Bull. Mater. Sci., Vol. 31, No. 3, June 2008, pp. 551-559. © Indian Academy of Sciences.

ZnO 1-D nanostructures: Low temperature synthesis and
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Abstract. ZnO is one of the most important semiconductors having a wide variety of applications in
photonic, field emission and sensing devices. In addition, it exhibits a wide variety of morphologies in the nano
regime that can be grown by tuning the growth habit of the ZnO crystal. Among various nanostructures, ori-
ented 1-D nanoforms are particularly important for applications such as UV laser, sensors, UV LED, field
emission displays, piezoelectric nanogenerator etc. We have developed a soft chemical approach to fabricate
well-aligned arrays of various 1-D nanoforms like nanonails, nanowires and nanorods. The microstructural
and photoluminescence properties of all the structures were investigated and tuned by varying the synthesis
parameters. Field emission study from the aligned nanorod arrays exhibited high current density and a low
turn-on field. These arrays also exhibited very strong UV emission and week defect emission. These structures

can be utilized to fabricate efficient UV LEDs.
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1. Introduction

Zinc oxide is an outstanding semiconductor having a wide
bandgap energy of 3-37 ¢V and a large excitonic binding
energy (60 meV) at room temperature. The excitonic
binding energy of ZnO is much higher than the thermal
energy at room temperature (26 meV), and it is also much
higher than those of other prospective materials such as
ZnSe (22 meV), ZnS (40 meV), and GaN (25 meV), which
make it one of the outstanding semiconductors for lasing.
The lack of centre of symmetry in wurtzite crystals and
large electrochemical coupling result in strong piezoelec-
tric and pyroelectric properties in ZnO which have important
applications like mechanical actuators and piezoelectric
sensors (Wang 2004). In addition, ZnO exhibits a diverse
group of growth morphologies in the nano regime that
has made this material a promising candidate in the field
of nanotechnology. Among the various nanoforms, one-
dimensional oriented nanostructures such as nanorods,
nanowires, nanotubes, nanopins etc are particularly im-
portant for efficient field emission that has enormous
commercial applications like field emission flat panel
displays (Baughman et a/ 2002), X-ray sources (Senda ef
al 2004), vacuum microwave amplifiers (Saito and Ue-
mura 2000; Milne et al 2004) etc. With their high melting
point, good thermal and chemical stability and low elec-
tron affinity (Fancher et al/ 1998), ZnO one-dimensional
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arrays are promising alternatives to carbon nanotubes (CNT)
for field emitters with long lifetimes. Moreover, the suc-
cessful demonstration of UV lasing action (Huang et al
2001) from ZnO has added a new direction in the field of
nanotechnology and motivated subsequent research for
the fabrication of one-dimensional ZnO nanostructured
arrays with precise control over size, shape and orientations.
The ability to build oriented assemblies of 1-D nanostruc-
tures is also very attractive for the fabrication of future
photonic (Wang et al 2004; Pan et al 2005), field emis-
sion (Li ef al/ 2004) and sensing (Kar et al 2006) devices.
As a consequence, several synthetic methodologies have
been proposed. Gas phase growth techniques like chemi-
cal vapour deposition (CVD), physical vapour deposition
(PVD), metalorganic vapour phase epitaxy (MOVPE) and
vapour liquid-solid (VLS) etc (Park et al 2002; Lyu et al
2003; Bae et al 2004; Gao and Wang 2004) have been
successfully employed to grow ZnO nanorods and nano-
wires on solid substrates. However, these methods are
very expensive and require high temperature. Recently,
solution phase approach to fabricate aligned ZnO nanorods
was utilized (Guo et al 2002; Greene et al 2003; Li et al
2004; Li Q et al 2005; Yu et al 2005; Dev et al 2000).
This technique has many advantages as it is cost-effective
and large scale-up production is possible. In addition,
oriented seed-initiated synthesis (Greene et al 2005) has
been found to be very effective to produce highly aligned
ZnO nanorod arrays. This technique (Greene et al 2005) is
suitable for preparing long free-standing ZnO nanorods
which exhibit efficient field emission, as long as their
aspect ratio is high. But the increase in length is generally
accompanied by subsequent increase in diameter. So, if a
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proper approach is adopted to restrict the lateral growth
without affecting the orientation of the nanorods they
could be expected to exhibit efficient field emission
properties for their high aspect ratio and excellent orienta-
tion. In addition, the ability to choose crystallographic
growth direction of a nanorod array aid in tuning the
physical properties of the material, including spontaneous
piezoelectric polarization, thermal and electrical conduc-
tivity, dielectric constant, lattice strain etc.

In this paper, we report a soft chemical approach to fa-
bricate long and vertically aligned ZnO nanorod, nanowire
and nanonail arrays with a specific crystallographic orien-
tation, on sol-gel derived ZnO thin films. The role of different
experimental parameters was explored with a view to
achieve diameter controlled well-aligned ZnO nanorod arrays.

2. Experimental
2.1 Preparation of ZnO film

For the preparation of ZnO thin films, zinc acetate di-
hydrate [Zn(CH3COO),-2H,0] was added in dry ethanol
and subsequently a few drops of diethanolamine (DEA)
were added with continuous stirring for 1 h. An opti-
mized amount of basic DEA was added to the solution to
enhance dissolution of the Zn-salt. Properly cleaned quartz,
silicon and glass plates were used as the substrates. The
substrates were coated with the sol by a dip coating tech-
nique and subsequently dried in an oven at 80°C for
5 min. This process was repeated 6 times to increase the
film thickness and final films were annealed in air at
600°C for 30 min. The entire process was repeated three
times again to ensure complete and uniform coverage of
ZnO seeds. Finally, transparent ZnO films were obtained,
which were utilized as the substrates for the formation of
ZnO nanorod arrays.

2.2 Preparation of ZnO nanorods

For the preparation of ZnO nanorods, 10 mmol of sodium
dodecyl sulphate (SDS) and 1 mmol of zinc acetate di-
hydrate were added to 30 ml of xylene and stirred for 1 h.
Then hydrazine hydrate (80%) diluted with ethanol was
added to the solution very slowly. After 1 h of stirring,
previously prepared transparent ZnO films were im-
mersed in the solution and refluxed at 90°C for 5 h. Finally,
the substrates covered with a white layer were washed in
distilled water and dried at room temperature. The films
thus obtained were used for further characterization.

2.3 Characterization

The crystalline phase of the products was determined by
X-ray powder diffraction by a Seifert 3000P diffractome-
ter with CuK « radiation (A= 1-54 A). The compositional
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analysis was done by energy dispersive analysis of X-
rays (EDAX, Kevex, Delta Class I). The morphology of
the samples was determined by a scanning electron mi-
croscope (Hitachi; S-2300). Microstructure and crystal
structures of the products were further studied with a
high-resolution transmission electron microscope (HRTEM;
JEOL 2010). Optical absorbance was recorded by a spec-
trophotometer (Hitachi, U-3410). Optical absorbance
spectra of ZnO samples (both thin films and nanorod
films) were directly measured by placing the films per-
pendicular to the direction of the incident light. Photolu-
minescence measurements were carried out with a
luminescence spectrometer (Hitachi, FL 2500).
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Figure 1. XRD pattern of (a) ZnO film on quartz substrate,

(b) ZnO nanorod arrays and (¢) EDAX pattern recorded over a
representative ZnO nanorod array.
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4. Results and discussion

X-ray diffraction (XRD) was performed on ZnO films
both before and after the formation of nanorods. The
XRD pattern of the transparent ZnO thin film prior to the
nanorod growth is shown in figure la. A strong and sharp
diffraction peak corresponding to the (002) crystal planes
of ZnO, and absence of any other peak, revealed pre-
ferred orientation of the film with the c-axis of ZnO crys-
tals aligned along the surface-normal to the substrate. It
was observed that the results were independent of the
substrates (silicon, quartz and glass) used. The XRD pattern
(figure 1b) of the nanorod arrays indicates that the nano-
rods are well aligned and they grow along the [001]
direction following the crystal orientation of the seed.
The composition of the nanorods was determined by
EDAX study (figure 1c) that revealed the presence of Zn
and O as the clementary components in stoichiometric
amount.

4.1 Microstructural analysis

Morphologies and dimensions of the nanorods were studied
through SEM and TEM observations. Figure 2(a) shows
SEM image of ZnO thin film revealing uniform distribu-
tion of ZnO seeds on a quartz substrate. Figure 2(b) is the
low magnification image of the ZnO nanorod arrays show-
ing uniformity of the nanorods over a large area. The im-
age in the inset of figure 2(b) reveals the cross-section of
the nanorods to be hexagonal. The image demonstrates
that the orientation of the nanorods is quite good and the
nanorods grow normal to the substrate. The nanorods have
diameters ranging from 80—-100 nm with lengths of ~3 pm.
The magnified tilted view of the nanorods (figure 2c)
reveals that the nanorods are well separated from each
other.

With a view to investigate the role of the surfactant
(SDS) and the base hydrazine hydrate over the dimension
and degree of orientation of the ZnO nanorod arrays, we
have carried out a series of experiments and the results
are listed in table 1. ZnO nanorod arrays were also syn-
thesized without using SDS following identical experi-
mental procedure. It was observed that in all the cases the
growth of the nanorods in the lateral dimensions were quite
high. The SEM image shown in figure 3(a) reveals that
the diameters of the resulting nanorods increased to around
500 nm within 2 h of refluxing. Thus these results indi-
cated that the presence of the surfactant (SDS) was essen-
tial to regulate the lateral growth of ZnO nanorods.

Hydrazine hydrate is a strong base and it was used to
regulate pH of the solution. The pH level of the reaction
medium was also varied within a certain range keeping
the amount of the surfactant and all other experimental
parameters unchanged to investigate its effect on the ZnO
nanorod arrays. Initially, pH of the solution was measured
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to be 6-5 when hydrazine hydrate was not added. Experi-
ment was also carried out at this condition keeping other
parameters identical and the SEM studies of the resultant
film revealed that ZnO nanorods did not grow on the ZnO
coated substrate. In the next experiment, pH of the solu-
tion was raised to 10-6 by adding proper amount of hy-
drazine hydrate in the solution, which was then stirred for
1 h followed by 5 h refluxing. At this condition uniform
growth of aligned and flexible ZnO nanowires having
diameters, ~60 nm and lengths, ~2 um, were observed
(figure 3b). With further increase of the pH of the solu-

Figure 2. SEM image of (a) ZnO seed, (b) ZnO nanorod
arrays over a large surface (inset shows the hexagonal tip of the
nanorods) and (c¢) tilted view of the nanorod arrays.
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Table 1. Dependence of nanorod dimensions on pH, surfactant and reaction time.

Reaction Diameter of the  Length of the

Sample pH of the solution Surfactant time (h) nanorod (nm) nanorod (pm)
S1 10-6 With SDS 5 ~60 2
S2 113 With SDS 5 80-100 3
S3 11-6 With SDS 5 ~120 6
S4 119 With SDS 3 200-250 3
S5 119 With SDS 5 200-250 7
S6 11-6 Without SDS 2 ~500 2

Figure 3. SEM images of nanorods prepared under different experimental conditions as listed in table 1:
(a) S6, (b) S1, (¢) S2, (d) S3, (e) S4 and (f) S5.

tion to 11-3, the resulting nanoforms were no more wire- There was a further increase in length and diameter when
like, instead they were rod-like having diameters around the pH of the solution was increased to 11-:6. The SEM
80—-100 nm while lengths increased to 3 pm (figure 3¢). image of the sample prepared at this condition is shown
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in figure 3d revealing the diameters of the nanorods to be
~120 nm and lengths, ~6 pm. It can be observed that the
increase in lengths of the nanorods was much higher
compared to their diameters with increasing pH level of
the solution. Due to this abrupt increase in the length of
the nanorods the freestanding nature of the nanorods were
lost and instead they coalesced to each other at their tips.
The diameter of the nanorods increased further to around
200-250 nm (figure 3e) within 3 h of refluxing when pH
of the solution was raised to 11-9, but at this condition
orientation of the nanorods collapsed resulting in the
nonaligned products (figure 3e). A total collapse of the
freestanding nature of the nanorods were noticed when
the solution was refluxed for 5 h at this pH level (figure
3f). Close observation also revealed that the diameter of
the nanorods prepared at pH level 11-6 or higher do not
have uniform diameter along their length. The diameter is
higher at the top and it is very thin at the bottom resulting
in inverted nail like shape.

To investigate the effect of crystallographic orientation
of ZnO thin films on the nanorods arrays, two experi-
ments were carried out using ZnO thin films having no c-
axis texturing effect. The pH of the solution was main-
tained at 11-3 and 11-6, respectively. The XRD pattern of
ZnO thin film substrate and the as-prepared ZnO nanorod
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Figure 4. (a) XRD spectra of ZnO film having no preferred
crystallographic orientation and (b) ZnO nanorod arrays pre-
pared on the above ZnO film showing enhanced (001) orienta-
tion.
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arrays are shown in figures 4a and b, respectively. It can
be observed that in addition to the diffraction from (002)
crystal planes a few more diffraction peaks of ZnO ap-
peared in the XRD pattern of the ZnO thin film. However,
in the nanorod samples these peaks were quite weak rela-
tive to the (002) peak. This could be attributed to the ani-
sotropic growth of ZnO nanorods along [002] direction.
The SEM images corresponding to pH 11-3 and 11-6 are
shown in figures 5a and b, respectively. It can be observed
that despite possessing quite identical diameters, the ori-
entations of the nanorods prepared on the non c-axis ori-
entated ZnO thin films (figures 5a and b) were poor
compared to the samples, S2 and S3 (figures 3c and d,
respectively) prepared with the c-axis oriented films un-
der identical experimental conditions.

Transmission electron microscopy (TEM) was also
performed to further investigate the size and crystallinity
of the ZnO nanorods. Figure 6a shows the low magnifica-
tion bright field TEM image of a single nanorod having a
length of ~3 um. The selected area electron diffraction
(SAED) pattern (inset of figure 6a) reveals that the nano-
rod is single crystalline in nature. The lattice spacing es-
timated from the high resolution TEM image (figure 6b)
of a single nanorod was found to be around 0-26 nm, which

Figure 5. SEM image of the ZnO nanorod arrays prepared on
ZnO film having no crystallographic orientation at pH value:
(a) 11-3 and (b) 11-6.
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Figure 6.
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(a) TEM image of a single nanorod with the inset showing corresponding SAED pattern, (b)

HRTEM image of a nanorod, (¢) TEM image of a long nanorod (S3) and (d) TEM image of a nail like

nanoform.

corresponds to the (002) planar spacing of ZnO in wurtzite
phase. Figure 6¢ is the TEM image of nanorods formed in
higher concentration of hydrazine hydrate (S3). It can be
observed that the nanorods have lengths of ~6 pm and
diameters of ~120 nm. Figure 6d shows the TEM image
of a nail like nanoform.

4.2  Growth mechanism

In growing one-dimensional nanostructures, there are two
important steps which control the quality of the products.
The first one is the nucleation, which initiates the growth
of 1-D nanostructures. In this synthesis process, c-axis
oriented ZnO thin films were used. These seeded films
served as nucleation sites and also provided a preferential
crystallographic growth direction to the resulting nanorods.
The second step is the growth, and for one-dimensional
structure it is important to achieve anisotropic growth
with good control over size, shape and orientation. The
structure of ZnO wurtzite crystal can be described as a
number of alternating planes composed of tetrahedrally
coordinated O * and Zn"" ions, stacked along c-axis (Wang
2004). These oppositely charged ions produce positively
charged Zn-(001) and negatively charged O-(00-1) sur-

faces, resulting in a spontaneous polarization along c-
axis. Due to this reason, ZnO surface attracts opposite
charges (Zn>" or OH") from the solution forming Zn(OH).
In this experiment, SDS plays an important role in con-
trolling the lateral growth of the nanorods. The surfactant
molecules at a higher concentration are believed to form
rod-like micelles (Guo et a/ 2002; Xiong et al 2002; Lv et
al 2004; Zhang et al 2004) which might have formed by
entrapping the Zn"" and OH™ ions, already present in the
reaction medium, forming rod shaped Zn(OH),. These
rod like micelles are stable at low temperature (Guo et al
2002; Zhang et al 2004) (<100°C) and during the period
of refluxing, the Zn(OH), molecules within the micelles
begin to decompose. Also, the elevated temperature may
have increased the activity of SDS and the micelles to
collide with each other and thus increase the length of the
nanorods. It can be seen from figures 3e and f, that there
was an increase in length only, when the period of reflux-
ing was increased from 3-5 h. However, in addition to
the above-mentioned mechanism the possibilities of other
mechanisms responsible for the restriction of the lateral
growth cannot be ruled out. For example, it is also possi-
ble that instead of forming rod like micelles, the surfac-
tant molecules get absorbed on the side surface of ZnO
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nanorods (Sun et al 2002) restricting the lateral growth.
The question that remains at this stage is, why should the
diameter of the nanorods increase with increasing pH of
the solution. The increase in pH of the solution leads to
the formation of more Zn(OH), and thus increase the
concentration of Zn(OH), in the solution. So, if there exists
a concentration difference of Zn(OH), between the inside
and outside of the rod like micelles, there may be a trans-
fer of Zn(OH), from outside to inside the micelles
through the surface of the micelles (Xiong et a/ 2002) and
thus increase the diameter of the resulting nanorods. The
experiments demonstrated in this paper clearly indicate
that the columnar structure of ZnO could be formed in the
solution without SDS (figure 3a) but the lateral dimen-
sion becomes too large as compared to the samples pre-
pared with SDS. So the effect of SDS was to confine
lateral growth so that high aspect ratio of the nanorods
can be achieved. The synthesis approach described here is
also suitable to vary the length of the nanorods within a
wide range by using proper amount of hydrazine hydrate.

4.3 Optical properties

Figure 7a shows the room temperature optical absorbance
spectra of c-axis oriented ZnO thin film and the aligned
ZnO nanorods arrays. A sharp absorption edge at 368 nm
corresponding to 3-37 eV was observed from both the
samples. This corresponds to bulk values of the bandgap
of ZnO. The absorption study also revealed that the as-
prepared ZnO nanorod arrays are transparent in the visi-
ble region. Photoluminescence (PL) property of ZnO was
widely investigated for its potential applications in UV
photonic devices. This is also an important tool to evalu-
ate crystal defects. The room temperature photolumines-
cence spectra of the as prepared ZnO thin film and the
nanorod arrays are shown in figure 7b. The photolumi-
nescence spectra of all the samples show very strong
emission at 3-22 eV, which is generally attributed to the
excitonic emission (Liang ef al 2005). It was also observed
that the intensity of the excitonic emission depends on the
degree of alignment of the ZnO nanorods. It was observed
that the intensity of the UV emission peak was maximum
for sample S2 having best alignment and least for the
randomly oriented nanorods in sample S5. The intensity
of the emission from the ZnO thin films were quite low
compared to the nanorod arrays and the PL plot of the
ZnO thin film was multiplied by a factor for better visibi-
lity. It can be observed that in addition to the excitonic
emission, the photoluminescence spectrum of ZnO film
consists of a broad emission in the visible green region
(figure 7b). This green light emission peak originated due
to transition from defect states (Roy et a/ 2003; Kar et al
2006). However, this defect level emission was very
weak in the photoluminescence spectrum of ZnO nano-
rods. So it is clear that the defect concentration could be
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substantially reduced by this synthesis approach. The PL
studies of the ZnO nanorod (Hsu et a/ 2004), nanowire
(Lyu et al 2002) and nanonail (Kar et a/ 2006) arrays
produced by high temperature based thermal evaporation
approach revealed that these arrays exhibited a strong
defect related emission band along with the excitonic UV
emission. Thus ZnO nanorod arrays having good UV emis-
sion property could be synthesized by this surfactant as-
sisted approach.

4.4 Field emission properties

For the field emission mecasurement, the ZnO nanorod
arrays having the best alignment and well-separated
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Figure 7. Room temperature optical absorption spectra of (a)
the ZnO thin film with preferred crystallographic orientation
and (b) photoluminescence spectra of the c-axis oriented ZnO
films before and after the formation of ZnO nanorod arrays.
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nature (S2) was arranged in two parallel plate configura-
tions in a vacuum chamber with a pressure of 10~ Torr
and the distance between the electrodes was maintained
at 300 um. The measured current density as a function of
electric field is shown in figure 8a. A very low turn-on
electric field of 1-7 V/um was obtained at an emission cur-
rent density of 0-1 pA/cm®, which reaches to 10 pA/cm®
at an electric field of 1-9 V/um. This value of turn-on
electric field is significantly lower than ZnO nanopencils
(Calleja and Cardona 1977), ZnO nanoneedles (Li et al
2004), and ZnO nanorods coated with amorphous carbon
(Liao et al 2005). According to Fowler—Nordheim (F-N)
model, the electron emission from a semi-infinite flat
metallic surface can be expressed in terms of current den-
sity (/) and electric field, E, as

J = A(BE*| pyexp(-B "I BE), (1)
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Figure 8. (a) J-E plot of the field emission from the ZnO
nanorod array having best orientation and (b) corresponding
F-N plot.
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where 4 and B are constants, 4 = 1-54 x 107'° (AV = eV),
B=683x10° (Vm ' eV>?) and ¢ the work function. /3,
the field enhancement factor of the sample, is associated
with the magnitude of the electric field at the emitting
surface by the relation

E(local) = pE,

where E (local) is the local electric field at the emitting
top surface. Figure 8b shows the plot of In(J/E”) vs 1/E,
exhibiting linear dependencies, which is in agreement
with (#=N) model (eq. (1)). The value of field enhancement
factor, S, can be estimated from the slope of the (F=N)
plot if the value of work function, ¢, is known. If we assume
the work function () as 5-3 eV, the value of f is calcu-
lated to be ~1730, which is much higher than other recent
reports on ZnO (Cui et al 2005; Ham et al 2005). The
field enhancement factor usually depends on the geometry,
tip size, length and number density of the nanorods grown
on a substrate (Li SY 2004). For high aerial density of
nanorods the local field at the emitting surface reduces due
to the electrostatic screening effect provoked by the
neighbouring nanorods. On the other hand, long and
highly oriented nanorods exhibit much better field emis-
sion than short and randomly oriented nanorods (Nilsson
et al 2000; Banerjee et al 2004). The vertical growth of
the ZnO nanorods have better ability to enhance local
field at the emitting surface and reduce the turn on electric
field (Banerjee et al 2004). The excellent field emission
property of as-prepared ZnO nanorod arrays can be attri-
buted to their good orientation and high aspect ratio.

5. Conclusions

We have successfully prepared ZnO thin films with a
preferred c-axis texturing by sol-gel technique and fabri-
cated well-aligned ZnO nanorod arrays with tunable
length up to 6 um on these ZnO films by using a simple
surfactant-assisted approach. Diameters of the nanorods
have been successfully reduced by using surfactant. Well-
aligned ZnO nanorod arrays can be prepared over any
substrate so long as a c-axis textured uniform ZnO film
can be grown on it. High uniformity of the arrays can also
be maintained over a large area by this novel approach.
The optical properties of as-prepared nanorod arrays
show their good crystalline quality. These films of long
and aligned ZnO nanorods also exhibited very efficient
field emission properties with a turn-on field as low as
1-7 V/pum and a high field enhancement factor (/). These
films of highly oriented nanorod arrays have potential
applications in photonics, field emission displays, nano-
electronics and gas sensing devices.
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