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Thin SnO 2  Nanowires with Uniform Diameter as Excellent 
Field Emitters: A Stability of More Than 2400 Minutes
 The stability of a fi eld-emission event, i.e., the stability of the emission cur-
rent over a long period of time, against thermal effects, etc., is one of the key 
factors for its application in real devices. Although nanostructures have the 
advantages of high aspect ratios and faster device turn-on times, the small 
masses and large surface areas make them vulnerable to both chemical and 
physical damages and they have a lower melting point compared to bulk 
materials of same compositions. SnO 2 , one of the most attractive oxide semi-
conductors, which has with a relatively low work function of 4.7 eV, has been 
a perspective candidate for fi eld emitters. A highly stable fi eld emitter based 
on thin and quasi-aligned SnO 2  nanowire ensembles with uniform diameter 
is shown. Field-emission measurements of these SnO 2  nanowire ensembles 
show low turn-on and threshold voltages of 3.5 V  μ m  − 1  and 4.63 V  μ m  − 1 , 
respectively, at an anode–sample distance of 200  μ m and very long term scale 
stability of more than 2400 min, acquired at the electric fi eld of 4.65 V  μ m  − 1 . 
Such values are not only better than those of the recently developed SnO 2  
nanostructures with different morphologies and of randomly oriented SnO 2  
nanowire ensembles with a similar diameter distribution, but also compa-
rable with the most widely studied fi eld-emission materials, such as carbon 
nanotubes and ZnO nanostructures. The potential for using these thin SnO 2  
nanowire ensembles with uniform diameter in fi eld emitters is shown, with 
particular promise in those operated for long-term real device applications. 
  1. Introduction 

 One-dimensional (1D) inorganic semiconductor nanostruc-
tures, such as nanowires, nanobelts, and nanotubes, are not 
only attracting tremendous interest due to their unique physical 
and chemical properties intrinsically associated with their low 
dimensionality and the quantum confi nement effect, [  1–5  ]  but 
also offer several unique features for numerous applications 
because of their precisely controlled size, shape, interfacial 
properties, and photochemical and electronic properties. [  6–10  ]  
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Due to their high surface-to-volume 
ratios and rationally designed surfaces, 
1D inorganic semiconductor nanostruc-
tures can be used as the ideal building 
blocks for constructing high-performance 
nanodevices, such as fi eld emitters, [  11  ]  
solar cells, [  12  ]  lasers diodes, [  13  ]  fi eld-effect 
transistors, [  14  ]  optoelectronic sensors, and 
piezo nanogenerators. [  15–17  ]  

 Field emission (FE, also known as elec-
tron fi eld emission) is an emission of 
electron that is induced by external electro-
magnetic fi elds. In the case of a nanostruc-
ture, it has the advantage of faster device 
turn-on time, compactness, and sustain-
ability compared to conventional bulky 
technologies. [  18  ]  It is generally accepted 
that the intrinsic fi eld enhancement of 
an individual nanowire is approximately 
proportional to its aspect ratio (length-to-
radius ratio). [  19  ]  It has been demonstrated 
that fi eld-emission performance of a given 
material can be effectively optimized by 
increasing its aspect ratio. For example, 
Ren and co-workers observed enhanced 
fi eld-emission from ultralong ZnO nano-
belts with increasing aspect ratio. [  19  ]  
Ultrafi ne ZnS nanobelts with high aspect 
ratios have been demonstrated to be excellent fi eld emitters 
with a relatively low turn-on fi eld and a high fi eld-enhancement 
factor, although the work function of ZnS (7.0 eV) is larger than 
many other inorganic semiconductors. [  20  ]  

 Tin dioxide (SnO 2 ) is an n-type, wide-bandgap, metal-oxide 
semiconductor with a direct bandgap of  ≈ 3.6 eV. [  21  ]  1D SnO 2  
nanostructures with various morphologies have been com-
monly used as the detecting element in effective gas sensors 
and are ideal building blocks for nanoscale optoelectronic 
devices. [  22–25  ]  With a relatively low work function of 4.7 eV, 
compared with other fi eld-emission materials such as C 
nanotubes (5.0 eV), ZnO (5.3 eV), ZnS (7.0 eV), SnO 2  is also 
a potential candidate for fi eld emitters. However, until now, 
the studies on the FE properties of SnO 2  nanostructures have 
been rather limited compared to other fi eld emitters such as 
carbon nanotubes and ZnO nanomaterials. [  19  ]  Although the 
fi eld emission properties of 1D SnO 2  nanobelt arrays as well 
as rod-shaped and wire-shaped SnO 2  nanowhiskers have been 
reported, [  26–29  ]  the performance of these fi eld-emitters should 
be further improved; in particular the FE stability, i.e., stability 
of the emission current over a long period of time, should be 
enhanced. 
1613wileyonlinelibrary.com
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     Figure  1 .     SEM image of the as-synthesized SnO 2  product, displaying 
quasi-aligned wire-like nanostructures.  
 Very recently, we have demonstrated that an ultraviolet 
photodetector based on thin SnO 2  nanowires with uniform 
diameter exhibits an ultrahigh external quantum effi ciency of 
1.32  ×  10 7 . The typical length of the nanowires is approximately 
30–40  μ m, with uniform diameter. [  30  ]  Motivated by these results 
and the unique advantages of ultrahigh aspect ratio of the SnO 2  
nanowires, here we report their FE properties. This shows that 
the long and thin SnO 2  nanowires with uniform diameter are 
14 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G

     Figure  2 .     a,b) High-magnifi cation SEM and TEM images of SnO 2  nanowires, resp
the Gaussian fi t. d) A typical TEM image of a single SnO 2  nanowire with a tip-en
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(c) (d
good fi eld emitters with low turn-on and threshold voltages of 
3.5 V  μ m  − 1  and 4.63 V  μ m  − 1 , respectively, and particularly good 
long-term stability of more than 2400 min. The excellent fi eld-
emission characteristics suggest the use of such nanostructures 
as building blocks is expected to play crucial roles in future 
nanodevices.   

 2. Results and Discussion 

 The as-synthesized sample was fi rst characterized by scan-
ning electron microscopy (SEM) and X-ray diffraction (XRD) to 
demonstrate the high purity, high yield, and structural control. 
 Figure    1   shows the typical SEM image of the product. A large 
quantity of quasi-aligned wire-like nanostructures can be found, 
which is similar what is shown in Figure 1b of ref [30]. The 
observations reveal that a typical length of the wires is about 
30 to 40  μ m. XRD measurements indicated that the products 
are high purity tetragonal rutile structure without impurities. [  30  ]  
 Figure    2  a,b shows high-magnifi cation SEM and transmission 
electron microscopy (TEM) images. It is clearly shown that the 
wire-like morphology and the nanowires have smooth surfaces 
and uniform dimensions across their entire length. There is 
evidence that the diameters of these SnO 2  nanowires show a 
narrow distribution. A statistical measurement was carried 
out and a Gaussian distribution result is shown in Figure  2 c. 
Such narrow diameter distribution, high aspect ratio, and sur-
face-to-volume ratio of the nanowires are always expected for 
high-performance fi eld emitters with good stability, low turn-on 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1613–1622

ectively. c) A statistical distribution of the nanowire diameters. The red line shows 
d nanoparticle and e) the corresponding EDS spectrum of the nanowire stem.  
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     Figure  3 .     a) TEM image of a single SnO 2  nanowire with a typical diameter of  ≈ 25 nm. b) High-magnifi cation TEM image of the part labeled with black 
rectangle in (a). The inset shows the corresponding SAED pattern; the electron beam is parallel to [010] direction. c) An enlarged lattice-resolved 
HRTEM image taken from the black rectangle-labeled area in (b). d) High-magnifi cation TEM image of section marked with white rectangle in (a). The 
inset shows the corresponding SAED pattern. e) An enlarged lattice-resolved HRTEM image taken from the white rectangular marked area in (d).  
and threshold fi elds, and high fi eld enhancement factors (  β  ). [  18  ]  
Figure  2 d shows a typical image of a single nanowire with a 
diameter of about 23.0 nm, in which a nanoparticle was found 
on the tip of the nanowire. It suggests that the growth of SnO 2  
nanowires follows the vapor–liquid–solid (VLS) mechanism, as 
reported previously. [  31  ]  The corresponding X-ray energy-
dispersive spectroscopy (EDS) spectrum acquired from the 
nanowire stem in Figure  2 d confi rms that the nanowire 
consists of Sn and O with a stoichiometric SnO 2  composition. 
The Cu peaks are caused by the TEM grid.   

 A representative structural characterization of individual 
SnO 2  nanowires is presented in  Figure    3  . Two segments, 
marked with rectangles (Figure  3 a), were chosen to study 
the crystal structure. Figure  3 b shows a high-resolution TEM 
(HRTEM) image of the part labeled with black rectangle in 
Figure  3 a, and the inset illustrates the corresponding selected-
area electron diffraction (SAED) pattern, which suggests that 
the SnO 2  nanowire has a tetragonal phase. The sharp contrast 
of the diffraction dots indicates that the nanowire is highly crys-
tallized. This is further demonstrated by the enlarged lattice-
resolved HRTEM image (Figure  3 c), which reveals a clear 2D 
lattice fringe that is free of defects. The marked spacings of 
 ≈ 0.24 and  ≈ 0.27 nm of the lattice fringe correspond to the dis-
tances of (200) and  (101̄)   planes of the tetragonal SnO 2 , respec-
tively. The other segment, marked with white rectangles in 
Figure  3 d,e, gives similar results. These confi rm that the whole 
SnO 2  nanowire is single-crystalline with high-quality and uni-
form microstructures. It is also noted that the growth direction 
of the present SnO 2  nanowire is different from that of our 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1613–1622
previously reported one. [  30  ]  The  < 101 >  directions are equivalent 
in the crystallography of tetragonal SnO 2 . As the surface energies 
between (101) and  (101̄)    are quite similar, a slight fl uctuation 
of the reaction conditions might induce a change in the growth 
direction. [  32  ]  It is rational to identify that the SnO 2  nanowires 
with the two growth directions both exist in our sample, which 
was confi rmed by detailed HRTEM observations.  

 A detailed chemical analysis was carried out using ele-
mental mappings and line-scanning elemental mapping. 
 Figure    4   shows a typical scanning transmission electron micro-
scopy (STEM) image of a single-crystalline SnO 2  nanowire 
and the corresponding elemental maps, demonstrating that 
Sn and O are homogeneously distributed within each indi-
vidual nanowire. At the initial tip, an Au nanoparticle could 
clearly be observed and acts as the catalyst to guide the growth 
(Figure  4 d). The average diameter of the nanowire is close to 
the size of the gold particle. Line-scanning (indicated by a line 
in  Figure    5  a) elemental mapping of the gold nanoparticle was 
performed and the result is shown in Figure  5 b. Low amounts 
of Sn and O were detected. These results demonstrate undoubt-
edly that the growth of SnO 2  nanowires is dominated by the 
VLS mechanism. The enlarged lattice-resolved HRTEM image 
of the interface is shown in Figure  5 c. The marked d-spacings 
of  ≈ 0.24 nm and  ≈ 0.24 nm correspond to the distances of 
Au (111) planes and SnO 2  (020) planes, respectively. Such low 
lattice mismatch allows an epitaxial relationship between the Au 
and SnO 2  with little strain. That might be the reason why 
the Au nanoparticle shows the rectangular shape while most of the 
Au nanoparticles exhibit sphere-like shapes as a catalyst for the 
1615wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     a) Typical high-angle annular dark fi eld (HADDF) STEM of a single SnO 2  nanowire with 
a nanoparticle on the tip. b) O, c) Sn, and d) Au elemental maps for the SnO 2  nanowire in (a).  
growth of nanowires. [  33  ]  It is noted that the growth direction 
can be identifi ed in Figure  3 c (or e) since the planes are (200) 
and  (101̄)  . However, in Figure  5 c, only the (020) plane can be 
clearly observed and it is diffi cult to identify the growth direc-
tion. Furthermore, as the (200) (Figure  3 c) and (020) (Figure  5 c) 
planes are perpendicular to each other, it is possible that the 
nanowires shown in the two pictures could possess the same 
growth direction.   

 As discussed above, the growth of SnO 2  nanowires is domi-
nated by an Au-catalyzed VLS mechanism. The diameter of 
the SnO 2  nanowire is determined by the Au nanoparticle 
size.  Figure    6  a shows a typical SEM image of the Au nano-
particles obtained under the same experimental conditions 
with the absence of the source materials. The diameters of Au 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein

     Figure  5 .     a) HADDF STEM image the SnO 2  with an Au nanoparticle tip. b) The correspondin
(as indicated by the line in (a)). c) An enlarged lattice-resoºlved HRTEM image of the interface b
nanoparticles, which were statistically meas-
ured from 200 particles displayed, a Gaussian 
distribution with the maximum diameter of 
12.6  ±  6.0 nm (Figure  6 b). This is slightly 
smaller than the diameter of SnO 2  nanowires. 
Considering the effect of thermal expansion 
and formation of Au–SnO 2  alloy, the size dis-
tribution of Au nanoparticles is coincident 
with that of SnO 2  nanowires, which may be 
responsible for the narrow distribution of the 
SnO 2  nanowire diameters.  

 Twin-crystal structure with a twin 
boundary of the (101) plane was occasion-
ally observed for nanowires during the TEM 
measurements. According to numerous 
HRTEM observations, the twin-crystal SnO 2  
structure made up several percent of the 
entire product. As shown in  Figure    7  a, the 
SnO 2  nanowire contains two crystal domains 
with different contrast with a line parallel to 
the axial of nanowire indicating the twinning 
plane. The corresponding SAED pattern 
(Figure  7 b) with the electron beam parallel 
to [010] direction of tetragonal SnO 2  reveals 
complete crystallography information. One 
can clearly see that two sets of electron dif-
fraction (ED) patterns are simultaneously visible, as plotted 
with green and yellow colors. Further analysis indicates that 
the two crystal domains are structurally mirrored with respect 
to the central axis, which is refl ected in the HRTEM image 
(Figure  7 c). The marked interplanar  d  spacings are  ≈ 0.24 nm 
and  ≈ 0.27 nm, which correspond to the (200) and (101) lat-
tice planes of the tetragonal SnO 2 , respectively. The twin 
boundary can be deduced to be the (101) plane. The detailed 
structural relationship between the twin crystal domains is 
well illustrated in the structural model shown in Figure  7 d, 
in which the combination of (200) planes can be well under-
stood. Kinetically, the (101) and  (1̄01)    planes are identical in 
the growth of the crystal in the case of the tetragonal struc-
tural SnO 2  crystal. [  34  ]  In addition, the (101) and  (1̄01)    planes 
heim Adv. Funct. Mater. 2012, 22, 1613–1622

g EDS line scan profi le across the Au nanoparticle 
etween the nanowire and the Au tip.  
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     Figure  6 .     a) SEM image of the Au nanoparticles obtained under the same experimental conditions in the absence of source materials. b) A statistical 
distribution of the diameters of Au nanoparticles and the corresponding Gaussian fi t.  
are also close-packed and polarized planes. The [101] and 
 [1̄01]    are both prior directions for the growth of crystal. There-
fore, SnO 2  has a trend to form branched, zigzag, and spring 
nanostructures, as reported previously. [  32  ,  34–37  ]  Although such 
a highly symmetric crystal structures have also been observed 
in hexagonal nanostructures, such as ZnS and GaN, [  38  ]  it is 
noted that to date there are few reports on the SnO 2  twinning 
nanowires. [  39  ]  On the basis of the structural analysis and mor-
phology characterization above, a possible growth mechanism 
of the twin structure is proposed as follows. First, the SnO 2  
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1613–1622

     Figure  7 .     a) TEM image of a typical twinning SnO 2  nanowires and b) the co
of the twinning structured nanowire. d) A schematical diagram depicting th
precursors precipitate at the surface of melted Au catalysts at 
a high temperature to generate initial tetragonal nuclei and 
then the polarity of SnO 2  may lead to the preferential growth 
of SnO 2  nanonuclei along a given (200) plane, which shows 
the fastest growth rate. Under the surface tension and tem-
perature fl uctuations, the (200) planes tend to combine by 
accident along the (101) plane to form a symmetrical twin 
structure sharing the same (101) plane. With the continuous 
supplying of SnO 2  precursors, this structure gradually grows 
and is guided by a Au catalyst attached to the initial tip end. 
1617wileyonlinelibrary.combH & Co. KGaA, Weinheim

rresponding SAED pattern. c) An enlarged lattice-resolved HRTEM image 
e twinning structure in the SnO 2  nanowire.  
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      Figure  9 .     Field-emission properties: a)  J – E  curves and b) corresponding 
Fowler–Nordheim plots of quasi-aligned thin SnO 2  nanowire ensembles 
with uniform diameter at anode–cathode distances of 150 and 250  μ m.  

      Figure  8 .     Field-emission properties of quasi-aligned, thin SnO 2  nanowire 
ensembles with uniform diameter at an anode–sample distance of 
200  μ m. a) A plot of the FE current density ( J ) versus an applied 
macroscopic fi eld ( E ) and b) the corresponding Fowler–Nordheim 
ln( J / E  2 ) – (1/ E ) plot.  
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Finally, the twin-crystal SnO 2  nanowires with lengths of tens 
of micrometers are formed.  

 FE properties of the as-grown quasi-aligned SnO 2  nanowire 
arrays were studied in present work.  Figure    8  a depicted 
the emission current density versus the applied fi eld curve 
( J – E ) at an anode–sample distance of 200  μ m from the quasi-
aligned SnO 2  nanowire arrays. As can be clearly seen, the emis-
sion current density  J  exponentially increases with an increase of 
the applied fi eld  E , and the current density arrived 4.4 mA cm  − 2  
when the fi eld is 5.5 V  μ m  − 1 . Such a value is comparable to or 
even better than those of many other 1D inorganic semiconductor 
nanostructures or nanoarrays. For example, it was summarized 
that emission current densities from ZnO nanostructures rarely 
reached 1 mA cm  − 2  at such low electric fi eld unless some spe-
cial treatments were done, such as ion implantation and surface 
modifi cations, because these nanowires are known to barely sus-
tain such high current and easily suffer from discharge or break-
down. [  40  ]  An emission current density of only  ≈ 0.9 mA cm  − 2  
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
was achieved from Si nanowire semisphere-like ensembles 
using a similar measurement system, even if a lower anode–
sample distance of 100  μ m was adopted. [  41  ]  About 1.1 mA cm  − 2  
emission current density was observed from hierarchical core/
shell structures consisting of primary ZnS nanotubes, In core 
nanowires, and ZnS nanowire secondary branches. [  42  ]  The value 
can be much higher at higher electric fi elds if the nanowires 
fi eld emitters are still stable.  Figure    9   shows the fi eld-emission 
properties of same zone under different anode–sample distances 
of 150 and 250  μ m. The emission current density  J  reached 
6.17 mA cm  − 2  at a macroscopic fi eld of 7.33 V  μ m  − 1 .   

 Here, we defi ne the turn-on and threshold fi elds as fi elds 
producing an emission current density of 10  μ A cm  − 2  and 
1 mA cm  − 2 , respectively. From Figure  8 a, the turn-on fi eld and 
threshold fi eld for these quasi-aligned thin SnO 2  nanowire 
ensembles was extrapolated as 3.5 V  μ m  − 1  and 4.63 V  μ m  − 1  at 
an anode–sample distance of 200  μ m. These values are appar-
ently smaller than those of other SnO 2  nano structure-based 
fi eld emitters, which is very desirable for their practical applica-
tions in fi eld emitters (as summarized in  Table    1  ). [  21  ,  26–29  ,  43  ,  44  ]   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1613–1622
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     Figure  10 .     Field-emission current of the thin SnO 2  nanowires with uniform 
diameters, recorded over 2400 min with an electric fi eld of 4.65 V  μ m  − 1 .  
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   Table  1.     Comparison of the key FE parameters between the present thin SnO 2  nanowires with uniform diameter and the previous reports in the lit-
erature for other 1D SnO 2  nanostructures. The turn-on and threshold fi elds are defi ned as fi elds producing an emission current density of 10  μ A cm  − 2  
and 1 mA cm  − 2 , respectively. If the other values are used, it is indicated. 

1D SnO 2  FEs Turn-on fi eld 
[V  μ m  − 1 ]

Threshold fi eld 
[V  μ m  − 1 ]

Field enhancement factor (  β  ) Stability: 
testing time [h]

Reference

Nanowire

2.3 at 0.1  μ A cm  − 1 6.5 2772 at  d  (vacuum gap)  =  

200  μ m

–  [  28  ] 

3.0 at 1 mA cm  − 1 – – –  [  29  ] 

6.5 at 1  μ A cm  − 1 – 2845 –  [  43  ] 

SnO 2 :Sb nanowire 4.9 at 1  μ A cm  − 1 – 3325 –  [  43  ] 

Needle-shaped nanostructures 3.3 5.5 2030 at  d   =  550  μ m 2  [  44  ] 

Nanobelt arrays

4.5, 3.0, 2.4, and 2.3 as  d  is 

100, 200, 350, and 500  μ m 

at 1  μ A cm  − 1 

– 950 at  d   =  100  μ m 2  [  26  ] 

Nanograss 5.612 at 1.44  μ A cm  − 1 – 1477 at  d   =  446  μ m –  [  27  ] 

Zigzag nanobelts 1.9 at 0.1  μ A cm  − 1 5.1 3178 at  d   =  200  μ m –  [  28  ] 

Nanoroda 6.4 – 493.6 at  d   =  100  μ m –  [  21  ] 

Beak-like nanoroda 5.8 – 1402.9 at  d   =  100  μ m –  [  21  ] 

Randomly oriented nanowire 

ensembles with a similar diameter 

distrubution

3.9  > 5.5 1185 at  d   =  200  μ m – this work

Quasi-aligned nanowires with uniform 

diameters

3.5 4.63 1225 at  d   =  200  μ m 40 this work
 The quantitative description of fi eld emitters is usually 
evaluated using the Fowler–Nordheim (F–N) equation:  [  45  ]   J   =  
( A β   2  E  2 /  φ  )exp ( −  B φ   3/2 /  β E )or ln ( J / E  2 )  =  ln ( A β   2 /  φ  )  −   B φ   3/2 /  β E , 
where  A  and  B  are constants with values of 1.54  ×  10  − 6  A eV V  − 2  
and 6.83  ×  10 3  eV  − 3/2  V  μ m  − 1 , respectively.  J  is the current den-
sity,   β   is the fi eld enhancement factor,  E  is the applied fi eld, and   φ   
is the work function of the emitting materials. Figure  8 b and  9 b 
show the F–N plots, ln( J/E  2 ) versus 1/ E , at different anode–
sample distances (150, 200, and 250  μ m). These plots show 
an approximately linear relationship within the measurement 
range, confi rming the F–N behavior of the SnO 2  nanowire-
based device. The fi eld enhancement factor,   β  , is estimated to 
be 1225 in the present study (as calculated from a slope of the 
fi tted straight line in Figure  8 b). This value is comparable to the 
value in a previous study and more than suffi cient for diverse 
FE applications. [  19    b]  

 Stability of the fi eld-emitters is another important parameter 
for practical applications. Compared with bulk materials of the 
same composition, the fi eld-emission properties are enhanced 
in the high-aspect-ratio 1D nanostructures. However, the 
small mass and large surface area of 1D nanostructures make 
them vulnerable to both chemical and physical damages and 
they have a lower melting point. As summarized in Table  1 , 
the longest stability testing time was 2 h and most of them 
were blank. It was observed that the emission current den-
sity is strongly dependent on a number of factors, including 
the applied potential, tip geometry, the cathode material work 
function, etc., and therefore variations in any of these factors 
should be refl ected in the emission currents. [  19    b]  Long-time sta-
bility of nanostructure-based fi eld emitters is still a challenge. 
Herein, FE stability measurements of the SnO 2  nanowires were 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1613–1622
performed by maintaining an electric fi eld of 4.65 V  μ m  − 1  over 
a period of 2400 min ( Figure    10  ), and no current degradations 
or notable fl uctuations were observed during this process. Such 
a testing time is not only much higher than that of other SnO 2  
nanostructure-based fi eld emitters reported in the literature 
(Table  1 ), but also longer than other inorganic semiconductor 
nanostructures and carbon nanotubes.  

 The excellent FE characteristics of the SnO 2  nanowires 
should be attributed to their high crystallinity, high aspect 
1619wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  11 .     Morphology and fi eld-emission properties of the as grown 
SnO 2  nanowires at the end of the downstream zone along the same sub-
strate in Figure 1: a) typical SEM image, revealing a randomly oriented 
nanowire ensemble with a similar diameter distribution, b)  J – E  curves, 
and c) corresponding F–N plots at a 200  μ m anode–cathode distance.  
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ratio, uniform 1D geometry and diameter distrubution, and 
quasi-aligned growth. Previous studies demonstrated that 
among different anisotropic structures, the one with the 
high aspect ratio generally exhibits superior FE performance. 
Compared with other 1D SnO 2  nanostructures, the thin SnO 2  
nanowires exhibit an extremely high aspect ratio of more 
than 1000 (length of up to 30–40  μ m and an average radius 
size only of 26 nm). The high aspect ratio or small emitter 
radius of the thin SnO 2  nanowires is apparently favorable for 
improving the performance of fi eld emission. The narrow 
diameter distribution not only ensures the high aspect ratio 
of each SnO 2  nanowire fi eld emitter, but also promises a 
long-term fi eld-emission stability of the SnO 2  nanowire 
ensembles measured at a given applied electric fi eld. It is 
also well known that the FE properties of a given material 
can be signifi cantly optimized by fabricating aligned nanos-
tructures with a high packing density. [  19  ,  46  ]  The quasi-aligned 
distrbution of the present thin SnO 2  nanowire ensembles is 
also one of the favorable factors.  Figure    11   shows the fi eld-
emission properties of a randomly oriented SnO 2  nanowire 
ensemble with a similar diameter distribution at a 200  μ m 
anode–cathode distance. These randomly oriented SnO 2  
nanowires were formed within a relatively small zone 
( ≈ 4 mm  ×  2 mm) at the end of the downstream direction 
along the same substrate ( ≈ 2 cm  ×  1 cm) in Figure  1 . A typ-
ical SEM image shown in Figure  11 a reveals that the mor-
phology and diameter distribution are almost same, while the 
quasi-aligned distribution changed into a randomly oriented 
one. Field-emission measurements (Figure  11 ) reveal that 
the randomly oriented SnO 2  nanowire ensemble possesses 
a turn-on fi eld equal to 3.9 V  μ m  − 1  and a threshold fi eld of 
 > 5.5 V  μ m  − 1 . The emission current density is about 
0.67 mA cm  − 2  when the applied macroscopic fi eld is 
5.55 V  μ m  − 1 . The fi eld emhancement factor   β   was found 
to be 1185 at a working anode–sample distance of 200  μ m. 
It is clear from all the above paramters obtained under the 
same measurement conditions that the quasi-aligned dis-
trbution is benefi cial for the excellent fi eld-emission proper-
ties achieved. Previous reports suggested that the interface 
between the amorphous surface layer and the crystalline core 
may result in a strong electron scattering and thus deterio-
rate the FE properties of the as-grown nanostructures. [  40    b,    47  ]  
The superior quality of the SnO 2  nanowires with a single 
crystal structure is also one of the key factors for the present 
excellent fi eld-emission properties. Previous studies dem-
onstrated that higher conductivity of the materials resulted 
in better fi eld emission performance. [  40    a]  The low turn-on 
fi eld and threshold fi eld, high fi eld enhancement factor, and 
excellent emission stability indicate that the present SnO 2  
nanowires are promising candidates for applications in 
cold-cathode-based electronic devices. Additionally, our pre-
vious reseach on branched ZnS nanotube/In nanowire core/
shell heterostructures demonstrated that multiply enhanced 
fi eld-emission properties were achieved on the basis of a 
sequential stepwise enhancement mechanism involving the 
consecutive stem and branch contributions, [  42  ]  so it is pos-
sible to optimize further the fi eld-emission properties by 
constructing a hierarchical/branch structure based on the 
present thin SnO 2  nanowires with uniform diameter.
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
     3. Conclusion 

 In conclusion, quasi-aligned and highly crystallized SnO 2  
nanowire arrays with uniform diameter were successfully synthe-
sized by a facile VLS process. The as-prepared SnO 2  nanowires 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1613–1622
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have lengths of up to 30–40  μ m and uniform diameters of about 
26 nm, exhibiting an extremely high aspect ratio and surface-
to-volume ratio. Twin-crystal structure with a twin boundary of 
the (101) plane was occasionally observed for some nanowires. 
FE measurements of the thin SnO 2  nanowire ensembles with 
uniform diameter showed low turn-on and threshold voltages 
of 3.5 V  μ m  − 1  and 4.63 V  μ m  − 1 , respectively, at an anode–
sample distance of 200  μ m and, notably, a long-term stability 
more than 2400 min. Such good device performance for the 
thin SnO 2  nanowires with uniform diameter not only suggests 
that such nanowire ensembles have potential in next-generation 
fi eld emitters, but also the study offers a universal and low-cost 
method to build fi eld emitters with long-term stability.   

 4. Experimental Section 
 The synthesis of SnO 2  nanowires was carried out in a horizontal quartz 
tube furnace system using a method similar to that previously reported. [  30  ]  
Mixed SnO 2  powder and carbon powders (molar ratio 1:1) were loaded 
into a small quartz tube with one end open at the center of the furnace. 
Before heating, the system was pumped to 1.4  ×  10  − 2  mbar. Then the 
central temperature was increased to 910  ° C at a rate of 15  ° C min  − 1  and 
kept for 30 min under a constant Ar fl ow of 30 standard cubic center meter 
(SCCM). Si substrate coated with a 3 nm thick Au fi lm was placed in the 
small quartz tube in a lower temperature region ( ≈ 600  ° C) to collect the 
products. The pressure inside the tube was 0.4 mbar during the growth 
process. Subsequently, the furnace was cooled to room temperature. 

 The morphology, phase, microstructure, and composition of the 
samples were determined using a fi eld-emission scanning electron 
microscope (FESEM, Hitachi S-4800), a Rigaku D/max-rB X-ray 
diffractometer using Cu K α  radiation (XRD,   λ    =  0.15406 nm) in a 2  θ   
range from 10 °  to 60 ° , and a transmission electron microscope (TEM, 
JEOL 2010) equipped with an X-ray energy dispersive spectrometry 
(EDS). The fi eld-emission properties of the thin SnO 2  nanowire 
ensembles were studied at room temperature in a high vacuum chamber 
(2.6  ×  10  − 6  Pa) using a 1 mm 2  cross-sectional area copper anode. A dc 
voltage sweeping from 100 to 1100 V was applied to the samples. The 
FE stability measurements were performed at an applied electric fi eld of 
4.65 V  μ m  − 1  over a period of 2400 min.  
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