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Abstract

High-quality ZnO tetrapods with different morphologies were synthesized via thermal evaporation of a surface-modified Zn powder
in an oxygen/argon mixed gas. The morphology, including the size and shape of the individual legs of ZnO tetrapods, was, easily altered
by adjusting the proportion of oxygen in the carrier gas and the reaction temperature of the furnace. A correlation between the
experimental parameters and the product morphologies was proposed and discussed. Moreover, the influence of the deposition time on
the field emission (FE) characteristics of ZnO-tetrapod cathodes fabricated by the electrophoretic deposition (EPD) method was
investigated. The results show that ZnO-tetrapod cathodes grown for 15 min have the best field emission properties, with a turn-on field
of 2.01 V/um, a threshold field of ~3.8 V/um, a current density of 1.96 mA/cm? at a field of ~4.62 V/um, and a field enhancement
factor as high as 1.1 x 10*. The low threshold field and marked enhancement in § were attributed to the small radius of curvature, the
high aspect ratio, and, perhaps more importantly, the proper density distribution of ZnO tetrapods.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Semiconductor nanostructures have been attracting
increasing attention due to their exceptional properties,
which are different from those of bulk materials. As ZnO is
a direct wide band gap (3.37eV) semiconductor with a
large exciton binding energy (60 meV) at room tempera-
ture, ZnO nanostructures have been the subject of inten-
sive research [1]. To date, numerous ZnO nanostructures
with different sizes and morphologies have been synthe-
sized, including nanowires [2], nanobelts [3], nanocombs
[4], nanoshells [5], and tetrapods [6]. The latter is a
structure with many promising applications in field emis-
sion [7,8], UV and gas sensors [9—13], stimulated emission
[14], solar cells [15], and biomedical research [16]. Different
sizes and morphologies of the materials have strong effects
on their properties and applications. The synthesis of ZnO
tetrapods has been achieved through many techniques,
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including hydrothermal methods [17], thermal evaporation
[7-13] and metal organic chemical vapor deposition [18].
Among these methods, the thermal evaporation method is
widely employed, as it is simple and highly effective. This
method involves the evaporation of metallic Zn in the
presence of oxygen [7,19-21] and the carbothermal reduc-
tion of a mixture of ZnO and carbon powder under
different conditions [22]. The literature has reported that
variations in the synthesis conditions, such as the tem-
perature and precursor concentration, in the tube furnace
have caused the formation of products with different
shapes and size [23-25]. However, systematic studies of
the synthetic conditions controlling the growth of tetrapod
legs with different morphologies, ranging from uniform
diameters to sharp tips, have not yet been published.
Large-scale field-emission devices from ZnO nanoemitters
have mainly been fabricated by a screen-printing [26-29]
and electrophoretic deposition [30,31]. The former has
many technical limitations, including nonuniform disper-
sion of the emitter particles and low reproducibility. EPD,
by contrast, is limited by the emitter non-uniformity, and
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electrical screening can result in the density of active
emitters being low. In the present work, we report for
the first time the synthesis of ZnO tetrapods with con-
trolled leg dimensions and morphologies using the thermal
evaporation of a surface-modified Zn powder. The corre-
lation between experimental parameters and product
morphologies is discussed, and the field emission proper-
ties of the ZnO tetrapod films deposited by EPD are
investigated.

2. Experimental
2.1. Synthesis of ZnO tetrapods

The synthetic method employed for the ZnO tetrapods
in the present work was similar to that reported previously
by Kitano et al. [32]. Briefly, Metallic Zn (99.99%) powers
were added to an H,0, (0.6%) solution to form a
suspension that was vigorously stirred for 60 min. After
the suspension was filtered, the resulting Zn powders were
poured into a flat pan without covering and dried at 60 °C
in air for 6h. ZnO tetrapods were synthesized in a
horizontal electrical furnace [33]. First, the furnace was
heated at a rate of 30 °C/min under an argon flow of
300 sccm, and the temperature was maintained at 800—
1100 °C. Once the furnace temperature became stable, the
surface-modified Zn powders (0.3 g) were placed in a
quartz boat and inserted into the tube from the down-
stream end and placed at the center position of the tube. A
small amount of high-purity O, gas was then introduced
into the reaction tube at ambient pressure. The oxygen gas
flow rate was varied from 1 to 10sccm during the
deposition. The details of the deposition process para-
meters are listed in Table 1. The morphology of the
product was examined by scanning electron microscopy
(SEM) [Hitachi-S3000N], and the crystal structure of the
sample was characterized by X-ray diffraction (XRD) [D/
MAX-yA, Cu K, radiation].

2.2. Preparation of ZnO tetrapod cathodes
The obtained ZnO tetrapods with sharp tips were

suitable for field emission. In our experiments, sample 6

Table 1
Deposition parameters of the tetrapods by thermal evaporation.

Sample O, Ar Reaction temperature  Reaction time
(sccm)  (scem)  (°C) (min)
1 5 300 800 5
2 5 300 900 5
3 5 300 1000 5
4 5 300 1100 5
5 1 300 900 5
6 3 300 900 5
7 10 300 900 5

(a single morphology with sharp tips, see Table 1) was
used as the emitting material. To obtain a stable ZnO
tetrapod suspension, which is a prerequisite for EPD,
the tetrapods (0.1 g) obtained were first dispersed in
DI water by sonication for 30 min. The upper suspension
was then used, as it was stable enough for EPD. A
small amount of Mg(NO;),-6H,O was added to be
used as a charger to render the tetrapod-shaped ZnO
particles positively charged. The morphology of the
ZnO tetrapod emitters was not changed by the addition
of the charger. For EPD, a Ag/ITO coated glass plate was
used as the cathode, and a stainless steel plate was used as
the anode. These were immersed into the tetrapod suspen-
sion, and the two electrodes (2 x 2 cm?) were kept at a
constant gap of 2cm. A DC bias of approximately 62 V
was applied to the two electrodes for the deposition of the
ZnO tetrapod films. The deposition thickness of the
tetrapod films was controlled by adjusting the deposition
time. After EPD, the cathode was annealed for 30 min
at 550 °C. FE measurements were conducted in a vacuum
chamber under a pressure of ~107¢Torr at room
temperature.

3. Results and discussion

3.1. Effect of growth temperature on the morphology of the
tetrapods

The growth of ZnO tetrapods is believed to be domi-
nated by the vapor—solid (VS) process in the thermal
evaporation method. The experimental parameters that
determine the morphology of the ZnO tetrapod growth
include the gas-phase supersaturation [22], the growth
temperature [6,12], and the gas flow rate [22]. For the
controllable growth of ZnO tetrapods, we kept all other
experimental parameters constant and changed the growth
temperature. Different morphologies of the ZnO tetrapods
were observed with varying growth temperature, as shown
in Fig. 1(a)—(d). At a temperature of 800 °C (sample 1),
polycrystalline plates on ZnO-tetrapods legs were obtained
(Fig. 1(a)). The product collected at 900 °C (sample 2) was
in the form of tetrapod-shaped ZnO nanoneedles
(Fig. 1(b)). The nanoneedles were typically 500 to
600 nm in diameter at their base and had sharp tips of
approximately 50 nm in diameter. The length of the
nanoneedles could reach 15 um. These results are unlike
the results of Lee [6], Wan et al. [8] and Dai et al. [20],
where there were no reports of tetrapod with sharp tips
under this condition. If we increased the temperature to
1000 °C (sample 3), the tetrapods grow longer and larger
(Fig. 1(c)), with an average diameter and length of 300 nm
and 30 pm, respectively. The observation of large tetrapod
crystals is similar to the results reported by Lee [6] and
Calestani et al. [11]. It may be noted that higher vaporiza-
tion temperatures result in longer and larger tetrapods.
However, further increases in the temperature to 1100 °C
(sample 4) sharply increased the Zn partial pressure,
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Fig. 1. SEM images showing the tetrapods synthesized under different temperatures with 5sccm oxygen gas after a growth of 5Smin. (a) 800 °C,

(b) 900 °C, (c) 1000 °C and (d) 1100 °C.

resulting in drastic changes in the ZnO particle morphol-
ogy: from tetrapods to irregular nanorods (see Fig. 1(d)).
The growth dynamics of the tetrapods in this system
are rather complex, and the exact mechanism of growth
is not clear. The formation of such highly anisotropic
shapes as tetrapods requires a kinetic growth regime in
which the rate of the monomer arrival is greater than its
diffusion on the surface [34,35]. Under the present condi-
tions, we speculated that the evolution of the legs from
nanoneedles to nanorods is a result of a compromise
between the preferential growth at the most reactive sites
and the enhanced surface diffusion at elevated
temperature.

3.2. Effect of different oxygen flow rates on the morphology
of the tetrapods

Fig. 2 shows the morphologies of the ZnO tetrapods
synthesized by vapor deposition at 900 °C with different
oxygen flow rates ranging from 1 sccm to 10 scem. It can
be seen from Fig. 2(a)—(f)) that the products are made up
of tetrapod structures with high purity. The lengths of the
legs are in the range of several pum to more than 20 pum. We
found that the morphology of the as-grown tetrapods can
be easily adjusted by changing the ratio of oxygen
precursor to argon. The product collected in the quartz
boat with 1 sccm O, (sample 5) was tetrapod nanoneedles
(Fig. 2(a)). The length of the nanoneedles reached 3 pm.
High-magnification images of the ZnO tetrapods revealed
that the nanoneedles had hexagonal cross sections and
a layer-stacked structure along the growth direction
(Fig. 2(b)), indicating that the growth of the tetrapod

nanoneedles followed a VS mechanism [20]. Increasing the
oxygen flow rate to 3 sccm (sample 6) led to tetrapods with
high aspect ratio legs (diameters 20-300 nm and lengths up
to 6 um), as shown in Fig. 2(c)—(d). When the oxygen flow
rate was increased to 5 sccm (sample 2), cotton—wool-like
products were formed on the inner walls of the quartz
boat. A scanning electron micrograph of this product is
shown in Fig. 2(e), revealing tetrapods of 8-15pum in
length. Fig. 2(f) shows a typical enlarged-magnification
SEM image of the tetrapod, indicating that the diameter of
the tetrapod legs becomes slightly reduced along the
growth direction. Interestingly, it was observed that
increased oxygen gas flow rates favored the growth of
longer ZnO tetrapods. Another derivative of the tetrapods
was obtained if the oxygen flow rate was further increased
to 10 sccm (sample 7) at 900 °C, as shown in Fig. 3. It can
be seen that the legs of different ZnO tetrapods became
connected to one another via self-assembly. The growth of
connected long-legged tetrapod crystals has been demon-
strated previously [36,37]. The terminal-coalescence legs
could be initiated by minimizing the deformation energy
under suitable growth conditions, as the legs become
longer [37].

From the above discussion, we can see that both the
temperature and the O, flow ratio play important roles in
shaping the leg morphologies of ZnO tetrapod nanostruc-
tures by changing the surface diffusion conditions and the
Zn/O ratio. The conversion efficiency was estimated from
the weight of the collected products and the source Zn
powder. The efficiency was more than 80% for the Zn
source. A representative XRD pattern of the tetrapods is
shown in Fig. 4. The diffraction peaks were indexed to
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Fig. 2. SEM images of the tetrapods synthesized at 900 °C under different oxygen gas flow rates. (a) 1 sccm, (c) 3 sccm and (e) 5 sccm; (b), (d) and (f)

show enlarged-magnification SEM images of the tetrapods.

Fig. 3. SEM images of the tetrapods synthesized at 900 °C with 10 sccm
oxygen gas.

(100),(002),(101),(102),(110),(103),(200),(112)
and (2 0 1), which are attributed to the hexagonal wurtzite
structure of ZnO with lattice constants of ¢=0.325 nm and
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Fig. 4. Typical XRD patterns of the synthesized samples.

¢=0.521 nm. No diffraction peaks corresponding to Zn or
other impurities were detected. This clearly indicates that
the nanostructures grown are of high quality.
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3.3. Different deposition times and their effect on the field
emission of ZnO tetrapods

Fig. 5(a) shows the FE current density of ZnO tetrapod
films with different deposition times versus the electric field
(J-E) at a separation of 150 pm between the emitters and
the anode. The turn-on field (E,,) is defined as the field
required at a current density of 10 pA/cm? to generate an
emission current density. The threshold field (Ey,) is
defined as the field required at a current density of
1 mA/em? to generate an emission current density. It is
clear that the tetrapod films deposited for 15 min (sample c)
have the best field emission performance with the lowest
turn-on field of 1.81 V/um, the lowest threshold field of
3.82 V/um, and the highest J at the same E value. The
emission current density of the ZnO tetrapods is as high as
1.96 mA/em® at a field of 4.86 V/um at d=150 pm,
indicating efficient field emission from the tetrapod films
deposited by electrophoretic deposition. The threshold
fields from samples a, b, d and e are 5.57, 4.36, 4.05 and
4.76 V/um, respectively, as shown in Table 2. We found
that the Ey, value of the ZnO tetrapod cathodes deposited
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Fig. 5. (a) Field-emission I~V curve from the tetrapod films at different
deposited times, and (b) the corresponding F~N plots.

Table 2
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Turn-on and threshold fields and f from the tetrapod films of different

deposited times.

Sample  Deposition time  Turn-on field  Threshold field f
(min) (V/pm) (V/pm)

a 5 2.62 5.57 3,037

b 10 1.93 4.36 7,262

c 15 1.81 3.82 11,364

d 20 1.87 4.05 8,013

e 25 1.89 4.76 4,256

for 10 min was significantly higher than that of the
tetrapod-like ZnO wires [7,8,26] or of the aligned ZnO
nanowire [38,39] and comparable with that of ZnO
nanotetrapods [40]. The field emission data were analyzed
using the F~N model [7,39,41].

J = (AB*E*/¢) exp (—B¢**/BE) (1)

where 4 and B are constants with values of 1.56 x
107" A/V?/eV and 6.83 x 10° V/eV¥?/um', respectively,
p is the field enhancement factor, E is the applied electric
field, J is the emission current density, and ¢ is the work
function of the field material. The data were replotted as In
(I/E® versus 1/E, as shown in Fig. 5(b). The five curves
exhibited almost straight lines indicating that the emitting
electrons are mainly a result of barrier tunneling electrons
extracted by the electric field. Assuming the work function
of ZnO to be 5.3 eV [39], the field enhancement factor of
the tetrapod films was calculated from the slope (kp_y)
according to the equation k=—B®2d/p [42,43]. The
calculated field-enhancement factors () from the F-N
plots are also summarized in Table 2. It can be seen that
sample c¢ has the highest value (11,364) compared to
sample a (3037), sample b (7262), sample d (8013), and
sample e (4256). This value can be favorably compared
with other reported values, which are in the range of
3400-3,3000 [7,8,26,29,40]. According to FN theory, f is
strongly dependent on the geometric structure [31,32]
(i.e., shape, size, alignment, crystallinity, aspect ratio)
and the density of the nanoemitters [42—44] coated on
the cathode. In our experiment, the geometry tip size, the
crystal structure of the nanostructure and the orientation
of the crystals relative to the substrate changed only
slightly after deposition, so it is reasonable to assume that
density is an important parameter that influences the FE
ability of ZnO tetrapod films. For depositions less than
10 min, the samples show poor emission efficiency because
there are not enough tetrapod emitters available for
effective emission. It is clear that the current density is
proportional to the number of the tetrapod emitters;
therefore, the field emission of the ZnO tetrapod films in
sample ¢ (deposited for 15 min, see Fig. 6(a)) was higher
than those in samples a and b. When, the EPD time was
increased to 20 min (sample d), the threshold field (Ey,)
and f values were 4.05 V/um and 8013, respectively. The
emission efficiency of sample d was found to be better than
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Fig. 6. SEM images of ZnO tetrapods on Ag/ITO coated glass formed by EPD. (a) 15 min, (b) 25 min.
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Fig. 7. Stability curve for pre-set values at an applied electric field of
approximately 3.48 V/um and an emitter-anode gap of approximately
150 um. The inset shows the field emission micrograph of sample c.

that of samples a and b but was lower than that of sample c,
which is likely due to the gradual enhancement of screen-
ing effects. The emission from sample e is also poor
because the densely packed tetrapod films (see Fig. 6(b))
degraded the turn-on field and the FE factor (f). For
15min ZnO tetrapod films, the excellent field emission
properties are likely to be an ideal compromise between the
emission current and the f factor.

FE stability measurements were performed on the ZnO
tetrapod films (sample ¢) by maintaining an electric field at
3.48 V/um over a period of 3 h. No significant degradation
of the field emission current was observed. The current
fluctuation was lower than 5%, as shown in Fig. 7. A
uniform and bright luminescence was observed over the
entire field emission area. During these measurements,
the brightness and uniformity of the luminescence from
the phosphor were maintained, confirming the stability
of the FE properties with the ZnO tetrapod field emitter.
The observed high stability of the field emission current is
ascribed to a little change in the emission site density and a
low rate of field evaporation of surface atoms [38], both of

which originate from the high physical and chemical
stability of the ZnO surface.

4. Conclusion

In summary, ZnO tetrapods with different morphologies
were selectively obtained by adjusting the temperature and
the ratio of Ar/O, during growth. Surface diffusion
combined with a preferential growth mechanism was
proposed to interpret the morphology evolution of the
ZnO tetrapods. In addition, the field emission properties of
the ZnO tetrapod films deposited by EPD were first
studied, where cathodes deposited for 15 min were found
to exhibit the highest emission currents and excellent field
emission stability. These results prove that the present
tetrapod films are promising candidates for future applica-
tions as high brightness electron sources.
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