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Large-area field emitter arrays have important applications in flat-panel displays, light
sources, gas sensors, and vacuum pressure sensors, where achieving high field emission currents
and current densities over large areas is critical. In this study, well-aligned ZnO nanowires
(NWs) were grown on a flexible substrate by the carbothermal reduction process and the vapor—
liquid—solid (VLS) method. The ZnO NWs were single-crystalline wurtzite structures that
showed a preferential growth orientation along the c-axis. The length and diameter of the ZnO
NWs were 0.6 um and 50 nm, respectively. The experimental results from field emission studies
indicated that an emitter constructed from well-aligned, grass-like ZnO N'Ws exhibited a turn-
on field of 16.1 Vum™! and a field enhancement factor of #= 1073, and demonstrated a consistent
single linear slope in a Fowler—Nordheim (F-N) plot, which indicates that the field emission
from ZnO emitters is a barrier-tunneling, quantum mechanical process. In addition, the field
emission properties of curved ZnO/Al-doped ZnO (ZnO/AZO) flexible field nanoemitters were
also investigated in this study. The results show that the turn-on field and enhancement factor of
ZnO NWs on AZO flexible substrates decrease as the bending angle increases owing to an
increase in the total resistance of the AZO layer.

1. Introduction

Advances in research on many vacuum microelectronics devices depend on the realization of
reliable high-intensity electron sources. For this reason, the ability to fabricate uniform emitters
is an important factor in the application of many sensors and vacuum microelectronics, including
their use as electron sources in various visualization equipment, flat-panel displays, electron
microscopy, microwave power devices, gas sensors, high-vacuum pressure sensors, and
especially in the fabrication of next-generation devices for electron beam lithography.(!> Over
the past decade, field-emission properties have been studied extensively for various materials
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and geometrical arrangements in which performance has been found to depend strongly on,
among other factors, the inherence, morphology, material density, sharpness, aspect ratio, and
surface conditions of the tip.) For a good geometric field enhancement factor, considerable
attention has been focused in recent years on the use of one-dimensional (1D) nanotubes or
nanowires (NWs) as field emitters. For example, field emission properties of carbon nanotubes
(CNTs) have been extensively studied.©®) Recently, the advent of new nanofabrication
techniques has led to the preparation of efficient electron emitters from various 1D systems
comprising different elements — including hollow nanotubes, solid NWs, coaxial cable
structures, side-by-side biaxial NWs, and nanobelts — that can deliver highly bright electron
beams with a narrow energy spread. Therefore, how to design easy-to-fabricate, low-cost, high-
performance field emitters and how to quantitatively understand the physical nature of a single
field emitter or an array of field emitters participating in the field-emission process are both very
important topics. Field emitters based on other 1D materials such as Si,® ZnO,19 GeO,(1)
TiO,,(? Sn0,,13 SiCN, Mo0;,1% and CuO®) have also been demonstrated. Among these
materials, ZnO is a thermally stable n-type semiconductor with a large exciton binding energy of
60 meV and a large band-gap energy of 3.37 eV at room temperature.(!” ZnO NWs can be
synthesized by various methods, such as chemical vapor deposition (CVD),(!®) template-assisted
growth,(19) catalyst-driven molecular beam epitaxy,?? the vapor—liquid—solid (VLS) method,?!
and catalyst-free growth by thermal evaporation.*? However, growth temperatures for these
methods are normally higher than 400 °C.

Currently, the devices fabricated on flexible substrates have also attracted much attention.
Compared with conventional substrates, flexible substrates are lightweight, thin, bendable,
available in large sizes, and low in cost. Flexible substrates are also mass-producible by a
roll-to-roll process. To ensure the safety of polymer materials, however, the process temperature
for flexible substrates should be limited to 180°C. Instead of high temperatures, it has been
shown that ZnO N'Ws can be synthesized at low temperatures (i.e., <100 °C) by a hydrothermal
process.?32% Cui et al. reported the first growth of ZnO NWs on a flexible plastic substrate by a
hydrothermal process.23) In addition, a ZnO N'W-based ethanol gas sensor prepared on a flexible
substrate has been demonstrated.?%) In this article, we report the direct growth of high-density
ZnO NWs on a flexible substrate and the fabrication of a transparent ZnO NW-based field
emitter. We also discuss the physical properties of the ZnO N'Ws and the electrical properties of
the fabricated field emitter.

2. Materials and Methods

The substrate utilized in this study was polyethylene terephthalate (PET). Prior to the growth
of ZnO NWs, a PET substrate was cleaned using isopropanol (IPA) and deionized (DI) water.
The cleaned substrate was subsequently baked at 100 °C for 10 min to remove any moisture. A
300-nm-thick indium tin oxide (ITO) film was first deposited on the substrate by RF sputtering,
after which an 80-nm-thick Al-doped ZnO (AZO) layer was deposited on the substrate by RF
sputtering to serve as the seed layer. The ZnO NWs were grown on the AZO substrate by a
hydrothermal method. An aqueous solution (80 ml) of 0.02 M Zn(NOj), was mixed with 80 ml
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of 0.02 M hexamethylenetetramine (HMT) in a glass vessel. The substrate was immersed in this
solution and the vessel was sealed. The sealed vessel was subsequently held in 90 °C hot water
for 5 h. After the reaction was completed, the resulting white material was poured onto the
substrate, which initiated the ZnO film growth. The sample was immediately rinsed in IPA and
DI water to remove any residual salt on the surface.

The phase purity and crystallography properties of the samples were examined by X-ray
diffraction (XRD) using a MAC MXPI18 X-ray diffractometer equipped with monochromatized
Cu Ka radiation (1 = 1.541874 A). The surface morphology and size of the ZnO NWs (NWs)
were further observed by field-emission scanning electron microscopy (FESEM, JEOL JSM-
7000F), and the transmittance of the ZnO NWs on AZO/PET films was characterized by UV-
VIS-NIR spectrophotometery (Varian, Cary 5000). In addition, room-temperature field emission
properties of these ZnO N'Ws grown on a flexible substrate were also investigated in a vacuum
chamber at a pressure of 4 x 1076 Torr. A tungsten probe with a diameter of 1.8 mm was used as
the anode, and the distance between the anode and the ZnO N'Ws was precisely controlled to 50
um. The bending stage was used to measure the field emission properties of bent ZnO NWs, and
the minimum distance between the anode and the ZnO NWs was maintained at 50 nm. A
Keithley 237 high-voltage source was used to provide the sweeping electric field and to monitor
the emission current for the measurement of field emission properties.

3. Results and Discussion

Figure 1 shows a photograph of the ZnO NWs on a PET substrate with AZO as the seed layer.
It is clear that the fabricated sample can be bent easily by hand. Figure 2 shows the top-view and
cross-sectional FESEM images of the typical surface morphology of ZnO films prepared by a
hydrothermal process. High-density, well-aligned, grass-like ZnO NWs were successfully
grown on the top of the AZO/PET substrate. These results also indicate that ZnO N'Ws consist of
densely packed hexagonal grains. The diameters of the ZnO NWs are about 20—120 nm (about

Fig. 1. (Color online) Photograph of a flexible ZnO NW sample.
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200nm

Fig. 2. (a) Top-view and (b) cross-sectional FESEM images of well-aligned ZnO NWs on a flexible AZO/PET
substrate.

65 nm on average), and their widths are in the range of 0.2—0.8 um (about 0.6 um on average).
Figure 3 shows the typical XRD pattern of the as-prepared hydrothermal ZnO NWs. To facilitate
the comparison, the XRD spectrum of a bare PET substrate was also recorded and is plotted in
Fig. 3. The XRD results indicate that only one strong XRD peak located at 26 = 26.06° and one
shoulder peak located at 26 = 22.97° were observed from the bare PET substrate. As also shown
in Fig. 3, a relatively strong XRD peak located at 26 = 34.38° and a much weaker XRD peak
located at 20 = 62.91° were observed from the hydrothermally processed sample; these two
peaks were associated with ZnO (002) and (103), respectively. The reflections from the XRD
results can be indexed to the wurtzite structure of ZnO with lattice parameters a = 3.247 A and
c =520 A, in good agreement with the reported data on ZnO (JCPDS File, 5-664). No
characteristic peaks from other possible impurities such as ZnCO; were detected. In addition,
compared with the ZnO (103) peak, the significantly stronger ZnO (002) peak suggests that these
vertically aligned NWs were preferentially grown along the (002) direction.

Regarding the growth mechanism of the ZnO NWs, it is known that HMT and H,O can

slowly decompose to form NH;, NH,", and OH", while Zn(NOs), can dissociate to form Zn>*.>7)
CgHioN4 + 6H,0O — 4NH3 + 6HCHO (D)

H,O + NH3 <> OH + NH," )

Zn(NOs3), — Zn** + 2(NO3)~ A3)

Zn%" may then react with NH; and OH™ to generate Zn(OH), and Zn(OH),(NH;),. Finally,
Zn(OH), and Zn(OH),(NHj3),4 can be dehydrated to form ZnO.

Zn*" + 4NH; — Zn(NH;3)4>" @)
Zn*" +20H — Zn(OH), )

Zn(NH3)4*" + 20H — Zn(OH)»(NH3)4 (©)
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Fig. 3. XRD patterns of ZnO nanowires and PET film.

Zn(OH),/Zn(OH)»(NH3)s — ZnO + H,0 (7)

In this study, to fabricate the flexible ZnO NW-based field emitters, a 300-nm-thick ITO film
was first deposited on a PET substrate by RF sputtering. Using four-point resistance
measurements, the sheet resistance of the sputtered ITO film was determined to be 180 Q/o; the
film was utilized as the bottom electrode of the field emitter. An 80-nm-thick AZO layer was
subsequently deposited on the ITO film as the seed layer, and ZnO NWs were grown on the
AZO/ITO/PET substrate by a hydrothermal process. The optical transmittance spectra were
recorded using a UV-VIS—NIR spectrophotometer; the results are shown in Fig. 4, which shows
the transmittance of the field emitters in the range of 350-800 nm. There was almost zero
transmittance (indicated by the total absorption) when the incident wavelength was shorter than
367 nm, and then it increased markedly at longer wavelengths. This fundamental absorption,
which corresponds to electron excitation from the valance band to a conduction band, can be
used to determine the optical band gap of the ZnO NWs.?® The relationship between the
incident photon energy (4v) and the transmittance coefficient (7) is shown as

hV 1/n
(7} —A(mw-E,) ®
where 4 is a constant, E, is the band-gap energy of the material, and the exponent 7 depends on
the type of transition. In this experiment, n is 1/2 for a direct band transition. Therefore, as
shown in Fig. 4, the transmittance cut-off wavelength of 367 nm was due to the energy band gap
of the ZnO NWs (3.37 e¢V). The average transmittance was higher than 80% over the range of
visible light. Although the flexible substrate has the advantages of low cost, and good flexibility
and bendability, it still has the problem of a critical bending angle. Figure 5(a) shows the sample
resistance measured in air under various bending angles. The measured resistance changed
monotonically when the flexible ZnO NWs/AZO/PET film was bent. As it is bent, the ZnO
NWs/AZO layer is squeezed, resulting in a monotonic change in total resistance. The results
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Fig. 4. Transmittance of ZnO nanowire-based field emitters on an AZO/PET substrate.
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Fig. 5. (Color online) (a) Total resistance of ZnO N'Ws at different bending angles. (b) SEM image of cracks when
the bending angle is larger than 280°.

show that the electrical resistance increases slightly with a decreasing bending diameter
(increasing bending angle) owing to the greater bending moment, which increases the propensity
of the conductive film to crack and therefore reduces the contact area between the metallic
electrodes.?”) In addition, it should be noted that excessive bending can crack the AZO seed
layer. According to our experimental results, when the bending angle (0) is as high as 280
degrees, the conductive transmission line breaks, as shown in Fig. 5(b). The formation of such
cracks can cause permanent failure of the device, even if the bending angle is restored to the
original state of 180°.

Figure 6 shows the field emission current density—electrical field (J—E) characteristics and
Fowler—Nordheim (F-N) plot measured from the fabricated ZnO NW emitters prepared on a
flexible substrate. The anode-to-cathode distance was about 50 um, and voltages from 0 to
1350 V were applied between the anode and the cathode to supply the electric field. The current
density J was defined as the total current divided by the sample area. Initially, field emission
currents approached zero when the applied field was small, and then the current density showed
an exponential dependence on the electric field after a critical point. Without bending the ZnO
NW field emitters (6 = 180°), the results indicated that the turn-on field, which is defined as the
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Fig. 6. (Color online) Emission J—E curves of flexible ZnO NW films at different bending angles. The inset shows
the F—N plots of flexible ZnO NW films at different bending angles.

electrical field when the current density becomes 0.1 mA/cm?, was 16.1 V/mm. The field
emission properties of bent, flexible ZnO NW field emitters are shown in Fig. 6. The turn-on
fields of the bent samples were 17.6 and 22.7 V/um at bending angles of 240 and 270°,
respectively. These results are in agreement with the data shown in Fig. 5. As the bending angle
increased, the total resistance of the ZnO NWs/AZO layer also increased, which directly caused
a decrease in the turn-on field of the ZnO NW field emitters. Furthermore, the field emission
results also showed that the emission current density measured using the ZnO N'Ws on a flexible
substrate can be fit by the F-N equation,?

2p2 %
_ PBE —-BY
J=4 > exp [ BE }, )

where J is the current density (A/cm?), E is the applied electric field (V/em), f is the field
enhancement factor, A and B are constants equal to 1.56 x 107 (A-eV/V?) and 6.83 x 107
(Viem-eV32), respectively, and @ (eV) is the work function of ZnO NWs, which is 5.3 eV.
Knowing the work function of ZnO NWs, we can further investigate the field emission behavior
of the ZnO N'Ws by replotting In(J/E?) as a function of 1/E and taking the logarithm of both sides
of Eq. (9),®) as shown in the inset of Fig. 6:

m(in =1n(A_ﬂzJ_ B (10)
E o | BE

where 4 = 1.541434 (pA - eV - V2) and B = 6.830890 (€V 2 - Vnm ™). From this F-N plot, the
field enhancement factor f was calculated as 1073, 683, and 238 at bending angles of 180, 240,
and 270°, respectively. These results also indicated that the field emission properties, such as the
turn-on field and the enhancement factor f, became poorer as the bending angle of the flexible
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ZnO NW emitter increased. In addition, the F-N curve shown in the inset of Fig. 6 shows a
linear relationship between In(J/E?) and 1/E, indicating that the emitter electron emission follows
the field emission mechanism of conventional electron tunneling, which means that the field
emission currents originate mainly from the flexible ZnO N'Ws.

4. Conclusion

High-density well-aligned ZnO NWs were successfully grown on a flexible AZO/PET
substrate by a hydrothermal method. With AZO as the seed layer, we grew grass-like ZnO NWs
with an average length of 0.6 um and an average diameter of 65 nm on a PET flexible substrate.
Without bending the film of the ZnO NW field emitter, the turn-on field was 16.1 V/mm and the
field enhancement factor £ was 1073. In addition, increasing the bending angle of a ZnO NW
film increases the turn-on field and decreases the enhancement factor owing to increases in both
the total resistance of the AZO layer and the anode—cathode distance. A linear F-N curve also
indicated that field emission currents were primarily generated from the fabricated ZnO NW
emitters. Consequently, the well-aligned and grass-like ZnO N'Ws obtained by a hydrothermal
method without using any catalyst are promising emitter sources for use in flexible electronic
sensors and device applications.
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