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Morphological effects on the field emission of ZnO nanorod arrays
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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 materZd5@ merican
Institute of Physicg DOI: 10.1063/1.1931831

Field emission is one of the most fascinating propertiepossible growth mechanism were reported in our previous
of one-dimensional1D) nanostructured materials and has papersl.ﬁ'1 The morphologies of as-grown samples were
been extensively studied due to its importance both in viewcharacterized using scanning electron microsd&keM) and
of fundamental science and in high-tech applications. A greathe representative SEM images are shown in Fig. 1, which
deal of intensive research interests are driven by the enoreveals three different morphologies of the ZnO nanorod ar-
mous commercial applications of the vacuum electronic derays, corresponding to nanoneedle, nanocavity, and bottlelike
vices using nanostructures as cathode materials, such &sd arrays, respectively. These nanorods have perfect orien-
field-emission flat displaysx-ray source$,and microwave tation perpendicular to the substrate, and are well aligned in
devices® Although carbon nanotubg€NTs) have attracted very high coverage density. The ZnO nanoneedles have
much attention due to their low turn-on fields and large emissharp tips[Fig. 1(a)], the nanocavity consists of a gradual
sion current$;® detailed study on the field-emission proper- pillar and a flat hexagonal faceted heddg. 1(b)], and the
ties of oxide semiconductor nanowires is desirable and a ldbottlelike nanorods consist of a well-faceted stem and a
of work has been reported. Among them, as a wide band-gagmall faceted headFig. 1(c)]. The average radius of the
semiconductor, ZnO is a very important oxide due to its penanoneedles, nanocavities, and bottlelike rods are 50, 120,
culiar properties, such as large exciton binding energy, higland 175 nm, respectively, as summarized in Table I.
thermal stability, and oxidation resistance in harsh environ-  The field-emission properties of the three kinds of nano-
ments. ZnO nanowires were synthesized via different methrod arrays were measured using a two-parallel-plate configu-
ods, including the physical vapor deposition approach andation in an ultrahigh vacuum chamber with a pressure better
using anodic alumina membrane®and their field-emission than 3x 107 Pa at room temperature. Details of the mea-
properties have been reported, such as well-aligned Zn®urement system and procedure were reported previbfﬁsly.
nanowires grown at low temperatutt&€nO nanowires on a
tungsten substrat8,ZnO nanoneedle arra)]/§,12tetrapodlike O
ZnO nanostructures, gallium-doped ZnO nanofiber ‘ TN
arrayst* and ZnO nanowires grown on carbon clotflhese AV Rk
works revealed excellent field-emission properties of the \ ,‘W\
ZnO nanostructures and shed light on potential applications ' ,NW

N\

i

J

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 metfoathich
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

dauthor to whom correspondence should be addressed; electronic maiFIG. 1. Typical SEM images of the three different ZnO nanorod arr@ys.
yudp@pku.edu.cn Nanoneedles(b) nanocavities(c) bottle shaped.
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TABLE |. Field emission properties and morphological characteristics of the ZnO nanorod drraye average radiug3: the field enhancement factor
obtained from the F-N plotginge the field enhancement factor obtained from Filip model for a single emitter; Density: the nanorod density on the substrate
estimated from SEM images.

r Turn-on field Threshold field Density
Morphology (nm) (VI um) (V1 um) B Bsingle (ferr?) S ]
Nanoneedle 50 2.4 6.5 1464 9201 .30 0.159 2.75%
Nanocavity 120 4.1 11.6 1035 3834 K10 0.270 0.47%
Bottlelike 175 4.6 — 809 2629 5:810° 0.307 0.41%

As-grown samples with different morphologies were stuck inthe highest) at the sameE value. At the same time, the
turn onto a stainless-steel sample stage using conductirtgrn-on fields from the nanocavity and bottlelike nanorod
glue to act as the cathode. Another parallel stainless-steekrays are 4.1 and 4.6 Yum, respectively, as summarized in
plate served as the anode at a fixed cathode—anode spacingTable I. It is noted that the threshold field from the bottlelike
460 um during all the measurements. A high voltage ofstructure was not be obtained due to its very small current
~5 kV was applied to the as-grown nanorod arrays beforalensity in the voltage range of our facility, far below
each measurement for removal of contaminants and degas-mA/cn?.
sing the samples. A voltage with a sweep step-60 V was To further analyze the emission properties of the above-
applied between the anode and cathode to supply an electritescribed ZnO nanorod arrays, the classic Fowler—Nordheim
field E to extract the electrons out of the nanorods. The emis¢F—N) law,*® which was induced on the base of the electron-
sion current was monitored using a Keithley emission properties from a semi-infinite flat metallic surface,
485 picoammeter. was used to describe the relationship betweenlthad the
The field-emission results from the three samples ardocal field nearby the emittef,,.,, which is usually related
summarized in Fig. 2. The curves of the emission currento the average applied fiel as follows:
densityJ vs E from the three samples are shown in Figg)2 Vv
It is visible that the nanoneedle arrays has the best field- E|oca|=,8E=ﬁa, (1)
emission property with the lowest turn-on fieldefined as
the E where theJ is distinguished from the background whered is the interelectrode spacinyd,is the applied voltage
noisg of ~2.4 V/um, the lowest threshold fiel@efined as  and 8 quantifies the ability of the emitter to amplify tHe
the E where theJ arrives at 1 mA/crf) of ~6.5 V/um and  and is defined as the field enhancement factor. Under this
frame, the F-N law is expressedas

22 3/2
25 (a) ——bottle-like J= ,7a<5 E )ex%i» )
—+— nanocavity o} ,BE
201 —O~ nanonesdie wherea=1.54x 106 AV-2eV, b=6.83x 10° V m~1 eV-32,
— and ¢ is the work function, which is estimated as 5.3 eV for
NE 154 ZnO? The factor 7 describes the geometrical efficiency of
o electron-field emission, i.e., it is equal to the ratio of an ac-
< 10 tual emitting surface area to an overall surface area. To de-
£
S osd termineg, it is easy to trace the F—N plot throughJhE? vs
: 1/E, which follows a linear relationship with the slope de-
] pendent of¢ and 8. The enhancement factgr can be thus
0.0 determined by fitting the slope value and taking a reasonable
2 ¢ value. Figure ) corresponds to the F—N plots of the
three different ZnO nanorod arrays, showing that the field-
2 emission behaviors from the measured samples can be well
(b) —A- bottle-like described by the F-N law. In addition, the F-N plots show a
-1 %%z% —*— nanocavity straight line at low currents from every sample, and devia-
= % —o— nanoneedle tions were observed at a high electric fiéldThe obtained
-8 %%% field enhancement factors from the F—N plots are also sum-
& 10 %o marized in Table I. The ZnO nanoneedle has the higjgest
% 2] Y N value (1464 compared to the nanocavitf035 and bottle-
= *, °\>\ like arrays(809. The B8 vs 1/r plot was given in Fig. 3 to
L 144 % : . . .
% "\o help to find out the relationship between teand the emit-
-16+ % ter radius. It is clear thg8 follows a certain trend with I/
-18 &AA * which is the smaller the radius of the emitters, the higher the
20—, i — — B. It can be seen from Table | that the nanoneedle arrays that
010 015 020 025 030 035 have the lowest turn-on and threshold fields, have the highest
1/E B and the smallest radius So the excellent field-emission

FIG. 2. (a) J-E plots of the field emission from the three ZnO nanorod property ar_1d the hlgbﬂ were clogely related to the fact that
arrays at a working distance of 460n; (b) the corresponding F-N plots the_ local field acted at the emitters was greatly enhanced
showing rough linear dependence. owing to the small emitter radius on nanoscale.

Downloaded 08 Sep 2013 to 150.216.68.200. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions



203115-3 Zhao et al. Appl. Phys. Lett. 86, 203115 (2005)

On the other side, obvious nonlinearity was observed in
Fig. 3, indicating thajB 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;,c; can be expressed by Filip
modef?

V \Y
EIocaI: S? + (1 _5)51 (3)

0.0204
0.016{

0.012

0.008- /

1/ (1/nm)

wherer is the radius of the emitter anslis a parameter 0.004
describing the degree of the screening effect, which ranges "7 7800 900 1000 1100 1200 1300 1400 1500
from O for high densely arranged emitters to 1 for a single B

one. Combining the expressidh) with Eq. (3), another ex-
pression can be derived to estimate the field enhancement
factor 8 from array emitters

FIG. 3. Bvs 1/r plot.

d d the local field at the emitters that decreaseg@mwving to the
B=1 +S<F - 1) =1+s. (4)  screening effect. So in order to get excellent field emission,
both the small emitter radius and appropriate growth cover-

Substituting thed value and the averagefor the three dif- age are necessary. The as-fabricated high ordered ZnO nano-
ferent ZnO nanorod arrays @s1 for a single emitter, the rod arrays offer a promising candidate in future device ap-
enhancement factors were estimated to be 9201, 3834, afdications such as flat panel displays and high brightness
2629 for a single nanoneedle, nanocavity, and bottlelike rodelectron sources.
respectively, as shown in Table I. The resultant enhancement This project is financially supported by the National
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to 1/r. However, both the nonlinear shape in Fig. 3 and thes0472024, 20151002and National 973 project&rant No.
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