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Abstract

The field emission property of cold cathode emitters utilizing the ZnO nanowires with various conditions prepared by
ultrasonic spray pyrolysis technique was discussed. It is found that the emission current was enhanced in the emitters
having higher aspect ratio as well as smaller sheet resistance. Applying of post-annealing process, utilization of
additional Mo back electrode in the cathode, and coating of Mo on the ZnO nanowires resulted in the improvement of
the emission current and lowering the threshold voltage. A threshold voltage of about 5.5 V/µm to obtain 1.0µA/cm2

was achieved in the sample prepared at the growth temperatures varying continuously from 250◦C to 300◦C.
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1. Introduction

Electron emission phenomenon observes at the surface of a solid material under an applied electric field in vacuum
is well explained by the following expression known as Fowler-Nordheim (F-N) equation.
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(βE)2

ϕ
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−Bϕ3/2
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Here, E represents an applied electric field,β is defined as a field enhancement factor which is depending on the
morphological aspect ratio of the solid emitter,ϕ is the work function of the emission surface, andA andB are the
constants respectively [1, 2]. This equation can be rearranged in the form as shown in Eqn. 2, which is usually used
for evaluating theβ directly from the experimental measurement results.
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From these equations it can be clearly understood that the emission current densityJ is depending on the applied
electric field as well as the surface morphology of the emitter. Since one dimensional nano-structure such as nanowire
has higher morphological aspect ratio than that of a flat surface thin film of the same material,β is significantly
increase and it is possible to enhance the electron emission under an applied electric field even at room temperature
by utilizing the structural advantage of nanowire. Accordingly, one dimensional material such as ZnO nanowires
(abbreviated as ZNs) is know to be one of the promising materials for application in the cold cathode emitter due to its
structural property of high aspect ratio [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. In addition, ZNs has
advantages in the environmental issue since it has no toxicity, no limitation in the resource, and it could be synthesized
by various processes including non vacuum processes such as solution based reaction techniques and ultrasonic spray
pyrolysis, in which only relatively low energy is required for the growth process [20, 21, 22, 23, 24, 25, 26, 27, 28,
29, 30, 31, 32, 33, 34, 35, 36, 37, 38]. Up to now, several researches have been focusing on the development of cold
cathode field emission devices based on ZNs [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19]. Recently,
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we also reported an economically viable synthesis technique of ZNs on a soda-lime glass (SLG) substrate utilizing
ultrasonic spray pyrolysis (USP) [22, 23, 24, 25]. In this paper, we focused on the field emission property of ZNs
prepared by this USP technique in relation to various material parameters.
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Figure 1: The cros-sectional schematic of the device used for testing the field emission property. The Mo back electrode layer was not applied in
some conditions, i.e., only the ZnO seedling layer was used as the cathode. The thickness of the films were not drawn to scale.

2. Experimental methods

The ZNs were prepared by utilizing our original USP system with some minor modifications, the detailed structure
and processes of which were described in our previous reports [22, 23, 24, 25, 39]. In preparing the ZNs, a precursor
solution containing zinc acetate dihydrate (abbreviated as ZA, Wako, 99%), indium (III) nitrate trihydrate (abbreviated
as IN, Wako, 98%), and ammonium acetate (abbreviated as AA, Wako, 97%), which were dissolved in 1 L of deionized
water by a specific molar ratio, was used. In our USP technique, ZNs with wurtzite crystal structure are usually
obtained and the majority growth direction of one dimensional nanowire structure is observed to be along the [002]
axis orc-axis. The details of material properties such as crystal structure, growth orientation, optical characteristics
and etc. of the ZNs prepared by this USP technique were already reported in our previous reports [22, 23, 24, 25].
For the field emission measurements, a device configuration as shown in Fig. 1 was used. A cathode emitter was
formed by growing the ZNs emitter on the SLG substrate directly by USP. A self-assembled seeding layer with or
without additional Mo back electrode was utilized as the back electrode of ZNs emitter. The details of self-assembled
seeding layer were discussed in our previous reports [23, 25]. A Poly-Ethylene Telephthalate (PET) film with 40
µm thickness was used to separate the ZNs emitter from the ZnO:Al transparent conductive anode film, which was
deposited on the SLG substrate by RF magnetron sputtering. The area of active emission surface was 1.0 cm2 and field
emission measurements were carried out by applying a potential in the range of 0∼600 V with 10 V steps between
the two electrodes under the vacuum of 10−5 Torr. The morphology of ZNs was observed by a scanning electron
microscope (FE-SEM, Hitachi, S-4100). The sheet resistance of ZNs emitter grown on the self-assembled seeding
layer was measured by a four-probe method (Kyowa Riken, K89PS, tips gap: 1 mm). To investigate the influence
of morphological aspect ratio and/or material parameter such as resistance of the ZNs emitter on the field emission
property, different types of ZNs prepared at different growth periods as well as temperatures as shown in Fig. 2 and
Fig. 3 were used. The samples shown in Fig. 2(a) to 2(c) were prepared at the growth temperature of 300◦C for
various growth periods of 30, 40, and 50 min utilizing the precursor solution containing solutes with the molar ratio
of ZA:IN:AA = 0.18:0.018:0.9 respectively. The sample shown in Fig. 3(a) was prepared at the growth temperature
of 250◦C and that of Fig. 3(b) was grown at 300◦C. For the sample shown in Fig. 3(c), the growth temperature was
continuously increased from 250◦C to 300◦C during the growth period of 60 min utilizing the precursor solution
containing solutes with molar ratio of ZA:IN:AA= 0.18:0.036:0.9. A post-annealing process of the sample prepared
at 300◦C was conducted at 500◦C for 10 min under vacuum of 10−4 Torr in order to reduce the resistance of as-grown
ZNs. The field emission property of the samples with or without an additional Mo back electrode was also measured
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Table 1: The average diameter and sheet resistance of the samples prepared at various temperature profiles.

Temperature profiles Average diameter of the tips Sheet resistance
(nm) (Ω/Square)

300◦C 100 8.1×104

250◦C 20 5.6×105

250→300◦C 30 8.5×104

Post-annealing at 500◦C 100 9.2×102

to investigate the effect of sheet resistance of the whole cathode. In preparing the sample with Mo back electrode, RF
magnetron sputtering of Mo layer was carried out before the NZs growth process. In the case of the sample containing
ZNs emitter coated with Mo thin film, 2 nm thick Mo was sputtered after the formation of ZNs emitter.

3. Results and Discussion

In Fig. 4, the result of field emission measurements of the samples shown in Fig. 2, the length (aspect ratio) of
which were controlled by the growth period, is depicted. It is found that the lowest threshold voltage of about 6.3
V/µm to obtain 1.0µA/cm2 is achieved in the sample prepared at 300◦C for growth period of 40 min as shown in Fig.
4(b). For the samples prepared at 30 min and 50 min, larger thresholds such as 11.7 V/µm and 9.8 V/µm are obtained
as shown in Fig. 4(a) and 4(c). By comparing the cross-sectional SEM images shown in Fig. 2, it is clearly observed
that the average length of ZNs is increasing with the growth period. The average length of the sample prepared at
40 min is about 4µm, which is twice to that of the sample prepared at 30 min. For the sample grown at 50 min,
a longer average length of about 6µm, which is about thrice to that of 30 min, is obtained. In addition, mutual
interlacing between the nanowires of the sample prepared at 50 min is quite obvious compared to the other two. This
result indicates that the variation of threshold voltage has good correlation to their corresponding length of ZNs in
the samples prepared at 30 and 40 min. However, in the case of 50 min, the correlation is poor, i.e., the enhancement
of emission is relatively lower although increasing factor of the length of ZNs is obviously higher. The increase of
interlacing of nanowires in the sample prepared at 50 min could be the main reason that hindered the improvement of
electron emission by screening effect so that trading off the benefit of increasing the length (enhancing of aspect ratio)
of nanowires as shown in Fig. 4(c).

In Fig. 5, the result of field emission measurements of the samples shown in Fig. 3, the morphology of the tip of
ZNs were controlled by changing the profile of growth temperatures, is plotted. The threshold voltages of the samples
prepared at the constant growth temperatures of 300◦C and 250◦C are observed to be about 9.0 V/µm and 9.3 V/µm
as shown in Fig. 5(a) and 5(b) respectively. For the sample shown in Fig. 3(c), which was prepared at the growth
temperatures gradually varied from 250◦C to 300◦C during the growth period of 60 min, it is found that the threshold
voltage is about 5.5 V/µm as shown in Fig. 5(c). This value is the lowest among the other samples with different
growth temperature profiles. From the SEM images shown in Fig 3, it is found that the average diameter of the tip
of ZNs in the sample prepared at the constant growth temperature of 300◦C is about 100 nm, which is about 5 times
to that of the sample prepared at 250◦C. In the case of the sample prepared at continuously varying temperatures
between 250◦C and 300◦C as shown in Fig. 3(c), a relatively straight tip of ZNs with the average diameter of about
30 nm is achieved. There is also a difference in the structural appearance of the individual nanowire in the sample
prepared at constant temperatures compared to that of the samples prepared at varying growth temperatures during
the growth process. The latter exhibits a stiffer structure, i.e., the bending of nanowires is relatively small so that
mutual interlacing of the nanowires, which could intense the screening effect on the emission electron, is reduced as
shown in Fig. 3(c). In the former cases of constant temperatures, the bending of nanowires is quite obvious causing
mutual interlacing of nanowires more often as shown in Fig. 3(a) and 3(b). Normally, it is expectable that the field
emission will enhance when the sharpness (diameter) of the tip of ZNs emitter, which has similar average length and
growth density, is increased (decreased). However, in comparing the morphology of the tips to the corresponding
emission characteristic, the correlation between these parameters is not obvious in these samples. This could be
due to the difference in the resistivity between these samples, which were prepared at different temperatures. In
our USP technique, it is already known that the average diameter of the nanowires becomes smaller when prepared
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Figure 2: The cross-sectional SEM images of the ZNs prepared at 300◦C for the growth periods of (a) 30 min, (b) 40 min, and (c) 50 min.
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Figure 3: The cross-sectional SEM images of the ZNs prepared at the growth temperatures of (a) 250◦C, (b) 300◦C, and (c) 250◦C to 300◦C
continuous range utilizing precursor solution containing solutes with molar ratio of ZA:IN:AA= 0.18:0.036:0.9 respectively. The high resolution
images showing the tip of ZNs are described on the right side of each corresponding cross-sectional image.
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Figure 4: The field emission characteristics of ZNs shown in Fig. 2, which were prepared at 300◦C for the growth period of (a) 30 min, (b) 40 min,
and (c) 50 min respectively.
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Figure 5: The field emission characteristics of ZNs shown in Fig. 3, which were prepared at the growth temperatures of (a) 300◦C, (b) 250◦C, and
(c) gradually increased from 250◦C to 300◦C during the growth period of 60 min respectively.
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Figure 6: The field emission characteristics of ZNs, which were prepared at the growth temperatures of 300◦C (a) without post-annealing process
and (b) with post-annealing process at 500◦C for 10 min under vacuum of 10−4 Torr.

at lower growth temperatures [22, 23, 24, 25]. On the other hand, the ZNs with higher resistance are achieved at
lower temperatures. The average diameter and the sheet resistance of the corresponding samples are shown in Tab.
1. The sheet resistance of the sample prepared at the constant temperature of 250◦C is about 5.6×105 Ω/Square,
which is about 7 times larger than that of the 300◦C. The increasing of sheet resistance could have counterbalanced
the enhancement of aspect ratio due to decreasing of the average diameter of the tips so that the improvement in the
field emission was compensated in this sample as sown in Fig. 5(b). It is also found that the sample prepared at
the growth temperatures gradually varied from 250◦C to 300◦C during the growth period of 60 min exhibits a small
average diameter of about 30 nm, which is close to that of the sample prepared at the constant temperature of 250◦C,
while its sheet resistance is in the same order (about 8.5×104 Ω/Square) to that of the sample prepared at the constant
temperature of 300◦C. Hence, the field emission characteristic of this sample is obviously enhanced due to both the
benefits of improvement in aspect ratio (smaller tip average diameter) and lowering sheet resistance as shown in Fig.
5(c).

To investigate the effect of sheet resistance of the ZNs emitters, the field emission characteristics of the samples,
which have different sheet resistances with similar morphology, are compared as shown in Fig. 6. It is observed that
the sample with lower sheet resistance of about 9.2×102 Ω/Square, which is about two orders lower than the as-grown
one having about 8.1×104 Ω/Square by annealing under the vacuum at 500◦C after the growth process of ZNs emitter,
exhibits better emission with smaller threshold voltage of about 6.5 V/µm. When the sheet resistance is reduced to
about two orders by post-annealing, improvement of the field emission current for about 102 times is achieved under
the conditions of applied electric field below 11 V/µm as shown in Fig. 6(b). A gradual saturation of improvement
observed at the applied electric fields higher than 11 V/µm could be due to the increasing of apparent resistance
induced inside the nanowires by the impact of accelerating charges causing the lattice vibration and decreasing of
apparent mobility. In these samples, only the self-assembled seeding layer with thickness less than 50 nm, the sheet
resistance of which is relatively high, was utilized as the back electrode of the cathode. In order to reduce the sheet
resistance of the whole cathode, an additional Mo back electrode, which was sputtered on the SLG substrate before
the ZNs growth process, was applied. In Fig. 7, the result of field emission of this sample is shown in comparison with
the one having similar morphology without the Mo back electrode. It is found that by adding the Mo back electrode,
the threshold voltage is reduced to 7.2 V/µm, which is obviously lower than that of the sample without the additional
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Figure 7: The field emission characteristics of ZNs, which were prepared at the growth temperatures of 300◦C (a) without additional Mo back
electrode, (b) with Mo back electrode, and (c) with ZNs emitter coated by 2 nm-thick Mo.

Table 2: The field enhancement factorsβ and threshold voltages of the samples with various conditions of ZNs emitters

Conditions of the samples Field enhancement factor Threshold voltage
β (V/µm)

300◦C 544 9.0
250◦C 487 9.3
250→300◦C 953 5.5
Post-annealing at 500◦C 1068 6.5
With Mo electrode 737 7.2
With Mo coating 697 7.7

back electrode as compared in Fig. 7(a) and 7(b). The results discussed above clearly indicate that lowering the sheet
resistance of emitter itself as well as the back electrode could enhance the emission property. In Fig. 7(c), the field
emission characteristic of the sample loaded with a 2 nm-thick Mo coated ZNs emitter is also shown in comparison. In
this sample, the threshold voltage is reduced to about 7.7 V/µm and enhancement of emission current is also obtained.
This enhancement could be due to the effect of lowering the tunneling barrier near the surface of ZNs by coating Mo,
which has smaller work function than the ZnO, i.e.,ϕMo = 4.6 eV<ϕZnO = 5.3 eV.

The corresponding F-N plots for the samples discussed above are shown in Fig. 8. It is found that all the plots
exhibit a good linear dependency to the inverse of the applied electric fieldE, implying that the electron emission
is governed by the tunneling mechanism explained by the Fowler-Nordheim expression as shown in the Eqn. 1. In
Tab. 2, the results of the corresponding field enhancement factorsβ deduced by equating the slopes of the plots in
the Fig. 8 and the coefficient (−Bϕ3/2/β) of the first term of the right hand side of Eqn. 2, whereA = 1.56× 10−10

AV−2eV, B = 6.83× 109 V eV−3/2µm−1, and the corresponding work functions of the emitters such asϕZnO = 5.3
eV orϕMo = 4.6 eV were applied respectively. It is found that theβ of the sample prepared at 250◦C, which has the
highest sheet resistance and smallest average diameter of ZNs tips as shown in the Tab. 1, is the smallest compared
to the others. It is also observed that theβ of the sample prepared at 300◦C, which has larger average diameter of
ZNs tips with lower sheet resistance, is relatively close to that of 250◦C. In the case of the sample prepared at the
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Figure 8: The F-N plots for the samples prepared at the growth temperatures of (a) 250◦C, (b) 300◦C, (c) 250-300◦C range, (d) 300◦C with
post-annealing process, (e) 300◦C with Mo back electrode, and (f) 300◦C with Mo coating.

temperatures continuously varying from 250◦C to 300◦C, which has relatively small average diameter of ZNs tips and
low sheet resistance, shows a value ofβ that is about twice to that of the sample prepared at constant temperature of
250◦C. The highest value ofβ is observed in the sample with post-annealing treatment, the sheet resistance of which
is the lowest. By comparing theβ to their corresponding threshold voltages as shown in the Tab. 2, a good counter
relation between these two parameters is observed, i.e., the larger theβ, the lower is the threshold voltage of emission.
It can be considered that the samples with higher aspect ratio as well as smaller sheet resistance would yield a better
field enhancement factor resulting in the improvement of emission current. From these results, it can be said that the
sheet resistance is also an important factor along with the aspect ratio of the emitter that could effect the emission
property.

4. Conclusions

The field emission property of the ZnO nanowires emitters with various conditions fabricated by the ultrasonic
spray pyrolysis was analyzed. Due to mutual interlacing phenomenon occurred between the lengthy nanowires, which
behaved as a trade offmechanism against the benefit contributed by improvement of aspect ratio, an optimum average
length of ZNs emitter to achieve high efficient field emission was existed. By comparing the field emission charac-
teristics of the samples having different sheet resistances, it was found that the samples with smaller sheet resistance
exhibited better field emission and low threshold voltage. It was also observed that utilization of additional Mo back
electrode and coating of material with smaller work function such as Mo on the ZNs emitter could enhance the field
emission property. The lowest threshold voltage of about 5.5 V/µm to obtained 1.0µA/cm2 was achieved in the
sample prepared at the growth temperatures continuously varying from 250◦C to 300◦C during the growth process
of ZNs, which has the average diameter of about 30 nm and the sheet resistance of about 8.5×104 Ω/Square. It was
concluded that the average diameter of ZNs emitter and its sheet resistance were important factors that influent on the
field emission property of ZNs prepared by this technique.
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