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Abstract The role of seed layer (SL) on the growth of
ZnO nanorods was investigated by preparing SL with dif-
ferent concentrations of zinc acetate by jet nebulizer spray
pyrolysis technique at different deposition time. The ZnO
nanorods were grown on the ZnO seeded substrate by
hydrothermal method. The influence of SL on the growth
of ZnO nanorods with respect to SL concentration and
deposition time were studied with various characterization
tools. The results had shown that the orientation of crys-
tallites and alignment of rods were found to be improved
with lower concentration and increasing deposition time of
SL and the converse effect was found in the higher con-
centration. The various morphologies were obtained on the
surface of SL with respect to different concentration and
deposition time and they were discussed in detail from the
basic nucleation theories. The growth mechanism of ZnO
nanorods on the SL is effectively investigated. The lateral
growth was found in nanorods, due to lattice orientation
effect. The hexagonal structural stabilization was also
observed and discussed in detail. The Raman measure-
ments confirm the wurtzite phase, high crystal quality and
quantum confinement in ZnO nanorods.
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1 Introduction

One dimensional (1D) semiconductor nanostructures have
received more attention in recent days due to higher surface
to volume ratio than 2D and 3D structures. The higher
surface area enhances the reactivity and increases the
absorption of photons, improved catalytic performance and
sensitivity. 1D structure exhibits greater quantum con-
finement which improves the quantum transport in an
allowed and unidirectional states and enhances the
absorption and emission properties. ZnO is considered as a
well-known material because of its multiple properties. It
exhibits semiconducting, magnetic, piezoelectric, pyro-
electric and lasing properties, among many others [1]. ZnO
can be obtained in a wide variety of nanostructures such as
nanoparticles, core—shell nanoparticles, tripods, tetrapods,
hierarchical structures, nanoflower, nanosheets, vertically
aligned nanosheets, nanowires, nanorods, nanotips, nan-
otubes and complex branched nanostructures [2].

ZnO has an excitonic binding energy of 60 meV at room
temperature and it has the Bohr diameter of the excitons,
3.6 nm [3]. Due to the formation of strong excitons near
band edges in 1D structure, ZnO effectively emits UV laser
by recombination of exciton at valence band [1]. Since the
ZnO nanostructure crystallised with high quality, it
improves the electron transport by reducing electron hop-
ping steps and thereby enhancing the electron mobility [4].
Vertically aligned ZnO nanorods provide higher interfacial
area between the donor and the acceptor material by
working as electrode which efficiently provide pathways
for electron transport. Moreover the control of 1D struc-
tures at nanosize level provide novel and enhanced
electrical, mechanical, chemical and optical properties.
These special properties of ZnO is utilized in the fabrica-
tion of optoelectronics, acoustics, sensors, biomedical,
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electrochemical, new generation solar cells and other
application devices [5-10]. In order to prepare 1D nanos-
tructure for device fabrication, repeatability of the
structure, surface to volume ratio, size, orientation, align-
ment, density and crystalline quality are to be optimised.
The effective technique is already in practice to grow 1D
nanostructure by using SL [11, 12]. SL especially in ZnO
promotes anisotropic growth due to the reasons of polar
nature and lattice matching with the surface of SL. Due to
small wetting angle in heterogeneous growth on SL, more
nucleation centres are created which reduces the formation
of continuous film. The size of 1D structure depends on the
interfacial energy between solute and crystal of SL which
creates critical nucleus necessary for further growth. The
SL may be a monoatomic layer [13] or thin film [12].
Several people have studied the effect of SL in the growth
of 1D ZnO nanostructure [11-20]. Some reports conclude
that SL supports the 1D nanostructure growth [13, 21] and
vertical alignment of rods [17] but some of the reports
failed to obtain the vertical alignment of rods on the SL
[22]. In order to synthesis custom nanostructure one needs
to understand the fundamental growth mechanism of
nanostructure on seeded substrate. Moreover the resultant
nanostructure depends on SL preparation conditions such
as concentration, temperature, thickness and complex
agent. Therefore this work has been formulated to study the
importance of SL from the fundamental growth of nanos-
tructure by varying concentration and deposition time.

2 Experimental details

The deposition of ZnO nanorods in the present work is
carried in two steps. First, ZnO SL was prepared on pre-
cleaned quartz substrate by jet nebulizer spray pyrolysis
deposition technique [23] and then ZnO nanorods grown on
seeded substrate by hydrothermal deposition technique.

2.1 Preparation of SL

The experimental setup used for the preparation of SL is
shown in the Fig. 1a. The precursor solution was prepared
by dissolving zinc acetate compound [Zn(CH3;COO),-2-
H,O] in 10 ml of de-ionized water. The diameter of the
spray nozzle is 1.5 cm and distance between substrate and
spray nozzle was fixed at 3 cm. The solution spray rate was
maintained at 0.5 ml per minute throughout the spray
process. The pressure of carrier air gas was kept constant at
1 bar. The pre-cleaned quartz substrate was kept on the hot
plate of spray setup and the temperature was set at 350 °C.
After attaining desired temperature the prepared precursor
solution was transferred into the jet nebulizer. The jet
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nebulizer converts the liquid drop of precursor solution into
aerosol via two ports. One port is designed for air flow and
another port is used for the aerosol transport. The port at
the centre is used for the transportation of air. The port
diameter is decreased from 5 to 1 mm at the entrance where
air is released. This set up of decreased diameter of the air
hole is used to have venture effect of concentrating and
increasing the pressure of air at the outlet. A small cap with
a small hole at the centre is placed over the dimensions of
air processing tube to suck the precursor solution and
concentrating at the entrance of air outlet for spray. The
regulated air with desired pressure crosses the venture tube,
strikes the precursor solution projects the solution with
high velocity. The high velocity solution is stopped by a
semi-circular small solid projection at the centre. When it
is stopped, the kinetic energy of the droplet is decreased
and each droplet is divided into very fine droplets with a
diameter of micrometer range. These micron diameter
sized droplets cross the circular disc via the holes adjacent
to the solid projection and transport to the nozzle tube. The
mist like collection of these micron sized droplets are
known as aerosol which is sprayed on the preheated quartz
substrate at the end of nozzle tube. The advantage of using
nebulizer spray pyrolysis method is that the droplets would
be evaporated before reaching the substrate and only salt or
precipitate reaches, spreads and condenses over the sub-
strate. Therfore higher crystalline ordered SL is deposited
on the substrate due to the thermal mobility of atoms. The
SLs are prepared with 0.05 and 0.1 M concentrations of
zinc acetate at a deposition time of 5, 10, 15 and 20 min.

2.2 Growth of ZnO nanorods

ZnO rods are grown on the SL by hydrothermal technique.
The experimental setup is shown in the Fig. 1b. The pre-
cursor solution contains the equimolar Zn(NOj3),-6H,0 and
hexamethylenetetramine (HMTA) with 0.1 M are dissolved
in de-ionized water. On constant stirring at room temper-
ature for 30 min milky white coloured precursor is
obtained. Then prepared SL is immersed into the solution
by placing SL facing against wall of the beaker at 45°
angle. The temperature of the bath was set at 90 °C and
once the temperature is reached the precursor contained
beaker is placed inside the bath and the deposition was
carried out for 2 h. Due to the available thermal energy, the
chemical bonding of the precursor solution will dissociate
and releases Zn>" and O®” ions which migrate and attached
to the seeded layer surface and finally form rod like mor-
phology. The resulting films show light white colour with
good adherence to the substrate. After deposition, the
substrates are rinsed in de-ionized water and dried at room
temperature overnight.
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Fig. 1 a Jet Nebulizer spray (a) Aerosol
pyrolysis setup and f
b hydrothermal deposition setup I
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3 Results and discussion
3.1 Structural studies

In order to study the role of SL on the growth of ZnO rod
effectively, the SL is prepared with two conditions, (1)
Different precursor concentrations of 0.05 and 0.1 M zinc
acetate and (2) Different deposition time of 5, 10, 15 and
20 min with the respective concentration. The GIXRD
patterns of ZnO rods grown on SL with 0.05 and 0.1 M at
different deposition time are shown in Figs. 2 and 3. The
diffraction peaks of the nanostructured films reveal the
ZnO nanorods are crystallised in hexagonal wurtzite
structure. No impurity peaks were observed in the pattern.
The different concentrations at different deposition times
show different orientations of ZnO nanorods on the surface
of SL. In 0.05 M concentration (Fig. 2), the diffraction
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Fig. 2 XRD pattern of ZnO rods grown on SL at different deposition
time with 0.05 M concentration of zinc acetate
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peak along (002) plane is enhanced with increasing SL
deposition time and it becomes predominant at 20 min. But
in the case of 0.1 M concentration of zinc acetate, with
increasing deposition time, initially the predominant ori-
entation of crystallites along (002) plane is modified into
many plane orientations. The results confirm the orienta-
tions of rods were strongly affected with SL precursor
concentration as well as deposition time.

3.2 Surface morphology and growth mechanism

Homogeneous nucleation of solid phase in liquid does not
occur easily even though the ions are in supersaturated
state or above supersaturated state. This is because, the
homogeneous nucleation requires higher activation energy
barrier through rapid cooling [24] and formation of solid
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Fig. 3 XRD pattern of ZnO rods grown on SL at different deposition
time with 0.1 M concentration of zinc acetate
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phase in liquid. Heterogeneous nucleation favours in the
solution growth due to low contact angle between liquid—
solid interface which reduces the activation energy barrier
of growth on the substrate. Though heterogeneous nucle-
ation on foreign surface is easier than the homogeneous
nucleation, controlling random and complex nucleation on
foreign surface is difficult due to lattice mismatch, strain at
the interface of growing species and differential surface
energy. Therefore in heterogeneous nucleation in the
growth of nanostructure the SL will be deposited on the
substrate with the same material as nanomaterial being
grown on it. The advantage of same material as SL pro-
vides effective nucleation on favourable sites with minimal
surface free energy which control morphology, texture and
orientation of nanocrystals.

3.2.1 Effect of precursor concentration of SL

AFM images of ZnO nanorods grown on ZnO SL prepared
at 0.05 and 0.1 M of zinc acetate at different deposition
time are shown in Figs. 4 and 5. The mean square surface
roughness of the films were calculated and the variation is
given in Fig. 6. It is observed that nanorods grown on SL
with the concentration of 0.05 M is having higher surface
roughness value than it is grown on SL with the concen-
tration 0.1 M. FESEM images of ZnO rods grown on ZnO
SL prepared at 0.05 and 0.1 M of zinc acetate at various
deposition time are shown in the Figs. 7 and 8. The ZnO
rods grown on SL in the condition of 0.05 M in 5 min and
10 min deposition time (Fig. 7a, b) show nanorods grown
unevenly on the SL whereas the ZnO rods grown in the
condition of 0.1 M in 5 and 10 min deposition time
(Fig. 8a, b) show ZnO nanorods grown uniformly
throughout the surface. According to nucleation theories,
the initial nucleus generally formed on foreign substrate by
heterogeneous nucleation on energetically favourable sites.
The nucleus will survive on surface after reaching the
critical size with less surface free energy and below which
it dissolves [25]. Energetically, formation of nucleation
sites in the condition of 0.05 M concentration at 5 and
10 min deposition on the quartz substrate are inadequate
throughout the substrate. The less number of available
atomic species in the low concentration solution and less
time period of deposition not forming nucleation on the
entire surface of the substrate is due to higher activation
energy barrier and lattice mismatch. Therefore the density
of the rod on the surface is less due to the less number of
nucleation sites on the SL. When the concentration is
increased to 0.1 M, the available atomic species in the
growth and time interval of 5 and 10 min is increased and
hence the formation of nucleation on the surface of quartz
substrate is increased. Further in the time period, lateral
growth of Frank-van der Merwe takes place predominantly
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Fig. 4 Two dimensional AFM images of ZnO rods grown on SL at
different deposition time as a 5 min, b 10 min, ¢ 15 min and d 20 min
with 0.05 M concentration of zinc acetate

in spray pyrolysis technique than oriented growth adjacent
to nucleus on the surface which forms continuous film with
more energetically favourable nucleation sites on the sur-
face for further growth. Hence the growth at the
concentration of 0.1 M in SL shows nanorods uniformly
grown on the surface of SL (Fig. 8a, b).

3.2.2 Effect of SL deposition time

Figures 7 and 8 depict the surface morphology of ZnO
nanorods grown on ZnO SL at various deposition times.
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Fig. 5 Three dimensional AFM images of ZnO rods grown on SL at
different deposition time as a 5 min, b 10 min, ¢ 15 min and d 20 min
with 0.1 M concentration of zinc acetate
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Fig. 6 Surface roughness calculated from AFM

The mechanism of ZnO nanorod grown on ZnO SL by
hydrothermal method was reported elsewhere [26, 27]. It
was observed from the XRD patterns that ZnO nanorods
were crystallised in wurtzite phase. In the wurtzite structure
of ZnO, the top and bottom surfaces are normally termi-
nated with negative charge by O®~ ions and positive charge
by Zn>* ions. Hence the SL surface is filled with ener-
getically favourable nucleation sites due to the lattice
matching and the polar nature of ZnO. The nucleus for-
mation on the SL surface is based on the active surface area
that is surface free energy of molecules.

At 0.05 M concentration and 5 min deposition time, the
density of ZnO nanorods on the surface of SL is low (Fig. 7a),
and by increasing deposition time to 10 min, the density of
the rod was increased with the increasing of size and diam-
eter (Fig. 7b). The increase in density is due to the increase in
the nucleation sites on the surface of SL and increase in the
size of rod is due to the increase of secondary nucleation
along the direction of rod. Further increase in deposition time
of SL results the growth of nanorods uniformly throughout
the surface of SL with improper alignment (Fig. 7c). The
alignment and orientation of nanorods are improved when
grown on SL at a deposition time of 20 min (Fig. 7d) and it is
observed that almost all ZnO hexagonal rods are vertically
aligned in (002) plane in c-axis. This vertical growth of ZnO
can be understood by growth mechanism. In ZnO, polar
surfaces of (0001) plane terminated with Zn>* and (0001)
plane terminated with O® having higher surface energy of
4.00 J/m? which is greater than the surface energy of 2.32 J/
m? of non-polar facets (0100) and (2110) [28]. Hence higher
surface energy facets (0001) and (0001) are more reactive
which attracts the opposite ions in the solution and the
growth takes by forming critical nucleus by secondary
nucleation on the surface of polar facets. Hence the surface
energy of the polar facets are minimized further and further
by coordinating with opposite ions and the nanorod growth
takes place along c-axis by alternatively stacking the layers
of zinc and oxygen ions. Since the surface energy of the non-
polar side facets {0110} are comparatively less than the
polar facets, growth normally not taking place on the lateral
sides.

In the case of growth of nanorods on ZnO SL in 0.1 M
concentration from 5 to 20 min show converse effect to the
surface morphology of 0.05 M concentration. The nanorods
grown on SL at 5 min deposition time show more align-
ment in the vertical direction (Fig. 8a). On increasing SL
deposition time, the vertical alignment of nanorods are
deteriorated and the rods start to coalesce together (Fig. 8b,
¢). This might be due to the crystal defects of dislocation of
atoms at the interface of rods.

The growth on SL at 20 min deposition time, the bigger
rods appeared between the dense of smaller rods (Fig. 8d).
It was observed that bigger rods have grown by
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Fig. 7 FESEM images of ZnO rods grown on SL at different deposition time as a 5 min, b 10 min, ¢ 15 min and d 20 min with 0.05 M
concentration of zinc acetate

Fig. 8 FESEM images of ZnO rods grown on SL at different deposition time as a 5 min, b 10 min, ¢ 15 min and d 20 min with 0.1 M
concentration of zinc acetate

coalescence of one or more nearby rods due to lattice  lateral sides [29]. In the growth of nanorods, the nucleus
orientation effect. In most cases, the orientation effect was  are formed at the nucleation centres and started to grow
found along c-axis and only in some cases it was found in ~ normally along the c-axis. The lattice orientation and
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alignment of rods are dependent on the contact angle of
nucleus on the surface of SL. Wherever the growth takes
place by secondary nucleation in a manner that the rods
having the lattice planes grown parallel to the same planes
of nearby rod, due to the lattice orientation attachment, the
particles at the interface is dislocated and coalesce evenly
along the growth direction throughout the interface. The
hexagonal structure stabilization takes place further
between coalesced rods by dislocation of atoms and forms
bigger rods with the stabilized hexagonal structure. Finally
the ordered hexagonal crystal shape is obtained from the
defects of disorder. In general lateral growth is not taking
place due to the less surface free energy of non-polar
facets, but lattice orientation attachment causes the lateral
growth by coalescence of oriented rods. It can be observed
from Fig. 8d that the average diameter of small rods were
found to be 197 nm and big rods were found to be 602 nm.
Hence it is understood that almost 400 nm is increased in
the lateral side by lattice orientation attachment.

The variation of rod diameter deposited on different SL
concentration and deposition time is shown in Fig. 9. With
increasing SL deposition time, rod diameter varying from
175 to 426 nm for a concentration of 0.05 M and varying
from 157 to 602 nm for a concentration of 0.1 M. The
variations of diameter of rods depend on critical nucleus on
the SL surface. The size of the critical nucleus depends on
the interfacial energy between solute and crystal. When the
interfacial energy is less, the critical nucleus size is less and
vice versa. It is observed that the SL prepared in both the
concentrations at 5 min deposition time show nanorods of
less diameter.

3.3 Raman studies
Waurtzite hexagonal-shaped ZnO belongs to the Cg,

(P6smc) symmetry group, with two formula units per
primitive cell, where all of the atoms are occupying the
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Fig. 9 Rod diameter calculated from FESEM images

Csy sites [30]. Group theory predicts that the single crys-
talline ZnO has eight sets of optical phonons near the
centre of the Brillouin zone, and hence it is classified as
I = A, (TO,LO) + 2B, + E; (TO,LO) + 2E, [31]. Among
these, the A; and E; modes are both Raman and infra-red
active. Moreover, these A; and E; are polar and split into
two transverse optical (TO) and longitudinal optical (LO)
phonons. E, modes are Raman active only while the B;
modes are silent. Figures 10 and 11 show the Raman
spectra of ZnO nanorods grown on SL with concentration
of 0.05 and 0.1 M of zinc acetate. Totally five optical
phonon modes were observed in both concentrations
around 333, 381, 439, 489 and 582 cm ! By comparing the
peaks with bulk ZnO, the peaks at 333, 381, 439, 489 and
582 cm ! are assigned as Ej(high)—E,(low), A(TO), E,.
(High), LA and E;(LO). Among the five peaks, E,(High)
peak was predominant and other peaks were weak. The
appearance of multiphonon scattering confirms the quan-
tum confinement in the ZnO nanorods [32]. A1(TO) and
E,(High) modes are fundamental Raman active modes. Al
(TO) is polar Raman active mode. E,(High) optical phonon
mode of ZnO, relates the characteristic wurtzite phase of
ZnO and also crystalline property. Here in both concen-
trations, the peak intensity of E,(high) was predominant
over the other peaks which indicates that the obtained ZnO
nanorods were in hexagonal wurtzite phase with high
crystalline quality. The peak intensity of E,(high) increases
in a condition of SL deposited at 15 and 20 min. Figures 10
and 11 show the improved crystal quality of the rods.
Compared to E,(high) peak position of bulk (444 cmfl),
the obtained nanorods are red shifted with 5 cm™'. The
appearance of E;(LO) optical phonon mode reveals c-axis
ZnO nanorods of wurtzite phase was perpendicular to the
substrate. LA mode around 489 cm ' is a silent mode in

ZnO.
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Fig. 10 Raman spectrum of ZnO rods grown on SL at 0.05 M
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Fig. 11 Raman spectrum of ZnO rods grown on SL at 0.1 M

4 Conclusion

The role of SL on the growth of ZnO nanorods was
investigated by preparing SL with two concentrations of
0.05 and 0.1 M of zinc acetate by jet nebulizer spray
pyrolysis technique at different deposition time of 5, 10, 15
and 20 min. The ZnO nanorods are grown on the ZnO
seeded substrate by hydrothermal method. The influence of
SL in the growth of ZnO nanorods with respect to SL
concentration and deposition time were studied with vari-
ous characterization tools.

The findings show that the orientation of crystallites
along (002) direction was increased with the increasing of
SL deposition time from 5 to 20 min for 0.05 M concen-
tration of zinc acetate. The converse effect was found in
nanorods grown with 0.1 M concentration of zinc acetate
with 0.05 M zinc acetate on increase of deposition time.
The various morphologies were obtained on the surface of
SL with different concentrations and deposition time and
were discussed in detail from the basic nucleation theories.
The growth mechanism of ZnO nanorods on the SL was
effectively investigated. Orientation effect was found in
ZnO rods on SL deposited at 20 min in 0.1 M concentra-
tion. The orientation effect leads to lateral growth by
coalescence of two or more rods. Hexagonal structure
stabilization is also observed with dislocation of atoms
between the rods and in an average 400 nm is increased in
lateral side by lattice orientation attachment. Overall it was
found that SL is modifying the surface morphology,
alignment of rods, size of rods and lateral growth.
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