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ABSTRACT

ZnO nanostructure growth evolution from well-aligned -two-dimensional hanowalls to one-dimensional nanowire
arrays and finally to zero-dimensional nanoparticles was successfully demonstrated by a pulsed laser ablation
and deposition growth method, where the growth pressure was proved to be the determinant factor for the
formation of different ZnO nanostructures. At lower pressure, nanowall grew due to a prefer nucleation at
the grain boundary of a ZnO wetting layer via a vapor—solid process. At middle growth pressure, the ZnO
nanowire growth can be described with a nanoparticle-assisted pulsed laser deposition process. At higher
growth pressure, due to the strong collision between the ablated ZnO clusters and background gas, only
nanoparticles were deposited. These ZnO nanostructured arrays had a preferred c-axis growth orientation on

c-cut sapphire substrates. The photoluminescence and field emission properties were also studied.
KEYWORDS: High-Pressure PLD, Nanowall, Nanowire, ZnO, Field Emission.

1. INTRODUCTION 4 M I

Nanomaterials such as one-dimensional (1D) nanowires
and two-dimensional (2D) nanoplates, nanowalls,! and
graphen are receiving significant attention for applica-
tions in novel nanoelectronic and optoelectronic devices
due to their unique structures and novel optoelectronic
properties.!? In this regard, zinc oxide (ZnO), with a direct
band gap of 3.37 eV and a high exciton binding energy
of 60 meV at room temperature, is an important II-VI
compound oxide semiconductor which has great applica-
tions in light emitting diodes and transistor devices.>* It
manifests its properties especially when approaching the
nanoscale size, for example, in the form of 1D nanowires®
or 2D nanosheets,® which have been widely accepted as
the building blocks for nanodevices. In view of this point,
rational growth of nanostructures in terms of size, shape,
and orientation is a prerequisite, and a large amount of
intensive researches have been conducted to grow desired
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1ZnQ. architectures. Typically, 1D ZnO nanomaterials are
i grown: with a physical/chemical vapor evaporation and
deposition method on a substrate with metal catalyst which
produces a vertical array of nanowires with c-orientation.
Until now, a variety of one-dimensional nanostructures
like nanowires, nanobelts, nanorings, and other hierarchi-
cal nanostructures have been grown through this strategy
and used to construct functional devices.”® Moreover,
few of them were also reported to synthesis 2D ZnO
nanosheets/nanowalls.’ 10
Pulsed laser deposition (PLD) is a typical vapor-phase
growth method by condensation of a laser plume ablated
from a pressed target, excited by the high-energy laser
pulses far from equilibrium and usually adopted for thin
films growth with excellent physical properties.!! For
example, high-quality ZnO films can heteroepitaxy on
GaN sapphire and even silicon substrates.!> Pulsed laser
ablation (PLA) in a flowing vapor phase can also be
adopted to grow nanowires. Lieber et al.! first used laser
ablation to synthesized silicon and germanium nanowires
through the traditional vapor-liquid—solid (VLS) mecha-
nism with iron as catalyst. Few reports of ZnO nanorods
synthesis by PLD methods in a quasi-static vapor envi-
ronment have appeared thus far. For example, Yan et al.'*
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demonstrated growth of oriented Ga-doped ZnO nanorods
arrays on GaN/sapphire substrates, but only at certain
specific Ga-doping levels. Lorenz et al.'> have reported
growth of ZnO nanowires on sapphire in the presence of
gold colloid catalysts. Cao et al.'® reported the growth
2D ZnO nanowall arrays by high-pressure PLD through
target doping in a straight quartz tube But, due to their
structural polarity of hexagonal wurtzite ZnO, the rational
synthesis of ZnO nanostructures with different dimension-
alities is still challenging no mater what growth methods
were applied. In this paper, we reported the growth evo-
lution of ZnO from nanowall to nanowire with pressure
by a new-designed high-pressure pulsed laser ablation and
deposition system with a cross quartz tube and their pho-
toluminescence (PL) and field emission (FE) properties.

2. EXPERIMENTAL DETAILS

A new designed and home-built high-pressure pulsed laser
ablation and deposition system was schematically illus-
trated in Figure 1. A temperature-controlled electrical fur-
nace with a cross-shaped quartz tube was used as the
ablation and deposition chamber. The carrier and reac=
tion gasses were monitored with different mass flow con-
trollers (D07-19B, SevenStars, Beijing). The pressure were
pumped with a mechanical pump and maintained with
a MSK pressure/flow control module (250E, 248A and
626B). The targets were fixed at the cross-sectional part
of the tube and can be rotate automatically. KrF excimer
laser (Compex250, Coherent) were used to ablate ZnO tar-
gets, which were prepared with a standard powder chemi-
cal route by ball milling ZnO powders, cold pressing and
subsequent sintering at 1100 °C for 5 h in air. Sapphire
was used as substrate without any catalyst The distance
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Fig. 1. A schematic illustration of the home-built PLA growth system

used for ZnO nanostructure growth.
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between the substrate and ZnO target was 15 mm. The
growth temperature was 900 °C and argon was used as
carrier gas with a flux of 50 SCCM.

The sample morphologies were observed with a field-
emission scanning electron microscopy (SEM, Quanta,
FEI) and powder X-ray diffraction (XRD) measurements
using an X-ray diffractometer (D8-ADVANCE, Bruker)
with Bragg-Brentano geometry using Cuy, radiation.
Transmission electron microscope (TEM, JEM-2010,
JEOL) was used to observe the microstructure of the pre-
pared samples. The photoluminescence (PL) spectra of
ZnO nanostructures were measured with a home-built PL
spectrometer excited with Xenon lamp (500 W, Osram).
The field-emission properties of the different samples were
studied at room temperature in a high vacuum chamber
(107® Pa) using a 1 mm? cross-sectional area aluminum
anode. A dcvoltage sweeping from 100 to 1100 V was
applied to a sample at a step of 50 V. The electrical current
was measured with a Keithley 2400 source/meter.

3. RESULTS AND DISCUSSION

3.1. ZnO Nanostructures Characterizations and
Growth Evolution

Figure 2 shows the morphology evolutions of the ZnO
samples with the PLA growth pressure from 10 Torr to
175 Torr. Typically, when the background growth pres-
sure was set at 20 Torr, the synthesized sample showed
very little resemblance to the planar ZnO films. They
are well-aligned ZnO nanowalls with a thickness of
tens of nanometers and dimension of several microme-

. Lers. _F-igure 2(a) shows typical SEM images of the ZnO

nanowalls grown on sapphire substrates in 45 minutes.

{ Most of the nanowalls were perpendicular to the substrate

and formed an interconnected nanowall network simulta-
neously as shown in Figure 2(b). With the growth pressure
further increasing, the interconnected nanowalls broke and
mixture of longer nanobelts and nanowires were grown, as
shown in Figures 2(c, d), where the pressure was main-
tained at 70 Torr. Finally, when the pressure is higher than
120 Torr, 1D ZnO nanowire array grew on the sapphire
substrate, which is similar to the former report of Lorenz.'>
When the background pressure was further increased, only
aggregation of big ZnO nanoparticles was obtained, as typ-
ically shown in Figures 1(g) and (h) for 150 Torr and
175 Torr, respectively.

The phase and orientation of the PLA grown ZnO
nanowalls was studied with XRD measurements. Figure 3
shows the XRD 26 diffraction patterns of the samples
in Figure 2. For the nanostructural array samples, only
two groups of strong diffraction peaks were observed.
The peaks at 41.8 degree are due to the sapphire sub-
strate (006)-peak diffraction. Another group of peaks at
34.6 degree is the (002)-peak diffraction of hexagonal
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Fig. 2. SEM images of the different ZnO nanostructures grown with a PLA method under different pressure. (a, b) Nanowall interconnected network
(20 Torr); (¢, d) Mixture of nanowall and nanowire (70 Torr); (e, f) Nanowire array (140 Torr); (g, h) Nanoparticles (150 and 175 Torr).

wurtzite phase of ZnO. Therefore, the XRD result indi- sapphire substrate. But, due to the structure inhomogene-
cated clearly that the PLA grown ZnO nanowalls and ity, the full width at half maximum (FWHM, ~0.5 degree)
nanowires show obvious preferred c-orientation and a  of ZnO nanowire/nanowall mixture is bigger than that
good epitaxial relation between the c-planes of ZnO and  (~0.2 degree) of pure nanowires or nanowalls. The XRD
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Fig. 3. (a) XRD spectra of different ZnO nanostructural ‘arrays ‘grown

on sapphire substrates, (b) XRD spectrum of ZnO nanoparticles grown 7

on sapphire substrate.
|

spectrum of nanoparticle sample exhibited all the typical
diffraction peaks from wurtzite ZnO (JCPDS 36-1451), as
shown in Figure 3(b).

Further microstructural characterizations were per-
formed with TEM. The ZnO nanowall or nanowire
samples were first scratched from the substrates and then
transferred onto a copper grid meshes for TEM obser-
vations. Figures 4(a) and (b) show a low-magnification
TEM image of a ZnO wall flake and its corresponding
high-resolution TEM image. This nanowall flake has an
irregular triangular shape with a length of few microme-
ters, which was possibly caused by the scratching process
for TEM sample preparation. The brightness difference
of the flake between the top and the bottom parts indi-
cated that the nanowall flake is curled, as typically shown
in the SEM image of Figure 2(b). The high-resolution
TEM image of Figure 4(b) shows that the ZnO nanowall
flake has single crystal structure and the lattice spacing
of 0.26 nm corresponds to the d spacing of (001) crystal
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planes of ZnO. Figure 4(c) is the TEM image of a single
ZnO nanowire. HRTEM examination has indicated that the
ZnO nanowire is of single-crystal structure without visi-
ble defects, as shown in Figure 4(d). This HRTEM image
clearly shows the (0001) crystal planes perpendicular to
the axis of the nanowire, indicating that (0001) is the pre-
ferred growth direction of the wurtzite nanowire. Both the
TEM results of ZnO nanowall and nanowire further con-
firmed the XRD analysis that they were both preferentially
oriented in (001)-direction.

It is clearly illustrated here that the growth of different
ZnO nanostructures with PLA was mainly determined by
the growth pressure as no catalyst was used in the experi-
ment. To study the growth mechanism, the growth process
of ZnO nanowalls was first investigated with SEM for the
different growth period, as shown in Figure 5. Based on
the obtained experimental results, a vapor—solid (VS) pro-
cess ‘was proposed for ZnO nanowalls. When the ablated
source materials  were deposited on the substrate under a
growth pressure of 20 Torr which was much higher than
that for film growth, typically 10~> Torr, a network of
ZnO thin layer with narrow grain boundaries could first
form on the substrate in the first ten minutes, as shown
in Figure 5(a). Then, ZnO nucleations could preferably
take place at the grain boundary via the VS mechanism
(Fig. 5(b)), as grain boundaries provide low surface energy
for nucleation.!” It is well known that ZnO is a kind of
polar crystal and the polar plane {0001} has higher surface
energy than the other two non-polar surfaces, {2110} and
{0110}. So fast crystal growth along the (0001) direction
is energetically favorable under thermodynamical equilib-
rium conditions Finally, interconnected 2D nanowalls net-
work formed when these grains continued to grow, as
illustrated with Figures 5(c) and (d).

{ | With the growth pressure increasing, the abruption of

interconnected nanowall network was observed due to the
fast growth along the c-axis and, therefore, a nanowall
and nanowire mixture was observed at a growth pres-
sure of 70 Torr. Pure ZnO nanowire array was obtained
at 140 Torr. Obviously, the growth mechanism of ZnO
nanowires with PLA is not the traditional vapor-liquid—
solid (VLS) process, as no extrinsic metal catalysts were
used here. To disclose the growth process of the nanowires,
Guo et al.'® studied the initial growth stage of the
nanowires synthesized by high pressure PLA method.
After 10 min laser ablation, ZnO nanoparticles with aver-
age diameter of 100 nm were deposited on the sapphire
substrate at the initial growth stage. These nanoparticles
were formed in the gas phase due to the high background
pressure, as observed with Rayleigh scattering.! When the
particles were transported onto the substrate at high tem-
perature, they melted and migrated on the substrate. Dur-
ing this process, the nanoparticles aggregated each other.
As a result of the melting temperature getting higher with
the size of aggregated particles, they precipitated at some
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Fig. 4. (a) Low-magnification TEM image of a piece of ZnO"nanowall and. (b) its HRTEM image taken from the bottom edge part of the nanowall.

(c) Low-magnification TEM image of a ZnO nanowire and (d) 'itslHl}-]:'E].EM i
B (] J !‘ [ |

places on the substrate. The isolated nanocrystals could
serve as nucleation centers to initiate the growth of ZnO
nanowires. Therefore, such nanowires grown with high-
pressure PLA usually with bigger nanoparticles as roots
and thinner nanowire as stems was called as nanoparticle-
assisted pulsed laser deposition (NAPLD),*® which was
significantly different from that of the metal catalyzed
vapor—solid—liquid growth process previously reported.?!
When the growth pressure was further increased, the
strong collision of ZnO ablated clusters only led to the
formation of nanoparticles randomly deposited on the sub-
strate, as shown in Figures 2(g) and (h).

3.2. Photoluminescence and Field Emission Properties
of ZnO Nanowires and Nanowalls

The optical properties of the different ZnO nanostructures
were studied by PL spectrum excited with 325 nm light
from a xenon lamp at room temperature, as shown in

mage.
HHEFRE

Figure 6. A dominant near band-edge (NBG) emission
peak centered at about 380 nm with an FWHM of
110 meV was observed for all samples, which originated
from the recombination of free or bound excitons. Except
ZnO nanowires, typical green emission peaks centered at
around 520 nm in the room-temperature PL spectra were
also observed, in addition to the UV emission peak. This
emission was generally attributed to the deep-level defects
in ZnO crystals, such as vacancies and interstitials of zinc
or oxygen in the surface layer.?>?* In this work, the green
emission of ZnO nanowire was so weak that it can be neg-
ligible. The strong and sharp UV emission and the weak
green emission indicated that the ZnO nanowires were of
better crystal quality than ZnO nanowalls. The possible
reason was that a well-crystallized surface was formed dur-
ing the free standing nanowire growth process as shown
in the HRTEM image (Fig. 4(d)), where no visible defect
or amorphous layer was observed.
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Fig. 5. ZnO nanowalls growth process at different time observed with SEM (a) 10 min, (b) 15 min, (c) 25 min, and (d) 45 min.

The field emission properties of such ZnO nanowall and
nanowall and nanowire mixture samples were measured
in a vacuum chamber at room temperature by depositing
two parallel gold contacts. But the isolated ZnO nanowire
sample on sapphire substrate was not conductive enough
for field emission measurement. Figure 7(a) shgyg hhi cur: |
rent density versus applied electrical field (J-E) curves
of ZnO nanowall and nanowall/nanowire mixture. THe

sion current of 1 wA/cm?, is about 15 and 22.5 V/um,
respectively, lower than the turn-on value (18 V/um for

—— Nanowall and naowire
—— Nanowall
—— Nanowire

PL Intensity (a.u.)

T T T T
400 450 500 550

Wavelength (nm)

600

Fig. 6. Normalized room-temperature PL spectra measured from three
samples shown in Figure 2.

0.01 wA/cm?) of ZnO needles grown on gallium-doped

ZnO film by vapor phase method.?* Our value is compara-

ble to that of the silicon nanocone arrays prepared by ion
sputtering.?

According to the Fowler-Nordheim (F-N) theory, the

. re].ati,P?ship between current density (J) and applied

“electric field (E) can be described as follows,?
TIF]
turn-on field, defined as the applied field to draw; an-emis= 4y | 1~

BZ EZ _ BCI)3/2
1= (5 ) () W
where A = 1.54 x 1071 (AV~2 eV), B = 6.83 x 10°
(Vm™! eV=?), and @ is the work function, which is
about 5.4 eV for ZnO. And B is the field enhancement
factor defined as: E, ., = BE = BV/d, where E, ., is
the local electric field nearby the emitter tip. According
to F-N theory, the plot of Ln(J/E?) Vs E~' (F-N plot)
should be a straight line. From data in Figure 7(a), cor-
responding F-N plots were shown in Figure 7(b). All the
F-N plots show nearly straight-lines with slightly different
slopes, indicating the field emission process was a barrier
tunneling, quantum mechanical process (F-N mechanism).
The slopes obtained from the F-N plots can be used to
estimate the ( values, as shown in Figure 7(b), which
were better than the reported values of ZnO nanotips (657
at d =250 um)* or multi-wall carbon nanowires (830
at d = 125 um).2® As the one-dimensional semiconduc-
tor nanowires have smaller radius of curvature, which
enhances their field emission properties, the field emission
properties of nanowire/nanowall mixture sample was better
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than that of pure ZnO nanowall in terms of turn-on electri-
cal field and field enhancement factor.”’ So, it can also be
expected that the nanowire arrays would show much bet-
ter field emission performance if they could be grown on
a conductive substrate which is needed for practical field
emission display applications.

4. CONCLUSION

In summary, ZnO nanostructure growth evolution from
well-aligned 2D nanowalls to 1D nanowire arrays and
finally to OD nanoparticles was successfully demonstrated
by a high-pressure pulsed laser ablation and deposition
growth method, where the growth pressure was proved to
be the determinant factor for the formation of different
ZnO nanostructures. At rather low pressure of 20 Torr, the
ZnO nanowall growth was due to a prefer nucleation at the
grain boundary of a ZnO wetting layer via the VS mech-
anism, as grain boundaries provide low surface energy for
nucleation. At middle growth pressure, the ZnO nanowire

Pressure-Induced Growth Evolution of Different ZnO Nanostructures by a Pulsed Laser Ablation Method

growth can be described with the typical nanoparticle-
assisted pulsed laser deposition process. If growth pressure
was further increased, only nanoparticles were deposited
due to the strong collision between the ablated ZnO clus-
ters and background gas. These ZnO nanostructured arrays
had a preferred c-axis growth orientation on c-cut sapphire
substrates. The room temperature PL spectrum shows
strong intrinsic NBG UV emission peaks and rather weak
defect-related visible emission proved their good crystal
quality, especially for the ZnO nanowires. Due to their
unique morphology characteristics, it was found that both
the ZnO nanowalls and nanowires showed attractive field
emission properties with low threshold field and big field
enhancement factor.
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