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X-ray diffraction patterns, scanning electron microscopy images, and transmission

~ electron microscopy images showed that one-dimensional GaN nanorods with [0001]-
oriented single-crystalline wurtzite structures were grown on Al,O3 (0001) substrates by
hydride vapor-phase epitaxy without a catalyst. The tip morphology of the GaN nanorods
became flat with increasing temperature difference between the gas mixing and the
substrate zones. The gas mixing temperature significantly affected the formation of the
nanorods, and the substrate temperature influenced the morphology and the strain of
the GaN nanorods near the GaN/Al,O5 heterointerface. The strain and the stress existing
in the GaN layer near the heterointerface were decreased with increasing growth rate.
The formation mechanisms of the GaN nanorods grown on the Al,O5 (0001) substrates
are described on the basis of the experimental results.

I. INTRODUCTION

GaN-based materials have attracted a great deal of
interest for optoelectronic devices operating in the
visible-ultraviolet region of the spectrum'™ due to their
unique properties of direct and wide band gaps, large
exciton binding energies, excellent chemical stabilities,
and high temperature stabilities.*” Because bulk GaN
substrates are not available yet, GaN materials are typi-
cally grown on heterosubstrates, such as c-Al,Os,
6H-SiC, and Si (111) substrates. It is not easy to obtain
high-quality GaN materials because of the large differ-
ence in the lattice mismatch and the thermal expansion
coefficient between the GaN layer and the foreign sub-
strate. Many studies have been carried out to obtain
high-quality GaN materials over the last several years.*’
Among several methods for achieving a high-quality
GaN, the most desirable way is the formation of single
crystal GaN materials with one-dimensional (1D) nano-
structures, such as nanowires and nanorods.'® One-
dimensional nanostructural materials have become partic-
ularly attractive because of their potential applications in
next-generation electronic and optoelectronic nanodevices
operating at relatively low power consumption.''*
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growth technique for growing thick GaN layers with
high deposition rate and at a relatively low cost. Several
growth techniques, such as metal organic chemical va-

por deposition and molecular beam epitaxy,'*'® have Ga(
been extensively used to grow high-quality 1D GaN The rea
single-crystalline nanostructures. However, the HVPE . ¢

ixing tem

method is relatively little used to grow 1D GalN nano-
structures due to the inherent difficulties of the precise
precursor control.'”'® Growth parameters such as the
growth temperature, the Ga/N flow rate, and the sub-
strate significantly affect the morphologies of the GaN
nanostructures. However, relatively few studies on the
effect of growth temperature on the morphologies and
structures of the 1D GaN nanostructures grown on ALO;
(0001) substrates by HVPE without a catalyst have beet
performed. Furthermore, studies concerning the formé-
tion processes of the GaN nanorods grown on ALO:
(0001) substrates have not yet been performed. )

This paper reports the microstructural properties and
formation mechanisms of the GaN nanorods grown Of
AL Oz (0001) substrates by HVPE without a catalyst
X-ray diffraction (XRD), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM) me#
surements were carried out to characterize the mo-
phologies of the GaN nanorods grown on Al,Os; (0001)
substrates. High-resolution TEM (HRTEM) measurements
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re performed to analyze the strain and microstructures
the GaN nanorods. The formation mechanisms of the
N panorods on the Al,O; (0001) substrates are de-
Abed on the experimental results.

EXPERIMENTAL DETAILS

The growth of GalN nanorods without a catalyst was
formed in an improved-designed HVPE reactor.'?
- 'Al0O3 (0001) substrates were degreased in trichlo-
thylene (TCE), rinsed in deionized water, etched in a
xture of HF and H,O (1:1) at 27 °C for 5 min, and
2sed in TCE again. After the ALOz (0001) wafers had
~n.cleaned chemically, they were mounted onto a sus-
ptor in the reaction chamber. The HVPE chamber was
vided into three reaction zones. The Ga metal source
a8 placed at the first zone of the chamber, and the HCI
action gas and the N, carrier gas were supplied by
ing the inlet to the chamber. The HCI reaction gas
d:the molten Ga source were reacted and converted
o gallium chloride (GaCl) with a gas phase at the first
ne in this system.?

1
Ga; + HClg — GaClg + '2'H2g . (1)

The converted GaCl gas was transported to the inner
nber by using the N, carrier gas and was intermixed
ith an NH; gas supplied by using another inlet in the
cond zone. Then, after the mixed gas was transported
ftkhe A1,O3 (0001) substrate at the third zone, the sub-
rate temperature was rapidly decreased and GaN began
orow on the Al,O5 substrate,”
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he reaction temperature in the first zone, the gas
ixing temperature in the second zone, and the substrate
mperature in the third zone are denoted by 7, T,, and
. respectively. When the mixed gases were supersatu-
ted due to the decrease in the temperature of the third
ne, the nucleation process of GaN nanorods started to
cur on the surface of the AlLO3 (0001) substrate. The
ow rates of the samples were identical, and their gas
ow rates during the growth process were maintained at
¢ same values. The growth conditions of the samples
¢ summarized in Table 1.

ABLE 1. Growth conditions of the GaN nanorods grown on Al,O3
013 substrates.

4 C,ataly: 850 850 850 850
microscop? 950 950 950 920
TEM) med 660 670 640 660
. the morl scem) 40 40 40 40
5,03 (0001 - (slm) 3 3 3

:asurements

The XRD measurements were performed by using a
Rigaku D/MAX-RC diffractometer with Cu K, radiation
(The Woodlands, TX). SEM measurements were carried
out using a FEI XL 30 system (Hillsboro, OR). TEM
measurements were performed by a JEOL JEM-3010
transmission electron microscope operating at 300 kV
(Tokyo, Japan). The samples for the cross-sectional
TEM measurements were mechanically polished to a
thickness of approximately 10 pm and then ion milled
at 3.5 kV using Ar" ions.

lll. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of GaN nanorods
grown on Al,O3 (0001) substrates at different growth
temperatures. The strong (0002) and (0004) diffraction
peaks corresponding to wurtzite GaN nanorods, togeth-
er with a (0006) diffraction peak related to the Al,O;
(0001) substrate are clearly observed in Fig. 1. While
only (0002) and (0004) diffraction peaks are dominant-
ly observed in the XRD patterns of GaN nanorods for
samples A, B, and D, the small intensity peak around
36.8° corresponding to the (1011) plane together with
dominant (0002) and (0004) diffraction peaks corre-
sponding to the GaN nanorods is shown for sample C.
GaN (0002) and (0004) peaks with a strong intensity
indicate that the GaN nanorods are vertically well-
aligned normal to the Al,O5 (0001) substrate. The ap-
pearance of the (1011) diffraction peak for sample C is
attributed to the atomic disorder during the initial for-
mation stage due to a relatively lower substrate temper-
ature of 640 °C. The appearance of the small XRD
diffraction peak corresponding to the (1011) plane is
attributed to the relatively higher degree of supersatu-
ration due to the temperature difference between 7, and
T5. Because the lower substrate temperature and the
higher degree of supersaturation lead to the low surface
diffusion and the fast growth rate, the small quantity of
the GaN layer with a (1011) plane parallel to the Al,O5
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L-30000
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E ALO (0006)
g
= : ~ : : 116000
2 o GaN(0004)
g7 /’L,_ Ec , i T .
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FIG. 1. X-ray diffraction patterns of the GaN nanorods grown on
Al,O3 (0001) substrates.
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(0001) substrate is formed near the GaN/Al,O3 hetero-
interface.?!

Figure 2 shows the cross-sectional SEM images of
GaN nanorods grown on the Al,O; (0001) substrate at
different growth temperatures. The SEM images reveal
that the morphologies of the GaN nanorods are sig-
nificantly modulated by the changing gas-mixing and
substrate temperatures. The heights of the GaN nanorods
grown on the Al,O3 (0001) substrates at the same growth
time for samples A, B, C, and D are approximately 1850,
2500, 1800, and 1600 nm, respectively, as shown in
Fig. 2. The typical diameters of GaN nanorods for sam-
ples A, B, and C are 200, 300, and 300 nm, respectively,
as shown in Fig. 2. While GaN products for samples A,
B, and C have nanorod shapes, that for sample D has a
thin-film shape. Because T, (920 °C) of sample D is
lower than those of other samples, the temperature dif-
ference between T, and T5 of sample D is smaller than
those of other samples. The low 75 and the small degree
of the supersaturation due to the small temperature dif-
ference lead the GaN layer to form the two-dimensional
(2D) thin film instead of the 1D nanorods. The morphol-
ogies of GaN nanorods are significantly affected by the
substrate temperature (T3). The tip diameter of the GaN
nanorods is tapered to a point with decreasing tempera-
ture difference between T, and T3, or the degree of
supersaturation. The temperature differences between T,
and T; for samples A, B, and C are 290, 280, and 310
°C, respectively. Because the supply amount of the Ga
source is determined from the temperature difference,
the growth rates of the lateral direction along the [0110]

Spot M. Dol WO
0)‘\?30 mnx no 62

(a)

direction and of the vertical direction along the [000;
direction of GaN materials are enhanced with i inCreagj,
temperature difference. While GaN nanorods for Samg‘
C have rod-like morphologies due to the large degree . 9
supersaturation, those for sample B have needle.Jij,
shapes.

Figure 3 shows bright-field TEM (BFTEM) images

the GaN nanorods grown on the Al,O3 (0001) subsyy,

at different growth temperatures. The morphoiogy and
the size of the GaN nanorods shown in the BFTEy
images of Fig. 3 are in reasonable agreement with thog.
of the SEM images shown in Fig. 2. A selected-are;
electron diffraction (SAED) pattern demonstrates thy
the growth direction of the GaN nanorods is along
the c-axis, as shown in the inset of Fig. 3(a). The
SAED pattern indicates that the orientational relatioy.
ships between the Al,O3 substrate and the GalN nanorods
are (0001)gan H (0001) 1,0, and [0110]gaxn || [1120] laio
The streaked diffraction spots for the GaN nanorods i
the SAED pattern display that the shape of GalN nanorods
are slightly tilted along the [0001] growth direction, The
surface region for sample D consists of a lot of small
hillocks, as shown in Fig. 3(d).

Figure 4 shows HRTEM images of the GaN nanorods
grown on the Al,O3 (0001) substrate at different growth
temperatures. The HRTEM images taken along the
[2110] zone axis show that the facets of the GalN nanor-
ods are significantly affected by 75 and 73, as shown in
Fig. 4. The angles between the basal (0001) plane and the
facet plane for samples A, B, C, and D are approximately
72, 80, 61, and 31°, respectively, as shown in Fig. 4. The

£V Spot Magn 1
DORV. 30 - 20000« TLD 6.4

(b)

(©)
FIG. 2. Cross-sectional scanning-electron-microscopy images of GaN nanorods grown on Al,Os (0001) substrates for samples (a) 4, (o) B
(¢) C, and (d) D.
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(b)

endant order of the temperature difference among
¢ nanorod-shaped samples is samples C (310 °C), A
90.°C), and B (280 °C). The inclined angle between
¢ basal plane and the facet plane is decreased with
creasing temperature difference, or the degree of the
persaturation, which originates from the increase of
ateral growth rate due to the increased supply of the
source. GaN products grown on the Al,O5 substrates
ve.a wurtzite single crystalline structure, which is in
asonable agreement with the XRD data, and they con-
in some stacking faults.
The strain and stress of the GaN layer near the interfa-
4 region between the GaN layer and the Al,O3 sub-
Tite are analyzed on the basis of the HRTEM images.
iure 5 shows the HRTEM images of the interfacial
tion for samples A and D. The interplanar spacing
stances between the (0110) and the (0001) planes of
¢ GaN layers for samples A and B are determined
' dnalyze the strain and stress existing in the GaN
1s. The measured interplanar spacing distances of

es (@) A, (0% g*(‘OHO) planes for samples A and D are approximately

6 and 2.718 nm, respectively, and the corresponding

{} 3. Bright-field transmission electron microscopy images taken along the [2110] zone axis of the GaN nanorods grown on Al,O3 (0001)
hstrates for samples (a) A, (b) B, (¢) C, and (d) D. The inset of (a) indicates the selected area electron diffraction pattern of the GaN nanorods
1 AlL,O; substrate.

values of the (0001) planes are 5.20 and 5.214 nm, re-
spectively, as shown in Figs. 5(a) and 5(b). The out-of-
plane (g.) and the in-plane strain (g,) components of the
GaN layer are given by22

¢ — 0o ar — dop

g = g , 3
=T =T 3)

where ¢y and ¢, are the unstrained and real (strained)
c-lattice parameters, respectively, and ao and a, are the
unstrained and strained a-lattice parameters,- respec-
tively. The measured out-of-plane and in-plane strain
components of the GaN layer for sample A are 2.70 X
1072 and -9.41 x 10_3, respectively, and those of the
GaN layer for sample D are 5.40 x 107 and —1.59 x
1072, respectively. The in-plane biaxial stress (cp) of the
GaN layer obeys the following equation®:

Gf = Mfgz(zh) ) (4)

b, &) is the biaxial strain in
the a-direction, My is the biaxial elastic modulus for a

material with a hexagonal structure strained about the

where My = ¢y +¢1p — 2
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(c)

substrates for samples (2) A, (b) B, (¢) C, and (d) D.

[0001] crystallographic direction, and c;; are the elastic
constants of GaN. The in-plane biaxial stresses of the
GaN layers for samples A and D are —3.78 and —6.66
GPa, respectively. This result indicates that the compres-
sive stress exists in the GaN layer. The magnitude of the
strain and the stress existing in the GaN layer near the
heterointerface is strongly correlated to the growth rate,
and the strain of the GaN layer is decreased with increas-
ing growth rate. The GaN molecules deposited on the
Al,O5 substrate at a slow growth rate have a diffusion
time, resulting in the decrease of the lattice mismatch.
However, when the growth rate is fast, the stacking
quantity of GaN molecules increases, and the GaN layer
has its unique lattice spacing rather than the strained
spacing. The lattice mismatch between the unstrained
GaN layer and the Al,Os; substrate is approximately
16%, and one misfit dislocation (MD) per 7.2 Al,O;
(1120) planes exists. Figures 5(c) and 5(d) show the
inverse fast Fourier transform (FFT) image of the inter-
facial region between the GaN layer and the Al,O3 sub-
strate. The inverse FFT images are only obtained for the
reflections of the (1120) and (1120) Al,O5 substrate and

2480 J. Mater. Res., Vol. 24, No. 8, Aug 2009

(@)

FIG. 4. High-resolution transmission electron microscopy images taken along the [2110] zone axis of the GaN nanorods grown on Al;O; (0001

the (0110) and (0110) GaN layer to clarify the MDs. The
arrows indicate the MDs, or extra half planes, as shows
in Figs. 5(c) and 5(d). While one MD per 7.7 AlG;
(1120) planes of sample A exists in the GaN layer.
nearly one MD per eight Al,O3 (1120) planes of sample
D exists in the GaN layer.

Figure 6 shows schematic illustrations of the forma-
tion process of the GaN nanorods on the Al,Oj sub-
strates. As mentioned above, the temperature difference
between the T, and the T3, or the supply amount of the
GaN molecules, determines the morphologies of rod-like
or needle-like nanorods. GaN molecules are transpOIT%é
and adsorbed on the surface of the Al,O5 substrate dur-
ing the initial growth process, as shown in Fig. 6(¢)
Adsorbed GaN molecules diffuse and coalesce wit%
neighboring GaN molecules, resulting in the creation o
small islands acting as seeds for the formation of GaN
nanorods, as shown in Fig. 6(b). The size of the islands
formed at initial growth stage increases continuously
with the addition of molecules and the coalescence o

< [0001]
adjacent small islands, as shown in Fig. 6(c). Beca™ ¢ formatic
the c-axis of the GaN molecules is typically the fasie® *shown in
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4.5, High-resolution transmission electron microscopy images and
tplanar spacings of the interfacial region between the GaN/ALO;
rostructure for samples (a) A and (b) D and inverse fast-Fourier
formed images of samples (¢) A and (d) D. The arrows in (c) and
ndicate the misfit dislocations.
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wlecules are preferentially grown along the [0001]
ction. The diffusion of GaN molecules toward the
on side facets and the direct attachment of GaN
ecules at the tip of the nanorods at an initial stage
gnificantly affect the formation process of nanorods.”®
owever, the effect of direct impingement at the tip
he nanorods gradually increases. When the supply
ount of GaN molecules is small, the GaN nanorods
preferentially formed along the [0001] growth direc-
- tesulting in the formation of GaN nanorods with a
dle-like shape, as shown in Fig. 6(d). When the sup-
amount of the sources is sufficient, the lateral growth
‘¢ of the GaN nanorods along the <0110> direction by
adatom diffusion and the vertical growth rate along

[0001] direction are increased, resulting in
formation of GaN nanorods with a rod-like shape,
hown in Fig. 6(e). While the GaN nanorods with a
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FIG. 6. Schematic illustrations of the growth process of GaN nanorod:
(a) initial adsorbed stage, (b) small GaN islands formation, (¢) forma-
tion of nucleus for GaN nanorod, (d) needle-like nanorod formation,
and (e) rod-like nanorod formation.

rod-like shape have made possible the fabrication of the
optical devices such as 1D lasers, because their uniform
diameter enhances the performance, needle-like GaN
nanorods” have been excellent candidates for potential
applications in field emitters, fine tips for scanning tun-
neling microscopy and atomic force microscopy, and
nanomanipulation tools.>* The tip morphologies of the
GaN nanorods are moderately controlled by changing
growth temperature.

IV. SUMMARY AND CONCLUSIONS

Vertically well-aligned GaN nanorods were grown on
Al,O3 (0001) substrates by HVPE method without a cata-
lyst at different growth temperatures. The tip morpholo-
gies and the strain of the GaN nanorods were significantly
affected by 15, T3, and the temperature difference be-
tween 15 and T5. The low T, and the small degree of the
supersaturation due to the temperature difference led the
GaN layer to form the 2D thin film instead of the 1D
nanorod. The tip diameter of the GaN nanorods was
tapered with decreasing temperature difference between
T, and T3, or the degree of supersaturation. The magni-
tudes of the strain and the stress existing in the GaN layer

J. Mater. Res., Vol. 24, No. 8, Aug 2009 2481
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near the interface were strongly correlated to the growth
rate, and the strain of the GaN layer was decreased with
increasing growth rate. The formation mechanisms of the
GaN nanorods grown on the Al,O5 (0001) substrates are
described on the basis of the experimental results. These
results can help improve understanding of the microstruc-
tural properties and the formation mechanisms of the GaN
nanorods grown on Al,O; (0001) substrates by using
HVPE without a catalyst.
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