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The field-emission properties of ordered ZnO nanorod arrays with different morphologies were
investigated in detail. After comparison of three different morphologies, it was found that the
morphology of the ZnO nanorods has considerable effect on their field emission properties,
especially the turn-on field and the emission current density. Among them, the ZnO nanoneedle
arrays have the lowest turn-on field, highest current density, and the largest emission efficiency,
which is ascribed to the small emitter radius on the nanoscale. On the other hand, high nanorod
density remarkably reduces the local field at the emitters owing to the screening effect, which is
related to the density of the emitters. The analysis results could be valuable for the application of
field-emission-based devices using ZnO nanorod arrays as cathode materials. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1931831g

Field emission is one of the most fascinating properties
of one-dimensionals1Dd nanostructured materials and has
been extensively studied due to its importance both in view
of fundamental science and in high-tech applications. A great
deal of intensive research interests are driven by the enor-
mous commercial applications of the vacuum electronic de-
vices using nanostructures as cathode materials, such as
field-emission flat displays,1 x-ray sources,2 and microwave
devices.3 Although carbon nanotubessCNTsd have attracted
much attention due to their low turn-on fields and large emis-
sion currents,4–6 detailed study on the field-emission proper-
ties of oxide semiconductor nanowires is desirable and a lot
of work has been reported. Among them, as a wide band-gap
semiconductor, ZnO is a very important oxide due to its pe-
culiar properties, such as large exciton binding energy, high
thermal stability, and oxidation resistance in harsh environ-
ments. ZnO nanowires were synthesized via different meth-
ods, including the physical vapor deposition approach and
using anodic alumina membranes,7,8 and their field-emission
properties have been reported, such as well-aligned ZnO
nanowires grown at low temperature,9 ZnO nanowires on a
tungsten substrate,10 ZnO nanoneedle arrays,11,12tetrapodlike
ZnO nanostructures,13 gallium-doped ZnO nanofiber
arrays,14 and ZnO nanowires grown on carbon cloth.15 These
works revealed excellent field-emission properties of the
ZnO nanostructures and shed light on potential applications
in the near future. On the other hand, in order to develop
field-emission devices based on ZnO nanostructures, detailed
studies are still necessary to investigate the key factors that
can influence their field-emission properties. Very recently,
the shape-controllable synthesis of ZnO nanorod arrays has
been realized via the vapor phase growth method,16 which
provides us with a good opportunity to compare the field-
emission properties of ZnO nanorod arrays with very differ-
ent morphologies. In this letter, field-emission properties of
three different morphologies of ZnO nanorod arrays have
been investigated and compared in detail.

Three kinds of ZnO nanorod arrays with particular tip
morphologies were fabricated using vapor phase growth at
different conditions, and the detailed growth process and the

possible growth mechanism were reported in our previous
papers.16,17 The morphologies of as-grown samples were
characterized using scanning electron microscopesSEMd and
the representative SEM images are shown in Fig. 1, which
reveals three different morphologies of the ZnO nanorod ar-
rays, corresponding to nanoneedle, nanocavity, and bottlelike
rod arrays, respectively. These nanorods have perfect orien-
tation perpendicular to the substrate, and are well aligned in
very high coverage density. The ZnO nanoneedles have
sharp tipsfFig. 1sadg, the nanocavity consists of a gradual
pillar and a flat hexagonal faceted headfFig. 1sbdg, and the
bottlelike nanorods consist of a well-faceted stem and a
small faceted headfFig. 1scdg. The average radius of the
nanoneedles, nanocavities, and bottlelike rods are 50, 120,
and 175 nm, respectively, as summarized in Table I.

The field-emission properties of the three kinds of nano-
rod arrays were measured using a two-parallel-plate configu-
ration in an ultrahigh vacuum chamber with a pressure better
than 3310−7 Pa at room temperature. Details of the mea-
surement system and procedure were reported previously.18
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FIG. 1. Typical SEM images of the three different ZnO nanorod arrays.sad
Nanoneedles,sbd nanocavities,scd bottle shaped.
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As-grown samples with different morphologies were stuck in
turn onto a stainless-steel sample stage using conducting
glue to act as the cathode. Another parallel stainless-steel
plate served as the anode at a fixed cathode–anode spacing of
460 mm during all the measurements. A high voltage of
,5 kV was applied to the as-grown nanorod arrays before
each measurement for removal of contaminants and degas-
sing the samples. A voltage with a sweep step of,50 V was
applied between the anode and cathode to supply an electric
field E to extract the electrons out of the nanorods. The emis-
sion current was monitored using a Keithley
485 picoammeter.

The field-emission results from the three samples are
summarized in Fig. 2. The curves of the emission current
densityJ vs E from the three samples are shown in Fig. 2sad.
It is visible that the nanoneedle arrays has the best field-
emission property with the lowest turn-on fieldsdefined as
the E where theJ is distinguished from the background
noised of ,2.4 V/mm, the lowest threshold fieldsdefined as
theE where theJ arrives at 1 mA/cm2d of ,6.5 V/mm and

the highestJ at the sameE value. At the same time, the
turn-on fields from the nanocavity and bottlelike nanorod
arrays are 4.1 and 4.6 V/mm, respectively, as summarized in
Table I. It is noted that the threshold field from the bottlelike
structure was not be obtained due to its very small current
density in the voltage range of our facility, far below
1 mA/cm2.

To further analyze the emission properties of the above-
described ZnO nanorod arrays, the classic Fowler–Nordheim
sF–Nd law,19 which was induced on the base of the electron-
emission properties from a semi-infinite flat metallic surface,
was used to describe the relationship between theJ and the
local field nearby the emitterElocal, which is usually related
to the average applied fieldE as follows:

Elocal = bE = b
V

d
, s1d

whered is the interelectrode spacing,V is the applied voltage
and b quantifies the ability of the emitter to amplify theE
and is defined as the field enhancement factor. Under this
frame, the F–N law is expressed as20

J = haSb2E2

f
DexpS− bf3/2

bE
D , s2d

wherea=1.54310−6 A V −2 eV, b=6.833109 V m−1 eV−3/2,
andf is the work function, which is estimated as 5.3 eV for
ZnO.9 The factorh describes the geometrical efficiency of
electron-field emission, i.e., it is equal to the ratio of an ac-
tual emitting surface area to an overall surface area. To de-
termineb, it is easy to trace the F–N plot through lnJ/E2 vs
1/E, which follows a linear relationship with the slope de-
pendent off andb. The enhancement factorb can be thus
determined by fitting the slope value and taking a reasonable
f value. Figure 2sbd corresponds to the F–N plots of the
three different ZnO nanorod arrays, showing that the field-
emission behaviors from the measured samples can be well
described by the F–N law. In addition, the F–N plots show a
straight line at low currents from every sample, and devia-
tions were observed at a high electric field.21 The obtained
field enhancement factors from the F–N plots are also sum-
marized in Table I. The ZnO nanoneedle has the highestb
value s1464d compared to the nanocavitys1035d and bottle-
like arrayss809d. The b vs 1/r plot was given in Fig. 3 to
help to find out the relationship between theb and the emit-
ter radius. It is clear thatb follows a certain trend with 1/r,
which is the smaller the radius of the emitters, the higher the
b. It can be seen from Table I that the nanoneedle arrays that
have the lowest turn-on and threshold fields, have the highest
b and the smallest radiusr. So the excellent field-emission
property and the highb were closely related to the fact that
the local field acted at the emitters was greatly enhanced
owing to the small emitter radius on nanoscale.

TABLE I. Field emission properties and morphological characteristics of the ZnO nanorod arrays.sr: the average radius;b: the field enhancement factor
obtained from the F–N plots;bsingle: the field enhancement factor obtained from Filip model for a single emitter; Density: the nanorod density on the substrate
estimated from SEM images.d

Morphology
r

snmd
Turn-on field

sV/ mmd
Threshold field

sV/ mmd b bsingle

Density
s/cm2d s h

Nanoneedle 50 2.4 6.5 1464 9201 1.33107 0.159 2.75%
Nanocavity 120 4.1 11.6 1035 3834 1.13107 0.270 0.47%
Bottlelike 175 4.6 — 809 2629 5.83106 0.307 0.41%

FIG. 2. sad J–E plots of the field emission from the three ZnO nanorod
arrays at a working distance of 460mm; sbd the corresponding F–N plots
showing rough linear dependence.
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On the other side, obvious nonlinearity was observed in
Fig. 3, indicating thatb is not exclusively determined by the
emitter radius. Therefore, the Filip model was used to ex-
plain such a deviation. Considering the screening effect be-
tween adjacent emitters,Elocal can be expressed by Filip
model22

Elocal = s
V

r
+ s1 − sd

V

d
, s3d

where r is the radius of the emitter ands is a parameter
describing the degree of the screening effect, which ranges
from 0 for high densely arranged emitters to 1 for a single
one. Combining the expressions1d with Eq. s3d, another ex-
pression can be derived to estimate the field enhancement
factor b from array emitters

b = 1 +sSd

r
− 1D > 1 + s

d

r
. s4d

Substituting thed value and the averager for the three dif-
ferent ZnO nanorod arrays ass=1 for a single emitter, the
enhancement factors were estimated to be 9201, 3834, and
2629 for a single nanoneedle, nanocavity, and bottlelike rod,
respectively, as shown in Table I. The resultant enhancement
factor was defined asbsingle, which is reasonably proportional
to 1/r. However, both the nonlinear shape in Fig. 3 and the
SEM images shown in Fig. 1 indicate difference ins and
nanorod density for the three samples. The emitter density
can be counted statistically from the SEM images and is
shown in Table I too. On the other hand, using the actualb
values from field-emission measurements, the screening ef-
fect s is estimated to be 0.159, 0.270, and 0.307 for the three
samples, respectively, indicating the difference in the screen-
ing effect can effectively influence theb values. Therefore,
the higher the emitter density, the smaller thes, and the
greater the role that the screening effect plays in the actual
electron field-emission process, which in turn further de-
creases theb value for nanorod arrays. According to above
analysis,bsingle of the single emitter is proportional to 1/r,
but owing to the different density, leads to the different de-
gree of the screening effects in the field-emission process, so
b of the nanorod arrays was decreased in a different level
and deviates from the linear dependence with 1/r ssee Fig.
3d.

Additionally, morphology not only influences the field
enhancement factorb and the screening effect parameters,
but the electron emission efficiency, which is related with the
factor h in Eq. s2d. The ordinate intercept of the F–N plots
allows one to derive the values ofh. In our letter, the factor
h is estimated to be 2.75%, 0.47%, 0.41% for the three dif-
ferent samples, as summarized in Table I. Once again, one
can see that the nanoneedle arrays have the highest emission
efficiency among the three samples due to their large ability
to concentrate applied field. In addition, all values of the
emission efficiency are rather low, which means not all na-
norods involve field emission because of the selectivity of
the emission site in not absolutely uniform samples.23

In conclusion, the field-emission properties of the three
ordered ZnO nanorod arrays with different morphologies
were thoroughly investigated under the frame of the F–N law
and Filip model. The ZnO nanoneedle arrays have the lowest
turn-on field, highestb, and largest emission efficiency ow-
ing to the smallest emitter radius on the nanoscale. On the
other hand, high nanorod coverage can remarkably reduce

the local field at the emitters that decrease theb owing to the
screening effect. So in order to get excellent field emission,
both the small emitter radius and appropriate growth cover-
age are necessary. The as-fabricated high ordered ZnO nano-
rod arrays offer a promising candidate in future device ap-
plications such as flat panel displays and high brightness
electron sources.
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