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Ultra-long and well-aligned ZnO nanowire arrays have been synthesized on p-Si (8–13 � cm) substrates
by vapor phase transport (VPT) method. The length of the nanowire arrays can be modified by adjusting
the distance between the source and substrates. Their field emission properties were investigated and
the lowest turn-on voltage was observed at 1.08 V/�m. The exceptional field emission performances are
attributed to the intrinsically high aspect ratios of ultra-long ZnO nanowire arrays. Our results show
another feasible route to enhance field emission performance of ZnO nanowire arrays.
eywords:
ield emission, ZnO nanowire arrays

. Introduction

Field emission (FE) has attracted great attention due to its
umerous applications in flat panel display (FPD), electron micro-
cope, electron spectroscopy, luminescent tube and other vacuum
lectronic devices that require electron sources [1–4]. Arrays
f one-dimensional (1-D) nanostructures with high aspect ratio,
roper areal density are suitable to produce high FE current at mod-
rate electric field [5]. 1-D nanostructure arrays, such as carbon
anotubes (CNTs), ZnO, GaN, ZnS and AlN have been considered to
e good cold cathode materials for FE applications [6–10]. Among
hese promising candidates, inherent n-type conductivity of 1-D
nO nanostructures, their thermal stability and oxidation resis-
ance justify them as potential cathode material for FE [5].

Following the first study of FE property of well-aligned ZnO
anowires by Lee et al. [11], much attention has been paid to inves-
igate and improve the performances of 1-D ZnO field emitters,
ncluding lower turn-on field, higher FE current and higher stability,
tc. Generally, two routes are widely adopted to improve the field
mission performances. One route is to lower the work function of

nO emitters by annealing in hydrogen ambience [12], hydrogen
lasma treatment [13], through doping [14] or coupling with other
aterials [15,16]. The other route is to increase the aspect ratio

ratio of the length to tip radius) of emitters by fabrication nanopen-
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cils or nanoneedles with sharp emission tips [17–20]. Table 1 lists
the key parameters of some 1-D ZnO field emitters in the previous
literatures. It can be clearly seen that FE performances have been
greatly enhanced by using above approaches [5,7–15]. Herein, we
adopt another approach which is not to minimize the tip radius of
emitter but to increase the length of ZnO nanowire arrays. We find
a facile approach to fabricate ultra-long ZnO nanowire arrays with
length varying via a one-step vapor phase transport (VPT) process,
and the aspect ratio can be controlled gradually by adjusting the
length of nanowires. FE characterization indicates the extremely
low turn-on field voltages (the lowest one is about 1.08 V/�m) and
high field enhancement factor were achieved.

2. Experimental procedure

Synthesis of vertically-aligned and ultra-long ZnO nanowire arrays was carried
out in a tubular electric resistance furnace via a carbothermal reduction process. The
experiment setup is similar to Ref. [22]. Briefly, 0.5 g of ZnO and graphite powder
(well mixed by grinding) were loaded in the close end of one-end sealed slender
quartz tube. Several p-type Si (1 0 0) (8–13 � cm) substrates coated with c-axis ori-
ented ZnO seed layers sputtered by pulsed laser deposition (PLD) [23] were placed
in the downstream of the source. The slender quartz tube was inserted into the
large quartz tube with the source positioned in the center of the furnace. Then, the
furnace was heated to 880 ◦C and kept for 30 min under air flow with a fixed flow
rate of 2 sccm. The quartz chamber was evacuated to about 1 Torr during the whole
synthesis process. After the reaction completed, uniform wax-like products were
deposited onto all the seed wafers. Samples S1, S2 and S3 were obtained at 5, 10 and
15 cm away from the source materials.
The as-grown wax-like products were characterized by field emission scan-
ning electron microscopy (FE-SEM) (FEI Sirion-200), X-ray diffraction (XRD) (Philips
X’pert PRO diffractometer), and high-resolution transmission electron microscopy
(HRTEM) (JEOL 2010). Raman spectrum was performed on a LabRamHR Raman
Microspectroscope by using an Ar+ laser excitation at 514.5 nm. FE properties were
measured with diode configuration in a vacuum chamber at a pressure of about

http://www.sciencedirect.com/science/journal/09258388
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0−5 Pa at room temperature. A dc voltage sweeping from 0 to 1500 V was applied
o the nanowire arrays. The gap between the anode and ZnO sample was 1000 �m.
. Results and discussion

For a given material, it has been demonstrated that the geome-
ries of the 1-D emitters, including their aspect ratio, alignment

ig. 1. FE-SEM images of as-synthesized ZnO nanowire arrays field emitters: (a), (d) and
re FE-SEM top views of samples S1, S2, and S3, respectively. The insets show enlarged vi
Compounds 491 (2010) 72–76 73

degree and density, play an important role in FE performances
[24]. Fig. 1 reveals the morphologies of the as-synthesized ZnO

nanowire arrays. The FE-SEM cross sectional views of S1, S2 and
S3 are shown in Fig. 1(a), (d) and (g), respectively. It can be clearly
seen that ZnO nanowire arrays with uniform length grown per-
pendicularly to the Si wafers. The length of S1, S2 and S3 are
30.0 ± 1.7 �m, 46.2 ± 3.5 �m and 75.8 ± 1.7 �m, respectively. Ultra-

(g) are cross sectional views of samples S1, S2, and S3, respectively. (b), (e) and (h)
ews. (c), (f) and (i) are diameter histograms of S1, S2, and S3, respectively.
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Fig. 1.

ong nanowires can be synthesized, possibly due to ample supply
f Zn vapor (produced by carbothermal reduction of ZnO) and
2 vapor (supplied by carrier gas) that facilitate fast growth of
anowire arrays. S3 is the longest, but S3 bent more than S1
nd S2. The FE-SEM top views of samples S1, S2 and S3 (shown
n Fig. 1(b), (e) and (h), respectively) demonstrate nanowires as
ell as nanowire bundles are grown almost vertically on the sub-
trate. Some of nanowires are tilted and clung to each other at the
ip area, which is attributed to electrostatic interaction of polar
0 0 0 1) faces [25] and flexibility of 1-D nanowires. S3 is seriously
ilted at the top in comparison with S1 and S2, which is consis-

able 1
ey parameters of typical 1-D ZnO emitters previously reported in the literature. The tu
ensity of 1 �A/cm2 and 1 mA/cm2 [21], respectively. Turn-on field is also defined as the

s the field enhancement factor.

Routes for improving FE performance Morphology Vto

‘Intrinsic’ 1-D Nanowires 6 (
Emitters Nanowires 18 (

Doping & decorate & coupling Al:ZnO nanowires 2.
Ag/ZnO nanorods 1.
ZnO nanowires/C <0.

Minimizing the radius of emission tips Nanocones 3.
Nauopencils 0.
Tip fabrication 1.
Nanoneedles 2.
Nanopencils 3.
inued ).

tent with SEM cross sectional observations. SEM enlarged images
in the inset of Fig. 1(b), (e) and (h) indicate the nanowires have
flat quasi-hexagonal tops. The majority of nanowires have a diam-
eter of about 200 nm, and some thin nanowires (<100 nm) can be
observed. A few nanowires are thicker than 300 nm due to combi-
nation of several thin nanowires. Diameter histograms are shown in

Fig. 1(c), (f) and (i), respectively. The mean diameter of S1, S2 and S3
can be estimated to 191 ± 130 nm, 202 ± 122 nm and 249 ± 150 nm,
respectively by Gauss fitting of these histograms.

Fig. 2(a) shows a typical XRD pattern of the as-synthesized
nanowire arrays. The sharp and dominant (0 0 2) diffraction peak

rn-on (Vto) and threshold (Vth) fields are defined as the field required at a current
field required at a density of 0.01, 0.1 or 10 �A/cm2, which are noted in bracket, ˇ

(V/�m) Vth (V/�m) ˇ Year Reference

0.1) 11 847 2002 [11]
0.01) 24 (0.1) 372 2003 [7]

9 3.7 1710 2006 [14]
9 (10) – – 2007 [15]
7 0.7 40,000 2004 [16]

7 (10) – 2600 2007 [15]
85 (0.1) 5 8328 2007 [17]
7 (10) – 3513 2009 [18]
4 6.5 1464 2005 [19]
8 (10) 5.8 2776 2009 [20]
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And the F–N plots show roughly linearity for all the samples, imply-
ing that a quantum tunneling mechanism is responsible for the
emission [3,13]. B is constant, taking the work function of ZnO as
ig. 2. Structural characterizations of ZnO nanowire arrays: (a) a typical XRD pat-
ern; (b) HRTEM image of a single nanowire. The inset is the corresponding SAED
attern.

ndicates the nanowire arrays are highly oriented with [0 0 2] direc-
ion normal to the substrate. The selected area electron diffraction
SAED) pattern in the inset of Fig. 2(b) can be indexed as single crys-
alline hexagonal wurtzite ZnO structure. A typical HRTEM image
Fig. 2(b)) also confirms the ZnO nanowire is well crystallized with-
ut any defects. The interplanar spacing of 0.52 nm corresponds to
0 0 2) planes of ZnO, indicating the growth direction is along c-axis,
hich agrees well with XRD result.

The Raman scattering was performed to investigate the vibra-
ional property of the ZnO nanowires arrays. The micro-Raman
eaks located at 439, 520, 580, and 1145 cm−1 were clearly
bserved in Fig. 3. All the scattering peaks except for 520 cm−1

belonging to Si–Si scattering) can be well indexed to pure 1-D ZnO
rrays [26,27]. The dominant peak at 439 cm−1 is attributed to ZnO
on-polar optical phonons high E2 mode. The relatively wide bands
t 580 and 1145 cm−1 are of E1 symmetry with LO and 2LO modes,
espectively.

FE measurements of as-synthesized nanowire arrays were car-
ied out in a vacuum chamber with a diode configuration, in which
lectrons would tunnel through a surface potential barrier and emit
nto a vacuum region at the presence of a high electric field. This
henomenon is seriously dependent on both the property of the
mitter (work function ϕ) and the shape of the cathode [24]. And
he relationship between emission current density and applied field
an be described by Fowler–Nordheim (F–N) equation:

= Aˇ2E2
· exp

(
−B�3/2

)

� ˇE

here J is the FE current density in the unit of A/cm2, E is the applied
lectric field in the unit of V/�m, A and B are constants with values of
.54 × 10−6 A V−2 eV and 6.83 × 103 V eV−3/2 �m−1, respectively. ˇ
Fig. 3. Typical Raman spectrum of as-synthesized ZnO nanowire arrays.

is the geometric field enhancement factor, which reflects the ability
of the emitters to enhance the local electric field.

The FE characteristics of ultra-long ZnO nanowire arrays emit-
ters are shown in Fig. 4. The turn-on (Vto) fields (indicated by a
dash horizontal line in Fig. 3) are 1.56, 1.27 and 1.08 V/�m for
S1, S2 and S3, respectively. These values are much lower than
the intrinsic nanowires emitters (not so long, with flat top) [7,11],
and are comparable with those nanoneedles or nanopencils emit-
ters with extreme sharp tips (<10 nm) [15,17]. However, controlled
synthesis of ultra-long ZnO nanowire arrays is relatively easier
than those nanoneedles emitters. Moreover, the thick nanowire
arrays emitters with a diameter of ∼200 nm and flat top should
be more chemically stable than those sharp tips emitters due to
much smaller quantities of dangling bonds, terraces and kinks exit.

FE characteristics were further demonstrated in the F–N plots
shown in Fig. 5. The linear relationship between ln(J/E2) and 1/E is
given by the following equation:

ln
(

J

E2

)
= −B�3/2

ˇ
· 1

E
+ ln

(
Aˇ2

�

)

Fig. 4. J–E plots of ZnO nanowire arrays emitters. The dash line corresponds to the
turn-on field.
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Table 2
Summary of the dimensions of ZnO nanowire arrays emitters, turn-on voltage Vto and enhancement factor ˇ.

Sample ID Length (�m) Diameter (nm) Aspect ratio Density (107/cm2) Vto (V/�m) ˇ

S1 30.0 ± 1.7 191 ± 130 ∼157
S2 46.2 ± 3.5 202 ± 122 ∼229
S3 75.8 ± 1.7 249 ± 150 ∼304
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Fig. 5. F–N plots of ZnO nanowire arrays emitters.

.3 eV [28], by calculation the slopes of fitting lines k = −B�3/2/ˇ
n Fig. 4, the values of ˇ are estimated to be 7328, 9567 and 9884 for
1, S2 and S3, respectively. The calculated field enhancement factor
for ultra-long nanowire arrays is much higher than the previous

eported values of 1-D ZnO arrays with sharp tips [18–20]. We con-
lude that such high enhancement factor is responsible for the low
urn-on field of our sample.

The diameter, aspect ratio and density of nanowire arrays, as
isted in Table 2, are critical factors to achieve high emission effi-
iency and field enhancement factor [5]. It can be clearly seen that
he turn-on field decreases gradually with increasing the length of
anowire arrays (aspect ratio), and the field enhancement factor

ncreases accordingly. In addition to aspect ratio, the areal density
f the emitters should be taken into account. Low areal density
ith small number of emitting tips was generally considered as

he reason for low emitting ability. While on the contrary, high
real density would result in screening effect and high turn-on field
29,30]. The effect of nanowires’ density on the FE performances
f 1-D ZnO emitter has been systematically investigated by Wang
nd Weintraub et al. The optimal areal density was assumed to
e 6.4 × 109 and 7 × 108/cm2, respectively [31,32]. The areal den-
ity of our emitters (∼107/cm2) is much lower than the optimized
alue. Therefore, the screen effect in our samples should be quite
eak and the excellent FE performances were mainly attributed to
igh aspect ratio. Aligned ultra-long ZnO nanobelts (about 3.3 mm)
ave been synthesized by Ren’ group via a molten-salted-thermal
vaporation method, low turn-on field of 1.3 V/�m at a current
ensity of 10 �A/cm2 was achieved [33]. All these results indicate
hat increasing the aspect ratio by elongating the length of ZnO
anowires is an effective route to improve the FE performances of
mitters.

. Conclusions
In conclusion, we have successfully fabricated ultra-long ZnO
anowire arrays via a facile vapor phase transport process. The

mproved FE performances could be achieved by increasing the
spect ratio of 1-D ZnO arrays. Instead of commonly minimizing

[

[

[

∼8.1 1.56 7328
∼4.0 1.27 9567
∼1.3 1.08 9884

the tip radius of 1-D arrays, we adopted an alternative approach by
increasing the length of 1-D arrays to increase the aspect ratio. FE
characterization indicates that the turn-on field decreases with the
length elongating of nanowire arrays, and ultra-low turn-on field
about 1.08 V/�m were also achieved by this method, our results
imply longer ZnO nanowire arrays are good candidate for field
emitters in the future.
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