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could be achieved by utilization of nanostructrues because 
the nanostructured have very large surface areas per unit 
volume therefore increase the generation rate of photocarri-
ers [3, 4]. Figure 1 shows how nanostructures can improve 
light trapping schematically. Zinc oxide is an inexpensive 
material, with refractive index (n) around 2 at 600 nm. It 
has a direct wide bandgap of 3.37 eV at room temperature 
with an exaction binding energy of 60  meV [5, 6]. ZnO 
nanorods arrays have properties which make them suitable 
for use in many applicatios such as photodetectors [7], solar 
cells [8] and gas sensors [9]. In recent years, one–dimen-
sional (1D) ZnO nanostructures have been synthesized by 
implementing various techniques such as physical vapour 
deposition [10], molecular beam epitaxy [11], electrospin-
ning [12], sputtering [13], pulsed laser deposition [14] and 
chemical bath deposition (CBD) [15]. Among these meth-
ods, chemical bath deposition has many advantages such 
as use of low temperature media, inexpensive equipment 
and environmental friendliness. Although CBD technique 
is an advantegous method for fabrication of nanostructures, 
but the layers synthesized by this technique are not uni-
form. The reason is the difference between lattice constant 
of top layer and substrate. In this report, the uniformity of 
ZnO nanostructures was enhanced by applying a seed layer 
between substrate and nanostructures. The synthesized uni-
form ZnO nanorods which were grown by this technique 
showed an outstanding optical properties and therefore they 
can be used in optical and electrical devices.

2 � Experimental

A highly-doped p-type silicon (100) wafer was used as sub-
strate. The silicon surface was washed using a conventional 
RCA method to remove the particulate matters on the surface. 

Abstract  ZnO nanorods were grown on p-type silicon by 
chemical bath deposition technique (CBD). ZnO nanorod 
arrays exhibited antireflective properties on silicon sub-
strates. The ZnO nanorods structure, roughness characteris-
tics of the film and phase were studied using field-emission 
scanning electron microscopy (FE-SEM), atomic force 
microscopy (AFM) and X-ray diffraction (XRD) while the 
optical properties were investigated by photoluminescence 
(PL) and reflectance spectrometery. XRD pattern indicated 
a sharp peak from (002) planes of ZnO. FESEM images 
indicated that the average diameter and length of the ZnO 
nanorods were 61.27  nm and 1.22  µm, respectively. Pho-
toluminescence spectra exhibited a strong UV peak due to 
near-band-edge (NBE) emission. ZnO layer can reduce the 
reflection of incident light from silicon surface, thus it can 
be assumed an antireflective layer on Si substrates. Low 
running cost, cheap materials and compatibility of indus-
trial process make this structures attractive for industrial 
optoelectronic devices.

1  Introduction

Improving the efficiency, reducing and controlling the 
production and operation costs of terrestrial photovoltaic 
devices are important for the further development of the 
photovoltaic technologies [1]. One of the important ways 
to achieve high efficiency solar cells is to increase the solar 
cell optical absorption by light trapping [2]. Light trapping 
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Adopting the method, the substrates were successively dipped 
in 1:1:5 (by volume) of NH4OH:H2O2:H2O for 10 min, 1:50 
of HF:H2O for 20 s, and then in 1:1:6 of HCl:H2O2:H2O for 
another 10 min [16]. The samples were washed with deion-
ized water and dried under an ambient nitrogen flow. ZnO 
thin film was deposited using RF magnetron sputtering sys-
tem onto unheated Si (100) wafers (20  mm × 20  mm) with 
a ZnO target (99.9% pure). The vacuum pressure in the pro-
cess chamber was 6 × 10−4 torr and the working pressure was 
6 × 10−2 torr. The target-to-substrate distance was chosen to 
be 50 mm. ZnO nanorod growth was performed by immers-
ing samples in 1:10 (by volume) of zinc acetate dihydrate (Zn 
((O2CCH3)2(H2O)2)) and ammonia (NH4OH) for 120  min. 
The bath temperature was fixed at 85 °C. All of the chemi-
cals were with high purity and were supplied from Merck, 
Germany.

3 � Results and discussion

3.1 � Chemical reactions for growth of ZnO nanorods 
using CBD technique

The following chemical reactions are carried out for syn-
thesis of ZnO nanorods in chemical bath deposition tech-
nique [17]. Here, Zn(CH3COO)2 and ammonia (NH4OH) 
provides Zn2+ and (OH−) ions respectively. Therefore, two 
different complexes will appear. In order to facilitate nucle-
ation and enhance growth rate of ZnO nanorods, a seed 
layer should be deposited on substrates. This will lead to 
growth of uniform and vertical ZnO nanorods.

Zn(CH3COO)2 �→ Zn2 + + 2CH3COO
−

In this process, many factors are effective for synthe-
sis of high quality ZnO nanorods. One of the important 
parameters is concentration of ammonia which provides 
OH− ions. High concentraion of negative OH− ions can 
increase pH of solution which may result in precipitation 
of Zn2+ ions that hinders nucleation of ZnO nanorods [18].

3.2 � Structure and morphology of ZnO nanorods

The sputtering parameters of ZnO seed layer are shown in 
Table 1. Figure 2. illustrates FE-SEM micrograph of ZnO 
nanorods. It shows that ZnO nanorods are grown verti-
cally on seed layer. The size and shape of the nanostructure 
depend on time, temperature, concentration of solution, 
seed layer thickness and the pH of solution. The nanorods 
length and diameter are around 61.27  nm and 1.22  µm, 
respectively. It shows that ZnO nanorods are uniform, 
highly densed and they cover the entire surface, therefore 
this structure can enhance light absoption. Figure 3. shows 
XRD pattern of ZnO nanorods grown on ZnO seed layer 
which was sputtered on p-type silicon. Since the dominent 
peak is for (002) crystal plane, ZnO nanostructures were 
grown with this orientation. The formation energy of this 

NH3 + H2O �→ NH4 + OH−

Zn2 + + 4OH−
�→ [Zn(OH)4]

2 -

Zn2 + + 4NH3 �→ [Zn(NH3)4]
2 +

Zn(NH3)
2 +

4
+ 2OH−

�→ ZnO + 4NH3 + H2O

Zn(OH)2 -
4

�→ ZnO + H2O + 2OH−

Fig. 1   Schematic of light 
trapping in ZnO nanorods/Si 
structure
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orientation is lower than other orientations in ZnO crystal, 
because the surface free-energy density of the (002) plane 
is lower than other orientations [19]. The lattice constant 
(c) of ZnO nanostructures along (002) orientation is calcu-
lated using Eq. 1 [20],

The average crystallite size (D) of the ZnO nanostruc-
tures along the (002) peak is calculated by Scherrer equa-
tion [21]:

where D, θ, λ, and β represent the average crystallite 
size, Bragg diffraction angle, X-ray radiation wavelength, 
and full width at half maximum value (FWHM) of XRD 
peak, respectively. Table 2 summarizes the structural prop-
erties of deposited ZnO nanorods. The calculated average 
crystallite size of ZnO nanostructures was determined to be 
~57 nm. Figure 4. shows EDX spectrum taken from ZnO 
nanorods. The chemical analysis of ZnO nanorods meas-
ured by EDX analysis shows the existence of zinc, oxygen 
and silicon atoms without the presence of any impurity in 
the structure. The Si peak is related to substrate. Therefore, 
EDX analysis indicates the high purity of sunthesized ZnO 
nanostructures. Atomic force microscopy (AFM) technique 
has been used for determining the surface roughness of 
ZnO nanorods (Fig.  5). The roughness of nanostructures 
was measured to be ~148 nm.

3.3 � Optical properties of ZnO nanorods

Controlling the optical properties of different layers in a 
solar cell is very important for optimizing the efficieny 
of the device. Figure  6. shows a comparison between 
light reflectance from bare silicon, ZnO nanorads and 
ZnO thin films which were deposited on silicon sub-
strate. The reflectance of bare silicon wafer is very higher 
than the other samples. ZnO nanorods layer showed low 
reflectance mainly in the visible region, which is impor-
tant for solar cell application. Figure  7. illustrates the 
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Table 1   Physical parameters related to RF magnetron sputtering of 
ZnO thin films on Si substrates

RF power 50 W

Substrate temperature 22 °C
Vacuum pressure 6 × 10−4 torr
Working pressure 6 × 10−2 torr
Deposition time 70 min
Target-substrate distance 50 mm

Fig. 2   FE-SEM of ZnO nanorods deposited on ZnO/Si substrate. 
The inset shows cross-sectional view of structure

Fig. 3   XRD pattern of ZnO nanorods which were grown on ZnO 
seed layer using CBD technique

Table 2   Structural properties of ZnO nanorods on ZnO seed layer

(hkl) 2� d-spacing (Å) FWHM 
(radian)

Crystal-
lite size 
(nm)

Strain (%)

(100) 31.74 2.81 0.15 2.9 0.23
(002) 34.41 2.60 0.11 3.2 0.15
(101) 36.24 2.47 0.05 3.4 0.079
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photoluminescence (PL) spectra of ZnO nanorods and 
ZnO thin film at the room-temperature. Two emission 
peaks are shown for both samples. For ZnO thin film, the 
first peak is at 382 nm and the second peak is at 556 nm. 
For ZnO nanorods, the first peak is at 379  nm and the 
second peak is at 554  nm. The highest intensity of PL 
peak is due to high amount of free excitons. The wide 
peak from 500 to 700 nm was related to deep-level emis-
sion of ZnO band gap, that was due to specific defects, 
such as oxygen vacancies and zinc interstitials .The inten-
sity ratio of UV peak to visible peak was calculated to be 
43.75 and 13.49 for ZnO thin film and nanorods, respec-
tively. The high ratio of PL peak intensity is due to low 
amount of resident defects in ZnO crystal [22–24]. The 
photoluminescence properties of ZnO nanorods and ZnO 
thin film are summarized in Table 3.

Fig. 4   EDX spectrum of ZnO 
nanorods grown on ZnO/Si 
substrate

Fig. 5   Three–dimensional AFM micrograph of ZnO nanorods in the 
scale of 5 × 5 um2

Fig. 6   Light reflectance spectra from polished silicon surface, ZnO 
thin film, and ZnO nanorods

Fig. 7   Room-temperature PL spectra for ZnO nanorod arrays and 
ZnO thin film on silicon substrates
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4 � Conclusion

We demonstrate a facile and inexpensive method for growth 
of ZnO nanostructures on the ZnO seed layer. The reflec-
tance from ZnO nanorods is lower than polished silicon 
at wide wavelength range. The structure and morphology 
properties of ZnO nanorods were studied. XRD and FE-
SEM results demonstrate that the ZnO nanorod arrays with 
a hexagonal wurtzite structure were grown densely and ver-
tically on silicon. The PL spectrum showed a sharp peak 
related to UV emission and a broad green emission related 
to intrinsic defects. The results showed that ZnO seed layer 
facilitates nucleation of ZnO nanorods and enhances the 
uniformity of synthesized ZnO nanorods.
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Table 3   Photoluminescence properties of ZnO thin film and ZnO 
Nanorods

Sample Peak position 
(nm)

FWHM (nm) Intensity (a.u.)

ZnO thin film 382 13 5688
556 69 130

ZnO nanorods 379 18 12,148
554 95 900
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