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Abstract

By simply adjusting the temperature and the number of materials, rod-like
ZnO with different morphology, such as ZnO nanoneedles, were synthesized
by a flexible thermal evaporation method. The ZnO nanorod array has the
lowest turn-on field, the highest current density, and the highest emission ef-
ficiency due to its good contact with the substrate and relatively weak field
shielding effect. Experiments show that the morphology and orientation of
one-dimensional ZnO nanomaterials have a great influence on its conduction
field and emission current density, and the nanoarrays also contribute to
electron emission. The research results have a certain reference value for the
application of ZnO nanorod arrays as cathode materials for field emission
devices.
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1. Introduction

Zinc oxide has a wide range of applications in sensors, actuators, solar cells, and
biomedical samples, and has become one of the few dominant nanomaterials in
the field of nanotechnology [1] [2] [3] [4] [5]. In recent years, ZnO has received
increasing attention for its application in field emitters due to its low electron af-
finity, high aspect ratio, and oxidation resistance. Zinc oxide structures such as
quadruped, nanowire, nanorods, nanowire and nanowire have field emission
properties [6] [7] [8] [9]. These works confirm the potential application of ZnO
in field emission (FE), but it is difficult to control the key factors affecting its FE
performance. In general, electron emission is very sensitive to the shape of the
emitter and the structure of the device. Therefore, it is necessary to study the ef-

fect of emitter morphology on its FE performance.
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One-dimensional nanomaterials are the basic building blocks of nanostruc-
tured systems. One-dimensional nanomaterials have various morphologies,
ranging from general shapes such as linear and rod structures to special shapes
such as tubular structures. Its synthesis methods can be summarized into physi-
cal methods, chemical methods and physicochemical methods. More physical
methods are used, such as laser deposition method, evaporation condensation
method, etc. Common chemical methods include electrochemical preparation
method, chemical vapor deposition method, liquid phase synthesis method,
template method, common physical and chemical methods include evaporation
suspension method, sol-gel-evaporation method. Vapor deposition method has
become a widely used preparation method due to its simple growth process and
high product quality. According to the different growth mechanisms of the gas
phase method, it can be divided into the gas-liquid-solid method (VLS) and the
gas-solid method (VS) [10] [11] [12].

In this work, a simple method, chemical vapor deposition, is introduced to
synthesize ZnO nanostructures. Zinc oxides with different morphologies can be
obtained by different positional relationships between the substrate and the
reactants. The changes in the morphology of ZnO grown at different positions
were investigated in detail. In addition, the FE properties of all prepared ZnO

nanomaterials were systematically characterized and analyzed.

2. Experiments

In the preparation process of ZnO nanomaterials, first clean the substrate: ul-
trasonically clean the Si substrate with ethanol and deionized water for 10 mi-
nutes, repeat the cleaning of the Si substrate until it is clean, and there are no
obvious crystal grains, and then blow it with a hair dryer. The dry-cleaned Si
wafer is ready for use. Then prepare the copper film on the Si wafer: put the
cleaned Si substrate into the sample tray of the vacuum coating machine, place
the copper block (purity of 99.99%) in the electron beam crucible, turn on the
vacuum pump system to pump the background pressure to 6.7 x 107> Pa (pres-
sure maintenance needs to be low enough, at least as low as 7.0 x 107 Pa). Ad-
just the electron beam current, and at the same time observe the heating through
the window, pay attention to adjusting the beam current not too fast, otherwise
the copper block will splash instantly. During the period, the thickness of the
copper film is monitored by the film thickness monitor. In order to control the
influence of the catalyst, it is observed that the substrate surface is covered with a
pale yellow film.

The Si substrate plated with copper film was placed in a tube furnace, heated
to 900°C for 20 minutes under nitrogen protection, and taken out for use after
the temperature dropped to room temperature. To carry out the growth experi-
ment of one-dimensional ZnO nanoarray structure, we prepared it on the basis
of the CVD growth system. A gas flow meter was connected to the inlet end of

the horizontal tube furnace to control the flow rate of the carrier gas; the other
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end of the horizontal tube furnace was connected to vacuum system, combined
with the installed vacuum pressure gauge, can adjust the reaction pressure in the
furnace. In order to obtain the ZnO nanorod array structure with consistent
orientation, and for the consideration of subsequent device preparation, based
on the optimized growth conditions, we use Si as the substrate. A high-quality
Cu thin film with a thickness of about 5 nm is deposited on the substrate. The
specific preparation process of ZnO nanorod arrays by CVD method is as fol-
lows: First, weigh an appropriate amount of high-purity (99.99%) ZnO powder
and graphite (99.97% purity) powder and mix them uniformly in an equimolar
ratio of 1:1, place them at the bottom of a quartz boat, and then place them at a
distance of 2 to 5 cm above the reactants. Put the Si substrate that has been cut
into small pieces, and then translate the quartz boat into the horizontal tube
furnace, and make the reactants at the bottom of the boat located in the heating
center of the tube furnace. Close the tube furnace and turn on the mechanical
pump to reduce the pressure in the furnace tube to a vacuum state (10 ~ 100 Pa).
Open the inlet valve, and pass 100 sccm of N, into the furnace as a carrier gas.
The reaction pressure was maintained at one atmosphere (Table 1).

According to a pre-set program, the temperature of the heating zone of the
tube furnace was raised to the preset temperature at a heating rate of 10°C per
minute, and then kept at this temperature for one hour. After the one-hour
growth process, the N, inlet valve was closed, and the system was cooled to room
temperature naturally, and then the mechanical pump was turned off to take out
the sample. In the process of preparing ZnO nanomaterials, the cavity is under
negative pressure and high temperature, so there is no requirement for the tem-

perature and humidity of the experimental environment.

3. Result and Discussion
3.1. Composition and Microstructure Characterization of Thin Film

In this paper, an XRD spectrometer was used to conduct XRD detection on the
samples. Due to the high repeatability of the results obtained by the samples,
only the most typical group was given. Figure 1 shows the XRD patterns of typ-
ical samples and the XRD diffraction of ZnO and Si peak standard card. The
XRD patterns of the ZnO samples all show two significant diffraction peaks,

which correspond to the (002) plane of ZnO. In addition, another characteristic

Table 1. Parameters employed for the ZnO.

Experimental process parameters Values
Nitrogen gas flows/sccm 100
Total gas pressure/Pa 1.013 x 10°
Location distance/cm land5
temperature/°C 900
Plasma processing time/min 60
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Figure 1. XRD spectrum of ZnO film. (a) A typical ZnO film sample; (b) Diffraction
standard card of ZnQO; (c) Diffraction standard card of Si.

diffraction peak belongs to the Si substrate. Except for these two peaks, no other
peaks are found. Diffraction peaks, so this indicates that our prepared ZnO

crystals have higher crystallinity and better quality.

3.2. Surface Morphology Characterization of ZnO Film

The VLS mechanism suggests that tiny alloy droplets can guide the growth of
heterogeneous crystalline ZnO. The crystal VLS growth process can be divided
into two steps: first, the catalyst and the reactants generate alloy droplets with a
low eutectic temperature in a low temperature environment, that is, in a gas en-
vironment, the composition at the interface of the substrate has a strong effect
on the reactant vapor. The gas phase-liquid phase transition layer with the ca-
pacity, which can continuously absorb the reactant vapor; in the next step, when
the gas phase-liquid phase transition layer absorbs enough gaseous reactant mo-
lecules to be supersaturated, the transition layer in the liquid phase-solid phase
transitions layer, that is, crystal nuclei are formed at the interface between the
catalyst droplet and the substrate. With the continuous adsorption of the reac-
tant vapor by the catalyst droplets, the reaction product will continue to precipi-
tate from the liquid-solid phase transition layer, and the one-dimensional nano-
wire will continue to grow. The catalyst is insoluble in the reaction product, and
the two exist independently. The catalyst will also be further and further away
from the substrate. Therefore, the crystal VLS growth mechanism can be deter-
mined by the solid-state droplets left at the top of the nanowire.

The SEM images of the ZnO samples with different morphology synthesized
under different conditions are shown in Figure 2. As shown in Figure 2(a), ZnO
nanoblocks obtained at 900°C were randomly stretched upward, and they were
100 nm. And the length is 2 pm. However, there are many scattered ZnO nano-

structures in Figure 1(b), scattered on the substrate, each tooth is about 100 nm
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Figure 2. FE-SEM images of the surface of the ZnO film samples.

in diameter. Sample A (Figure 2(a)) and B (Figure 2(c)) are nanostacks. They
are both of perfect size uniformity and perpendicular to the substrate. But sam-
ple A is denser and thinner than sample B.

The amount of Zn vapor adsorbed at different positions from the reactant is
different. The alloy droplets close to the reactant receive the most Zn vapor.
With the increase of the distance, the Zn content in the carrier gas decreases ac-
cordingly. The Zn vapor content adsorbed on the distant alloy droplets is cor-
respondingly reduced. Therefore, the amount of the alloy droplets that can be
adsorbed is also different, which affects the morphology of the ZnO nanostruc-
tures. The positions of the Si sheets at different positions have a gradient tem-
perature, and the temperature is different between the farther and the nearer the
reactant. When the temperature is high, the reactants of the ZnO nanostructure
have enough energy to diffuse and move, and the Zn vapor with high energy
may be decomposed and evaporated again, resulting in the inability of the ZnO
nanostructure to grow stably. At cooler temperatures, the atoms don’t have
enough energy to deposit and form clusters where they land. Sample A is 1 cm
from the material source, and sample B is 5 cm from the sample source. There-
fore, compared with sample B, sample A had better structure and performance.

3.3. FE Performance of the ZnO Film

The iron properties of the ZnO thin film samples were tested. The results show
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that the stability and reproducibility of various sample devices are good. Figure
3 shows the corresponding FE current density (J)-electric field (E) curves and
Fowler-Nordheim (F-N) plots for ZnO thin film samples with different thick-
nesses. According to Figure 3, ] increases exponentially with E. The threshold
electric field (Eth) is defined as the electric field that produces ] = 10 pA/cm?*
For ZnO thin film Sample A and Sample B, the corresponding FE Eth is 3.8
V/pm and 8.7 V/um. Meanwhile, the corresponding maximum iron current
densities are 354 pA/cm? and 340 pA/cm?. It was found that the maximum emis-
sion current density of sample A was the best. However, it can also be seen from
the curve that under the same external electric field, the current density of the
ZnO thin film sample with a distance of 1 cm is not the maximum before being
decomposed.

Our study provides ideas for the following researchers, who can try to im-
prove the preparation process or crystal structure by physical or chemical me-
thods to improve the FE of ZnO and broaden the way for the industrial applica-
tion of ZnO. Compared with traditional physical coating preparation, CVD
technology has the characteristics of better film quality and better ZnO purity. In
industrial application, the low preparation cost and the large-scale preparation
are not negligible advantages for ZnO. As shown in Figure 3, the F-N curves of
all ZnO thin film samples show a certain negative slope linear relationship in the
high electric field region (which is consistent with the traditional FE theory), but
not in the low electric field region. This phenomenon is often observed in iron
emitters with complex nanosurface topography, which should be attributed to
the adsorption of some foreign gas on the surface of the emitter (the whole
process from sample preparation to final placement into high vacuum FE
equipment), it will inevitably come into contact with the atmosphere and will
inevitably absorb some gases. Although some measures have been taken to re-
duce the effect of adsorbed gases, for example, samples should be kept in the la-

boratory before the FE test. For a period of time high vacuum environment in
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Figure 3. Field emission characteristic curves of ZnO film.
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order to desorb as much gas as possible from the sample surface. However, even
so, the effect of adsorbed gas on iron may not be completely eliminated. Under
the action of a certain strength of the applied electric field, the adsorbed gas is
ionized and discharged, so that the current detected in the iron experiment is
mixed with the ionic current in addition to the electron current. Therefore, the
emission characteristics at low electric fields do not conform to the traditional
F-N theory. As the electric field increases, the gas is gradually ionized until the

gas is adsorbed under the action of the electric field.

4. Conclusion

In summary, nanoneedle-type ZnO nanostructures were successfully synthesized
by chemical vapor deposition. Experiments have shown that higher tempera-
tures and enough oxygen help form more nuclei for further growth. The synthe-
sis conditions largely affect the morphology of ZnO, especially the orientation
and array. In addition, they also have a large impact on field emission capabili-
ties. ZnO nanorod arrays have excellent field emission properties and are per-
pendicular to the substrate with appropriate spacing between adjacent nanorods.
The prepared single-crystal oriented ZnO nanorods have potential applications

in field emission and other optoelectronic devices.
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