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Field emission performance of hierarchical ZnO
nanocombs

C. L. Liu,? H. Gao,*® L. Li,* X. Liu,® Q. Gao,® H. X. Cuo,® T. T. Chen? and G. Q. Miao®

Hierarchical ZnO nanocombs (ZnO NCs) with a high field enhancement factor were synthesized on Si
substrates by the chemical vapor deposition method. The X-ray diffraction (XRD) pattern indicates that
ZnO NGs have a hexagonal wurtzite structure. Electric field emission (FE) from hierarchical ZnO NCs was
realized. The turn-on field was measured to be 3.6 V um~', and the field enhancement factor of the
hierarchical ZnO NCs was estimated to be 3490. The high field enhancement factor is derived from
the special morphology of the product. This kind of hierarchical ZnO NCs has a great potential for field

www.rsc.org/advances emission displays.

Introduction

Nanomaterials are not only at the cutting edge of the research
into materials nowadays, but are also gradually blending in with
our daily lives."” One-dimensional nanomaterials have received
much attention due to their promising applications in devices.
As one of the most important multifunctional semiconductor
materials, ZnO, with a wide band gap of 3.37 eV and large
exciton binding energy (60 meV) at room temperature, has been
shown to have a wide range of applications in optoelectronic,
electronic, and electromechanical devices, for instance, in light-
emitting diodes,® solar cells,* ultraviolet lasers,” nano-gener-
ator,® and field emission devices.” FE (field emission) is one of
the main features of nanomaterials, and is of huge commercial
interests in electronic devices. Field emission, which is called
the Fowler-Nordheim tunneling, is a form of quantum
tunneling in which electrons pass from an emitting material
performing as the cathode to the anode through a vacuum
chamber driven by a high electric field.®* ZnO nanomaterials
have attracted great attention as a field emitter due to their high
aspect ratio and high mechanical stability. The special
morphology of one-dimensional nanomaterials has already
shown great advantages in field emission devices.” In recent
years, ZnO nanorods,'® nanopins,'* nanoneedles,"” and nano-
tubes® were synthesized, and their FE performances have been
reported. However, there are some challenges to improve FE
performances of ZnO nanomaterials, such as how to further
improve the field enhancement factor, increase the aspect ratio
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and decrease the density of the emitter geometry. In this paper,
the high aspect ratio and low-density hierarchical ZnO NCs were
synthesized and the FE performances of the product were
measured. The field enhancement factor was determined to be
about 3490.

Experimental

The hierarchical ZnO NCs and ZnO nanowires (ZnO NWs) were
synthesized by the chemical vapor deposition method (CVD).
The ZnO powders were loaded into one end of an alumina boat.
The Si substrate (0.5 cm x 0.8 cm) was cleaned for 5 minutes in
an ultrasonic bath with acetone, ethanol and deionized water,
respectively. The Au films were deposited on the Si substrates by
the vacuum ion sputtering method. The Si substrates were
placed downstream of the precursor. The boat was placed inside
an alumina tube inserted into a horizontal furnace. Nitrogen
gas was introduced into the system as the carrier gas with a
constant flow rate of 50 sccm, and the working pressure was
kept at 500 Pa. The furnace was heated to a preset temperature
(1300 °C) and maintained at this temperature for one hour.
Then the furnace was cooled down to room temperature natu-
rally. The only difference in the two products is the temperature
of the substrate. In this experiment, the distance between
the source and the hierarchical ZnO NCs is 18 cm and the
distance of ZnO NWs is longer.

The morphology and the crystal structure of the synthesized-
products were characterized by the field-emission scanning
electron microscopy (FE-SEM; S-4800, Hitachi, Japan), the
transmission electron microscopy (TEM; FEI, Tecnai TF20), and
the XRD (D/max2600, Rigaku, Japan). Photoluminescence
spectra (PL) of the samples were characterized by the Micro-
Raman spectrometer (J-Y; HR800, France) under the excitation
wavelength of 325 nm. FE properties were characterized with
a two-parallel-plate equipment in a vacuum chamber with a
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pressure of 1.0 x 10~ Pa. The samples on the Si substrate were
used as the cathode and a piece of glass coated with the ITO thin
film played the role of an anode. The distance between two
electrodes was 125 um. All of the experiments were made at
room temperature.

Results and discussion

Fig. 1(a) shows the low-magnification SEM image of the hier-
archical ZnO NCs. It can be seen that a large number of hier-
archical ZnO NCs were uniformly grown on the silicon
substrate. The high-magnification SEM image of a representa-
tive nanocomb with fine nanowire branches grown on one side
of the nanoribbons is shown in Fig. 1(b). It can be clearly seen
from Fig. 1(b) that three parts are contained in the nanocomb
structure: the ribbon, the transition zone from ribbon to
branches, and the branches. The nanostructure abruptly
sharpens from the transition zone to the branches. The tran-
sition zone is about 100 nm in width, and the diameter of the
branches is about 20 nm, respectively. As shown in Fig. 1(c) and
(a), a large number of uniform size ZnO NWs grew on the
substrate. Fig. 1(d) shows that the ZnO NWs have an average
diameter of 200 nm. Fig. 2(a) and (c) are low-magnification TEM
images of typical hierarchical ZnO NCs and ZnO NWs. We
cannot see long nanowires in the nanocombs owing to the fact
that they were so fine that they broke when sampled. Fig. 2(b)
and (d) are the corresponding high-resolution TEM images of
the ZnO nanomaterials. An amorphous carbon film was coated
on the two kinds of ZnO nanomaterials, and the thickness of
carbon film is about 2 nm for the nanocombs and 7 nm for the
nanowires, respectively. The carbon comes from CO, in the
air.** The crystalline quality of the hierarchical ZnO NCs is
much better than that of the ZnO NWs. Fig. 3 shows the XRD
patterns of the two kinds of ZnO nanomaterials. From the XRD
analysis, the great majority of diffraction peaks in this pattern
belong to the hexagonal wurtzite structure of ZnO (JCPDS card
no. 36-1451). Here the peaks marked (111) and (200) come from
the Si substrate (JCPDS card no. 04-0784) and the Au film

Fig. 1 (a) and (c) Low-magnification SEM images of the hierarchical ZnO NCs
and ZnO NWs, respectively. (b) and (d) High-magnification SEM images of the
hierarchical ZnO NCs and ZnO NWs, respectively.
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Fig. 2 (a) and (c) Low-magnification TEM images of the hierarchical ZnO NCs
and ZnO NWs, respectively. (b) and (d) High-magnification TEM images of the
hierarchical ZnO NCs and ZnO NWs, respectively.

(JCPDS card no. 79-0205). The diffraction peaks of no other
phases can be found in the XRD spectra. This indicates that the
two synthesized ZnO nanomaterials are single-crystalline
structures. In Fig. 4, the PL spectra of the two ZnO nano-
materials show an ultraviolet (UV) emission peak at 381 nm and
a green light emission that is really intense. It is known that the
UV peak arises from the near band-edge exciton recombination,
and the green emission comes from the intrinsic defects.'* So,
the PL spectrum implies that the crystal quality of the hierar-
chical ZnO NCs is superior to that of the ZnO NWs. Fig. 5 shows
the field emission current densities vs. electric field character-
istics of the two ZnO nanomaterials between the cathode and
the anode. The emission current densities enhance rapidly with
the electric field and no current equilibration is observed. The
turn-on electric fields (E,) of the hierarchical ZnO NCs and ZnO
NWs are about 3.6 Vum ™ 'and 3.1V um ™" at 1 pA cm ™2 current
density, respectively. A strong visible emission peak of the ZnO
NWs is observable in Fig. 4. This peak clearly indicates the
presence of intrinsic defects, while the intrinsic defects result in
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Fig. 3 XRD patterns of the hierarchical ZnO NCs and ZnO NWs.
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Fig. 4 PL spectra of the hierarchical ZnO NCs and ZnO NWs.
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Fig. 5 (a) and (b) The J-E characteristic curves of field emission from the hier-
archical ZnO NCs and ZnO NWs, respectively.

the increase of carrier concentration, and as a consequence,
reduce the resistance of the nanowires, thus obtaining a low
turn-on field relative to the ZnO NCs. Furthermore, the thick
amorphous carbon films are also helpful to decrease the turn-
on field.**"

The relationship between the field emission current densi-
ties (/) and electric field (E) is further analyzed according to the
Fowler-Nordheim equation:*®

J = (AB°E’Ip)exp(— B¢ ”IBE),
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Fig. 6 The corresponding In(J/E?)-1/E plot of the hierarchical ZnO NCs and
ZnO NWs.
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Table 1 FE data from the hierarchical ZnO NCs and other ZnO materials

Materials Ew (Vum™) Factor
Hierarchical ZnO NCs 3.6 3490
ZnO nanotower with a small crown’ 4.5 2100
Hierarchical ZnO hexagonal towers® 2.37 2691
Hierarchical-structure ZnO* 4.8 3400
Six-fold-symmetrical hierarchical ZnO** 5.6 1351
AlZnO nanowire arrays™ 3.9 1315
ZnO nanorod arrays'® 2 1680
Aligned ultralong ZnO nanobelts®? 1.3 1.4 x 10*

where A and B are constants with A = 1.54 x 107 ®*A eV V > and
B =6.83 x 10° eV > V um™), ¢ is the work function of the
emitting materials,’® and § is a primary parameter to describe
the field enhancement, named the field enhancement factor.
Fig. 6 plots In(J/E®) versus 1/E. A linear relation between J/E* and
1/E is obvious. From this figure and the above equation, one can
derive the field enhancement factors of the hierarchical ZnO
NCs and ZnO NWs to be 3490 and 1625, respectively, by taking
the work function to be 5.3 eV. To the best of our knowledge, the
field enhancement factor of the ZnO NCs is higher than most of
those of the ZnO nanomaterials reported in the literature, as
shown in Table 1.

The field enhancement factor is defined as the real value of
the electric field at the apex compared to its average macro-
scopic value.” It is a primary parameter to judge the perfor-
mance of FE. This parameter is bound up with many factors.
First, the specific geometry plays an important role in
enhancing the field enhancement factor. The emission current
converges to the place of sharp tips. ZnO NCs with a hierar-
chical structure lead to the electrons to be quickly centralized
and to emit into the vacuum more easily. Thus, a high field
enhancement factor is ensured.® In addition, the specific
transition zone reduces the distance between the emitters, and
decreases the screening effect to enhance the field emission
factor.?* Second, it is known that the field enhancement factor
of an individual emitter is approximately proportional to the
aspect ratio i/r, where & and r are the length and radius of the
emitter. The field enhancement factor will be enhanced by
decreasing the radius of curvature and increasing the height of
the emitting center. In this work, 4 is about 7 um and r is in the
range of 20 nm, and therefore hierarchical ZnO NCs have a
very high field enhancement factor among ZnO nano-
materials.> Third, the good crystal quality of the ZnO NCs can
also enhance the field enhancement factor.* In short, the
specific geometry, the aspect ratio and the crystal quality
contribute to improvement of the field enhancement factor of
the hierarchical ZnO NCs. However, the increase of field
enhancement factor may be mainly attributed to the specific
morphological structure of the emitters.

Conclusion

In summary, the single-crystalline hierarchical ZnO NCs and
ZnO NWs were synthesized by the chemical vapour deposition
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method on a Si substrate at 1300 °C. The FE performances were
measured. A high field enhancement factor of 3490 was
obtained for the hierarchical ZnO NCs. Such a result is attrib-
uted to the specific geometry. Obviously, the hierarchical ZnO
NCs are good candidates for FE devices.
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