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Zinc oxide (ZnO) micro and nanostructures were synthesised on a quartz substrate by the carbothermal evaporation method. The thin layers of
gold were used as a catalyst and syntheses were carried out at different persistence time. Characterisation of the layer was conducted in order
to study the effect of persistence time on morphology and crystal structure and optical properties of the fabricated ZnO nanostructures. The
samples were characterised by scanning electron microscopy, X-ray diffraction (XRD) and UV–vis spectrophotometry which were performed
to investigate the optical properties of the fabricated ZnO layer. The XRD spectrum clearly shows that the structure is in a hexagonal wurtzite
phase. Optical properties of ZnO micro and nanostructures were evaluated from transmittance data using the method proposed by Swanepoel
(in the regions λ= 200–900 nm). The study’s results indicate that increasing the persistence time as well as decreasing the size of ZnO
nanostructures enhances the optical bandgap to about 3.46 eV. To the best of this work’s knowledge, this is the first report on the study of
the correlation of optical properties obtained by Swanepoel method and morphology of ZnO nanostructures.
1. Introduction: Zinc oxide (ZnO) is one of the most important
optoelectronic material with a wide and direct bandgap of
3.37 eV and a large exciton binding energy of 60 meV at room tem-
perature. There has been a lot of interest in growing ZnO nanostruc-
tures especially nanowires, nanotubes, nanocombs, nanorings, and
nanorods nanoclips motivated by their remarkable physical and
chemical properties and the potential applications as nanoscale
electronic, photonic, field emission, sensing and energy conversion
devices, and chemical and gas sensor devices, solar electrical
energy converters [1–8]. Therefore, preparation of one-dimensional
nanostructures and investigation of their optical properties have
attracted much attention.

Several fabrication techniques have been explored. The most
popular one was the vapour transport and deposition [9]. In this
technique, there are two main growth mechanisms: vapour–solid
(VS) and vapour–liquid–solid (VLS) [10, 11]. Growth process
occurs through a VLS mechanism on substrate coated with a
catalyst. Owing to the constraints that originated from liquid
phase catalyst nanoparticles, the VLS mechanism seldom leads to
the formation of complex structures beyond one-dimensional nano-
wires and nanorods, where the VS mechanism is the driving force
[12]. The VLS mechanism has the advantages of a high aspect
ratio, low-cost production, geometric control and a large area
deposition compared to the growth method.

Here, the effects of catalyst and persistence time on morphology,
structure and optical properties of ZnO micro and nanostructures
have been investigated. The optical properties of ZnO nano/
microstructures are investigated through transmittance spectra
obtained via spectrophotometry (Carry500). The experimental
data are collected in UV–vis and near-infrared ranges
(λ= 200–900 nm). From the transmittance spectra, the refractive
index (n(λ)), thickness (t) and absorption index (α(λ)) of the ZnO
nanostructures are calculated using the Swanepoel method and
the optical bandgap (Eg) is calculated from α(λ) [13].
Consequently, a good comparison on obtained optical results
related to different structures is performed.

2. Experimental details: In this Letter, the traditional carbothermal
evaporation method is used for the synthesis of the ZnO micro and
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nanostructures. Deposition was carried out in a conventional
horizontal tube (150 cm long with a 4 cm diameter) which was sur-
rounded by a cylindrical controllable furnace. A borosilicate tube is
used as a deposition chamber. Heating of furnace creates a tempera-
ture gradient along the chamber [14]. The precursor is a mixture of
commercial ZnO (Aldrich, purity>99.9%) and graphite (Aldrich,
purity>99.9%) with weight ratio of 1:1. The powder mixture was
placed in the centre of the deposition tube and quartz is used as
substrate. For deposition, precursor and substrate are located at a
predetermined position (at ∼9.5–10 cm from the centre of the
deposition tube), according to the special temperature, inside the
chamber under a constant flow of N2 gas (60 sccm). In this work,
the temperature of source materials is adjusted at 1050°C and
temperature of substrate is kept at ∼900°C [14, 15]. The system
employed for the synthesis of the ZnO micro and nanostructures
is illustrated schematically in Fig. 1.

The experiment is repeated for four different deposition timings:
15, 30, 60 and 90 min. The deposited products are characterised by
scanning electron microscopy (SEM) (Philips XL30) that is
equipped with energy dispersive X-ray spectrometer (EDS). The
crystal structure and dominant crystal phase of layer was also
examined by the X-ray diffraction (XRD) method.

3. Effect of persistence time: After the furnace temperature
reaches to a preset temperature, some time periods are considered
for the temperature to stay steady, e.g. 15, 30 or 60 min. After
this period (i.e. persistent time) the oven starts to cool down to
the environment temperature. Persistence time is an effective
parameter on the nanorod diameter as well as the areal density
which has been less focused upon in the literature. Fig. 2 shows
the SEM micrographs of samples grown on quartz substrates with
15, 30 and 60 min persistence time whereas other growth conditions
are kept the same. It can be seen that when the persistence time
increases, diameter and density of the rods decrease. This shows
that the rate of re-evaporation has proceeded the rate of deposition
as the nanoneedles remain on hexagonal bases.

4. Effect of catalyst layer: To investigate the role of catalyst layer
on the growth of ZnO wires, the Au droplets which reach
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Fig. 2 SEM images of different ZnO micro and nanostructures obtained at
different persistence time on quartz substrates
a Microstructures at 15 min
b ZnO nanowires at 30 min and
c ZnO nanotips at 60 min

Fig. 3 SEM images of different ZnO micro and nanostructures obtained at
different persistence time on Au coated quartz substrates
a Nanostructures at 15 min
b ZnO nanotips at 30 min and
c ZnO microstructures at 90 min

Fig. 1 Schematic diagram of the system employed for the synthesis of the
ZnO micro and nanostructures
supersaturation were sputtered on quartz substrates. After annealing
in 600°C for 1 h, Au islands are formed that act as nucleus for nano-
wires’ growth [16, 17]. Nitrogen gas is used as the carrier gas. There
is no discussion on the porosity formation in this Letter. It is worth
noting that the experiments were mostly focused on the effect of the
persistent time and gold catalyst on the structures and properties of
the micro–nanostructures of ZnO.
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When ZnO precipitates out as a wire with attention to growth
temperature and evaporation point of Au (2807°C), Au catalyst
remains on the surface of the substrate and speeds up the deposition
process. Increasing persistence time causes the substrates to be
exposed to source vapour for a longer time period. Owing to the
continuous islands between Au droplets, nanotips of wires attached
to each other and forming a porous structure (Fig. 3). Sharp Au peak
in the EDS spectrum shows that during reaction time, Au does not
evaporate and catalyses the growth (Fig. 4). Compared to the
samples grown on free catalyst substrates, a more uniform distribu-
tion of the same structures can be observed here. A typical XRD
pattern of the grown nanostructures is depicted in Fig. 5. The
XRD confirms that wires are crystalline and the preferred orienta-
tion growth is 〈002〉. The diffraction peaks can be well-indexed
to the ZnO wurtzite-type, hexagonal phase with calculated cell
parameters a= b= 3.25 and c= 5.21 nm consistent with the standard
values reported previously for bulk ZnO (space group: P63mc,
JPCPDF, Card file No.79-0206, wavelength = 1.78897 Å).
5. Optical properties: Fig. 6 presents the transmittance spectra of
ZnO nano/microstructures for four samples with persistence time
(a) 15, (b) 30, (c) 30 min (with Au catalyst) and (d) 60 min
(without catalyst) and bare quartz substrate. There is strong absorp-
tion from the substrate at wavelengths below 270 nm. Comparison
study on the transmittance spectra reveals that there is much
413
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Fig. 4 EDS analysis of the ZnO nanostructures grown on Au coated quartz

Fig. 5 XRD pattern of ZnO microstructures with persistence time: 15 min
(without catalyst)

Fig. 6 Transmittance spectra of ZnO micro/nanostructures for four samples
with persistence time
a 15 min
b 30 min
c 30 min (with Au catalyst) and
d 60 min (without catalyst) and bare quartz substrate

Fig. 7 Refractive index (n) of the ZnO micro/nanostructures for four
samples with persistence time
a 15 min
b 30 min
c 30 min with Au catalyst and
d 60 min (without catalyst) as a function of the energy (E)
absorption in the ZnO nanostructure layers and it also shows
increasing porosity in the samples, according to SEM images,
leads to a meaningful increase in transmittance. It is important to
note that Au catalyst causes more reflection and has a dominant
role in decreasing the refraction index. The refractive index of
each sample can be calculated by determination of the following
expressions [13]:

N = 2ns
Tmax − Tmin

( )
TmaxTmin

+ n2s + 1
( )

2
(1)

n = N + N2 − n2s
( )1/2[ ]1/2

(2)
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where Tmax and Tmin are maximum and minimum temperatures in
the transmittance spectrum, respectively. Fig. 7 indicates the
values of the refractive index calculated using (2) as a function of
the energy for different samples.

The peaks of refractive index spectra occur in the (496–354 nm)
range which includes the bandgap absorption edge of ZnO that is
located at about 3.37 eV, wavelength of 367 nm. Also, it can be
seen that by increasing the porosity, the refractive index decreases.
The thickness of thin film nanostructure and absorption index (α(λ))
can be calculated through the following expressions [13, 18]:

t = l2l1
2 n l2

( )
l1 − n l1

( )
l2

( ) (3)

a = − 1

t
Ln

(1− n) n− ns
( )

Tmax/Tmin

( )+ 1
( )1/2

(n+ 1) n+ ns
( )

Tmax/Tmin

( )− 1
( )1/2 (4)

Table 1 includes calculated thicknesses for four samples with
persistence time (a) 15, (b) 30, (d) 60 min (without catalyst) and
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Table 1 Thickness of four samples with persistence time: (a) 15, (b) 30,
(c) 30 min (with Au catalyst) and (d) 60 min (without catalyst)

Sample a b c d

t, nm 2309.17 978.54 983.0 879.6

Fig. 8 Plot of (hνα)2 versus hν for samples (b) 30 min, (c) 30 min (with
catalyst) and (d)60 min (without catalyst). The optical bandgap is given
by the intersection of the linear section of the (hνα)2 – curve with the hν
axis (solid lines)
(c) 30 min (with Au catalyst). The energy gap (Eg) is estimated by
assuming a direct transition between valence and conduction bands
with this expression [19]

ahn = K hn− Eg

( )1/2
, (5)

where K is a constant, Eg is the energy gap which is determined by
extrapolating the straight line portion of the spectra to ahn = 0.
From these drawings, the optical energy gaps are deduced 3.37,
3.38 and 3.46 eV for samples (b)–(d), respectively, which are pre-
sented in Fig. 8. The bandgap energy variation may be related
by the degree of non-stoichiometry in ZnO (because of oxygen
vacancies) and increasing in its value of sample (d) which can be
attributed the Au catalysed absorption of oxygen throughout
the sample that produces a more nearly stoichiometric ZnO
nanostructure [18–22].

6. Conclusion: In this Letter, it is illustrated that increasing the
persistence time leads to the high rate of re-evaporation. It is also
practically showed the catalyst layer affects the diameter of micro
and nanowires as well as their density. XRD results demonstrate
that micro/nanostructures have the ZnO hexagonal wurtzite
structure. Swanepoel method is employed to calculate the refractive
index as a function of photon energy. The refractive index of ZnO
micro/nanostructures has increased by increasing the size of
structure and the reduction in porosity but the optical bandgap of
ZnO nanostructures was found to increase from 3.37, 3.38 and
3.46 eV by decreasing the size of the nanostructure and increasing
the persistence time.
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