Research Article

Kumar A et al: Effect of Pressure on Vertically Aligned ZnO Nanorods for Piezoelectric

Effect of Pressure on Vertically Aligned ZnO Nanorods for
Piezoelectric Nanogenerator Application

Ashutosh Kumar®?, Satya Prakash Singh'®, and Vinay Pratap Singh?¢

! Department of Physics, Christ Church College Kanpur, Kanpur, Uttar Pradesh, India- 208001.
2 Department of Applied Sciences and Humanities, United College of Engineering and Research, Prayagraj, India- 211010

& ashutoshais@gmail.com

b satyal209prakash@gmail.com

¢ vinay.phy@gmail.com

Abstract

The piezoelectric characteristics of zinc oxide (ZnO) nanorods and their prospective uses in energy harvesting, sensing, and
nanogenerators have pave off a lot of interest recently. In present work, highly vertically aligned ZnO nanorods grown over Si
substrates by hydrothermal method. ZnO nanorods were grown in a two-step process. First an optimum ZnO seed layer developed
on a n-type Si wafer by sol-gel method, with particle size of diameter ~ 40 nm as a nucleation site. Subsequently nanorods grown on
those sites with the range of length between 250 to 400 nm. These nanorods were examined by FESEM and phase was confirmed
with XRD. Study of pressure effect in a Teflon-lined stainless-steel autoclave was performed at 5 bar pressure.
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Introduction

A lot of emphasis during the past few years has been seen
in the development of nanostructured metal oxides-based
chemical, biological and thermo-mechanical sensors.
Recently, ZnO nanorods have attracted a lot of attention
because of their distinctive qualities and broad range of
applications [1]. One-dimensional nanostructures in
nanotechnology are notable for their exceptional
mechanical, optical, and electrical characteristics, which
make them perfect for a range of technological
advancements [2]. The high aspect ratio, broad band gap,
high surface area, and strong exciton binding energy of ZnO
nanorods make them ideal for application in solar cells,
light-emitting diodes, photodetectors, photocatalysts, and
biosensors [3-7]. ZnO is a readily available, chemically
stable, and non-toxic substance that is widely distributed
throughout the earth. The extrinsic semiconductor ZnO,
also referred to as an n-type semiconductor, has a high
exciton-binding energy (60 meV) and a bandgap of about
3.37 eV [8-11]. The preparation of ZnO nanostructures,
such as nanowires, nanorods, nanotubes, and nanoflowers,
has attracted increasing interest nowadays [12-14]. ZnO can
be produced physically using methods such as metal-

organic chemical vapour deposition [15], sputtering [16],
and molecular beam epitaxy [17]. However, because of the
intricate nature of the equipment and the need for high
temperatures and low pressures, such processes are costly.
Therefore, chemical processes including hydrothermal
deposition [18], chemical bath deposition [19], and
electrochemical deposition [20] are economical, have the
capacity to produce nanoparticles on a large scale, and are
very effective for producing them for a variety of
application possibilities.

The hydrothermal method has been followed for the growth
of vertically aligned nanorods on fluorine doped tin oxide
(FTO) coated glass substrates [21] and seedless substrates
(Pt/Si, Au/Si, Cu plates, FTO, and ITO coated glass) [22]
using zinc nitrate hexahydrate (ZNH) and hexamine as
precursors. For the preparation of seed layer on silicon,
glass, and FTO coated glass substrates, a sol-gel process
using zinc acetate dihydrate (ZAD), ethanol and 2-
methoxyethanol was reported [23]. A combination of the
two solution processes- seed layer deposition and nanorods
growth was reported by Romero et al. [24] who produced
nanorods arranged in a flower-like structure on seeded
silicon and glass substrates. M. Bakry et al. [25] reported
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low-cost fabrication methods of ZnO nanorods and their
physical and photoelectrochemical  properties for
optoelectronic applications. It has been reported that the
size (especially the diameter) and shape of the ZnO
nanorods greatly affects its properties to be used in
applications like photocatalysis [26] and gas sensing [27].
Also, there are several reports on the importance of the seed
layer to obtain ZnO nanorods of the desired size,
morphology and areal density [28-30].

In this work, the hydrothermal growth of ZnO nanorods on
Si/SiO, surface has been demonstrated without using any
intermediate layer or surface modification. For this, first the
ZnO seed layer deposition was optimized using the sol gel
method. Then, a hydrothermal method was followed to
grow vertically aligned, controlled, reproducible, and
scalable zinc oxide nanorods.

Materials and Methods

In this work, the hydrothermal growth of ZnO nanorods on
n-type Si surface has been demonstrated without using any
intermediate layer or surface modification. For this, first the
ZnO seed layer deposition was optimized using the sol gel
method. For fabrication of seed layer, we used the
precursors, namely, zinc acetate dihydrate (ZAD),
isopropanol (IPA) and diethanolamine (DEA). A 0.75 M
solution of ZAD in IPA was prepared by stirring at 50 °C
for 60 minutes on a magnetic stirrer at 1000 rpm. Equimolar
amount of DEA was added to the solution and further stirred
for 20 minutes to form a clear and homogeneous solution.
Stepped annealing was performed on the sol. for 2 hours to
form a yellow-coloured sol to be used for seed layer
deposition. The sol was spin coated onto cleaned n-type Si
wafer at 4000 rpm for 20 seconds. These substrates were
further heated at 400 °C for 15 minutes for hard baking. By
this ZnO seed layer with particle size of diameter ~ 40 nm
was prepared as a nucleation site.

For the growth of ZnO nanorods, aqueous solution of 2 mM
solution of zinc nitrate hexahydrate (ZNH) with equimolar
amount of hexamine were prepared in DI water by stirring
at 50 °C for 1 hour. Nanorods of ZnO were grown on seed
layer deposited substrates by placing the wafer in beakers
containing these solutions and heating at 60 °C and 90 °C
for 8 hours in an oven.

Characterization

The surface morphology, dimensions of the seed layer films
and nanorods were examined by FESEM (TESCAN
MIRA3). The X — ray diffraction (XRD) (PAN-analytical
Xpert Powder diffractometer with CuKa radiation) analysis
was carried out for phase identification.

Results and Discussions

Hydrothermal synthesis is one of the most commonly used
methods for preparation of nanomaterials. It is basically a
solution reaction-based approach. Hydrothermal synthesis
can generate nanomaterials which are not stable at elevated
temperatures. Nanomaterials with high vapor pressures can
be produced by the hydrothermal method with minimum
loss of materials. The compositions of nanomaterials to be
synthesized can be well controlled in hydrothermal
synthesis through liquid phase or multiphase chemical
reactions. It is important to obtain nanoparticles of the
desired size and morphology as it affects various properties
pertaining to a particular application. The size distribution,
homogeneity throughout the entire area, and crystal
orientation of the seed layer determine the characteristics of
ZnO nanorods developed over it [28, 31]. The dependence
of the sensing properties [32] and the photocatalytic
properties [33] on the size of the nanoparticles and the
microstructural characteristics of the seed layer have also
been reported earlier.

During the preparation of sol for the seed layer deposition
using IPA as the solvent, the salt ZAD disintegrates to form
ions [34]. The complexing agent DEA forms bond with the
cation and stabilizes the sol gel. Properties of the solvent,
namely, the boiling point and the viscosity of the solvent
have been reported to affect the size, homogeneous
distribution and preferred orientation of the nanoparticles in
the seed layer [35]. The shape and size of the scattered
nanoparticles in the sol is depend on diffusion time and the
time needed for clusters to form in the sol due to
crystallisation [36]. If the diffusion time is less than the time
required for cluster formation in the sol, rough aggregates
are formed in an oriented manner after crystallization.
Therefore, we used a novel two-step liquid phase annealing
of the sol to control the size, distribution and morphology
of the seed particles in the sol which subsequently resulted
in good quality seed layer upon film deposition.

The novel two-step liquid phase annealing accelerated the
process of diffusion, enhanced the solubility of the chemical
groups in the alcohol which were newly formed as a result
of the reaction between ZAD and DEA leading to increased
formation of the Zn-O groups throughout the sol. This leads
the formation of liquid clusters in an oriented manner. These
clusters eventually crystallized as individual nanoparticles
after spin coating and baking. It is resulted in an improved
morphology of seed layer with discrete nanoparticles of
uniform size of ~ 40 nm throughout the substrate, as shown
in Figure 1. The n-type substrates were initially heated (soft
bake at 250 °C and kept for 10 minutes) and hard baked at
400 °C for 15 minutes immediately after spin coating to
remove the solvent, facilitate nucleation, and align the seed
crystals.
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Seed Layer of ZnO

SEM HV: 15.0 kV
View field: 2.77 um

SEM MAG: 100 kx |..||\|4|

Det: InBeam 500 nm

Figure 1: Morphology of ZnO seed layer nanoparticle on Si wafer

The room temperature X-Ray Diffraction (6 — 20 scan)
spectra for the ZnO thin films annealed at temperature of
400 °C is shown in Figure 2. It is evident from Figure 2 that
the seed layer of ZnO film shows the polycrystalline
behaviour of the film. The intensity of three major peaks
corresponding to (0 1 0), (0 0 2) and (0 1 1) Miller planes
are clearly observed in XRD pattern. The crystallographic
characteristics of the films have been studied using the
‘Checkeell’ software and compared with the data of Joint
Committee on Powder Diffraction Standards (JCPDS#
79—-0206). The XRD data of the annealed thin films fitted
well with hexagonal structure of space group P6smc and
calculated lattice parameters are a = 0.3255+ 0.0001, b =
0.3255+ 0.0001 and ¢ = 0.5217+ 0.0001.
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Figure 2: X-ray diffraction pattern of ZnO films.

The diameter and length of nanorods are influenced by the
thickness of the seed layer. According to reports, a thinner
seed layer encourages the formation of longer nanorods than
a thicker one [37]. The seed layer's surface roughness, grain
size, and crystal structure all affect how the nanorods align
with the substrate [38]. The growth of ZnO nanorods is
directly affected by the decomposition of hexamine
(CsH12N4), which was used to grow highly anisotropic
nanorods by selectively capping non polar planes of ZnO
crystal by the highly water-soluble non-ionic amine
derivative. The nanorods were grown over the seeded

substrates with varying parameters of temperature and time.
The nanorods synthesis was performed at two different
temperatures: 60 °C and 90 °C by using concentration of
2mM growth solution for synthesis time 4 hours and 8
hours, under atmospheric pressure. However, formation of
nanorods was not observed at growth temperature 60 °C for
synthesis times 4 hours and 8hours.

ZnO nanorods with uniform distribution were obtained at
90 °C in all the cases (Figure 3). Cross-sectional FESEM
images of these ZnO nanorods for synthesis time of 4 hours
and 8 hours are shown in Figure 4 and Figure 5. The
dimensions, orientation and the number density of nanorods
significantly varied with the precursor concentration and
time at the same synthesis temperature. Also, it was
observed that, a synthesis time of 4 hours led to the
formation of nanorods having a relatively low number
density. Nanorods with uniform distribution were obtained
at 90 °C in the lengths between 250 to 400 nm for synthesis
time of 8 hours.

Figure 3: FESEM image of ZnO nanorods in lower
magnification surface view, (inset) higher magnification surface
view at 90 °C.

Figure 4: Cross sectional view at 90 °C of ZnO nanorods for
synthesis time 4 hours.

The results of this study indicate that there is a threshold
temperature for nanorod development at which nanorod
formation occurs, and also synthesis time affect nucleation
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and subsequent nanorod formation. Considering all the
above observations in our experiments, the best growth
condition was found to be for a temperature of 90 °C and
synthesis time of 8 hours.

Figure 5: Cross sectional view at 90 °C of ZnO nanorods for
synthesis time 8 hours.

Figure 6: FESEM image of ZnO nanorods grown at different
external pressures (a) 0 bar (b) 5 bar.

We have examined the impact of pressure on the growth
solution during the hydrothermal synthesis of ZnO
nanorods in an autoclave lined with Teflon. A decrease in
the length of ZnO nanorods deposited on Zinc foils by a
different method with increase in pressure has been reported
earlier [39]. The FESEM images of the grown nanorods
with varying pressure are shown in Figure 6 (a and b). The
nanorods dimensions were measured after synthesis at each

pressure. The diameter of the nanorods decreased with
increased growth pressure till 5 bar and no significant
change in the length was observed. We attribute the
declining pattern in the diameter of nanorods to the faster
diffusion of reactants from the hydrothermal solution to the
surface of the seed layer on the application of pressure,
leading to faster collision and hence, oriented attachment of
nanoparticles. This prevents the lateral growth of the
nanoparticles and hence a decrease in the diameter.

We want to mention here that the nanoparticles sizes in the
seed layer affect the sizes of the subsequently grown
nanorods. But, by the use of pressure, this constraint is
overcome, that is, fine diameter nanorods could be obtained
without reducing the seed size or size of nanoparticles in the
reacting solution.

Conclusion

Hydrothermal growth of dense and vertically aligned ZnO
nanorods on n-type Si substrate with controlled dimensions
was demonstrated. The seed layer deposition was optimized
with significant improvement in the film quality. The best
condition for the growth of nanorods was determined to be
for a temperature of 90 °C for 8 hours using 2 mM precursor
concentration. The effect of vertical pressure was also
explored on the dimensions of the nanorods during the
hydrothermal growth. The nanorods diameter was found to
be decreasing with increasing pressure. Accordingly,
nanorods with the required diameter can be obtained by the
application of the appropriate amount of pressure without
having to change the underlying seed layer on the substrate.
These ZnO nanorods will be further used for fabrication of
Piezoelectric Nanogenerator.
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