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ABSTRACT 

Vertically well aligned and highly dense ZnO nanowires (NWs) have been grown on biaxially textured Ni substrates by a simple 
thermal evaporation technique over a large area without using any catalyst. The grown ZnO NWs have crystallized in wurtzite 
hexagonal structure and have grown along [0001] direction.  It is also observed that the degree of vertical alignment of NWs 
increases with increasing growth temperature. An intense photoluminescence peak at 383 nm with a negligible deep band 
emission revealed the good crystalline quality of ZnO NWs. Field emission properties of the grown NWs have been examined 
and a field enhancement factor of 1573 has been obtained, indicating the suitability of grown nanowires for field emission 
applications. Copyright © 2015 VBRI Press.  
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Introduction  

One dimensional (1D) Zinc Oxide (ZnO) nanostructure 
semiconductor material is intensely studied for the last two 
decades and maintains its space for research due to its 
numerous promising applications in various devices viz. 
solar cells, photo-catalysts, chemical sensors, 
thermoelectric and piezoelectric devices because of the 
direct wide band gap (3.37 eV) and high exciton binding 

energy (60 meV) of ZnO at room temperature [1]. Several 
researchers have been putting efforts to synthesize various 
ZnO nanostructures following different techniques for 

variety of applications [2-12].  In particular, well-aligned or 
micro-patterned arrays of 1D ZnO nanostructures are highly 
desirable for promising device applications. It has been 
demonstrated that ZnO nanowire arrays can emit ultraviolet 

laser at room temperature [13], while a large-area, 
hexagonal patterned ZnO nanorod/nanowire arrays are 
expected to find potential applications as nano-

optoelectronic devices, nano-sensor arrays [14] and solar 

cells [15]. The properties of ZnO nanowires are direction 
dependence and for the piezoelectric and field emission 
device fabrication, a vertical array of ZnO NWs is preferred 

[16]. However, there are many issues related to the growth 
of desired vertically aligned NWs. Controlled morphology 
and seed-free growth of ordered ZnO nanorod structure is 
very difficult on many substrates because of lattice 

mismatch [17]. In catalyst assisted growth the nano-wires 

end up with catalyst particle which is not suitable for field 
emission application. Also, the electrical and thermal 
conductivity of the substrate play a crucial role in 
fabricating thermoelectric, piezoelectric and field emission 

nano-devices based on vertically-aligned ZnO NWs [18], in 
respect of good electrical communication and thermal 
dissipation during device operation. The other issues are 
related to the growth of high aspect ratio, degree of vertical 
alignment and the density of nanostructures. The growth 
process and related parameters play the main role to meet 
all these requirements. 

While the semiconducting substrates can be doped to 
increase the electrical conductivity, a direct growth of 
vertically-aligned ZnO NWs on metallic substrates is 
preferred for improved electrical and thermal conduction, 
which in turn could improve the device performance by 

using substrate as one of the electrodes [18]. Many 
researchers have employed different metals and their alloys 
as a substrate viz. FeCrAl, Fe-Co-Ni, Copper and Nickel 
foil, for the growth of aligned ZnO 1D structures by various 
deposition techniques such as solution method, hydro-
thermal technique, vapor transport technique, thermal 

evaporation, and chemical-bath depositions [18-27]. 
Among them, thermal evaporation is an easy, 
environmental friendly and low-cost process. Ni substrate 
has the advantage of good corrosion resistance and thermal 
stability compared to other metal substrates. Only 
Zaleszczyk et al. has reported the growth of ZnO nanorods 
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on nickel substrate using the thermal evaporation technique, 

but no alignment was observed [22]. In this work, we have 
made an attempt to grow the vertically aligned nanowires 
on Ni substrate and discuss the obtained results. These 
results suggest that the current approach enables to achieve 
vertically well aligned NWs while meeting the major 
requirements for field emission application.   
 

Experimental 

Materials synthesis 

For this study, Zn powder (99.99%, Merck, Germany), Ar, 
O2 (99.999%, BOC, India), gases, and (200) oriented bi-
axially Ni-5at% W (Ni-W) substrate procured from the 
manufacturer M/s Evico GmbH, Germany have been used. 
Growth of ZnO NWs was carried out in a horizontal quartz-
tube reactor at a growth temperature in the range of 600-
700 °C.  The cleaned substrates were placed over pure zinc 
powder taken in an alumina boat and the set-up was later 
loaded in to the centre of the quartz reactor. Initially, the 
quartz reactor was flushed with 2000 sccm of N2 gas for 20 
minutes to clean the growth environment. Then, the furnace 
temperature was ramped to a designated temperature under 
the N2 gas flow of 1200 sccm and is kept constant for all 
the growth runs. After reach ing the growth temperature, O2 
gas flow of 5 sccm was added through a mass flow 
controller. The growth time was fixed as 10 minutes for all 
the experiments. At the end, the quartz furnace was 
switched off and was allowed to cool down naturally to the 
room temperature under the same gas flow condition. The 
samples were then taken out for further characterizations. 
White colour deposition was observed over the whole 
substrate. 
 
Characterizations 

For The samples were characterized with scanning electron 
microscopy (SEM, ZEISS EVO MA 10) for the 
morphology and their crystalline properties were 
investigated by x-ray diffraction (XRD, D8-Advance, M/s 

Bruker) with CuK1 radiation. Photoluminescence (PL, F-
900, Edinburg Instruments, UK) and Raman spectroscopy 
(Renishaw Invia Raman Microscope) were also measured at 
room temperature using a xenon lamp (at 325nm) and an 
Ar

+
 laser (514 nm) as the excitation sources, respectively. 

Field Emission (FE) properties of ZnO NWs have been 
investigated at room temperature by a parallel plate 
geometry using a high voltage source meter (Keithley 
model 2410) in a vacuum environment of 2.5×10

-7
 mbar 

pressure. The distance between the anode and the top of 
ZnO NWs (cathode) was fixed by using a 150 µm thick 
spacer. An ITO coated glass substrate was used as the 
anode. A 5 mm diameter circular area of the ZnO NW array 
was used for the field emission study. 
 

Results and discussion 

The -2 X-ray scans of Ni-W alloy substrate and the ZnO 
nanostructures grown at various temperatures are shown in 

Fig. 1. The Ni-W substrate showed a single orientation 
along (002) direction (JCPDS No. 04-0850). ZnO NWs 
showed a dominant peaks of [002] planes along with other 
peaks of low intensity. The XRD peaks could be indexed to 

the wurtzite hexagonal structure of ZnO as confirmed by 
the JCPDS card No. 65-3411. A sharp, intense (002) peak 
indicates that the ZnO nanostructures have c-axis 
orientation and are likely grown normal to the substrate. In 
XRD spectra of ZnO NWs at 700 °C, a low intensity peak 
related to NiO with (111) orientation (JCPDS card No. 47-
1049) has also been observed indicating the formation of a 
thin NiO layer at the interface. 
 

 
 
Fig. 1. XRD spectra of Ni-W substrate and ZnO NWs grown at various 
temperatures. 
 

Surface morphology of the Ni-W substrate and the 

grown ZnO nanostructures are presented in Fig. 2. The 
SEM image of Ni-W substrate shows large area grains of an 

average size of 30~40 nm as in Fig. 2(a). At 600 °C, 
randomly aligned growth of ZnO NWs has been observed 

as seen in Fig. 2 (b). Some secondary structure growth has 
also occurred at few places that may probably happen 
during the cooling period of the reactor. From the SEM 
micrographs it is evident that the alignment of micro-wires 
improved with temperature and at 700 

o
C well vertical 

alignment normal to the substrate has been observed, Fig. 

2(c-f). Also, the growth of ZnO NWs occurred in a large 
scale on Ni-W substrates with a high density and large 
grains of about 30-40 nm. The comparable grain sizes 
before and after NW growth indicates that the ZnO growth 
mimics the textured surface of the Ni-W substrate. 
Boundary lines between the NWs grown on two adjacent 
grains could be clearly observed confirming that the grain 
boundaries do not promote the ZnO NW growth. Thus 
employing the biaxially textured substrate in place of 
normal substrate is advantageous to increase the density of 

NW due to reduced grain boundary areas. The inset of Fig. 

2(f) clearly shows the formation of hexagonal facet of ZnO 
NWs at the end indicating that the NWs grow along the 
(0002) direction. Also, the NW tips are free of any catalyst, 
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which make them suitable for field emission applications. 
EDS spectrum gives the elemental information in atomic 
percentage and that of the vertically aligned ZnO NWs is 

presented in Fig. 2(g). The EDS spectrum confirmed that 
the NWs are made up of zinc and oxygen atoms of near 
stoichiometry. A very less at % of Ni was also seen in the 
spectrum that arises from the Ni substrate and/or NiO 
interface layer. 

 

 
 

Fig. 2. SEM surface morphology of (a) Ni-W substrate, and ZnO 
nanowires grown at (b) 600 °C, (c & d) 650 °C  and (e & f) 700 °C. Inset 
of (f) gives the magnified image of the nanowires, (g) EDS spectrum of 
the ZnO NWs grown at 700 °C. 

 
The crystalline properties of the grown ZnO NWs were 

further characterized by TEM analysis. Fig. 3(a) shows the 
TEM image of a single NW of 80~100 nm in diameter with 
uniform thickness and the diameter shrinks to 20 nm at the 
tip of the NW. The HRTEM and SAED show the single 

crystalline nature of the grown NW as in Fig. 3(b) and 3(c), 
respectively. The spacing between adjacent lattice planes of 
about 0.26 nm corresponds to adjacent plane distance of 
ZnO (002) indicating that the NW grows along c-axis over 
Ni-W substrate as indicated by the high diffraction intensity 
of (002) plane in the XRD. The NWs with sharp tip is 
favorable for field emission applications. 

 
 
Fig. 3. HRTEM images of ZnO nanowire grown at 700 °C: (a) Low and 
(b) High magnifications, and (c) SAED pattern. 

 
The growth of NWs without any catalyst at their tip also 

hints a vapor-solid (V-S) based growth mechanism. The 
proposed growth mechanism for obtained vertically well 

aligned NWs is schematically represented in Fig.4. 
Initially, at elevated temperature above 600 °C in presence 
of oxygen flow it is likely that the Ni surface is oxidized 
and a thin NiO layer is formed with (111) preferential 
orientation which leads to ZnO 1D nanostructure normal to 
the substrate.   

 

 
 
Fig. 4 (i-iv). Schematic diagram of the proposed growth mechanism for 
vertically aligned ZnO nanowires at 700 oC on the surface of Ni-W 
substrate. 

 
Because of the similarity between the hexagonal and the 

cubic crystal forms, good lattice matching conditions may 
be expected if the cubic lattice edge is √2 times the 
hexagonal lattice constant (a-axis) and the c-axis is grown 

perpendicular to the (111) plane [28]. The large lattice 
mismatch of about 22% between NiO and ZnO could lead 
to formation of localized ZnO (0001) nuclei and promote 
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the vertical growth of ZnO NWs. The improved degree of 
vertical alignment of NWs at 700 

o
C may be attributed to 

the better crystallinity of NiO layer. Using carbo-thermal 
evaporation Zaleszczyk et al. have reported randomly 
oriented ZnO nanorod growth on nickel substrate with a 
Ni0.79Zn0.21O polycrystalline interface layer, where the 
growth was carried out at a very high temperature of 930 

o
C 

resulting strong reaction between ZnO and Ni at the 

interface [22]. 
The structural properties of the ZnO NWs were also 

investigated by Raman scattering measurement at room 
temperature in the range 200-800 cm

-1
 and the typical 

spectrum is presented in Fig. 5(a). The Raman spectrum 
consisted of several bands that correspond to Raman-active 
phonon modes of wurtzite ZnO that belongs to C46v space 
group. Among the following optical modes of crystalline 
ZnO viz. A1+2B1+E1+2E2, the A1, E1 and E2 modes are 
Raman active. B1 mode is silent and A1 and E1 modes are 

also infrared active [29]. The Raman active E2 mode is 
non-polar and it gives two frequencies i.e. E2 (high) 
corresponding to oxygen atoms and E2 (low) corresponding 
to Zinc. A1 and E1 are polar phonon modes, therefore split 
into two: longitudinal (LO) and transverse (TO) optical 

components [30]. A sharp and dominant peak was observed 
at 438 cm

-1
 corresponding to the Raman active E2 (high) 

vibration mode, which is the characteristic of hexagonal 
wurtzite phase of ZnO.  Two weak peaks at 331 cm

-1
 and 

381 cm
-1

 were observed and they referred to E2 (high) – E2 
(low) (multi phonon) and A1 (TO) modes, respectively. 
The higher intensity of Raman active E2 mode indicates 
that the grown ZnO NWs possess well-crystallized wurtzite 
hexagonal phase. A typical room temperature PL spectrum 

of the vertically aligned ZnO NW array is given in Fig. 

5(b).  
 

 
 
Fig. 5. Room temperature (a) Raman and (b) PL spectra of the vertically 

aligned ZnO NWs array grown at 700 C. 

 
The NWs exhibit a strong UV emission at 383 nm (3.24 

eV), with a negligible deep band emission. The UV 
emission peak belongs to the near band edge emission 
(NBE) of ZnO, which occurs due to the free exciton 
transition from the localized level below the conduction 
band to the valence band, i.e. the recombination of free 

excitons through an exciton-exciton collision [31]. A high 
UV to visible emission ratio demonstrates the good 
crystalline quality of the grown ZnO NW arrays.  

Field emission measurements were carried out on the 
best aligned ZnO NW array grown at 700 °C. The 
following Fowler-Nordheim (F-N) equation has been be 

used to study the field emission properties of the ZnO 
aligned grown NWs, 

 

                 
                                               
where, J is the current density, A & B are constants with the 
values of 1.56×10

-10
 AV

-2
 eV and 6.83×10

3
 V (eV)

-3/2 
µm

-1
, 

E is the applied field (E=V/d, where V and d are the 
applied voltage and the distance between the anode and the 
sample (cathode)), ϕ is the work function, which is taken as 

5.3 eV for ZnO from the literature [32] and  is the field-
enhancement factor that gives the ability of the emitters to 

enhance the local electric field.  can be calculated from –
Bϕ

3/2
/S, where S belongs to the slope of F-N plot. Inset of 

Fig. 6 shows the plot of ln (J/E2) vs. 1/E (the F-N Plot).  
 

 
 
Fig. 6. Field emission properties of vertically aligned ZnO 1D NWs (J-E 
plot). Plot shows the turn-on electric field of 2.7 V/µm at a current density 
of 1 µA/cm2. The inset shows the corresponding Fowler-Nordheim (F-N) 
plot. 

 
The measured current density J (A/cm

2
) as a function of 

applied electric field E (V/µm) is shown in Fig. 6. The 
turn-on electric field is obtained as 2.73 V/µm at a current 
density of 1µA/cm

2
. 

In this study, the  value is calculated from the linear 

fitting of the slope of F-N plot to be 1573. The value of  is 
dependent upon the alignment, sharpness and the density of 
the grown structure over the substrate. In our case, the ZnO 
NWs are of high density with good structural uniformity. 
Also, the diameter of the NWs reduced towards the tip 

favoring the field emission that can enhance the  value and 
increase the gap between NWs in the array that can 
diminish the screening effect. The metal substrate also 
plays an important role in achieving good electrical contact 

to the NWs. In literature, a wide range of values have 
been reported depending upon the ZnO nanostructure 

morphology. Kuo et al. have obtained a  value of 642 
from the vertical ZnO NW array deposited on Si substrate 

by chemical vapor deposition [32]. Liu et al. reported a  
value of 2350 for the vertically aligned ZnO nanoneedle 
array on Fe-Co-Ni substrate grown by solution approach 

[19]. Thus, the obtained  value of 1573 in this report is 
comparable with the literature and is good enough for 
various field emission applications. 
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Conclusion 

We have successfully grown vertically well aligned ZnO 
NWs biaxially textured on Ni-W substrate over a large area 
using the simple thermal evaporation technique. It is found 
that the ZnO NWs growth occurs uniformly over the large 
grains of the textured substrate separated by the grain 
boundaries. The degree of alignment is found to depend on 
the growth temperature and improves with increasing 
growth temperature. XRD, SEM, TEM and Raman studies 
confirm the single crystalline nature of the grown NWs. 
The well-aligned ZnO NWs with sharp tip offers a good 
field enhancement factor of 1573, which is useful to 
fabricate efficient field emission devices. 
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