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Crystal growth of nanostructured zinc oxide nanorods
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One-dimensional (1D) zinc oxide (ZnO) nanostructures (nanorods) were synthesized on a glass slide and fluorine-doped
tin oxide (SnO,/F or FTO) coated glass (FTO/glass) by a wet chemical method. The structural, morphological and optical
analyses of the as-deposited ZnO nanostructures were performed by X-ray diffractometry (XRD), scanning electron microscopy
(SEM) and UV-Vis spectroscopy, respectively. The XRD results showed that the nanostructures as-deposited on the glass and
the FTO/glass substrates were of ZnO wurtzite crystal structure, and the crystallite sizes estimated from the (0 0 2) planes
were 60.832 nm and 64.876 nm, respectively. The SEM images showed the growth of densely oriented ZnO nanorods with a
hexagonal-faceted morphology. The UV-Vis absorption spectrum revealed high absorbance properties in the ultraviolet range
and low absorbance properties in the visible range. The optical energy band gap of the ZnO nanostructure was estimated to be

3.87 eV by the absorption spectrum fitting (ASF) method.
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1. Introduction

The study of morphology, which includes
shape, size and structure of a material, is especially
important for nanostructured materials, because it
determines their physical and chemical properties.
It has been observed, that there is a strong corre-
lation between the morphology of nanostructured
materials and their properties, which totally devi-
ate from the properties of their microscale and bulk
forms [1-3]. One-dimensional (1D) nanostructures
of metal oxides (ZnO, SnO,, TiO,) stand out as
the most versatile materials among semiconductor
nanostructures, due to their rich families, unique
geometries with size confinement in two coordi-
nates, diverse properties, and novel functionalities
due to constrained movement of electrons and pho-
tons in one direction [4].

Zinc oxide (ZnO), a II-VI binary semicon-
ductor compound, with a wide direct band gap
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of 3.37 eV and a large exciton binding energy of
60 meV at room temperature [5], has one of the
richest family of nanostructures among other mate-
rials in terms of diversified morphologies and prop-
erties [6]. It is a functional metal oxide semicon-
ductor with unique electronic and optical proper-
ties, and ever-evolving applications and potential.
Zinc oxide exhibits three crystal structures: cubic
zinc blende, hexagonal wurtzite and cubic rocksalt,
but under ambient conditions, zinc oxide exhibits
hexagonal wurtzite structure, which is its thermo-
dynamically stable form [7].

The easy formation in the synthesis of one-
dimensional (1D) ZnO nanostructures (nanorods
(NRs) and nanowires (NWs)), their device appli-
cations in electronics [11], photonics and opto-
electronics [12, 13], such as solar cells [8], sen-
sors [9, 10], etc., and the correlation of their size-
related electrical and optical properties have at-
tracted a great deal of attention [14]. In addi-
tion, zinc oxide has been found to be biocom-
patible, biodegradable and bio-safe for medical
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and environmental applications [15, 16], due to its
nontoxicity, and as such can be used without coat-
ing for biomedical applications.

Gas phase synthesis of 1D ZnO nanostructures
includes metal-organic chemical vapor deposition
(MOCVD) [17], thermal evaporation [18], molec-
ular beam epitaxy (MBE) [19], sputter deposi-
tion [20], vapor-liquid-solid (VLS) process [21],
etc., which all require expensive and sophisticated
equipment, high vacuum and high process temper-
atures. In comparison with the above mentioned
techniques, the synthesis and growth of zinc oxide
nanostructures by wet chemical deposition tech-
niques such as chemical bath deposition (CBD)
or hydrothermal synthesis [22], electrochemical
deposition (ED) [23], etc., has favorable advan-
tages which include low cost of setup, easy han-
dling, operation under low temperature and pres-
sure, compatibility with various substrates (except
for ED which requires substrates with conductive
surface), no requirements of catalyst-assisted pro-
cess and possibility of employment in large-scale
production.

In this work, zinc acetate dihydrate and hex-
amine (HMTA) solution were used in the synthe-
sis of ZnO nanorods, with ZnO dispersion pre-
deposited on the substrates as a seed layer. Though
the solutions of zinc compounds (e.g. acetate, for-
mate and chloride) containing HMTA were studied
to yield nanorods [24], only few researchers [25]
have actually used zinc acetate and HMTA solu-
tion to synthesize ZnO nanorods. In various works,
zinc nitrate was the common and recurring zinc
compound used for the synthesis of nanorods and
nanowires [22, 24, 26-28], but in this work zinc ac-
etate dihydrate was used which is a deviation from
the norm. The synthesis of the ZnO nanorods fol-
lows the work of Vayssieres [22], with major mod-
ifications in the synthesis procedures.

2. Experimental

Glass slide and fluorine-doped tin oxide coated
glass (FTO/glass) were used as substrates in the
synthesis of the ZnO nanostructure (nanorods).
Prior to the deposition, to make the substrates

hydrophilic, they were washed with detergent and
rinsed thoroughly with distilled water. The sub-
strates were then immersed in a highly diluted HC1
solution, and then rinsed with distilled water af-
ter which they were ultrasonically agitated in iso-
propyl alcohol (IPA) solution for 30 min followed
by rinsing in distilled water and drying.

Zinc acetate dehydrate, Zn(CH3COO),-2H,0,
and hexamethylenetetramine (HMTA), also called
hexamine or methenamine, C¢Hi,Ny4, were used in
the preparation of precursor solution for the synthe-
sis of ZnO nanostructures. The cleaned substrates
(FTO/glass and glass) were pre-deposited with
ZnO seed layer using ZnO dispersion (a solution of
ZnO nanoparticles) by spin coating and annealed
in an oven for 1 h at 150 °C. Equimolar aqueous
solution of 10 mM of Zn(CH3COO),-2H,0 and
HMTA were prepared and stirred for 2 h on a mag-
netic stirrer. The substrates were placed in a beaker
containing the precursor solution, covered with an
aluminium foil and placed in the laboratory oven at
the temperature of 90 °C. After 3 h, the substrates
were removed and washed with distilled water and
dried in the oven at 60 °C for 1 h, and then placed
in a desiccator for characterization.

3. Results and discussion

The structural, morphological and optical prop-
erties of the as-deposited ZnO nanostructure were
investigated by X-ray diffraction (XRD), scanning
electron microscopy (SEM), and UV-Vis spec-
troscopy, respectively.

3.1. XRD analysis

The XRD patterns of the as-deposited ZnO
nanostructures (nanorods) on glass and FTO/glass
substrates investigated by X-ray diffractometry are
shown in Fig. 1a and Fig. 1b, respectively, which
reveal the crystalline structure of the as-deposited
ZnO nanostructures. The peak intensities were
measured in 20 range of 30° to 70°. Strong re-
flection from the (0 0 2) plane was recorded for
ZnO nanostructures grown on the glass substrate,
while strong reflections from the (1 0 1), (0 0 2)
and (0 0 1) planes were observed for the ZnO
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nanostructures grown on the FT'O/glass substrate.
The (0 0 2) plane of the ZnO nanostructures on
the glass substrate appears to be the densest in
comparison to the (1 0 1), (0 0 2) and (0 0 1)
planes of the ZnO nanostructures grown on the
FTO/glass substrate, which accounts for the strong
reflection shown in Fig. 1a. The strong reflection
from the (0 0 2) plane is also an indicator of vertical
alignment of the ZnO nanorods, that is the growth
along the c-axis normal to the substrate [29]. The
vertical alignment of nanorods on the glass sub-
strate can be attributed to the texture (smoothness),
seed density and particularly the (0 O 2) orientation
of the seed layer [30].
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Fig. 1. XRD pattern of the as-deposited ZnO nano-
structures grown on (a) glass, and (b) FTO/glass
substrates.

The diffraction peaks of the XRD patterns
were indexed to the hexagonal wurtzite structure
of ZnO [31] and were found to be in agreement
with JCPDS Card No. 036-1451. The structural pa-
rameters of the as-deposited ZnO nanostructures
on the glass and FTO/glass substrates are shown

in Table 1 and Table 2. The crystallite sizes were es-
timated from the (0 0 2) plane of each XRD pattern,
and were found to be 60.832 nm and 64.876 nm for
the glass substrate and FTO/glass substrate, respec-
tively, using Scherrer formula:
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where D is the crystallite size, K is Scherrer con-
stant (0.94), A is wavelength of the monochromatic
X-ray (1.5406 A), Bry is full width at half maxi-
mum (FWHM), and 0, is diffraction angle.

D= ey

The interplanar/lattice spacing, dyyj, of the
crystallographic planes of the nanostructure was
obtained using the Bragg equation, given by:

A =2dj i 8in Q5 )

The lattice parameters a and c of the ZnO
nanostructure were calculated from the expression
below:

dig 3

The lattice constant, a, was obtained from equa-

tion 4 using the (1 0 0) plane and the lattice con-

stant, ¢, was obtained from equation 5 using the

(0 0 2) plane. These two equations (4 and 5) were
derived from equation 3:

Ay
3

— 272

1 4 (h? +hk + k* 2
<++>+ 3)

a? c?

4

(&)

The calculated values of the lattice constants
are in agreement with the standard values of
JCPDS Card No. 36-1451 with lattice parameters
of a=3.2493 A and c = 5.1968 A [31].

The average microstrain €, and the average dis-
location density p, were calculated from the follow-
ing equations:

_ BcosO

€ ) (6)
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Table 1. Structure parameters of the ZnO nanorods (NRs) grown on glass substrate.

hklplane 260 [°] FWHM, 3 [rad] Lattice spacing, d [A]  Crystallite size, D [nm]
(100) 32.304 0.004049 2.769 37.234
002) 34.956 0.002496 2.565 60.832
(1o1mn 36.790 0.003683 2.441 41.442

Table 2. Structural parameters of the ZnO nanorods (NRs) grown on FTO/glass substrate.

hklplane 20 [°] FWHM, 3 [rad] Lattice spacing, d [A]  Crystallite size, D [nm]
(100) 31.946 0.003962 2.799 38.020
002) 34.721 0.002339 2.582 64.876
(101) 36.474 0.003840 2.461 39.710

3.2. SEM analysis

The morphological characterization of the as-
deposited ZnO nanostructures was carried out by
scanning electron microscopy (SEM).

Fig. 2 and Fig. 3 show the SEM images of
the ZnO nanostructures (nanorods) at different
magnifications.

The SEM images of the as-deposited ZnO nano-
structures on the glass substrate show the growth of
densely and highly oriented nanorods perpendic-
ular to the substrate surface (Fig. 2). The images
show the NRs covering the entire substrate surface
and depict the hexagonal-faceted morphology.

The SEM images of the as-deposited ZnO
nanostructure on the FTO/glass substrate (Fig. 3)
show the growth of long, densely and randomly
oriented nanorods on the substrate with hexagonal-
faceted morphology. The nanorods are also seen to
cover the entire surface of the substrate.

3.3. Optical analysis

The UV-Vis absorption spectrum of the as-
deposited ZnO nanostructures, taken on unan-
nealed sample, is shown in Fig. 4.

The absorption edge of the as-deposited ZnO
nanostructure is at 335 nm which is lower than that
of bulk ZnO (367 nm). The absorption edge wave-
length indicates a blue shift in the absorption spec-
trum of the as-deposited ZnO nanostructure typical
of unannealed samples [32].

The optical band gap, E,, was estimated by us-
ing the absorption spectrum fitting (ASF) method,
which did not require the film thickness. The pa-
rameter Ag in equation 8 has been obtained from the

Abs()\)

1
linear extrapolation of the (T) " 1

VS. h curve

1
(Fig. 5), at (2%2)" =0, whith m = § [33];
hc
Ag
where h is Planck constant, c is speed of light, A, is
optical band gap wavelength.

1
5. at (Ab;\(?\))m I
Ag =3.209 x 1077 m.
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From  Fig.

Using equation 8, the optical band gap,
E, = 3.87 eV, which is larger than that of bulk ZnO
(3.37 eV).

The widening of the optical band gap of the as-
deposited ZnO nanostructures is a result obtained
for the unannealed as-deposited sample used in the
optical characterization. After annealing, a change
from blue shift to red shift in the absorption spec-
trum of the ZnO nanostructure will occur, resulting
in reduction of the optical band will [32].

4. Conclusions

In this work, one-dimensional zinc oxide nano-
structures (nanorods) have been synthesized on
two kinds of substrates (glass and FTO/glass) at
90 °C by wet chemical technique. XRD analy-
sis revealed that the synthesized nanostructure is
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(a)

(d)

Fig. 3. The plain view SEM images of ZnO nanorods (NRs) grown on the FTO/glass substrate.
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Fig. 4. The absorption spectrum of the as-deposited
ZnO nanostructures on the glass substrate.

indeed ZnO with the hexagonal wurtzite crystal
structure. The morphology study carried out by
SEM on the as-deposited ZnO nanostructures re-
vealed densely oriented nanorods of hexagonal-
faceted surface. The UV-Vis spectroscopy analy-
sis showed a blue (hypsochromic) shift in the ab-
sorption spectrum of the as-deposited ZnO nano-
structures with an absorption edge of 335 nm.

T T T T J
1 15 2 25 3 35
1 () x1d*

Fig. 5. The plot of absorption spectrum fitting (ASF).

There were also revealed high absorbance values
in the ultraviolet wavelength range of 300 nm to
400 nm and low absorbance values in the visible
wavelength range of 400 nm to 800 nm, which
is an intrinsic property of zinc oxide. The optical
band gap, E,, of the ZnO nanostructure estimated
by the absorption spectrum fitting (ASF) method
was 3.87 eV.
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Table 3. Lattice constants/parameters of the as-deposited ZnO nanostructures.

Lattice constants Substrates JCPDS standard value
Glass FTO/glass

a 3.1974 A 3.2323 A 3.2493 A

C 5.1295 A 5.1632 A 5.1968 A

Table 4. Summary of the structural parameters (average values) of the as-deposited ZnO nanostructures grown on

glass and FTO/glass substrates.

Substrates ~ Crystallite size, D [nm] Microstrain, € (x 10%)  Dislocation density, p (x 10~#m?)

Glass 46.503 8.137 8.910

FTO/glass 47.535 8.073 8.757
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