Effect of the Coating on the Structure and Optical Properties of GaN Nanowires : Sang-Sig Kim et al.

Effect of the Coating on the Structure and Optical
Properties of GaN Nanowires

Jong-Soo Lee, Sung-Kyu Sim, Byung-Don Min, Kyoung-Ah Cho, Hyun-Suk Kim, and Sang-Sig Kim*

Department of Electrical Engineering, Korea University, Anam-dong 5-ga, Seongbuk-gu,
Seoul 136-701, Korea

?E-mail: sangsig@korea.ac.kr

(Received February 27 2004, Accepted June 4 2004)

Structural and optical properties of as-synthesized, Ga,0s-coated, and Al,O;-coated GaN
nanowires are examined in this paper. GaN nanowires were synthesized by thermal evaporation
of ball-milled GaN powders in an NH; atmosphere. The thermal annealing of the as-synthesized
GaN nanowires in an argon atmosphere allows their surfaces to be oxidized, leading to the
formation of 2nm-thick Ga,O; layers. For the oxidized GaN nanowires, the distances between
the neighboring lattice planes are shortened, and an excitonic emission band is remarkably
enhanced in intensity, compared with the as-synthesized GaN nanowires. In addition, the as-
synthesized GaN nanowires were coated cylindrically with ALO; by atomic layer deposition
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technique. Our study suggests that the Al,Os-coating passivates some of surface states in the

GaN nanowires.
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1. INTRODUCTION

Wide-bandgap GaN semiconductor nanowires (E, =
54 eV at room temperature) have attracted much
sttention for the fabrication of nanometer-sized high-
power electronic and blue-light-emitting optoelectronic
devices[1,2]. To realize the fabrication of the nanowire-
based nanoelectronic devices, the protection of the
nanowires from contamination and from oxidation is of
crucial importance{3,4]. In particular, the cylindrical
growth of wider-bandgap material with good quality on
the surface of the nanowires may be required for GaN-
nanowire-based optoelectronic devices with more
vnhanced emission efficiency[5]. Furthermore, the
¢ylindrically conformal coating of gate material on the
nanowires is of important usefulness in achieving the
high efficient performance of future nanoelectronic
clevices.

Two coating methods have been employed in this
study to GaN nanowires. The first method is thermal
oxidation, which is one of the most useful methods for
oxide growth not only as an insulating gate material in
conventional electronic devices but also as a cladding
material in conventional optical devices. Oxides grown
on semiconductors have lots of advantages including a
lower interface state density and lower leakage current in
electronic devices[6). Ga,O; formed after the oxidization
of GaN thin films was characterized by the low

refractive index and high static dielectric constant, and
this oxide has also become a promising candidate for
resolving the issues of surface passivation on GaN thin
films[7]. Though the formation of the Ga,Os layers on
GaN thin films by using thermal treatment at oxygen
ambient is well known, it has never been reported to
form highly uniform Ga,0; layers on GaN nanowires
since the discovery of these nanowires[8-10]. The
second method is the deposition of aluminum oxide
(ALLOs) layers on GaN nanowires by atomic-layer
deposition (ALD) technique. Al,O; has been widely
applied as corrosion resistant coating films[11]. And this
oxide material has been also utilized as capacitor
dielectrics and gate oxides in memory devices due to its
high dielectric constant, very low permeability, and high
thermal conductivity[12]. Especially, precise control in
the thickness of Al,O; films by ALD has been focused in
the field of ultra thin memory devices [13,14]. Moreover,
step coverage of AL,O; films on patterned substrates has
been recently investigated by ALD to develop
conformality on films[14,15].

In this study, GaN nanowires were first grown on a Si
(100) substrate from ball-milled GaN powders by
thermal evaporation procedure, Ga,O; layers were
formed on the synthesized GaN nanowires through
thermal oxidation, and Al,O; layers were deposited on
the nanowires by ALD. The structural and optical
properties of the as-synthesized, Ga;0Oj;-coated, and
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Al,Os-coated GaN nanowires were then examined in this
study by x-ray diffraction (XRD), scanning electron
microscopy (SEM), selected area electron diffraction
(SAED), transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM),
and photoluminescence (PL). Finally, our PL results are
analyzed on the basis of energy diagrams.

2. EXPERIMENTAL PROCEDURE

A Si (100) substrate (10 mmx10 mm) coated with Ni
catalyst nanoparticles was used for the growth of GaN
nanowires. A nickel nitrate/ethanol solution (0.01 M)
was coated on the surface of the Si substrate using a spin
coater with 1200 rpm. Starting GaN powders were
ground for 20 hours in the mechanical ball mill system
using a steel vial with stainless steel balls. The catalyzed
Si substrate was put on the top of a quartz boat loaded
with the ball-milled GaN powders. The thermal
evaporation of the ball-milled GaN powders was
performed at 1000 C for 1 hour under an NH; flow at a
rate of 30 standard cubic centimeters per minute (sccm)
at a constant pressure of 0.5 atm. GaN nanowires were
synthesized on the Si substrate after cooling down. For
the oxidation of their surfaces, the synthesized GaN
nanowires were transferred into a horizontal quartz tube
furnace and annealed at 1000 C for 30min in argon
ambient (300 sccm). ALLO; layers were deposited on the
synthesized GaN nanowires at a temperature of 300 C
with ALD technique. Trimethylaluminum (TMA) and
distilled water (H>O) were utilized as the precursors for
the AlO;deposition. The process pressure was 280 and
250 mTorr for the dosing of chemical precursors and the
argon purging, respectively. The deposition was per-
formed for 50 cycles; one cycle for the deposition of
Al O; was composed of TMA dosing (2 sec), Ar purging
(20 sec), H,O dosing (2 sec) and Ar purging (20 sec).

The structural and optical properties of the GaN
nanomaterials were characterized by XRD (RIGAKU,
D/MAX-TTA with CuKo radiation), field emission
scanning electron microscopy (FE-SEM) (HITACHI, S-
4700), TEM (Philips, CM30), HRTEM (JEOL, JEM 2010),
and energy dispersive X-ray spectroscopy (EDX), Line
profile (Philips, TECNAI). PL was conducted at 300 K
for the analysis of optical properties, with the 325-nm
line from a He-Cd laser and a spectrometer (SPEX,
1000 M).

3. RESULTS AND DISCUSSION
Figure 1 shows XRD patterns of starting GaN

powders, ball-milled GaN powders, and products syn-
thesized from the ball-milled powders.
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Fig. 1. XRD patterns of as-synthesized GaN nanowires
(a), ball-milled GaN powders (b), and GaN powders (c).

The representative XRD pattern of the synthesized
products is nearly identical to that of the starting
powders, so their XRD pattern is accordingly indexed to
the wurtzite structure of GaN. This indicates obviously
that the products are identified to be GaN material.

Fig. 2. SEM images of as-synthesized GaN nanowires.
The inset exhibits that the GaN nanowire was terminated
with a droplet at its tip.

Figure 2 shows SEM images of the GaN material.
These SEM images demonstrate that the synthesized
material is GaN nanowires with diameters of 20-70 nm,
circular cross section, and lengths of about ten micro-
meters, and that one of the GaN nanowires was
terminated with a droplet at its tip. A careful comparison
between the XRD patterns of the as-synthesized GaN
nanowires and the starting GaN powders (in the inset of
Fig. 1) reveals that the XRD peaks for the nanowires are
shifted to the lower Bragg angle, implying that distances
between the neighboring lattice planes for the GaN
powders are shortened than those for the as-synthesized
GaN nanowires. The ball-milled GaN powders from
which the GaN nanowires were synthesized are amor-
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ohous, as indicated in Fig. 1. The amorphousness of the
«3aN powders reduces the temperature of the thermal
avaporation of these powders. GaN nanowires were not
formed without the ball milling in our synthetic
procedure; the ball milling helps the synthesis of other
iemiconductor nanowires as well[16,17]. In addition, it
s worth noting that the GaN nanowires were not
.ynthesized in any atmosphere of Ar, N, O, or air, but
n an NH; atmosphere; it has been reported in our
arevious study that Ga,O3 nanobelts were synthesized in
4 Nz or Ar atmosphere from the ball-milled GaN
nowders, and that Ga,0O; nanoparticles were formed in
zn O, atmosphere or in air[17,18].
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Fig. 3. TEM (a) and HRTEM (b) images of a selected
(aN nanowire, and its associated EDX spectrum (c).

Figure 3 exhibits TEM and HRTEM images of a
selected GaN nanowire, and its associated EDX spectrum.
The TEM image of Fig. 3 (a) shows the straight-line
morphology of the GaN nanowire with a diameter of
about 65 nm. The SAED pattern in the inset of Fig. 3a
demonstrates the single crystalline spots and the growth

direction perpendicular to the (1010) lattice plane. The
HRTEM image of Fig. 3 (b) reveals the regular periodicity
of lattice points in the synthesized GaN nanowire; any
dislocation lines are not seen in this image. Notice that the
amorphous layer with an atomic thickness is barely seen
on the top surface of the nanowire. In the EDX spectrum
depicted in Fig. 3 (c), only the peaks associated with Ga
and N elements are present (the Cu-related peak in the
spectrum come from the grids), leading to the obvious fact
that the nanowires are indeed GaN material.
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Fig. 4. XRD pattern of GaN nanowires annealed at
1000 C in an Ar atmosphere (a) and the as-synthesized
GaN nanowires (b).

Figure 4 shows an XRD pattern of GaN nanowires
annealed at 1000 C in an Ar atmosphere; for com-
parison, an XRD pattern of the as-synthesized GaN
nanowires is given. Not only the GaN peaks but also the
Ga,0; peaks are present in the XRD pattern of the
annealed GaN nanowires; the GaN and Ga,0; peaks are
marked by solid circles and solid triangles, respectively.
A careful comparison between the XRD patterns in the
inset of Fig. 4 reveals that the GaN-phased peaks for the
annealed GaN nanowires are shifted to the higher
diffraction angle, as compared with the as-synthesized
GaN nanowires. The shift is A(20) = 0.15, 0.06, and 0.13

degrees for the (1010), (0002), and (1011) peaks,
respectively. This shift indicates that the annealed GaN
nanowires experience compressive stress due to the
existence of the Ga,Os in their surface.
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Fig. 5. TEM (a) and HRTEM (b) images of a selected
GaN nanowire with oxidized surface, and its associated
EDX spectrum (c).

Figure 5 exhibits TEM and HRTEM images of an
annealed GaN nanowire, and its associated EDX
spectrum. The TEM image and SAED pattern in Fig. 5
(a) still demonstrate the straight-line morphology of the
annealed GaN nanowire and the single-crystalline spots,
respectively. The HRTEM image of Fig. 5 (b) reveals the
formation of a 2nm-thick layer on the surface of the GaN
nanowire annealed in an Ar atmosphere; this layer is too
thin to be seen in the TEM of Fig. 5 (a). The EDX
spectrum of Fig. 5 (c) shows the presence of the O-
related peak along with the Ga- and N- related peaks.
The EDX spectrum and the XRD pattern(Fig. 4) suggest
that the 2nm-thick layer formed in the surface of the
annealed GaN nanowire be Ga,0;. In other words, the
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surface of the GaN nanowire is oxidized in an Ar
atmosphere. A possible origin for the oxygen is the
residual oxygen atoms in the supplied Ar gas [17,18].
Furthermore, the as-synthesized GaN nanowires were
annealed at 1000 C in an O, atmosphere. The TEM
image of this annealed GaN nanowire in the inset of Fig.
5 (a) reveals the formation of Ga,0Os; nanometer-sized
grains in the surface of the annealed GaN nanowire. A
comparison of the TEM images of the two annealed GaN
nanowires shown in Fig. 5 (a) illustrates that the oxidized
surface of the GaN nanowire annealed in an Ar
atmosphere is much smoother. However, the surfaces of
the GaN nanowires were not oxidized in an Ar or O,
atmosphere at temperatures lower than 1000 C.
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Fig. 6. TEM (a) and HRTEM (b) images of a selected
Al;Os-coated GaN nanowire, and its associated EDX
spectrum (c).
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Figure 6 shows TEM and HRTEM images of a GaN
tanowire coated with AlO; material by ALD, and its
associated EDX spectrum. The TEM image of Fig. 6 (a)
llustrates that the GaN nanowire is covered with an
Al,O; shell with a thickness of 10 nm. The halo in its
SAED pattern comes from the amorphous Al,O; layer.
The HRTEM image of Fig. 6 (b) illustrates the periodic
array of lattices in the core material of GaN and the
randomly positioned lattices in the Al,Os shell; it was
sbserved that the Al,O; material gets locally crystallized
.nder the e-beam. The EDX spectrum of Fig. 6 (c)
Jlustrates that the coated material is indeed Al,Os.

Figure 7 shows a TEM image, EDX line profiles, and
Jlustration of an Al,Os-coated GaN nanowire; the line
rnarked by 1 in the TEM image is the scanning way for
the EDX line profiles. The TEM image of Fig. 7 (a)
ihows a GaN-core (white)/Al;Os-shell (dark) structure;
the GaN core is about 50 nm in diameter and the Al,O;
shell is about 20 nm in thickness. Elemental con-
entration profiles of Al, O, Ga, and N across the Al,O;-
woated GaN nanowire obtained from EDX spectra are
drawn in Fig. 7 (b) (see the representative EDX spectrum
of Fig. 6 (c); the resolution of the profiles is 2 nm, so the
Al,Os-coated GaN nanowire with a shell thickness of 20
am is utilized for this profile study.
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:Hustration (c) of an Al,O3-coated nanowire.

The profiles of Al and O show the tubular geometry
with concentration maxima on both sides and a central
rainimum, and the profiles of Ga and N are peaked in the
venter. These EDX line profiles may confirm that the
ALO;s-coated GaN nanowire has indeed the GaN-
:ore/Al,Os-shell structure. The illustration of Fig. 7 ©
describes the core/shell structure of the Al,Oj-coated
3aN nanowire on the basis of the TEM image and EDX
line profiles. Note that the EDX line profiles could not
he performed for the oxidized nanowires due to the too
thin thickness of the oxide layer.

Figure 8 shows room-temperature PL spectra obtained
sor the as-synthesized, oxidized, and Al,Os3-coated GaN
nanowires. Some broad PL bands are present in the range

of 2.4~3.6 eV in these PL spectra; nevertheless, the
yellow band is absent in all three PL spectra. An
interesting observation is that a PL band ranging from
3.1 to 3.6 eV is remarkably enhanced around hundred
times in intensity when the surfaces of the GaN
nanowires are oxidized. This PL band is strengthened in
intensity, even when the surfaces of the GaN nanowires
are coated with Al,O;. The enhanced PL band
corresponds to the emission from the recombination of
excitons; the lowering of the peak position and the
broadening of the linewidth in the excitonic peaks
observed for the GaN nanowires, compared with GaN
epilayers, are caused by a variety of the stresses
experienced by these nanowires[19].
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Fig. 8. PL spectra of as-synthesized GaN nanowires,

GaN nanowires with oxidized surfaces, and AlLOs-
coated GaN nanowires.
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Fig. 9. Energy . diagrams of as-synthesized GaN
nanowires, GaN nanowires with oxidized surfaces, and
Al Os-coated nanowires, and illustration describing
radiative and nonradiative recombination of excitons in
these nanowires.
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Energy diagrams are drawn in Fig. 9 for the as-
synthesized GaN nanowires, the GaN nanowires with
oxidized surface, and the Al,Os;-coated GaN nanowires.
The energy diagrams are constructed on the basis of the
information provided by Refs. 20-21. The enhancement
of the PL intensity in the excitonic emission band for the
GaN nanowires with oxidized surface may be explained
by the absence of the fixed charges at the Ga,03/GaN
interface.

In the as-synthesized GaN nanowires, surface states
formed within the band gap may facilitate rapid
nonradiative recombination of excitons photogenerated
by the above-gap excitation; the surface states present in
the surfaces of the as-synthesized GaN nanowires are
caused by dangling bonds, defects, or impurities
(dangling bonds act as getters for ambient impurities).
Most photoexcited excitons wonder in the micrometer
range before the recombination, reach the surfaces, and
recombine nonradiatively through the surface states[22].
In contrast to the as-synthesized GaN nanowires, for the
GaN nanowires with oxidized surface, the surface states
are present within the Ga,O; layer, and the potential
barriers of the Ga,0; layer do not allow the photoexcited
excitons to reach the fixed charges. In this energy
diagram, most photoexcited excitons recombine
radiatively, emitting strong emission. In the case of the
Al,O;-coated nanowires, although the surface states are
present at the Al,Os/GaN interface, these nanowires still
emit stronger excitonic emission, compared with the as-
synthesized GaN nanowires. This observation indicates
that the coating of Al,O; passivates some of the surface
states.

4. CONCLUSION

GaN nanowires with thicknesses in the range of 20 to
70 nm were synthesized by thermal evaporation of ball-
milled GaN powders at 1000 T in an NH; atmosphere,
and the thermal annealing of the as-synthesized GaN
nanowires in an argon atmosphere at 1000 C forms an
uniform GaOslayer of a thickness of 2 nm in the their
surfaces. The distances between the neighboring lattice
planes for the annealed GaN nanowires are shortened
due to the existence of the Ga,O; in their surface,
compared with the as-synthesized GaN nanowires. As
for the Al,Os—coated GaN nanowires, our TEM and
EDX line profiles reveal the cylindrical coating of Al,O;.

A excitonic PL band is remarkably enhanced around a
hundred times in intensity when the surfaces of the GaN
nanowires are oxidized, and that this PL band is
strengthened in intensity, even when the surfaces of the
GaN nanowires are coated with AlLO;. The enhancement
of the PL intensity for the GaN nanowires with oxidized
surface may be explained by the absence of the surface
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states within the GaN material. This PL study shows also
that the Al,Os-coating passivates some of the surface
states.
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