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       As materials with a tremendously wide variety of potential 
applications, ZnO nanostructures have attracted a lot of atten-
tion in recent years. [  1–9  ]  Among them, vertical one-dimensional 
(1D) ZnO nanostructures such as nanowires, nanorods, and 
nanotips have been considered as excellent candidates for elec-
tron fi eld emitters as they have low work functions, high aspect 
ratios, high mechanical stability, and high conductivity. [  10–15  ]  
The fi eld emission (FE) performance of such materials is 
highly affected by their intrinsic physical and structural param-
eters, such as alignment, density, uniformity, and tapering. 
After being stimulated by an applied electric fi eld and before 
reaching the counter electrode, electrons have to pass through 
the interface between the 1D ZnO structure and substrate. 
However, irrespective of the synthetic route used (whether 
chemical or physical), all known vertical ZnO emitters pre-
pared on heterogeneous substrates demonstrate a so-called 
'dead' layer, which is associated with a low crystallinity and 
poorly ordered region at the emitter–substrate interface. [  16,17  ]  
To date, this is one of the major and universal obstacles hin-
dering the wide use of 1D ZnO in electronic and optoelectronic 
devices, such as solar cells, [  18  ]  photodetectors, [  19  ]  light-emitting 
diodes, [  20  ]  and fi eld emitters. [  21  ]  Obviously, growing 1D ZnO 
epitaxially on ZnO subtrates would provide a sharp and high-
quality interface, which is favorable for FE performance. How-
ever, no single-crystal ZnO wafers with low cost are available 
for the moment, and the related technology also needs to be 
improved. Therefore, achieving the high-quality interface with 
the substrate is still a major challenge for the electronic and 
optoelectronic applications based on 1D ZnO nanomaterials. 
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 Here, we demonstrate a new strategy that utilizes hexagonal 
ZnO nanoplates as homogeneous nanoscale substrates for the 
epitaxial growth of ZnO nanowires, which results in very sharp 
and highly ordered interfaces and thus improves the product 
FE performance. Interestingly, a highly selective growth of 
only one nanowire at the center of each nanoplate has been 
acheived with a high yield and reproducibility. Furthermore, 
owing to the free-standing nature of such wire-on-plate (WOP) 
nanostructures, as well as their capability to self-assemble ver-
tically, the product is demonstrated to be easily exfoliated and 
transferred onto other substrates, including fl exible ones, thus 
showing great potential for the fi elds of fl exible electronics and 
photonics. 

 Pre-synthesized ZnO hexagonal nanoplates with diameters of 
200–400 nm and thicknesses of ≈20 nm were spin-coated on Si 
wafers (Figure S1, Supporting Information) and were then used 
as substrates for a subsequent chemical vapor deposition (CVD) 
stage. Electronic microscopy images of resulted ZnO nano-
structures are presented in  Figure   1 . As shown in Figure  1 a, 
the yield is very large, and the product is very pure and uni-
form, exhibiting no byproducts that are common for conven-
tional CVD, such as nanobelts and nanohelixes. [  22,23  ]  The 
wire length was time-dependent and could reach more than 
10  μ m after 60 minutes of growth. Figure  1 b reveals that the 
diameter of the wires is ≈50 nm and is uniform through the 
entire wire length. Very interestingly, it can clearly be seen in 
Figures  1 b,c that each nanowire was grown at the very center 
of the ZnO nanoplate substrates. It was very hard to fi nd 
nanoplates hosting two or more wires. This implies that the 
proposed approach provides a highly selective growth of ZnO 
single WOPs, which has not been reported so far to the best of 
our knowledge.  

 The interface between the ZnO wires and nanoplate sub-
strates is seen in Figure  1 c and in Figure S2, Supporting Infor-
mation, to be very sharp. We did not fi nd any signs of a poorly 
ordered and/or polycrystalline interlayer, which usually appears 
in ZnO nanowires CVD-grown on Si and sapphire substrates 
and ZnO arrays chemically grown on glass substrates. [  24,25  ]  On 
the contrary, as a result of epitaxial growth, the whole WOP 
structures were observed to be single-crystalline. The hexagonal 
ZnO nanoplates used as a nanoscale substrate in this work are 
well-known to have the [0001] direction normal to their surface, 
which is just the growth direction of 1D ZnO nanowires (see 
Figure S3, Supporting Information). The grown ZnO nanow-
ires were confi rmed by high-resolution transmission electron 
microscopy (HRTEM) to have the same orientation. Figure  1 d 
shows a very neat and smooth surface of a nanowire seg-
ment with a single-crystalline structure. The HRTEM image 
in Figure  1 e exhibits lattice fringes of 0.52 nm, corresponding 
bH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 5750–5755
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      Figure 1.  a,b) Field-emission scanning electron microscope (SEM) images of as-grown ZnO WOP structures with growth time of 60 min taken at 
different magnifi cations. c) High-magnifi cation SEM image of as-grown ZnO WOP structures grown for 60 min, showing an outline of nanoplate and 
nanowire drawn in gray color and a schematic presentation given, as inset. d) High-resolution transmission electron microscopy (HRTEM) image of a 
ZnO nanowire. e) Magnifi ed HRTEM image of the ZnO nanowire in panel d and its fast Fourier transform (FFT) pattern (inset). 
to the (0001) plane normal to the growth direction, which is 
consistent with that of wurtzite ZnO. The HRTEM image in 
Figure  1 e does not reveal any visible defects and refl ects a per-
fect lattice. The FFT pattern shown as inset in Figure  1 e also 
confi rms the ZnO nanowires have a good crystallinity, exhib-
iting a set of refl ections corresponding to the [0001] crystallo-
graphic direction of ZnO and being consistent with Figure  1 d. 
The results presented in Figure  1  prove that the nanowires are 
indeed  c -axis-oriented, corresponding to the vertical direction of 
the used nanoplate substrates and implying the epitaxial rela-
tionship within the entire WOP structures. Importantly, such 
highly crystalline nail-like structures are very likely to decrease 
the electron loss at the interface, thus favoring electron trans-
port and improving FE performance. 

 While the nanowires were found to be selectively grown at 
the nanoplate centers, the ZnO plates themselves had very poor 
adhesion to the Si substrate. This is clearly seen in Figures  1 a,b, 
where most nanoplates are lifted off the substrate as a result 
of the interplay and interaction between their nanowires. 
This implies that the novel WOP nanostructures can be easily 
exfoliated and transferred onto a new substrate. As shown in 
 Figure   2 a, on sonication, the material formed a dispersion in 
ethanol. By dropping the dispersion onto another substrate, 
we could transfer the WOP structures onto a new substrate 
(including a fl exible PET), as shown in Figure  2 b.  

 The gray area observed in Figure  2 b where the WOP mate-
rial was transferred remained unchanged after bending sev-
eral times. Note that conventional CVD-prepared 1D ZnO 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 5750–5755
nanostructures are not proper for fl exible electronics and 
photonics because the corresponding substrates cannot sur-
vive the high temperatures necessary for the growth of such 
nanomaterials. [  26,27  ]  Therefore, the materials reported in this 
study, being transferable, open a new avenue for the develop-
ment of fl exible fi eld emitters. It is also important to mention 
that, during ethanol evaporation, the WOP structures could 
self-align vertically on a new substrate, which is also very attrac-
tive from a practical point of view. The side-view SEM image 
in Figure  2 c exhibits that most of the ZnO WOP structures 
are vertically oriented on their new substrate, and only a small 
fraction lie horizontally. This fi nding could be explained by the 
steric effect of the nanowires, which could make them align 
and orient vertically as the dispersion evaporates. At the same 
time, the fl at ZnO nanoplates are also prone to align parallel to 
the substrate surface, thus also orienting the WOP structures 
vertically, in contrast to the previously reported ZnO nanowires 
grown on Si. [  2,28  ]  The observed verticality and high density of 
the ZnO nanowires are expected to reduce the screening effect 
during electron fi eld emission, as additionally supported by the 
top-view image in Figure 2d. [  11,12  ]  

 Since the growth of various ZnO materials along the  c -axis 
is well known in the literature, [  23,29–32  ]  the key factor for the for-
mation of the present WOP structures is their highly selective 
nucleation at the center of nanoplates. This can be explained by 
the high activity of the center sites of the used nanoscale sub-
strates. Although there are not yet any reports of such a highly 
preferential nucleation and growth at the center of the (0001) 
5751wileyonlinelibrary.combH & Co. KGaA, Weinheim
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      Figure 2.  a) Ethanol dispersion of ZnO WOP structures (shown schematically, left) and a real sample (right). b) Sample of ZnO WOP structures 
transferred onto fl exible polyethylene terephthalate (PET)/indium tin oxide (ITO) substrate. c) Tilted-view, and d) top-view SEM images of ZnO WOP 
structures transferred on a new Si substrate. 
ZnO facet, its high activity, which is normally associated with 
a high surface energy, has been revealed in 'selective etching' 
experiments reported by several groups. [  33–35  ]  For instance, the 
central area of the (0001) plane was observed to be preferen-
tially etched fi rst when ZnO nanotubes were prepared on hex-
agonal ZnO prisms. [  35  ]  

 As is well known, surface defects with high surface free 
energy act as nucleation sites to induce selective growth along a 
preferential growth direction. [  36,37  ]  Therefore, we believe that it 
is the high defect density at ZnO nanoplate centers, along with 
the high mobility of deposited ZnO species, that was responsible 
for the formation and growth of the WOP structures reported 
in this work (see  Figure   3 ). To verify this hypothesis, we tested 
the effect of synthesis temperature on the product morphology. 
At lower temperatures (850 °C), the products grown on ZnO 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

      Figure 3.  Illustration of the epitaxial growth of a single ZnO nanowire on
nanoplate surface and ZnO cluster formation at the nanoplate center. b) Z
growth direction as inset. c) Further nanowire growth along the [0001] direc
nanoplates were fi lm-like structures (Figure S4a, Supporting 
Information), which is clearly related to a reduced mobility of 
deposited ZnO species. As the CVD temperature was elevated 
to 1050 °C, nanowire arrays were observed to form and to grow 
on each ZnO nanoplate (see Figure S4b, Supporting Informa-
tion). This is explained by a very high surface mobility of depos-
ited species and easier redistribution of surface defects, which 
probably resulted from surface restructuring. The unique ZnO 
WOP structures were obtained only at temperatures of approxi-
mately 950 °C (that is, within the range where the deposited 
species were mobile enough to nucleate only at the highest-
energy defect sites) while the latter surface defects could not be 
reconstructed and redistributed on the nanoplate surface.  

 On the basis of the above, we comment a possible mecha-
nism of the ZnO WOP formation as follows. At a proper process 
mbH & Co. KGaA, Weinheim

 a ZnO nanoplate. a) Schematic defect density distribution on the ZnO 
nO cluster nucleation becoming ZnO sprouts with a sketch of the [0001] 
tion and formation of ZnO WOP structures after a growth time of 60 min. 
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      Figure 4.   J–E  (a) and Fowler–Nordheim (F–N) (b) plots for as-grown and 
tranferred ZnO WOP structures and for conventional ZnO NWs prepared 
via CVD grown. c) Field-emission current density of transferred ZnO WOP 
structures recorded over 1000 min under applied electric fi eld of 8 V/ μ m. 
temperature, the high-defect-density zones (located primarily at 
the nanoplate centers) facilitate nucleation of incoming ZnO 
species at these sites, as shown in Figure  3 a. Subsequently, 
the formed ZnO nuclei quickly induce a selective growth 
along its preferential growth direction, as schematically illus-
trated in the inset of Figure  3 b. The as-formed ZnO 'sprouts' 
were clearly observed after 5 min of growth (Figure  3 b). 
As time elapses, the ZnO formations grow longer and become 
nanowires (see, for example, Figure S5c, Supporting Informa-
tion, for a sample grown for 20 min). Eventually, ZnO WOP 
structures with wires as long as 10  μ m were obtained after 
60 min, as seen in Figure  3 c. More detailed comparison of the 
ZnO WOP structures prepared after different growth times is 
given in Figure S5, Supporting Information. As the wires grow 
longer, the ZnO substrate plates were revealed by SEM analysis 
to remain unchanged. 

 To evaluate the FE properties of the novel WOP structures, 
they were tested as fi eld emitters both after preparation and 
on a new substrate.  Figure   4 a compares the emission current 
density versus the applied electric fi eld curves ( J–E ), recorded 
at an anode sample distance of 200  μ m, for the as-grown and 
transferred ZnO WOP structures, as well as their conventional 
ZnO nanowire counterparts (Figure S6, Supporting Infor-
mation) prepared in a similar CVD process and for the same 
growth time. It can be seen that the emission current density 
 J  exponentially increases with the applied fi eld  E  for all three 
of the samples. Here, the turn-on fi eld ( E  to ) and threshold fi eld 
( E  thr ) can be defi ned as the electric fi elds required to produce 
a current density of 10  μ A/cm 2  and 1 mA/cm 2 , respectively. 
The transferred (and better vertically allined) WOP nanostruc-
tures are clearly seen to demonstrate the best FE properties, the 
lowest turn-on fi eld being 4.8 V/ μ m, the lowest threshold fi eld 
being 8.1 V/ μ m and the highest maximum of emission current 
density being 7.8 mA/cm 2 . Meanwhile, the turn-on fi elds of the 
as-prepared WOP sample and of conventional CVD-prepared 
nanowires (also prepared for 60 min) were 5.0 and 6.8 V/ μ m, 
respectively (as shown in  Table   1 ). The results confi rm that the 
ZnO WOP nanostructures reported in this study are highly 
transferable fi eld emitters superior to their conventional CVD-
grown ZnO nanowire counterparts.   

 The acquired FE current-voltage characteristics were further 
analyzed by means of the Fowler–Nordheim (F–N) equation

ln(J)E2) = ln(Aβ2/φ ) − Bφ 3 /2/β E  (1)   
   where  A  and  B  are constants with the values of 1.54 × 10 −6  A eV V −2  
and 6.83 × 10 3  V  μ m −1  eV −3/2 ,  J  is the current density,   β   is 
the fi eld enhancement factor,  E  is the applied fi eld, and  Φ  is 
the work function of the emitting material, which is 5.3 for 
ZnO. Generally, the value of   β   is related to the emitter geom-
etry, crystal structure and vacuum gaps, and is considered 
to be an important factor of merit for FE performance. The 
transferred ZnO WOP structures are seen in Table  1  to dem-
onstrate a very attracive   β   value (1004), which is superior to 
those of the as-prepared WOP structures (883) and conven-
tional ZnO nanowires (694). The   β   value of the transferred 
WOP structures is signifi cantly larger than that of the con-
ventional ZnO nanowires and even (surprisingly) than that 
of the as-prepared WOP structures, being on the level suffi -
cient for various FE applications. We speculate that the better 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 5750–5755
FE performance of the transferred ZnO WOP structures is 
explained by their improved vertical orientation, as shown 
in Figure  2 b,c. Thus, the newly prepared nanostructures are 
‘truly transferable’, as their FE performance is enhanced 
on transferring onto their new host surface. Compared to 
5753wileyonlinelibrary.combH & Co. KGaA, Weinheim
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and tranferred ZnO WOP structures and their conventional nanowire 
counterparts grown via CVD. 

Structure  Turn-on fi eld 
[V/ μ m]  

Threshold fi eld 
[V/ μ m]  

  β    

Transferred WOP structures  4.8  8.1  1004  

As-grown WOP structures  5.0  8.8  883  

CVD-grown nanowires  6.8  12.2  694  
the conventional CVD-grown nanowires (see Figure S6, 
Supporting Information), the WOP nanomaterials are nail-
like-shaped, which results in the needlepoint effect during 
electron emission and makes them more effi cient emitters 
than the ZnO nanowires grown under same conditions. More-
over, the FE performance of such ZnO WOP structures is also 
affected by the length of nanowires, being improved with syn-
thesis time (Figure S7, Supporting Information). This trend, 
however, was found to change at growth times ≥2 h, when the 
nanowires were observed to entangle each other. As a result, it 
become more diffi cult for them to form vertical arrays, leading 
to poorer FE performance of the material. The nanostructures 
grown for 2 h demonstrated the lowest  E  to  value of 6.2 V/ μ m, 
the lowest  E  thr  value of 10.3 V/ μ m, the highest maximum of 
emission current density of 3.1 mA/cm 2 , and the   β   value of 
796. Thus, the optimal growth time found in the present work 
was ≈60 min. 

 Figure  4 b presents the F–N plots, ln( J / E  2 ) versus 1/ E , for 
the same samples as in Figure  4 a. The F–N plots in Figure  4 b 
are seen to have approximately linear relationships within 
the measurement range, which confi rms that the electron 
emission from all the ZnO nanostructures follows the F–N 
behavior. The fi eld enhencement factors obtained from the 
simulation of the F–N plots in accordace with the above equa-
tions are also summerized in Table  1 . Stability of the fi eld emit-
ters is another important issue that is closely related to their 
potential applications. Figure  4 c shows the variation of emis-
sion current density of transferred ZnO WOP nanostructures 
measured over a period of ≈1000 min at an applied electric 
fi eld of 8 V/ μ m. The emission current density was observed 
to fl uctuate only within 9.4%, proving a high stability of the 
emitters. The stable FE performance observed for the WOP 
structures is believed to be related to their sharp nanowire/
substrate interface, which results in a very low thermal effect. 
The good emission stability suggests that such transferable 
WOP nanostructures can fi nd potential applications in cold-
cathode-based electronics. 

 In summary, we prepared novel ZnO nanostructures 
grown as single epitaxial wires at the centers of nanoplates 
via the vapor-phase transport method with a very high selec-
tivity. The sharp interfaces between the wires and nanoplates 
provide the material with high fi eld-emission properties, 
while its freestanding nature and the ability to self-align 
on a new substrate make it extremely attractive as a trans-
ferable fi eld emitter. The turn-on fi eld, threshold fi eld, and 
fi eld enhancement factor of the novel emitters could reach 
4.8 V  μ m −1 , 8.1 V  μ m −1 , and 1004, respectively. These results 
suggest that the newly prepared ZnO nanostructures are 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
highly promising as materials for transferable and fl exible 
electronic devices.  

  Experimental Section 
  Epitaxial Growth of ZnO Nanowires on Plates : ZnO nanoplates were 

prepared via a simple method previously reported elsewhere. [  38,39  ]  Their 
dispersion in ethanol was prepared by sonication for 5 min. Then the 
ZnO nanoplates were spin-coated on a heavily doped (100) Si substrate 
(n-type, resistivity: 6 ∼ 10  Ω ·cm). Prior to spin coating, the substrate was 
cleaned twice in acetone by sonication for 15 min. A precursor mixture 
consisting of equal amounts of ZnO (99.99% purity, Aladdin reagent) 
and graphite (99.95% purity, Aladdin reagent) powders was placed in an 
alumina boat located at the center of a smaller quartz tube (diameter 
≈40 mm). The Si substrate was placed next to the precursor downstream 
a fl owing Ar gas, and the distance between the Si substrate and alumina 
boat was ≈18 cm. Then they were placed into a larger quartz tube 
(diameter ≈60 mm) inside a furnace. The boat with precursor was 
heated to 950 °C. The temperature was reached during 1.5 h and then 
held for 60 min under 150 mbar at a constant Ar gas fl ow of 100 sccm. 
Then the furnace was turned off and cooled to room temperature under 
an Ar fl ow. The schematic diagram of the experimental apparatus and its 
main parameters are given in Figure S8, Supporting Information. 

  Transfer of ZnO Nanowires on Plates : The as-prepared ZnO wire-on-
plate sample (on Si substrate) was placed in a 10 mL beaker with 4 mL 
of ethanol and sonicated for 5 min. The ethanol dispersion with the 
ZnO wire-on-plate nanostructures was then drop-coated on a new Si or 
fl exible PET/ITO substrate for further measurements. 

  Characterization and Field Emission Measurements : The samples were 
characterized by fi eld emission scanning electron microscopy (SEM, 
JEOL JSM-6700F). The fi eld emission properties of different samples 
(on Si or PET/ITO substrates) were studied at room temperature in a 
high vacuum chamber (10 −6  Pa) using a 1 mm 2  cross-sectional area 
aluminum anode. A dc voltage sweeping from 200 to 1100 V was applied 
to a sample at a step of 50 V. The distance between the electrodes was 
200  μ m.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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