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The authors report on the field emission from controlled selective grown zinc oxide (ZnO) nanorod
arrays by hydrothermal reaction. With the combined effect from a ZnO seed layer and a passivation
layer for nanorod growth, ZnO nanorods could only grow on the edge of a 4 wm diameter circle.
The ZnO nanorods hollow arrays present excellent electron emission characteristics duo to its
typical morphology which can significantly diminish the screen effect. By calculating the
electrostatic field distribution, it was found that the electrostatic field of the ZnO nanorods hollow
arrays is significantly higher than that of the solid arrays. © 2009 American Institute of Physics.

[doi:10.1063/1.3247887]

One-dimensional zinc oxide (ZnO) nanostructures have
attracted much attention due to their application to field
emission (FE) device.! Among the numerous growth meth-
ods, the hydrothermally approach2 is one of the most attrac-
tive techniques because it is simple, with low temperature,
cost-effective, and easy scalable to large areas. But screen
effect is an important factor which depresses the FE perfor-
mance of the closely packed ZnO nanorods synthesized by
hydrothermally approach. Therefore, to diminish the screen
effect, a precision control of morphology, alignment, and po-
sition are required. Until now, a selective area growth of
well-aligned ZnO nanostructures has already been achieved
using various techniques such as nanosphere lithography,3
self-assembled monolayers,“’5 electron-beam lithography,6’7
and conventional photolithography.6 However, these pattern-
ing methods, except the conventional photolithography, re-
quire expensive masks, complex multistep processes, and
costly equipment in some cases. Conventional photolithogra-
phy is an easy and economical approach to achieve required
patterns. But it could only produce micrometer scale pattern,
which is absolutely not enough to avoid screen effect in FE.
It has been reported that some materials can inhibit the
growth of ZnO nanorods, and Qin et al.® have achieved the
laterally aligned growth of ZnO nanowire arrays using the
combined effect from ZnO seed layer and these catalytically
inactive layer. With this mechanism we can achieve more
precision pattern. We just deposited a 50 nm passivation
layer on the patterned ZnO seed layer, and found that the
quasivertically aligned ZnO nanorods could only grow on
the edge of the pattern. The final FE test result has proved
that this morphology can significantly diminish the screen
effect, which is very important for FE device.

In this paper, we report the selectively controlled growth
of submicrometer scale patterned ZnO nanorod arrays on the
substrate by a hydrothermally approach. FE properties of
ZnO nanorod arrays without patterning and with different
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patterns were measured and compared. Computer simulation
was also utilized for the electrostatic calculation to verify the
experimental results.

A (100) silicon (Si) wafer was first cleaned in sequence
with HF acid solution, acetone, and ethanol. Before growing
the ZnO nanorods, a 300 nm ZnO seed layer was deposited
by radio frequency magnetron sputtering. The nutrient solu-
tion was an aqueous solution of 0.025M zinc nitrate
[Zn(NO3),-6H,0] and hexamethylenetetramine. The reac-
tion was kept at 90 °C for 2 h. And then we got the ZnO
nanorods flat film. To prepare seed layer patterns, a conven-
tional photolithography followed by lift-off techniques was
used, and followed by the same growth process. Through this
method we can get the ZnO nanorods solid arrays. At last,
we sputtered a Sn [or indium tin oxide (ITO)] layer on the
patterned ZnO seed layer for preventing the ZnO local
growth. After the hydrothermal reaction, we got the ZnO
nanorods hollow arrays, which have the best FE perfor-
mance.

The morphology of the as-grown ZnO nanorods arrays
were characterized by FE scanning electron microscopy
(FESEM) (FEI XL-30). The FE characteristics were investi-
gated with a two-parallel-plate configuration in a vacuum
chamber with a base pressure of 2.0 X 10~ Pa. The cathode
area was 1 X 1 cm?. The anode and cathode were separated
by a 210 um Teflon spacer. The current-voltage characteris-
tics were measured by a Keithley 6485 picoammeter and a
Keithley 248 high voltage supply.

Figures 1(a) and 1(b) are FESEM images of the ZnO
nanorods grown on Si substrates without and with conven-
tional photolithography, which are ZnO nanorod flat film and
solid arrays, respectively. As shown in Fig. 1(c), ZnO nano-
rods of the hollow arrays only grew on the edge of the pat-
tern. From Fig. 1(d), we can observe that ZnO nanorods have
a diameter about 200 nm and a length of about 2 um. And
the hexagonal cross section of nanorods implies that ¢ axis of
ZnO nanorod is along its length direction. Owing to the cov-
ered Sn layer, several ZnO nanorods tilting at various angles
to the substrate were grown on the edge of the pattern, as

© 2009 American Institute of Physics
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FIG. 1. (Color online) (a) FESEM images of ZnO nanorods flat film, (b)
solid arrays, (c) and (d) hollow arrays.

shown in Fig. 1(d). In addition, we can find out that the
diameter and length of ZnO nanorods in the hollow arrays
are much larger than the flat film and solid arrays. Liu et al’
believe the consumption of Zn>* may be higher at the area
with dense nanorods. Therefore, the growth rate of the high-
density nanorods is slower than that at the low-density area.

Generally, Fowler—Nordheim (FN) theory' is used to
describe FE behavior of metals. The theory is expressed by
the following equation:

J=A(E* ¢)exp(— B¢**/E),

where J is emission current density, E=8E, is the local elec-
trical field, E, is the mean field between the cathode and
anode, S is the field enhancement factor, ¢ is the work func-
tion, and A and B are constants (A=1.56X 10710 A V2 eV
B=6.83X10° V eV™>2 um™). The FN plot, In(J/Eg) versus
1/E,, is expected to be a straight line according to the theory.

Figure 2(b) illustrates the FE current density versus elec-
tric field characteristics of the three samples shown in Fig. 1.
The applied electric field (E,) was defined as (V-RI)/D,
where V is the anode voltage, R is resistance of the resistor in
series, and D is the cathode-anode distance. To evaluate the
FE current density, we simply employ the overall area as
emission area. The turn-on field (E,) was defined as the
electric field at 10 uA/ cm? of J. As shown in the figure, the
ZnO nanorods flat film performed poorly as a field emitter,
which is generally attributed to a screening effect.””!" And
the solid arrays showed a relative better FE characteristic.
The FE data reveal that the hollow arrays showed the best FE
performance. It turned on at an electric field of 4.4 V/um,
and the threshold field (E,), where J reaches 1 mA/cm?
was 5.56 V/um. As displayed in the inset of Fig. 2(a),
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FIG. 2. (Color online) (a) FE current density vs electric field plot for the
ZnO nanorods flat film, solid arrays and hollow arrays. (b) The FN plots of
the field emission J-E characteristic curves.
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FIG. 3. (Color online) (a) Models for simulation of electrostatic potential.
Top down views of simulated electric-field distributions for (b) column and
(c) cylinder. (d) Calculated electric-field distributions of all these samples
ranged from the center axis to outer side of one circular unit.

the brightness of the hollow arrays is relative uniform. As
shown in Fig. 2(b), a two-slope behavior is observed in the
FN curves for the hollow arrays, while no such change is
observed in the other two samples. Such two-slope charac-
teristics are also reported in many other types of field emit-
ters. However, the mechanism of the multistage slope phe-
nomena is not clear yet, there are many suppose to explain
these phenomena, such as energy band, adsorbates, and
defects.'>" In general, for ZnO nanostructure, slope shows a
small value at a low applied voltage and a large value at a
high voltage. However, in the present case, what we ob-
served is just opposite to the reports about ZnO mentioned
above. In fact, this two-slope behavior is similar to the FE
from carbon nanotube (CNT), which is considered to origi-
nate in a saturation of the emission current caused by space
charge effect.* Considering the fact that all our samples
were produced by the same method, it can’t be these charac-
ters such as energy band, adsorbates or defects that contrib-
ute to this two-slope behavior. The difference between our
samples is probably due to differences in the emission sites.
A larger number of emission sites prevent the saturation of
the emission current at higher applied voltage. This is be-
cause the larger number of emission sites reduces the emis-
sion current per one ZnO nanorod on the sample under com-
parison at the same current density.

To investigate the origin of the efficient FE from the
hollow arrays, we simulated the electrostatic field based on
the finite element method with ANSYS v10.0 software. Be-
cause the as-grown ZnO nanorods are so much dense as bulk
material, we just used flat film, column, and cylinder as the
models to make the simulation simple, as shown in Fig. 3(a).
For investigating the trends of variation of electric field on
the top surfaces of simples, three paths are established from
the center axis to outer side radially in the model. An anode
to cathode separation of 210 um was used, and a positive
potential of 2500 V was applied to the anode. The as simu-
lated electric-field distributions of ZnO column and cylinder
are shown as a top down view in Figs. 3(b) and 3(c). It can
be clearly seen that the electric field of the cylinder is sig-
nificantly higher than the column. In addition, Fig. 3(d)
shows the simulated electric-field distributions of all these
samples ranged from the center axis to outer side. It was
found that the electric field of the column is significantly
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TABLE 1. Key performance parameters of some ZnO nanorods field emitters reported in the literature about

diminishing the screen effect and this work.

Turn-on field

Threshold field

Manufacture technique (V/pum) (V/pm) Reference
Electron-beam lithography 2.85at 10 wA/cm? 3.2 at0.052 mA/cm? 6
Electron-beam lithography 0.13at0.1 uA/cm? 9 at 1 mA/cm’ 7
Density control via layer-by-layer polymer 5.1 at 10 uA/cm? 7 at 50 puA/cm? 11
Density control via ultrathin seed layer 7.1 at10 gA/em?> 10 at 1 mA/cm? 9
Nanorods hollow arrays 44 at10 wA/cm? 5.56at 1 mA/cm?  This work

higher at the edge (162 V/um) than that at the center
(22 V/um), whereas the electric field of the flat film is con-
stant all over the emitter surface. We can find that the electric
field of the cylinder is also significantly higher at the edge
(152 V/um at the inner edge and 290 V/um at the outer
edge), and it is higher than electric field of the column all
over the range. These results imply that the electric field is
predominantly concentrated in ZnO nanorods at the edge of
the array. Therefore, the highly efficient FE of the hollow
arrays can be attributed to the reduction of screen effect.

Until now, there are already many reports about dimin-
ishing the screen effect of the ZnO nanorods synthesized by
hydrothermally approach. For comparison, Table I tabulates
the manufacture techniques and key performance parameters
of the ZnO field emitters reported in the literature and this
work. As shown in the table, our sample is better than most
of them, except the first one from Ref. 6. But considering the
expense and difficulty of technique, we believe our solution
is obviously an effective way to diminish the screen effect.
Besides comparing with ZnO nanorods synthesized by hy-
drothermally approach, the emission characteristics of the
as-grown ZnO nanorods are comparable with a majority of
inorganic semiconductor nanostructures and CNT."™"

In conclusion, our controlled selective growth of
ZnO nanorods arrays provides a way to fabricate high-
performance electron emitters at a low temperature of 90 °C.
With the combined effect from a ZnO seed layer and the
passivation layer, we can fabricate quasivertically aligned
ZnO nanorods on the edge of a 4 wm diameter circle. The
ZnO nanorod hollow arrays had excellent FE characteristics,
which were due to the diminishing of screen effect from the
typical morphology. By calculating the electrostatic field dis-
tribution, it was found that the electrostatic field of the ZnO
nanorod hollow arrays was significantly higher than the solid
arrays. Our results imply that ZnO nanorods synthesized by
hydrothermally approach are promising candidates for
vacuum electronic-device application.
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