150; b) 25; c) 10; and d) 5 sccm, which are taken under a mag-
nification of 50K. Inset figures are the lower magnification images of the arrays at the corresponding NHj flow rate.
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Table 2. Nanorod array uniformity comparison under growth conditions with different V/III molar ratio.

TMG flow rate V/IlI molar ratio Growth time Measured average nanorod height Measured average nanorod width
[scem] [s] [nm] / standard deviation [nm]/standard deviation

8 12.6 1800 948 | 58.6 179/22.2

12 8.4 1200 874 [ 43.6 166/21.0

24 4.2 300 1077 / 23.9 146/5.9

48 2.1 150 943 /15.7 130/7.3

unstable at lower NH3 partial pressure since the concentration
of hydrogen surface species that passivate the surface has been
replaced by Ga and the growth of these planes is triggered. At
still lower NH; flow rates (10 sccm), the growth of the {1-101}
planes increase and rod formation is achieved. Finally when
NH; flow rate is only 5 sccm, the rods become thinner and
shorter indicating an insufficiency of NH3, meanwhile, the top
of the rod becomes flat indicating that the relative growth rate
of {1-101} plane is even higher than that of c-plane.

In experiment set A, we found that a lower NH; injection
rate not only promotes nanorod formation but improves the
uniformity of the nanostructure arrays as well. To further inves-
tigate the effect of V/III molar ratio on the nanorod profiles,
we maintain the NH; flow at 5 sccm and adjust the TMG flow
rate from 8 sccm to 48 scem during the growth, as presented
in experiment set B. Each sample is grown for a different dura-
tion scaling the TMG flow rate to achieve the same growth
rate and a nominal height of 1 um. After growth, the as-grown
nanorod arrays are examined by FE-SEM and the rod profile is
characterized by image processing software to obtain the size

V.l |

Aot

of individual nanorods. The growth time versus TMG injection
rate and the statistical data on the physical dimension of the
nanorods (70 nanorods' profile are collected) is summarized in
Table 2, the SEM images are shown in Figure 2 with a V/III
molar ratio a: 12.6; b: 8.4; c: 4.2; and d: 2.1 respectively, and
the histograms of the nanorods profile distributions are shown
in Figure 3a) height and 3b) width. The SEM image of the
patterned substrate and its opening size distribution are also
shown in Figure 3c,d.

From the nanorod profile distribution shown in Figure 3
we can clearly see that the nanorod array uniformity improves
with a lower V/III molar ratio. The nanorod array uniformity
is limited by the size distribution of the openings on the pat-
terned substrate and therefore the array uniformity does not
improve at a even lower V/III molar ratio (2.1). Besides, a
reduction of average nanorod width at lower V/III molar ratio
is observed. This indicates that lower V/III molar ratio pro-
motes vertical growth of nanorods and is consistent with the
phenomena observed in previous studies of the pulsed growth
mode. 2
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Figure 2. Experimental set B: Rod morphology with V/III molar ratio equal to a) 12.6; b) 8.4; c) 4.2; and d) 2.1. (Figure 2c is taken at a 20 degree bird’s

eye view while the rest are at 30 degrees.)
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Figure 3. Histogram of 70 nanorods’ profile distribution of a) normalized height; and b) normalized width. c) SEM image of patterned substrate and

d) its opening size distribution.

3.2. Effect of Growth Temperature

It has been shown that the V/III molar ratio plays a critical
role in nanorod formation in the continuous growth mode.
In experimental set C we will study the effect of growth tem-
perature. The nanorod profile evolution as a function of growth
temperature is shown in Figure 4a: 1050; b: 1085; c: 1125; and
d: 1175 °C. When the temperature is low (Figure 4a), though
the nanostructure forms as a nanorod, the uniformity of the
nanorod array is poor with severe parasitic growth. In addition,
the sharpness of the nanorod top indicates that the growth rate
of {1-101} is smaller than that of the c-plane, even though the
V/III molar ratio is sufficiently low to allow nanorod formation.
As the growth temperature increases (Figure 4b), the vertical-
to-lateral aspect ratio of nanorods becomes larger, the nanorod
array uniformity improves and the amount of parasitic growth
is reduced as well. When the growth temperature reaches
1125 °C (Figure 4c), we see a fairly uniform nanorod array free
of parasitic growth, and the flat top of nanorod indicates at this

Adv. Funct. Mater. 2014, 24, 3162-3171
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temperature the growth rate of {1-101} has exceeded that of
c-plane. Finally, when the temperature is further increased to
1175 °C (Figure 4d), thermal etching and Ga desorption effects
become much more significant and the nanostructure forma-
tion is unstable under such growth conditions. Our results
agree with previous experimental reports,?%?3?4 where a
lower growth rate of m-plane is observed at a higher growth
temperature.

3.3. Discussion of the Nanorod Formation

As presented in experimental set A and B, two phenomena
are observed in the nanostructure evolution with respect to
V/III molar ratio: the nanorod formation (as a consequence
of growth rate variation among the various planes) and the
improvement of array uniformity. As shown in Figure 1, the
shape of the nanostructure evolves from a nanopyramid to
a nanorod, and the uniformity of the nanostructure array
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Figure 4. Bird’s eye view (20 degree) SEM image of Nanorod array grown by continuous growth mode under different growth temperature a) 1050;
b) 1085; ) 1125; and d) 1175 °C. The nanorod profile evolution as a function of growth temperature can be seen in the inset figures.

improves when NH; flow rate decreases from 150 to 5 sccm.
These facts indicate that the formation of the nanostructure is
the result of not only the relative growth rate between various
planes, but their absolute growth rate as well. When NHj injec-
tion rate is high (150 sccm), only c-plane growth is observed
which causes the structure to self-limit owing to the low growth
rate of the {1-101} planes, and the volume of the nanostruc-
ture is much smaller than that grown under a much lower NH;
flow rate (10 sccm). This phenomenon reflects the fact that the
growth of {1-101} plane is not only relatively low, but also abso-
lutely low. The low growth rate can be attributed to the so-called
“hydrogen-passivation” effect?!??l where the hydrogen atoms
tend to bond with the nitrogen atoms on the N-terminated sur-
face, such as {1-101} and (000-1) planes, therefore insulating
these surfaces from growth ambient and in turn slowing down
and even stopping the growth of them. This is always noted in
kinetic studies of facet formation by a deep notch that always
manifests itself in a kinetic Wulff's plot.?3%] It is well known
that the thermal decomposition process of NH; will release
hydrogen atoms that limit the growth rate on the {1-101}
planes. Therefore, in order to alleviate this effect, a very low V/
II1 ratio must be applied. The alleviation of hydrogen-passiva-
tion effect can be clearly observed if we compare the volume
of the nanostructures in Figure 1. The Ga incorporation rate
under a 150 sccm injection of NHj is only a small fraction
(=4.3% in volume ratio) of that under a 10 sccm NHj injection.
As NH; injection rate decreases from 150 to 25 sccm, the nano-
pyramid becomes larger, and the m-plane appears, which indi-
cate that the growth rate of {1-101} plane increases due to the
reduced NH; flow. At this NH; injection rate we can see that the

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

corresponding nanostructure has a pyramid-like but irregular
shape (Figure 1b), also from the inset figure, parasitic growth
(which is absent under 150 sccm NH; flow rate, as shown in
the inset of Figure la with a much larger size than that of the
nanostructure itself can be observed throughout the growth
area. Since a reduced NHj flow rate will release parts of the
semipolar planes from hydrogen-passivation effect and allows
these nanostructures to grow much faster than those with pas-
sivated planes and therefore the uniformity of the nanostruc-
ture array becomes poor. As the NH; flow is further decreased
from 25 to 10 sccm, we see nanorod formation is achieved
which implies that the growth rate of {1-101} planes becomes
much faster than that of m-plane, and is comparable to that of
the c-plane. Parasitic growth becomes denser and with smaller
volume compared to those in Figure 1b, which also indicates
that growth of nanorods at growth sites becomes favorable and
the uniformity of the nanorod array becomes better as well.
Finally, at a 5 sccm NHj; injection rate, the hydrogen-passiva-
tion effect almost disappears due to a very low V/III ratio, and
the {1-101} planes become growth favorable planes so that
their growth rate is even higher than that of c-plane, as implied
by the fact that the top of the nanorod becomes flat. In addi-
tion, the field of nanorod array possesses a much better uni-
formity as well as being free of parasitic growth. The control of
the NH; flow rate not only changes the nanostructure profile,
but also influences their overall uniformity. Since at a higher
NH; flow rate (>10 sccm), the hydrogen-passivation effect plays
a dominant role in the nanostructures formation, therefore
only part of the nanostructures are able to grow. The random
distribution of these favorable and unfavorable nanostructures

Adv. Funct. Mater. 2014, 24, 3162-3171
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therefore renders poor uniformity to the overall array. When
the NH; flow rate is sufficiently low (< 10 sccm) such that the
nanostructures are totally free from the growth limitations on
the {1-101} planes imposed by the hydrogen-passivation effect,
the growth of the nanostructure array becomes mass transport
limited. Since the diffusion length of the mass transport region
(tens of micrometers?%?) or even higher at higher temperature
and lower V/III molar ratio in our case) is much larger than
the size of the nanorod and the pitch of the array, the local
nanorod array will have a much better uniformity than those
grown under kinetic limited condition. In short, a mass trans-
port limited condition, which can be achieved by applying lower
V/III molar ratio, is able to produce a nanorod array with better
uniformity.

Experimental set B provides a clearer view of how V/III
molar ratio affects the adatom kinetics during the growth and
therefore the nanorod array uniformity. As discussed above, at
a lower V/III molar ratio the nanorods are grown under a situa-
tion away from the kinetic-limited condition and the growth of
{1-101} plane becomes highly favorable as this crystallographic
surface has much lower surface formation energy than {1-100}
planes and even the (0001) plane.?228 The high growth rate of
{1-101} and (0001) planes not only makes the growth condi-
tions strongly mass-transport limited and therefore improves
the uniformity of nanorod array, but increases the vertical-to-
lateral growth ratio of nanorods as well.

The kinetics of growth were investigated by Lymperakis
and Neugebauerl® who performed calculations that showed a
large anisotropic diffusion path barrier for Ga adatoms on the
GaN m-plane. That is, the diffusion barrier along the <0001>
direction is much larger than that toward <11-20> direction.
Therefore, some of the Ga adatoms landing on the sidewalls
of the nanostructures are unable to reach the top of them at
lower growth temperature which not only reduces the ver-
tical growth but contributes to lateral growth as well. Besides,
as suggested by Sawicka et al.,3% a N-rich condition will be
required in order to form a smooth m-plane, while a Ga-rich
condition must be applied for nanorod formation under con-
tinuous growth mode. In this case, the undesorbed Ga spe-
cies which are unable to reach the top region of nanorods
cannot contribute to a smooth lateral growth, possibly contrib-
uting tosignificant parasitic growth as can be clearly seen in
Figure 4a,b.

3.4. Structure and Optical Characterization

The as-grown continuous mode nanorod is examined by trans-
mission electron microscopy (TEM) and cathodolumines-
cence (CL) for its structural and optical characterization. The
TEM image of nanorod grown by continuous growth mode is
shown in Figure 5 which is taken along the <11-20> zone axis,
where the diffraction pattern (Figure 5c) indicates the wurtzite
structure of the nanorod. No stacking faults or dislocations are
found within the nanorod, as is the case for nanorod grown
under pulsed growth mode.?!

For CL characterization, we compare the spectra of undoped
nanorods grown under different V/III ratioes (2.1 and 8.4) as
well as un-doped and Si-doped nanorods (both rods are grown

Adv. Funct. Mater. 2014, 24, 3162-3171
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Figure 5. TEM image of nanorod grown by continuous growth mode.
The nanorod is taken along <11-20> zone axies (Figure 5b), and the dif-
fraction pattern indicates a wurtzite structure (Figure 5c). The nanorod
is free from twins, stacking faults and threading dislocations (Figure 5a).

under V/III equal to 2.1), as shown in Figure 6a,b. It can be
seen that the yellow-luminescence (YL) to band-edge emission
intensity ratio is much larger for nanorods grown at a lower
V/III ratio than at a higher V/III ratio condition. The latter spec-
trum is similar to a CL spectrum measured for bulk epitaxial
GaN layers grown by MOCVD (Figure 6¢). There is almost no
difference in the emission spectrum between the rods grown
with and without Si-doping (Figure 6b). The origin of YL has
been attributed to multiple physical origins.B!l Carbon impu-
rities on nitrogen sites have been implicated in a number of
different studies.?”3%] The dominance of the YL under low V/
IIT ratios is consistent with such a model since incomplete
removal of C from precursor fragments and the occurrence of a
higher density of N vacancies would be enhanced by a low V/III
ratio. More work is required to investigate the origin of this
large YL to band-edge emission intensity ratio in our samples
and its effects on the performance of devices that incorporate
GaN nanorods grown under such conditions, which beyond the
scope of this paper.

Though the continuous mode nanorods exhibit an
abnormal luminescence spectrum under CL measurement,
the nanorod templates with InGaN multiple quantum wells
(MQWs) grown on them do not shown this strong yellow
luminescence under photoluminescence (PL) measurement,
as shown in Figure 6d. The emission peak from the MQWs
is designed to be centered around 410 nm to prevent overlap-
ping with the YL emission. The MQWs growth condition can
be found elsewhere.l’] We speculate that suppression of YL
band luminescence in the PL spectra of nanorods with MQW
shells arises because the inner core of the structure is not
excited by the incident laser light. The high absorption coef-
ficient of the InGaN/GaN MQW at the wavelength of the exci-
tation laser may preclude the core from being excited. Also
the small size of the nanorod may allow the carriers that are
created there to diffuse to the MQWs region before they are
trapped by the defects inside the nanorods templates. More
work is required to clarify these speculations.
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Figure 6. a) CL spectrum of nanorod grown under 2 different V/III ratio (8.4 and 2.1 by changing TMG flow rate, both are un-doped). b) CL spectrum
of nanorod grown with and without Si-doped (V/IIl ratio is 2.1 in both case). ¢) CL spectrum of GaN substrate. d) PL spectrum of continuous mode

nanorods with InGaN MQWs.

4. The NH;-pulsed Growth Mode

From the previous discussions it is shown that a Ga-rich and
mass transport limited growth condition is required for GaN
nanorod formation. These conditions are achieved by injecting
the group V and group III source separately in the pulsed
growth mode, and by applying a very low V/III molar ratio
in the continuous growth mode. Though both growth modes
can successfully achieve nanorod formation, they have corre-
sponding problems.

The continuous mode employs a much simpler growth pro-
cess and has relatively high growth rate, however the nanorods
grown under continuous mode exhibit an abnormal emis-
sion spectrum, which will be discussed in the next section.
Though the pulsed mode is able to produce GaN nanorods
with reduced YL band emission, the growth process is compli-
cated since many parameters are involved. Here we introduce
a growth mode that we will refer to as the NH3-pulsed mode,
which adopts a simpler growth process than pulsed mode
(as shown in Figure 7) and is able to achieve GaN nanorods
with reduced YL band emission. In this growth mode, only
NH; flow is pulsed while the injection of TMG is continuous
resulting in better utilization of TMG than in the pulsed
mode.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 7. Growth process of NH;-pulsed mode where only the injection
of NHjs is pulsed.

To achieve the nanorod formation and good array uni-
formity, the NH; flow rate and NH3 off time must be care-
fully designed. In experimental set D we change the NH; flow
rate (15-50 sccm) and adjust the NHj; off time (1-3 s, 8 s for a
cycle), while maintaining the temperature at 1125 °C (the same
as continuous growth mode) and TMG flow rate at 8 sccm. The
morphology of the nanostructure as a function of NH; flow rate
and off time is shown in Figure 8.

The nanorod profile results in experimental set D can be
roughly grouped into 3 regions (I), (II), and (III) as indicated
in Figure 8a—c,e, and 8f,g, respectively. In region (I) where
NH; injection rate is still high and NH; off period is short,

Adv. Funct. Mater. 2014, 24, 3162-3171



NCED
FUNCTIONAL

M“‘"‘ ViewS

www.MaterialsViews.com

NH3 off time (second)

NH3 flow rate (sccm)

Figure 8. Nanorod profile as a function of NH; flow rate and NH; off
time (8 seconds per cycle).
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the overall growth condition is still not favorable for nanorod
formation. On the other hand in region (III), the NH; injec-
tion rate becomes too low and the NH; off period is too long.
In this region an unusual phenomenon of nanorod structure,
a “step” like formation, can be observed on the top part of the
nanorod, that will be discussed later. Only under the condi-
tions of region (II) where a moderate NH; flow rate and NH;
off time are applied can the formation of the desired nanorod
structure be achieved. At this particular growth temperature
and these cycle durations, the locally optimized growth con-
dition for nanorod (Figure 8d) in our system is set at a NH;
injection rate equal 25 sccm and off time equal 2 s. The SEM
image of nanorod array grown by NH;-pulsed mode as well as
nanorod array uniformity histogram (compared with the case
under continuous growth mode at V/III equal 2.1) are shown in
Figure 9a—c, respectively. The pulsed NH3 mode clearly gener-
ates high aspect ratio uniform nanorods by controlling the Ga
surface kinetics.
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Figure 9. a) Birds-eye view (45 degree) SEM image of nanorod array grown by NH;-pulsed mode. b,c) Normalized height/Width histogram of nanorod
grown by NHs-pulsed mode (NP-mode, un-doped) and continuous mode (C-mode, V/IIl = 2.1, un-doped).
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Table 3. Comparison between nanorods grown by different growth
modes.

Growth Growth rate Array CL spectrum
mode [nm hT uniformity
Pulsed Tum Good Comparable band-edge and YL
emission intensity
NH;-pulsed 6um Good Large band-edge to YL emission
intensity ratio
Continuous 4-20 um? Good®) Large YL to band-edge emission

intensity ratio

A The growth rate of nanorod by continuous mode can be enhanced by increasing
TMG injection rate while it is more complicated in pulsed and NH;-pulsed mode;
b)Over 24 sccm TMG injection rate (V/IIl molar ratio equal 4.2) is required to
obtain good uniformity of nanorod array in continuous mode.

The step-like growth on the top of the nanorods shown in
region (III), is similar to a phenomena observed by Galopin
et al.’% In their study a step-like growth was attributed to GaN
nucleation at the junction of the nanorod base region and the
substrate, rather than the nucleation directly on the sidewall
of the nanorod. The step growth is believed to start from the
bottom of the nanorod and is parallel to the nanorod growth
direction. In our case, the steps seem to nucleate from the
top of the nanorod and then grow toward the bottom of the
nanorod. The origin of the step growth, which might provide
a clue for a more detailed nanorod formation mechanism,
is still unclear but it is obviously related to the NH; injec-
tion condition which controls the growth kinetics of various
planes of the nanorod. More work is required to clarify this
phenomenon.
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5. Nanorod Comparison by Different Growth
Mode

In the previous sections we have discussed and characterized
nanorods grown by the continuous mode and NH;-pulsed
mode. In this section, we provide a comparison between the
growth rates, uniformities, and emission spectra of optimized
nanorods grown under the various modes. (Table 3) The CL
spectra of nanorods are shown in Figure 10a: pulsed; b: NH;-
pulsed; and c: continuous mode. Note that only the continuous
mode nanorods exhibit a strong YL. The PL spectra of InGaN
MQWs grown on each mode nanorods template are also shown
in Figure 11a: pulsed; b: NH;-pulsed; and c: continuous mode.

6. Summary

In this paper, we achieve GaN nanorod growth on Ga-polar
substrate by continuous growth mode and discuss the oper-
able growth mechanisms in their formation. A low V/III molar
ratio and high growth temperature favor the growth of {1-101}
planes and therefore are critical for nanorod formation as well
as achieving good array uniformity. The continuous mode is
simpler to implement than pulsed modes but the nanorods
produced by continuous mode exhibit an abnormal emission
spectrum with strong YL band emission which may result from
impurity induced emission. The NH;-pulsed mode combines
some advantages of both the continuous and pulsed growth
mode was discussed. This mode can be used to grow nanorods
with a relatively high growth rate while achieving low deep state
luminescence emission. We have also compared the different
growth modes with respect to the nanorod profile, lumines-
cence property as well as the emission of InGaN MQWs that
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Figure 10. CL spectrum of nanorods grown by a) pulsed; b) NHj-pulsed; and c) continuous (V/IIl = 2.1) mode.

c)

%1-0 Pulsed mode

210 ——NH3-pulsed mode -

1.0+ —— Continuous mode -

Normalized Intensity

Wavelength (nm)

350 400 450 500 550 600 350 400 450

Wavelength (nm)

500 550 600 350 400 450 500 550 600
Wavelength (nm)

Figure 11. PL spectrum of InGaN MQW:s grown on different mode nanorods template by a) pulsed; b) NH;-pulsed; and c) continuous (V/IIl = 2.7)

mode.
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utilize these nanorod templates. Based on the various advan-
tages of these growth modes, we can now adopt the appropriate
growth mode for different nanotechnology applications.
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