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ABSTRACT 
 

In this work, a comparative performance analysis of ZnO nanowires grown by following single- and double-step techniques on 
(100) p-Si substrate has been conducted. High-quality ZnO nanowires with c-axis orientation and perfect crystalline structures 
with appropriate chemical stoichiometry have been obtained from both the approaches. The areal density of the nanowires 
grown from double step approach is almost twice the nanowires grown by employing the single step approach. Histogram 
analysis shows that the diameter and height of majority of the single-step grown nanowires are ~370nm and ~2.45µm, and for 
the double step grown nanowires these are ~210 nm and ~2.16 µm, respectively. The bandgap values of the single-step  
and double-step grown nanowires are measured to 3.19eV and 3.26eV, respectively. The current-voltage characteristics of  
p-Si/n-ZnO diodes indicate that the forward current is contributed by both the electrons and holes and the relevant cut-in 
voltages are measured to be 0.5V and 2.5V, respectively.  Copyright © 2016 VBRI Press. 
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Introduction  

ZnO nanostructures are gaining more and more attention 
from researchers around the globe due to its wide spread 
applications in the areas of optoelectronics, piezo-electric, 

sensing and antibacterial medicines [1-8] and therefore it 
has renewed the interests for developing further insight to 
the physical, electronic and optoelectronic properties of 

ZnO [9]. There are reports on different variant of ZnO 
nanostructures including nanowires, nanotubes, nanobelts, 

nanopropellers, and nanocages [10-14]. Among these, the 
vertical ZnO nanowires are of particular interest due to 
their unique defined geometry and prospects for developing 
electron field emitters, vertical transistors, UV LEDs and 

lasers [15-20]. Several chemical, electrochemical and 
physical deposition techniques have been explored which 

include the chemical vapor deposition (CVD) [21], vapor-

liquid-solid (VLS) [22], pulsed laser deposition (PLD) 

[23], spray pyrolysis [24], sputtering [25], electro-

deposition [26], molecular beam epitaxy (MBE) [27], sol-

gel [28] method and chemical bath deposition (CBD) [29] 
techniques for the growth of device quality ZnO nano-
structures. Out of these, the chemical bath deposition 
technique is most widely used due to its simple, low 
temperature, low cost, catalyst free and eco-friendly growth 
mechanism.  

Majority of the reported works are focused on the growth 
of ZnO nanowires on Si substrate by double-step CBD 

approach. However, no successful report is available on the 
growth of vertical ZnO nanowires on Si substrate by 
following a single-step CBD route. Some reports are 
available which demonstrate the growth of highly textured 
cones or flower-like and columnar crystalline ZnO 
structures on glass substrates in aqueous ammonia solution 

by following a single-step CBD approach [30, 31]. The 
successful growth of ZnO nanostructures on Al2O3 

substrates [32] and n-GaN substrates has also been reported 

[33]. However, the synthesis of device quality ZnO 
nanostructures over large area, which can be integrated 
with Si, by employing a relatively simple and low-cost 
approach would always be beneficial to bring ZnO 
nanowires to the mainstream electronics.  

In the current work, the vertically aligned ZnO nanowires 
on p-Si (100) substrates have been grown by employing 
both single-step chemical bath deposition (CBD) technique 
and a double-step deposition approach with sol-gel seed-
initiated CBD process for investigating their comparative 
performance. The relevant growth mechanisms for both the 
techniques have been addressed. Crystalline nature and 
orientation of the grown nanowires have been studied with 
field emission scanning electron microscope (FESEM) and 
x-ray diffraction (XRD) study. The histogram analyses are 
done to observe size and height distributions of the 
nanowires, grown by following the single- and double-step 
approaches. The photoluminescence spectra of the grown 
samples have been studied to compare their defect levels 
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and the average band-gap is estimated from optical 
absorption spectra. Their chemical composition is 
determined from energy dispersive x-ray diffraction 
spectrometry (EDAX) analyses. Finally, electronic 
transport behavior of the hetero-junctions fabricated using 
both type of samples is investigated by measuring current-
voltage characteristics across it.  
 

Experimental 

Synthesis of ZnO nanowires by single- and double-step 
CBD techniques 

The ZnO nanowires are grown on p-Si (100) substrates. 
Prior to the growth process, the Si wafers (100) are cleaned 
sequentially with TCE, acetone, iso-propyl alcohol and DI 
water, followed by a 5-min ultrasonic cleaning. The 
nanowires are grown by following two different 
approaches: the single-step and double-step growth. For the 
single step growth, the blank p-Si wafer is used while for 
the two-step growth approach, initially a ZnO seed layer is 
prepared by employing sol-gel route where 5mM Zinc 
Acetate Di-hydrate ((CH3COO)2Zn.2H2O) is dissolved in 
50ml of pure ethanol. The solution is stirred at 450rpm for 
5min at room temperature, thereby, forming ZnO nano-

particles [33]. The solution is spin-coated on Si substrate at 
500rpm for 30sec, followed by another spin at 2000rpm for 
30sec. After the preparation of seeds on Si substrate, these 
were annealed at 250 °C in Ar environment at 10psi 
pressure for 30min to remove the solvents. The entire 
process is repeated for a couple of times to increase the 
density of nano-particle seeds on Si surface. The nanowires 
on both the bare as well as seed-coated Si substrates are 
grown by employing CBD technique. For this purpose, 
equi-molar aqueous solutions of 0.1M Zinc Nitrate 
Hexahydrate (Zn (NO3)2.6H2O) and HMTA (C6H12N4) are 
prepared using 50ml of DI water and then mixed together in 
a beaker which produces a transparent solution. Both the 
bare and seed-coated Si samples are dipped vertically in the 
solution using a sample holder and the bath is covered by a 
heat insulator and stirred at 250rpm. With increasing time 
and temperature, the transparent solution turns out to be 
slightly whitish due to the precipitation of ZnO which 
finally leads to heterogeneous reaction and deposition of 

ZnO on Si substrate [30]. The deposition was performed for 
120min at 90 °C. The solution pH at this stage was 
measured to be 5.3. The samples are taken out and rinsed 
immediately in running DI water, followed by drying up in 
N2 ambient. The relevant reaction mechanism can be 
described as follows: 

 

 C6H12N4 + 6H2O   6CH2O + 4NH3    

 NH3 + H2O  NH4
+
 + OH

-   
         

 Zn(NO3)2 + 2NH4
+
 + 2OH

-
  2(NO3)NH4+Zn(OH)2 

 Zn
2+

 + 2OH
-
 + 2H2O  Zn (OH)4

2-
 +2H

+ 
  

 Zn (OH)4
2-

 + 2H
+  
 ZnO(s) + 3H2O 

  
The growth of ZnO nanostructures involves two 

mechanisms, the nucleation growth and particle growth 

[30]. During such reaction, HMTA provides OH
-
 ions to 

the solution by its thermal decomposition, followed by the 
formation of Zn(OH)4

2-
 at an intermediate stage which 

subsequently converts to solid ZnO with the increase of 

temperature and time by dehydration reaction. With 
increasing time, the heterogeneous nucleation of ZnO on Si 
increases and gradually forms the seeds on Si surface. The 
non-uniform dangling bonds on silicon surface act as the 
nucleation sites for ZnO nuclei and such process can be 
considered as the self-seeding of ZnO. Till date no such self 
seeding observation has been reported using CBD 
technique, however, it has been observed by Jeong et al 

using metal-vapor-deposition technique [35]. With 
continuous supply of ZnO nuclei, additional seeds are 
formed randomly on the Si surface which also increases 
size of the seeds. ZnO is a polar crystal having a dipole 

moment along c-axis [36]. Moreover, growth rate of its 

[001] plane is the highest [37] and thus having the 
maximum surface energy. Consequently, the ZnO 
nanowires grow at a faster rate along <001> direction due 
to dipole alignment and to minimize the relevant surface 

energy along c-axis [38]. The nanowires grow epitaxially 
on such lattice matched ZnO seeds and it should be noted 
that its growth direction depends on crystallographic 
orientation of the seeds. 
 
Physical and electrical characterizations of the nano-
structures and hetero-junctions   
 
The surface morphology and thickness of the grown 
samples are characterized by using field emission scanning 
electron microscopy (FESEM) (Zeiss Auriga 39-63) 
technique. The analysis of structural and crystallographic 
orientation of the grown samples is conducted by 
employing x-ray diffraction (XRD) method. The elemental 
as well as compositional analysis of the nanowire is 
performed using energy dispersive x-ray diffraction 
spectrometry (EDAX, JEOL-JSM 7600F). The bandgap of 
the grown samples is measured using UV–VIS-NIR 
absorption spectrophotometer from PerkinElmer, Lambda 
1050. The photoluminescence spectra of the grown samples 
are measured in a SAQ2 spectrometer. The current-voltage 
characteristics of the p-Si/n-ZnO NW diodes are measured 
by using Keithley 4200-SCS parameter analyzer. 
 

Results and discussion 

Fig. 1(a) and (b) shows the SEM micrographs of ZnO 
nanowire arrays grown by both single-step and double-step 
approaches on Si (100) substrate, respectively. It is noticed 
that the grown nanowires in both the techniques acquire a 
similar hexagonal shape along c-axis plane. In single-step 
growth, along with the quasi-aligned vertical ZnO 
hexagonal nanowires, some tipped-nanowires (nano-tips) 
are also observed with average diameter of ~163nm. In 
case of double-step growth, the grown nanowires are highly 
aligned in vertical direction, confirming the c-axis oriented 
growth. The average diameter of the grown ZnO nanowire 
is ~210nm and its average height measured from the silicon 
surface is observed to be ~2.16µm. Also, the areal density 
of ZnO nanowires grown by the double-step approach is 
much higher compared to the single-step grown samples, 
which is attributed to the presence of higher nucleation sites 
for nanowire growth on the seed layer. The development of 
reliable electronic devices with uniform characteristics 
requires precise control of the nanowire sizes since the 
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electronic transport properties of such structures strongly 
depend on it. 
 

(a) (b)

 

(a) (b)

 
 

Fig. 1. FESEM images of the ZnO nanowires grown by: (a) single-step 
approach and, (b) double- step route. Images at the inset show side view 
of the nanowires.      

 
In this context, the histogram analysis of size 

distributions of nanowire samples grown by both single-
step and double-step approaches is performed and plotted 

in Fig. 2 (a) and (b), for the distribution of diameters, and 

(c) and (d), for the distribution of heights, respectively. It is 
apparent that the diameter of the ZnO NW’s grown by 
single step ranges from 125nm to 575nm and for the double 
step it ranges from 75nm to 350nm. The diameter and 
height of majority the single-step grown nanowires are 
measured to be ~370nm and ~2.45µm, respectively, as 

observed from the size distribution of Fig. 2 (a) and (b). 
The similar values for the double-step grown samples are 
obtained to be ~210nm and ~2.16µm, respectively. Thus, 
~8.93% of the grown nanowires following single-step 
approach will be having diameter in the range of 350-
400nm and that for the sample grown by double-step 
approach is 25.81% in the range of 200-250nm. This is to 
be noted that all the growth parameters such as molar 
concentration, solution temperature, and growth time are 
maintained to be constant to 0.1M, 90 °C and 120min, 
respectively. The ZnO nanowires are simultaneously grown 
on both the blank as well as seed-coated Si substrates by 
dipping in the chemical bath solution. The densely 
distributed ZnO seeds promote the growth of high density 

of nucleation sites for the double-step grown nanowires 

[39]. Reports are available where the concentration of local 
Zn

2+
 ions at the vicinity of highly dense growing nanowires 

(on seed coated substrate) gets reduced due to its higher 
consumption. In comparison, the localized concentration of 
Zn

2+
 ions in the vicinity of relatively less densely grown 

nanowires (single-step grown) is much higher [39, 40]. 
Consequently, the growth rate of double–step grown 
nanowires is relatively slower than the single-step grown 
nanowires, resulting to higher lengths of the nanowire. 
Moreover, there is less space available in between the 
densely grown nanowires in double-step approach, which 
leads to lower diffusion rate of Zn

2+
 ions, thereby, resulting 

to a relatively slower growth of nanowire side walls [40]. 
Thus, it makes the double-step grown nanowires 
comparatively thinner than the single-step grown ZnO 
nanowires.   
 

 
 
Fig. 2. The plots of dimensional distributions of the ZnO nanowires:  
(a) distribution of diameters for single-step grown; (b) distribution of 
diameters for double-step grown; (c) distribution of heights for single-step 
grown and; (d) distribution of heights for double-step grown. Solid lines 
show the Gaussian-fit of the distributions.   

 
The chemical compositions of the samples grown by 

following both single-step as well as double-step routes 
have been determined by employing EDAX analysis. The 

presence of Zn and O in EDAX plots of Fig. 3(a) confirms 
the formation of ZnO nanowires. The EDAX pattern also 
exhibits some elemental trace of Si for the samples grown 
by single-step approach. Such elemental trace is appearing 
from Si substrate due to the formation of low density of 

nanowires on it has been seen from Fig. 1 (a). No such 
trace of Si is observed for the densely grown ZnO 
nanowires by double-step route. The atomic fraction of 
Zn:O in the composition is estimated to be 0.968 and 1.0 
for the samples obtained from the double- and single-step 
routes, respectively, and indicate the growth of nanowires 
with appropriate stoichiometry. 

X-ray diffraction pattern of the ZnO nanowires grown by 
both single- and double-step approaches are compared in 

Fig. 3(b), which suggests the formation of wurtzite  
ZnO nanostructures. The peaks in the graph correspond  
to polycrystalline ZnO with [002] plane at 2θ = 34.4°, 

which is consistent with the JCPDS card no 36-1451 [41]. 
The dominant peak in the XRD pattern of single-step 
grown sample is emerging from [101] plane, indicating  
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the suppressed c-axis growth. However, the dominant peak 
for double-step grown samples appears from [002] 
orientation which indicates c-axis or <001> growth 
direction, confirming high crystalline nanowires.  
These observations are consistent with SEM  
micrographs where the areal density of double-step grown 
nanowires is dense and vertically oriented than in case of 
single-step growth. 
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Fig. 3. (a) Energy dispersive x-ray spectroscopy pattern of the ZnO 
nanowire array grown by single-step and double-step approach  
(b) Comparative plots of the XRD pattern. 

 

Fig. 4(a) shows the comparative plots of absorption 
spectra of ZnO nanowires grown by following both single- 
and double-step approaches. As expected, the spectra 
reveal that the grown ZnO nanowires have absorption  
band in UV region, resembling its bandgap. The bandgap is 
extracted by using Tauc’s relation as illustrated at the inset 

of Fig. 4(a) and it is obtained to be 3.19eV for the single-
step grown samples and 3.26eV for the double-step grown 
samples, which are in consistent with the other reported 

results [42]. 
However, the single-step grown ZnO nanowires exhibit a 

relatively lower value of bandgap compared to the double-
step grown samples. This is worth pointing that the single-
step grown nanowires are directly grown on p-Si substrate 
and there is 39.1% lattice mismatch between the (100) Si 
and (001) ZnO nanowires. Such significant lattice mismatch 
incorporates a significant amount of stress into the 
nanowires which may cause a reduction of bandgap of these 

nanowires [43, 44]. The photoluminescence spectra, shown 

in Fig. 4(b), also revealed that strong UV peak at 380nm 
corresponds to the near-band edge emission (NBE) due to 

recombination of free exciton [45]. The green or deep level 
emission (DLE) centered at 553nm and 561nm for double- 
and single-step grown samples are attributed to oxygen 

vacancies and interstitial zinc [46]. 
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Fig. 4. (a) Comparative plots of absorption with wavelength for the 
single-step and double-step CBD grown ZnO nanowires. Inset shows the 
Tauc’s plot of the relevant absorption spectra, (b) Room temperature 
photoluminesence spectra of ZnO nanowires. 

   
The current-voltage characteristics of p-Si/n-ZnO 

nanowires grown by following both the single and double-

step approaches are plotted in Fig. 5(a). The relevant band 

alignment is also shown at the inset of Fig. 5(a). The 
calculated average contribution of current per nanowire has 
been plotted for both the single as well as the double step 

grown sample in Fig. 5(b). It is observed from the band 

diagram that a valence band offset (EV) of 2.6eV and a 

conduction band offset (EC) of 0.315eV exist at the 
hetero-interface of such a nanowire diode and the 
characteristics exhibit a prominent hetero-junction 
behavior. It should be noted that the positive bias is applied 
to p-Si side and the n-ZnO nanowire side is grounded. 
Therefore, in such a structure, both electron and hole 
current contribute to the total forward current, where the 
cut-in voltages for electron and hole transport are different 
and it is measured to be 0.5V and 2.5V, respectively. This 
is attributed to the difference in conduction and valance 
band discontinuities at the hetero-junction of p-Si/n-ZnO 
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band structure, as observed in Fig. 5(a). The valance band 
discontinuity is much larger than that of conduction band, 
thereby, impeding the hole transport below 2.5V and above 
it, the transport is mainly carried out by holes. The forward 
current below 2.5V is dominated by the electrons which are 
injected from gate terminal and the conduction offset at  
n-ZnO/p-Si hetero-junction favors such electron transport.  
However, the doping level of p-Si (4.9 × 10

18 
cm

-3
) is 

higher than n-ZnO (2.9 × 10
16

 cm
-3

) and as a result, the 
value of hole current becomes almost 2 orders higher than 
electron current when the applied bias is higher than cut-in 
voltage.         
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Fig. 5. (a) Comparison of I-V characteristics of n-ZnO NW/p-Si diode. 

Inset shows the band-diagram of p-Si/n-ZnO (b) Plot shows the 
current/nanowire of n-ZnO NW/p-Si. 

 

Conclusion  

A comparative study has been performed on the growth of 
ZnO nanowires following single- and double-step 
approaches, and the high-quality ZnO nanowires with  
c-axis orientation, appropriate crystalline structure and 
chemical stoichiometry have been obtained from both the 
processes. The bandgap of single-step and double-step 
grown nanowires is estimated to be 3.19eV and 3.26eV, 
respectively. The nanowires grown by single-step process 
are initiated by self-seeding of nucleation centers whereas 
the double-step process is initiated by self-forming 

mechanism. The areal density of single step grown 
nanowires is 2.65µm

-2
 and that of double step is 5.76µm

-2
. 

This shows the density of the double-step grown nanowires 
is almost double than those of single-step grown due to 
already present dense nano-particle seeds, created by sol-
gel and spin-coating techniques. Diameter of majority of 
the single-step grown nanowires is measured to be ~370nm 
and the same for double-step grown nanowires is obtained 
to be ~210nm. The current-voltage characteristics indicate 
that the forward current for both type of samples is 
contributed by both electrons and holes. The electron and 
hole cut-in voltages are obtained to be 0.5V and 2.5V, and 
the conduction and valence band offsets are obtained to be 
0.315eV and 2.6eV, respectively.   
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