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Uniform, vertically aligned ZnO nanorods have been grown mainly on
Au-coated and ZnO-coated sapphire substrates, ZnO- and GaN-coated sub-
strates, or self-catalyzing substrates. Conventionally, Ni-coated substrates
have resulted in thick rods with diameter more than 250 nm, rods with non-
uniform distribution in diameter, or rods with an alignment problem. In the best
result in this paper, slender, uniform, vertically aligned, solely UV-emitting
ZnO nanorods with diameter of 110 &+ 25 nm and length of 30 £+ 10 yum have
been successfully grown at 700°C for 2 h on sapphire substrates covered with Ni-
based buffer layers by using metallic zinc and oxygen as reactants. Scanning
electron microscopy and room-temperature photoluminescence have been used
to investigate the effects of process conditions on the slenderness and vertical
alignment of the ZnO rods. To develop the desired ZnO nanorods, etched sap-
phire substrates, a second metallic Sn buffer layer on top of a spin-coated nickel
oxide layer, polyvinyl alcohol binder at 10% concentration in solution of iron
nitrate, and pyrolysis and reduction reactions were involved. Defect photo-
emission for thick ZnO rods is attributed to insufficient oxygen supply during
the growth process with fixed oxygen flow rate.
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INTRODUCTION

Zinc oxide (ZnO) with a wide band gap of 3.37 eV
and large exciton binding energy (60 meV) has
become of great interest due to its importance in
basic scientific research and potential technological
applications.'™

Vertically aligned ZnO nanorods with different
diameters have been synthesized by chemical vapor
deposition, solution methods, evaporation, etc. with
or without catalysts on various substrates. One-
dimensional (1-D) ZnO arrays also have been grown
by a low-temperature hydrothermal method at
<100°C Wlth a ZnO buffer layer on various sub-

strates.®® Uniform, vertically aligned ZnO nanorods
with slender diameter of 50 nm to 150 nm have
been demonstrated by wusing the carbothermal
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reaction between ZnO and carbon black above
850°C on Au catalyst-patterned sapphire substrates
with the aid of submicrometer-sized polystyrene
balls® and laser-hardening lithography technol-
ogy.”® Well-aligned 1-D ZnO grown with a metallic
Zn reactant by thermal evaporation at 750°C to
850°C on GaN- or ZnO-covered sapphire substrates
has been reported.”'° The keys to successful growth
of uniform, aligned ZnO nanorods by gas-phase
reactions are the use of sapphire substrates and
buffer layers on the substrate. Buffer layers of Au,
Sn, 13 Nj,'* Cu,'® etc. and a self-catalyzing ZnO
layer9 16,17 have been applied. Au, GaN, and ZnO
have been recognized as the most effectlve materials
for buffer layers. Umar et al.’* grew hexagonal-
shaped ZnO rods with larger diameter of 300 nm to
350 nm on Ni-coated substrates at 500°C to 550°C
using Zn powders in an oxygen atmosphere. Their
nickel buffer layer led to 1-D ZnO with larger
diameter but showed a uniformity problem, with rod
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diameter ranging from 60 nm to 120 nm®'* or from

40 nm to 250 nm.'° Therefore, growth of vertically
aligned ZnO nanorods with uniform size distribu-
tion by using metallic Zn as a reactant on Ni-based
buffer layer-covered sapphire substrates is a chal-
lenge. In this study, we demonstrate slender, uni-
form, vertically aligned ZnO nanorods with
diameter of ~110 nm on Ni-based buffer layer-
covered sapphire substrates.

EXPERIMENTAL PROCEDURES

Zn0O nanowires were grown at 700°C for 2 h on
buffer layer-coated Si wafers or sapphire substrates
by a thermal evaporation process under a mixture
flow of 10 standard cubic centimeters per minute
(sccm) Oy and 200 scem Ny with a mixture source of
Zn and ZnO at weight ratio (g) of 1.0:1.0. The
preparation of the buffer layers involved two
methods: spin coating and direct-current (DC)
sputtering. The spin coatings of single Ni and mixed
(Sn + Ni) and (In + Ni) layers utilized 0.01 M solu-
tions of nickel nitrate, zinc nitrate, or tin chloride,
followed by pyrolysis at 650°C for 30 min and a
reduction reaction at 850°C for 30 min in a (Ar + 7%
H,;) mixed gas. The coating solution contained
1 wt.%, 5 wt.%, 10 wt.%, or 20 wt.% polyvinyl alco-
hol (PVA). For DC sputtering, Ni and Sn films were
deposited at output powers of 70 W and 20 W,
respectively, for 1 min. Au catalyst films also were
deposited for comparison. These sputtered layers
had thickness of 30 nm to 60 nm. In addition to
single and mixed buffer layers, Sn/Ni bilayers also
were prepared on sapphire substrates etched with
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0.1 M NaOH solution for 15 s or without etching.
The formation of a Sn/Ni buffer bilayer involved
spin coating with Ni nitrate solution, pyrolizing to
from NiO, sputter-depositing Sn metal on NiO, and
finally executing a reduction reaction. Scanning
electron microscopy (SEM) was used to observe
the growth morphology. Phase identification and
microstructural characterization of nanorods were
conducted by transmission electron microscopy
(TEM). Room-temperature photoluminescence (PL)
measurements were performed using a 325-nm
He-Cd laser as excitation source.

RESULTS AND DISCUSSION

Figure 1 shows surface morphologies of 1-D ZnO
grown at 700°C for 2 h on (a) Ni sputter-coated and
(b) Ni spin-coated Si substrates and on (¢) Ni spin-
coated and (d) Au sputter-coated sapphire sub-
strates by thermal evaporation with a mixture
source of Zn and ZnO at weight ratio (g) of 1.0:1.0.
One-dimensional ZnO materials grown on Ni spin-
coated Si wafer substrates were inclined and had
hexagonal cross-section with size of 800 nm to
1.5 um, while those on Ni sputter-coated substrates
had leaf-like shape with cross-sectional size of
600 nm to 1.2 um. Spin-coated Ni layers after pyro-
lysis and the reduction reaction can favor growth of
7ZnO rods with hexagonal cross-section. When the Si
substrates with a Ni spin-coated layer were replaced
by Ni-coated, (0001)-oriented sapphire substrates,
the vertical alignment of the grown ZnO rods was
greatly improved while maintaining the larger
diameter of 2 ym to 3 um (Fig. 1c). Au has been the

Fig. 1. Surface morphologies of 1-D ZnO grown at 700°C for 2 hon (a

) Ni sputter-coated and (b) Ni spin-coated Si substrates and on (c) Ni spin-

coated and (d) Au sputter-coated sapphire substrates by thermal evaporation with a mixture source of Zn and ZnO at weight ratio (g) of 1.0:1.0.

The 0.01 M nitrate spin solution contained 1% PVA.
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most popular catalyst for growing 1-D ZnO. With the
same growth condition, vertically aligned ZnO
nanorods with diameter of 200 nm were easily ob-
tained on Au-covered substrates, as shown in
Fig. 1d. However, growth of ZnO rods with diameter
of 100 nm is obviously a challenge.

To make slender ZnO rods, different PVA con-
centrations were added to the spin-coating solutions
for the purpose of preventing the deposited buffer
layers from clustering after pyrolysis and reduction.
It is expected that, as the nickel nitrate content
becomes comparatively less at higher PVA concen-
tration, the pyrolized NiO films will be thinner and
the reduced Ni catalyst particles will be smaller.
Figure 2 shows surface morphologies of 1-D ZnO
grown with 0.01 M solutions of nickel nitrate mixed
with (a) 5%, (b) 10%, and (¢) 20% PVA. When the
PVA concentration increased to 5%, a few ZnO rods
had smaller diameter of 200 nm to 300 nm but most
of rods still had diameter of 2 um to 3 um. At 10%
PVA, most of the ZnO rods had diameter of 200 nm
to 300 nm, but intermixed with some thick rods of
1 um to 2 ym diameter. When the PVA concentra-
tion reached 20%, the alignment and crystallinity
(as determined by x-ray diffraction intensity) of the
ZnO rods with diameter of 2 ym were degraded. The
optimal PVA concentration was found to be 10% in
order to form rods that were still vertically aligned
but were slender. Our reduced Ni catalyst particles
were covered by a Zn vapor during the heating
stage. Reactions between Ni and Zn occurred. When
the growth temperature reached 700°C, oxygen
entered and oxidized the covering Zn/Ni layer to
grow the ZnO rods. The metal-embedded buffer

layers can generate a strain state. At the condition
of 10% PVA, the buffer layer reached a better strain
state for growing rods of smaller size and better
alignment. To further improve nucleation on the
buffer layer for growing 1-D ZnO, sapphire sub-
strates were chemically etched with 0.1 M NaOH
solution.'® Figure 2d shows 1-D ZnO grown on
etched sapphire substrates on which a spin-coated
Ni buffer layer had been covered. Comparing Fig. 2¢c
and Fig. 2d, the diameters of the ZnO rods changed
from 200 nm to 2 um to become 100 nm to 400 nm
after sapphire substrates were etched. By using the
substrate-etching approach, ZnO nanorods were
thinned while still keeping the rods vertically
aligned.

To further reduce the diameter of the ZnO rods to
nanoscale, a second component was added to the Ni
buffer layer covered on the sapphire substrates.
Figure 3 shows the surface morphologies of ZnO
rods grown on (a) (Sn + Ni) and (b) (In + Ni) spin-
coated and etch-free sapphire substrates. These
spin-coating solutions contained 10% PVA. The
addition of Sn to the Ni for the buffer layer helped to
form uniform, vertically aligned ZnO nanorods, but
the rods for the (In + Ni) system now lay down on
the substrate. Both of the systems produced
Zn0O nanorods of 200 nm diameter. Although a few
ZnO crystals were observed (Fig. 3a), most of
the ZnO rods were vertically aligned and slender,
having quite uniform diameter of 200 nm. Prior to
the addition of a second component, our growth of
1-D ZnO still exhibited a problem with diameter
uniformity. However, the addition of Sn favored
thinning and the uniformity of the ZnO rods. Based

Fig. 2. Surface morphologies of 1-D ZnO grown at 700°C for 2 h on sapphire substrates spin coated with 0.01 M solution of nickel nitrate mixed
with (a) 5%, (b) 10%, and (c) 20% PVA or on (d) NaOH-etched sapphire substrates spin coated with nickel nitrate solution containing 10% PVA.
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Fig. 3. Surface morphologies of ZnO rods grown at 700°C for 2 h on
(a) (Sn + Ni) and (b) (In + Ni) spin-coated and on (c) Sn sputter/Ni
spin-coated sapphire substrates without NaOH etching.

upon the binary phase diagram, the buffer layer for
the (Sn + Ni) system after a reduction reaction
formed a NigSn, compound with an incongruent
melting temperature of 1260°C. For the (In + Ni)
system, pyrolysis at 650°C formed a (Ni + InyO3)
buffer layer. InyO3, which has a melting tempera-
ture of 850°C and starts to volatize at 850°C, was
expected to be reduced at 850°C to form the (In-Ni)
compound with melting point of ~910°C. The for-
mation of different compounds leads to different
degrees of stiffness of the buffer layer at growth
temperature of 700°C. The (In-Ni) compound
becomes softer and cannot provide a stiff buffer
layer, therefore the grown ZnO rods tend to lie down
on the sapphire substrate. In general, the second
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components of Sn and In together with Ni can lead
to uniform and slender ZnO nanorods. Due to our
focus on vertical alignment, the mixed (Sn + Ni)
system instead of the (In + Ni) system was chosen
in a bilayer configuration, denoted herein as the Sn
sputter/Ni spin-coated or briefly the Sn/Ni system.
Figure 3c shows a SEM image of 1-D ZnO grown on
Sn sputter/Ni spin-coated sapphire substrates
without NaOH etching. One-dimensional ZnO
grown on the Sn/Ni bilayer system was vertically
aligned, had uniform diameter of 400 nm, and was
free of observed ZnO crystals. Therefore, the major
advantage of using Sn in the Sn/Ni system is to
improve the diameter uniformity of the ZnO rods.

The Sn/Ni-catalyzed growth of 1-D ZnO in Fig. 3¢
was further improved by using NaOH-etched sap-
phire substrates. Figure 4 shows (a) low- and
(b) high-magnification SEM images of ZnO nano-
rods grown on Sn/Ni-coated and NaOH-etched sap-
phire substrates. Uniform, flat-ended, vertically
aligned ZnO nanorods with diameter of 110 + 25
nm and hexagonal cross-sectional shape were suc-
cessfully synthesized. Our ZnO nanorods had long
length of 30 + 10 yum. There were no droplets
attached to rod tips, indicating that growth did not
follow the vapor-liquid-solid growth mechanism.
Figure 4 also displays (c) a high-resolution TEM
image and (d) a diffraction pattern by TEM analysis
for the ZnO nanorod shown inset to Fig. 4c. The
electron diffraction pattern in Fig. 4d from the ZnO
nanorod shown inset to Fig. 4c was helpful to
identify its crystal structure as a hexagonal wurtz-
ite phase with [—110] zone diffraction pattern. The
(002) lattice fringe of a Sn/Ni-catalyzed ZnO nano-
rod in Fig. 4c had lattice spacing of 0.521 nm, close
to that of pure ZnO at 0.5209 nm. This similar
spacing indicates the purity of our ZnO rods. The
growth direction (shown by an arrow in the inset to
Fig. 4c) was identified to be the ¢ axis.

Figure 5 displays the room-temperature photolu-
minescence spectra of vertically aligned, c-axis-
oriented ZnO rods with (a) large (2 yum to 3 um,
Fig. 1c¢), (b) medium (400 nm, Fig. 3c), and (c) small
(110 nm, Fig. 4a) diameter. A sharp, strong photo-
emission peak at 383 nm to 387 nm (3.23 eV to
3.20 eV) was obtained for ZnO rods with different
diameters. This sharp peak corresponds to the near-
band-edge peak. Full-width at half maximum
(FWHM) in intensity was 140 meV, 150 meV, and
150 meV for the excitonic emissions from rods with
large, medium, and small diameter, respectively.
Our small FWHM values for ZnO rods with different
diameters indicate their good crystallinity. Fur-
thermore, broadband green emission centered at
510 nm to 512 nm (2.43 eV to 2.42 eV) was observed
due to the lattice defects in 1-D ZnO with larger
diameters.

Only 1-D ZnO rods with small diameter of 110 nm
did not show green emission. From the photolumi-
nescence results, the ZnO rods with small diame-
ter had good crystallinity and were pure without
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Fig. 4. (a) Low- and (b) high-magnification SEM images of ZnO nanorods grown at 700°C for 2 h on Sn sputter/Ni spin-coated sapphire
substrates etched with 0.01 M NaOH solution for 15 s. (c) Lattice image and (d) diffraction pattern of TEM analyses for the ZnO nanorods shown

inset to (c).

Sn doping. The intensity of the green emission was
stronger for 1-D ZnO with larger diameter. During
our ZnO growth, the process parameters, including
the oxygen flux, were kept constant. However, the
thick rods need more oxygen to react with the Zn
vapor. If the oxygen supply is just sufficient for
slender rods, then the thick rods may be oxygen
deficient, resulting in oxygen vacancies. The green
luminescence at ~2.5 eV is attributed to the bulk
defects of oxygen vacancies.'®?? Intrinsic defects of
ionic compounds involve Schottky and Frenkel
defects. From the Brouwer diagram, the major de-
fects under the oxygen-deficient condition are oxy-
gen vacancies and bound electrons.?! Our
photoluminescence results also demonstrate that
our reaction chamber does not have a leakage
problem. Chang et al.?? reported a similar situation
for thick rods, with green emission. Shalish et al.?®
reported the opposite results. When the size effect of
1-D ZnO is investigated, the process conditions and
the control of oxygen pressure in the growth cham-
ber need to be carefully considered. Additionally, a
small, broad feature of red luminescence located at
1.97 eV (629.6 nm) can be attributed to the transi-
tion from the conduction band to the defect level of
oxygen interstitials caused by incomplete atomic
packing resulting from the growth from vapor.?*

Uniform, vertically aligned, slender ZnO
nanorods were successfully grown by different
approaches by modifying the buffer layer or adjust-
ing the nucleation mechanism on treated substrates.
A single Ni catalyst layer on a substrate cannot lead
to uniform, slender ZnO nanorods. A metallic Sn
layer to alloy with the underlying Ni species is
advantageous for growth of the expected nanorods.
The bilayer Sn/Ni alloy will be covered with Zn vapor
before oxygen enters the reaction chamber, as the
growth temperature reaches 700°C. The Zn covering
layer reacts with the Sn/Ni alloy. Once this Zn cov-
ering layer has oxidized, its reaction with the Sn/Ni
alloy will stop. The resulting ZnO covering layer will
be embedded with Sn/Ni-related nanoparticles. For
growth of ZnO nanorods on Ni-covered substrates,
the ZnO covering layer will also be embedded with
Ni-related nanoparticles. Apparently, addition of a
Sn component to the Ni-based buffer layer changes
the nucleation mechanism in favor of growth of
uniform, aligned, slender ZnO nanorods.

CONCLUSIONS

Uniform, vertically aligned ZnO nanorods grown
with Ni-based buffer layers at 700°C for 2 h on (0001)-
oriented sapphire substrates were successfully
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Fig. 5. Photoluminescence spectra of vertically aligned ZnO rods
with (a) large (2 um to 3 um), (b) medium (400 nm), and (c) small
(110 nm) diameter.

synthesized. To overcome problems regarding diam-
eter size, diameter uniformity, and rod alignment, we
developed an approach to obtain slender, long, uni-
form, vertically aligned, solely UV-emitting ZnO
nanorods, which involves coating techniques, sub-
strate selection, binder usage, and second compo-
nents. Addition of the second component Sn enables
ZnO nanorods of uniform diameter to be obtained.
The spin-coated NiO layer on sapphire substrates
provides the function of vertical alignment of the
grown ZnO rods. By combining the sputtered Sn layer
with spin-coated NiO to form a buffer bilayer, our best
Zn0O nanorods grown on NaOH-etched sapphire
substrates had diameter of 110 + 25 nm and length
of 30 & 10 um. The green luminescence observed for
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rods with larger diameter is related to oxygen
vacancies due to insufficient oxygen supply during
the growth process.
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