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A cold cathode has many applications in high frequency and high power electronic devices, X-ray source, vacuum
microelectronic devices and vacuum nanoelectronic devices. After decades of exploration on the cold cathode materials,
ZnO nanowire has been regarded as one of the most promising candidates, in particular for large area field emitter arrays
(FEAs). Numerous works on the fundamental field emission properties of ZnO nanowire, as well as demonstrations of
varieties of large area vacuum microelectronic applications, have been reported. Moreover, techniques such as modifying
the geometrical structure, surface decoration and element doping were also proposed for optimizing the field emissions.
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| 1. Introduction

When a strong field is applied on a cathode surface, its vacuum barrier will bend. If the barrier width for an electron is as
narrow as several nanometers, there is a considerable probability the electrons will tunnel into the vacuum. This process
is referred to as field electron emission. Field electron emission is the basic principle of a cold cathode. Compared to a
traditional thermionic cathode, a cold cathode has many advantages, such as fast response time, low power consumption,
narrow energy spread, compact size, high brightness, etc. One of the most attractive features of a cold cathode is
probably its capability in miniaturized and addressable devices, which creates the concept of field emitter arrays (FEAS)
that has potential applications in field emission display (FED) &, parallel electron beam (e-beam) lithography [, flat panel
X-ray source Bland large area photodetectorst4.

| 2. Applications

The foremost motivation for the research on FEAs is probably to apply them in the flat panel field-emission display. Since
other display techniques such as LCD, OLED and quantum dots have been chosen by the industry in recent years, this
attempt has faded away and been transferred to the applications of flat panel light source, X-ray source and
photodetector. In this section, the progress of the above applications based on ZnO nanowires cold cathode will be
introduced in detail.

2.1. Field Emission Display (FED)

Generally, there are two kinds of device structure that can realize field emitters with addressable function as required for
FED. One is a diode structure whereby both the anode and cathode have electrode strips perpendicular to each other, the
schematic diagram of which is shown in Figure 1a. When a high voltage is applied between one anode electrode strip
and one cathode electrode strip, field emitters on the overlap region between the two electrodes can emit electrons, which
works as one pixel of the device. By screen printing ZnO nanotetrapers on the cathode electrode of this kind of device
structure, K. Zheng et al. [l demonstrated the display of some Chinese characters as shown in Figure 1b. Another is a
triode structure that consists of a phosphor-coated glass anode and the addressable gated FEASs, a typical gated structure
of which fabricated by Y. Li et al. [ can be seen in Figure 2a—d. In this device, the anode is applied with a fixed anode
voltage. When a voltage is applied between the gate and cathode electrodes, the nanowires in the corresponding pixel
can emit electrons. The display of full screen, cartoon image and some Chinese characters are demonstrated from the
device, which are shown in Figure 2e—j.
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Figure 1. Demonstration of a diode structured field-emission display device based on ZnO nanotetrapods. (a) Device
structure. (b) Some Chinese characters displayed by the device. Reproduced from &, with the permission of Elsevier,
2008.
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Figure 2. Demonstration of an addressable field emission device based on ZnO nanowires. Top view SEM image (a),
schematic diagram (b), cross-sectional SEM image (c) and optical image (d) of the device. Full screen (e), cartoon of a
running dog (f) and some Chinese characters (g—-j) displayed by the device. Reproduced from €, with the permission of
ACS Publications, 2017.

To further meet the requirements of high-resolution device application, a focusing gate structure is needed for overcoming
the problem of electron beam divergence. In view of this, Y. Liu et al.l4 demonstrated the ZnO nanowire FEAs with line-
addressing and focusing capability. By changing the focusing gate voltage from 50 to —50 V, the linewidth of one row of
the field-emission pattern can be reduced from 2.25 mm to 1.35 mm under a distance of 5 mm between the anode and
cathode. X. Cao et al. further upgraded this device with fully addressing capability by using a via structure, the schematic
diagram of which can be seen in Figure 3a,b. The addressing capability of the device has been demonstrated by
displaying some English characters as shown in Figure 3c, while the focusing ability still remains which can be seen
in Figure 3d.
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Figure 3. Demonstration of an addressable gated field-emission device with focusing gate based on ZnO nanowires.
Schematic diagram for multi (a) and one (b) pixel of the device structure. English characters of “A” (c-1) and “B” (c-2)
displayed by the device. (d) The relationship between the line width on the phosphor anode of one row pixels and the
focusing gate voltage. Reproduced from &, with the permission of IEEE, 2019.

It should be pointed out that although FED no longer wins favor in the market of flat-panel displays, the techniques for
field emitter arrays are still important for other flat-panel devices, such as UV illumination, X-ray source, e-beam
lithography and photodetector, which are at their preliminary development stage.

2.2. lllumination

The principle for the field-emission light source is nearly the same as that for FED, which utilizes high-energy electrons to
bombard the phosphor coated anode and produces cathodoluminescence. By contrast with the FED device, the
addressable FEAs are not required for a light source, which makes it easier to be fabricated. For example, Y. Chen et
al. & fabricated a triode structure field-emission light source based on ZnO nanotetrapods, the device structure of which
can be seen schematically in Figure 4a. The gated controlled capability was demonstrated from the field-emission images
recorded at different gate voltage (Figure 4b—e). By applying the anode voltage of 3300 V and gate voltage of 200 V, a
luminous intensity of 8000 cd/m? can be obtained from that device. Moreover, a diagonal 10-inch field emission light
source with a diode structure is also fabricated by using ZnO nanowires 19,
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Figure 4. Demonstration of a field-emission light source based on ZnO nanostructures. (a) Schematic diagram of the
device. (b—e) Field-emission images for gate voltage of 0, 100, 150 and 200 V. Reproduced from [&, with the permission of
RSC Pub, 2014.

In addition to the visible light source, FEAs can also be utilized to generate the UV light by using the wide bandgap
semiconductor as the anode. A field-emission UV source can avoid the problem of a solid-stated UV-LED that requires
both n-type and p-type semiconductors for the radiation. This is because for some materials, e.g., ZnO, it is not so easy to
realize stable doping of p-type impurities. A demonstration of a ZnO nanowires-based UV source has been reported by J.
Yin et al. 12, the schematic diagram of the diode structure device of which is shown in Figure 5a. The field emission |-V
characteristics and uniform field emission pattern of the device can be seen in Figure 5b—d. By using the polycrystalline



Ga20a3 as the anode, the cathodoluminescent spectrum with peaks around 400 nm has been achieved, which is shown
in Figure 5e.
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Figure 5. Demonstration of an ultraviolet (UV) light source based on ZnO nanowires cold cathode. (a) Schematic diagram
of the device. (b) Field-emission characteristics. (c) Optical image of the operating device. (d) Emission pattern. (e)
Cathodoluminescent spectrum. Reproduced from 4, with the permission of IEEE, 2020.

2.3. Flat Panel X-ray Source

The flat panel X-ray source can be the next research spot to substitute the FED, because of the increasing demand for
portable and low-cost medical X-ray computerized tomography (CT). Although the basic principle of this device is to use a
metal target to replace the phosphor coated glass in the FED, a much higher anode voltage is needed for generating the
X-ray radiation. On the other hand, whether the nanowire field emitter can sustain the X-ray irradiation is important for
fabricating a reliable device. D. Chen et al. 12 first demonstrated a transmission-type flat-panel X-ray source using ZnO
nanowires, the schematic diagram and optical image of which can be seen in Figure 6a,b. The X-ray energy spectra and
the X-ray projected images of metal mesh with different linewidth can be seen in Figure 6c—e. Subsequently, a double-
sided irradiating flat-panel X-ray source using ZnO nanowires was also demonstrated by their group 22!, which utilized
both the transmission and reflection of X-rays with ~200 mGy/min dose rate. Another flat-panel X-ray source has also
been fabricated by using In-doped ZnO nanowires 241,
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Figure 6. Flat-panel X-ray source based on ZnO nanowires. (a) Schematic diagram for the device structure. (b) Optical
image of the device. (c) X-ray energy spectra. X-ray image of a metal mesh with linewidth of 200 pm (d) and 25 pm (e).
Reproduced from 2, with the permission of AIP Publishing, 2015.



Since the major advantage of a flat-panel X-ray source is its addressing capability, the ultimate goal for the research of
flat-panel X-ray sources is to realize an addressable device. A successful demonstration of a fully vacuum-sealed
addressable flat panel X-ray source based on ZnO nanowire FEAs has been reported recently by X. Cao et al. 12, the
schematic diagram and optical image of which can be seen in Figure 7a,b. Although the X-ray image of the integrated
circuit chips as shown in Figure 7c is blurred due to the low dose rate of ~200 nGy/s, their work opens up the possibility
for realizing the functional addressable flat panel X-ray source, which could lead to a revolution in medical radiotherapy or
CT systems.
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Figure 7. Addressable flat panel X-ray source based on ZnO nanowires. Schematic diagram (a) and optical image (b) of
the device. (c) X-ray image of the integrated circuit chips. Reproduced from 28, with the permission of AIP Publishing,
2021.

Considering that the flat panel X-ray source has a larger radiant area than that of the usual X-ray tube, their performances
in projection imaging should be different. To obtain a better understanding, L. Wang et al. &4 characterized the spatial
resolution of a diagonal 4-inch flat panel X-ray source based on a ZnO nanowires cold cathode. Using the line-pair testing
card, they obtained a contrast of more than 5 Ip/mm (Figure 8a). To further investigate the dependence of object position
on the resolution, they also used a modulation transfer function (MTF) analysis method to characterize the imaging spatial
resolution, the measurement setup of which can be seen schematically in Figure 8b. The monotonic decrease and
increased dependences of the distance between object and detector (z) and the distance between X-ray source and
detector (L) on the resolution are found, which can be seen in Figure 8c,d. Since this result is based on a diode structure
device, further investigations on the imaging performance of an addressable device are expected.
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Figure 8. The imaging spatial resolution of a diagonal 4-inch X-ray source based on ZnO nanowires. (a) Contact image of
a line-pair card. (b) Schematic diagram of the testing system. Dependence of spatial resolution on z (c) and L (d).
Reproduced from 181, with the permission of IEEE, 2021.

2.4. Photodetector

Generally, there are two kinds of integrated photodetectors based on the ZnO nanowire cold cathode. One is to use a
photoconductor material as the anode, the other is to fabricate a photoconductor material between the ZnO nanowires
and the cathode electrode. Although both of them seem to work as a diode connecting with a photoconductor in series,
their mechanisms are different. In the former case, as shown in Figure 9, Z. Zhang et al. 19 found that the electron
bombardment on the ZnS photoconductor thin film can induce photoconductivity, which led to an internal photoconductive
gain of above 10%. While in the latter case as shown in Figure 10, the emission current density of ZnO nanorod on n-GaN
fabricated by Y. Chen et al. 2&can only be improved from <3 to 8 mA/cm? under UV illumination. Although their attempt is
to utilize the positive-feedback enhanced emission current to pump the AlIGaN semiconductor for a UV light source, their
device also has photodetection capability due to the enhanced electron supply for injection from GaN to the ZnO nanorod.
Therefore, their work is presented here for a comparison.
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Figure 9. Demonstration of a photodetector based on a ZnO nanowire cold cathode. Schematic diagram (a) and
performance (b) of the device. Reproduced from 29, with the permission of ACS Publications, 2018.
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Figure 10. Schematic diagram (a), field-emission J-E characteristics (b) and time-resolved emission current density (c) of

a ZnO nanorods/n-GaN photodector. Reproduced from 29, with the permission of RSC Pub, 2019.

In addition, a photodetector device based on a ZnO nanowires cold cathode has also been demonstrated for X-ray

detection2ll, in which a vacuum diode is connected with the photoconductor in series.
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