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A template-free solvothermal method in a mixed solvent system was employed to produce ZnO
nanorods in powder and thin-film forms at temperatures as low as 90 °C. A thin seed layer of ZnO
nanoparticles drop-cast on Si substrates was used in some experiments to investigate the role of
the seed layer in controlling the structural properties of ZnO nanorods. The structural and the
morphological properties of the as-synthesized ZnO nanorods were characterized using a multitude of
tools such as an X-ray diffractometer (XRD), a transmission electron microscope (TEM), a scanning
electron microscope (SEM), an energy dispersive X-ray spectrometer (EDS) and a Raman spectrometer.
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Optical absorption and fluorescence measurements were performed to understand the absorption and
emission characteristics. The results confirm that the synthesized ZnO nanorods are highly uniform in
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1. Introduction

Among various one-dimensional semiconducting nanostructures,
zinc oxide (ZnO) and metal-doped ZnO continue to attract atten-
tion owing to their enormous utility in a multitude of applications
such as light emission, light detection, photovoltaics, sensing,
energy harvesting and photocatalysis."® Both top-down and
bottom-up approaches have been used in the past to synthesize
ZnO nanostructures with a multitude of morphologies such as
spherical nanoparticles, nanorods, nanowires and nanotubes
in powder and film forms. In general, the top-down approach
is employed whenever device quality nanostructured films
are required, and the bottom-up approach is exploited when
large-scale production of nanopowders is desirable.’ Also, the
common denominator in most of the bottom-up approaches is
that they all belong to the family of wet chemical synthesis.
All these efforts have been focused towards obtaining ZnO
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terms of crystal structure, purity, uniformity in morphology, and stoichiometry in composition.

nanostructures with a high degree of crystallinity, stoichio-
metric composition, uniform shape (morphology) and size.

The wet-chemical approaches often use Zn(OH),>~ or
Zn(NH3),>*, implying basic conditions.'®™** Also, the synthesis
of crystalline ZnO nanorod arrays deposited in thin/thick films
formed with zinc salts and hexamethylenetetramine (HMT) as
starting precursors has been reported. Recently, Zhou et al
reported the growth of ZnO nanorods with previously deposited
ZnO nanoparticles (seeds), in solutions containing zinc salts
and HMT with polyethylene glycol as the medium.*®

In this work, we report a template-free solvothermal syn-
thesis of highly crystalline ZnO nanorods with varying average
diameter in the range of 20-100 nm in a neutral solution
depending on the synthesis conditions. It is observed that the
two-step synthesis of crystalline ZnO nanorods by homoge-
neous precipitation involves the use of zinc salts and urea as
precursors. Zn(OH), or zinc carbonate hydroxide was formed
during the heating of zinc salt and urea solution in the first
step. In the second step, the precipitates were sintered at high
temperature to produce crystalline ZnO.'> Here, the authors of
this work report the synthesis of ZnO nanorods employing a
solvothermal approach based on refluxing in a uniform,
yet controlled environment of temperature and pH in mixed
solvent medium. Most importantly, surfactants were not used
to control the growth of one-dimensional structures.

While previously published literature has reported the use of
zinc nitrate and urea to produce ZnO nanorods in the powder
form, the authors have followed the same methodology to
produce ZnO films using a seed layer of previously deposited
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ZnO nanoparticles. Deposition of ZnO thin films has been
accomplished by a variety of physical and chemical methods
including thermal evaporation,*® sputtering,'* chemical vapor
deposition (CVD),"® pulsed laser deposition,'® spray pyrolysis'”
electrochemical methods,'® the sol-gel method'®?° and chemical
bath deposition.”* Sputtering, pulsed laser deposition, and
chemical vapor deposition techniques are expensive in view of
the basic requirement of specialized, vacuum-based deposition
equipment. In contrast, chemical bath deposition is a simple
and cost-effective process for the production of large area
uniform nanostructured thin films. In this work, the authors
demonstrate yet another simple technique, namely, a solvothermal
refluxing method for the production of ZnO thin films.

Interestingly, the parameters affecting the nucleation and
growth of films by chemical bath deposition and the solvo-
thermal refluxing methods are very nearly alike and these
include the nature and concentration of precursors, temperature,
pH, substrate nature, duration and thickness and morphology
of the seed layer. At the same time, the solvothermal refluxing
method reported here also yields high quality and relatively
large-scale nanostructured powders besides producing films.
For example, the authors were able to obtain approximately
200 mg nanopowder with uniform nanorod morphology in a
typical synthesis that uses about 1.78 g of Zn(NO;),-6H,0 and
1.08 g of CH4N,O. Deposition of nanostructured ZnO films
using the solvothermal approach and their complete charac-
terization has not been reported earlier to the best of the
authors’ knowledge. Besides, the role of a seed layer grown
using simple drop-casting of ZnO nanoparticle dispersions in
controlling the growth of ZnO nanostructured films with
nanorod morphology has also been investigated here. A similar
study conducted to investigate the effects of seed-controlled
nucleation and growth using chemical bath deposition has
been reported by Suhaimi et al.>" The ZnO seed layer was grown
on Si and quartz substrates by drop-casting a highly dilute and
stable suspension of ZnO nanoparticles. The synthesized ZnO
nanorods in both powder and film forms were characterized to
study their structure, morphology, composition, optical absorp-
tion and fluorescence emission properties.

More significantly, the potential for application of ZnO nano-
rods, particularly in the realm of optoelectronics is enormous,
as has been conspicuously noticed from the large volume of
original research data published over the past two decades
on this material from synthesis to application development.
However, the fundamental challenge in utilizing ZnO nanorods
in optoelectronic devices is that these nanorods emit light over
a large range of wavelengths in the UV and visible part of the
electromagnetic spectrum. This broad emission is related to
defects. It is therefore desirable to develop suitable synthesis
routes and optimize the process parameters so that the defect
related emissions are narrow in pristine ZnO nanorods.
On another note, published studies report alternate means to
control the emission characteristics via coating with other mate-
rials like graphene oxide sheets®* or chromium®® (Cr), growing
ZnO nanorods in a Zn-rich environment® and so on. Interest-
ingly, thermal annealing treatment post coating of ZnO nanorods
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with Cr has been reported to enable diffusion of Cr and subse-
quent occupation of oxygen vacancies in the ZnO lattice, leading
to enhanced visible emission while simultaneously suppressing
the UV emission. In this work, pristine ZnO nanorods produced
through the solvothermal refluxing method at low tempera-
tures over a long time of several hours are found to emit narrow
(lower FWHM) defect-related emission in the visible part of the
EM spectrum.

2. Experimental

A single-step refluxing approach was employed for the prepara-
tion of small diameter ZnO nanorods using zinc nitrate
(Zn(NO3)-6H,0) (reagent grade >99.0%) and urea (CH4N,O)
as reactants in a mixed solvent medium of absolute ethyl
alcohol and water. In a standard procedure, 1.78 g Zn(NO3)-
6H,0 (analytical reagent; 99.0%) and 1.08 g CH,N,O (reagent
grade: 99.0%) were mixed in a solution of absolute ethanol and
deionized (DI) water with a volume ratio of 3:7. Thus, the
molar ratio of Zn(NOj3)-6H,0 to CH4N,O is 1: 3. The viscosity of
solution was found to be nearly 2 mPa s.

In a typical experiment, the pH value was set nearly to 2.0 by
adding HNO; prior to refluxing. After refluxing for varying
durations from 8 to 16 h at 90 °C (using an oil bath for ensuring
a uniform temperature), a white-colored precipitate was observed
and collected. The white precipitates were washed with DI water
and ethanol alternatively thrice using an ultrasonic bath (Cole
Parmer - 40 kHz) and dried in air at ambient temperature.
In order to investigate the effects of pH on the morphology of
synthesized ZnO, the authors synthesized ZnO at two other pH
values, 4.0 and 7.0, keeping all other above-mentioned para-
meters identical.

In some experiments, a thin layer of commercially purchased
ZnO nanoparticles (with an average particle size of 30 nm) was
deposited on well cleaned Si and quartz substrates using
a solution casting method. For this purpose, dispersions of
ZnO nanopowder in isopropyl alcohol (IPA) were prepared
by subjecting the solution to ultrasonic treatment overnight
and then centrifugation at 4000 rpm for 20 minutes was
performed to separate the supernatant from settled precipitates
(aggregated state). The starting concentration of ZnO was about
1 wt%. The process was repeated thrice, each time using the
supernatant alone, to get well dispersed nanoparticles in IPA.
Thus, the concentration of the solution was reduced due to
successive centrifugations to remove the precipitates. By selec-
tively evaporating the solvent, the concentration of the disper-
sions is increased such that the stability of the dispersions is
not affected. The final concentration of ZnO solid content in
stable dispersions was nearly 0.05 wt%. The concentrated
solution was drop-cast on low doped p-type silicon and quartz
substrates, and then the sample was kept in the oven with a
temperature of 65 °C for 4 hours to grow the seed layer. These
coated Si substrates with the seed layer of ZnO nanoparticles
were then carefully placed in a round flask containing the
reactant mixture of (Zn(NO;)-6H,0) and urea in a mixed solvent

© 2022 The Author(s). Published by the Royal Society of Chemistry
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medium. ZnO nanorods were then grown on Si substrates with
ZnO nanoparticles using the refluxing method described above
and the refluxing was performed for about 16 hours.

Both, the white-colored powder and the films synthesized
using the procedures described above were characterized using
several analytical tools. A Rigaku X-ray diffractometer (model:
Ultima IV) with Cu Ko radiation (4 = 0.15418 nm) was used to
determine the sample purity and crystal structure. A Philips
(FEI) EM420T transmission electron microscope (TEM) oper-
ated at 120 kV and a Hitachi S4700 cold-cathode field emission
scanning electron microscope (SEM) equipped with an energy
dispersive X-ray spectroscopic analyzer (EDS) were used to
determine the shape, size, and distribution. Raman measure-
ments were accomplished at room temperature using a
Renishaw inVia spectrometer furnished with an argon ion
laser (20 mW) excitation, at 514.5 nm. A UV-VIS spectrometer
(Shimadzu make; model 2400 PC) was used to acquire absorp-
tion data in the 200-900 nm wavelength range. The thickness of
the films was measured using Talystep (Taylor Hobson).
Fluorescence measurements were made using a Horiba Jobin
Yvon Fluoromax-2 spectrofluorometer. For the purpose of check-
ing the usefulness of the synthesized ZnO nanorods towards UV
detection application, a thin film was deposited in the following
manner. About 10 mg of ZnO nanorods were dispersed in
500 microliters of ethanol, at a concentration of 2 wt%. About
20 microliters of this dispersion was drop-cast carefully on the
interdigitated electrode (IDE) and left overnight for drying at
room temperature. The electrode used here is identical to the
one shown in a previous publication that reports a gas sensing
application study.”® The photocurrent vs. time measurements
were carried out by using a two probe system and Omnicure S
1000 UV-light source (320-500 nm) at different intensities. The
source was previously calibrated, and the intensities were deter-
mined using a power meter.

3. Results and discussion

The X-ray diffraction patterns of ZnO nanorods formed with
and without a seed layer of ZnO nanoparticles are shown in
Fig. 1. All of the peaks associated with the diffraction patterns
in the ZnO nanorods formed with and without any seed layer
can be indexed to the hexagonal wurtzite structure of ZnO, and
no impurity peaks could be observed in the ZnO film sample.
Lattice constants (a, ¢) for ZnO nanorods with the hexagonal
wurtzite structure have been calculated using the locations
(2-theta) of (100) and (002) peaks in the X-ray diffraction pattern
for the two samples i.e. with and without the seed layer. Our
results shown in Table 1 show that the values of “a and ¢” are
very close to the standard values reported in the literature
(JCPDS 01-79-0206). The indexing of the observed peaks corre-
lated with the reported values in the literature (JCPDS 01-79-
0206). However, the shape and the intensities of the peaks with
(hkl) indices (200), (112) and (201) are distinctively different for
the two samples formed with and without seed layer. Since all
of the synthesis parameters are the same for samples prepared

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 X-ray diffractogram of ZnO nanorods formed (a) without a seed
layer of ZnO nanoparticles in the solution phase and (b) with a seed layer of
ZnO nanoparticles pre-coated on Si substrates. Glancing angle incidence
at 1° was used in the case of ZnO films on Si substrates.

Tablel Summary of the calculated parameters of lattice constants, mean
crystallite size, microstrain and dislocation density for the two samples

Lattice Mean crystallite
parameters (A) size (nm) . .
Dislocation
Debye- W-H Microstrain density
Sample a c Scherrer plot (x 107"  (x 10 m™?)
ZnoO film 3.247 5.199 23.70 29.22 5.20 1.19
without
seed
ZnO film 3.245 5.196 27.48 29.76 2.165 1.12
with seed

with and without the seed layer, this is attributed to the
influence of commercial grade ZnO nanoparticles that act as
a seed layer for growth of nanorods. The diffraction pattern (not
given in this paper) of the commercial grade ZnO nanopowder
reveals the overlapping or convoluted nature of (200), (112) and
(201) peaks.

The average crystallite grain size was calculated using the
Debye-Scherrer’s equation,

k2

D=-—"
B cos 0

where £k is a constant equal to 0.94, D is the mean diameter of
the crystallite size, 4 is the wavelength of the CuKu line, 6 is the
angle between the incident beam and the reflection lattice
planes, and f; is the width of the diffraction peak expressed in
radians.”®*” The microstrain (¢) caused in ZnO films due to
crystal imperfection and distortion was determined using the
Williamson-Hall (W-H) equation,>®
B = D cos 0 (]:(:s H+4a tan 60

In employing this equation, the authors have considered a
“uniform deformation model”, wherein the homogeneous iso-
tropic nature of the crystal is quintessential. The authors justify
the use of this model as a case of first approximation despite
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the hexagonal wurtzite structure of ZnO, based on the finding
of the earlier work reported in the literature for ZnO nano-
particles.” Bindu and Sabu Thomas demonstrated that the ZnO
crystallite size estimated from the W-H plots using the uniform
stress deformation model (USDM) and uniform deformation
energy density model (UDEDM) (which considers anisotropy in
the crystal structure) is nearly the same as the crystallite size
obtained from the W-H plot that assumes isotropy of the crystal
structure. Besides, the authors have also demonstrated that the
values of crystallite size estimated for the two types of samples
given in Table 1 using Debye-Scherrer and W-H plots are close
to each other and within acceptable deviation between the two
methods.

A scatter plot of 4 sin § along the x-axis versus fi;; cos 6 along
the y-axis for the ZnO nanorods is first drawn using the X-ray
diffraction data. From the linear fit to the scatter plot, the
crystalline size can also be estimated from the y-intercept, and
the strain ¢, from the slope of the fit. The values of microstrain
for ZnO nanorod films grown with and without a seed layer are
2.165 x 10* and 5.2 x 10~ * respectively. These low values of
microstrain reflect the good quality of ZnO nanorod films
prepared in this work. In comparison, besides the dislocation
density (0 - defined as length of dislocation lines per unit
volume) is determined using the following equation,

0 = %
The calculated values of dislocation density of ZnO nanorods
grown with and without a seed layer are 1.12 x 10" m~> and
1.19 x 10" m™>. These values of microstrain and dislocation
density compare well with reported values in the literature for ZnO
nanorod films using the dip coating method.*® In comparison with
another recently published article on ZnO nanorod films using the
sol-gel method™ for which the microstrain was estimated to be on
the order of 10™%, our films reported here show three orders of
magnitude lower microstrain (Table 1). The measured thickness of
the films ranges from 300 nm to about 1000 nm, beyond which the
films did not exhibit good adhesion to substrates.

The bright field TEM micrograph (Fig. 2(a) and (b)) reveals
that the synthesized ZnO material has a rod-like morphology.

Fig. 2 Bright field images of ZnO nanorods recorded using a 120 kV
transmission electron microscope. (a) Observation of floccules, along with
the emergence of a few ZnO nanorods. (b) Fully grown ZnO nanorods
after the completion of solvothermal treatment under refluxing for
16 hours at 90 °C.
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The sample for the TEM investigation was prepared using
the dispersions of the precipitated material synthesized in the
solution phase (i.e., without seed layer). While the diameter of
these nanorods ranges from 20 to 100 nm, the length of these
nanorods ranges from 500 nm to 1500 nm. It must be noted
that the number of nanorods with larger diameter are very
few in comparison to the ones formed with smaller diameter.
Thus, the average diameter of these ZnO nanorods estimated
using Image] is about 40 nm. Thus, the average aspect ratio
of these nanorods is typically estimated to be 40. The growth
of the nanorods was monitored in the solution phase by
observing if there was any color change. The pH of the starting
solution was measured to be nearly 2.0. As the reaction between
urea and zinc nitrate proceeded, the pH was found to be
nearly 6.5 when the transparent solution acquired a faint
bluish color. At this time, the reaction was stopped, and the
TEM imaging of the sample revealed the formation of floc-
cules, along with emergence of a few ZnO nanorods (Fig. 2(a)).
The solution was further refluxed under heat treatment until
the pH of the solution became completely neutral. Precipita-
tion of white colored powder occurred at this point of
time and the reaction was stopped and the collected precipi-
tates were thoroughly washed repeatedly first with deionized
water and then with ethanol. The TEM micrograph of this
white colored precipitate suspended in IPA taken on a carbon
coated Cu grid reveals well grown crystalline ZnO nanorods
(Fig. 2(b)).

The bright field image recorded using TEM shown in
Fig. 3(a) shows the size distribution of commercial grade ZnO
nanoparticles in the range of 10 to 50 nm.

The typical SEM images recorded at lower and higher
magnification shown in Fig. 3(b) and (c) reveal the rod-like
morphology of the synthesized ZnO in the solution phase. The
lower magnification image shows the homogeneity of the
sample. The loose powder obtained from the precipitates was
dispersed and cast on a Si substrate for imaging. The diameters
of these nanorods are not uniform. While the diameters of
these nanorods were in the range of 20 to 100 nm, their lengths
ranged from 700 nm to 1500 nm. The charging effect of these
nanorods due to the incident electron beam is clearly evident
from these images. The authors attribute the charging effect to
the semiconducting nature of these nanorods. In contrast, the
SEM images (Fig. 3(d) at lower magnification and Fig. 3(e) at
higher magnification) of a ZnO film grown on a heavily doped
Si substrate pre-coated with a thin layer of ZnO nanoparticles
(APS of 30 nm) reveal the remarkable growth of densely packed
ZnO nanorods along the c-axis with a well faceted morphology,
reflecting the hexagonal crystal structure. Again, we observe a
high degree of homogeneity of the sample. Both the lengths
and the diameters of the nanorods grown on a Si substrate with
a seed layer of ZnO nanoparticles were not only larger but their
distributions were narrower in comparison to those grown in
the solution phase. This implies that the seed layer of ZnO nano-
particles acted as a catalyst for the growth of ZnO nanorods, very
similar to the data reported in the literature. The well faceted
morphology of nanorods also suggests that each of these

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) TEM image of ZnO nanoparticles used as a seed layer for ZnO
nanorods growth on a Si substrate with scale bar of 200 nm. (b) and
(c) SEM images of ZnO nanorods grown in the solution phase without a
seed layer, (d) and (e) ZnO nanorods grown on the pre-coated Si substrate
with ZnO nanoparticles. (f) EDS spectrum of a ZnO nanorod sample grown
on a Si substrate with the ZnO seed layer.

nanorods must be single crystalline and of high structural
quality. At the same time, the fact that the authors were able
to get X-ray diffraction patterns using a polycrystalline goni-
ometer indicates that different nanorods grow with different
orientations. Moreover, the X-ray diffraction patterns show
several peaks (different two theta values) with significant
intensity at different two-theta values. This clearly implies
the polycrystalline nature of ZnO nanorods in powder and
thin film form. Also, it must be noted that the commercial
grade ZnO nanoparticles used as seeds are also polycrystalline
in nature, implying the different orientations of crystallite
grains. On the other hand, films synthesized using chemical
bath deposition®" and sol-gel methods"® reported in the litera-
ture show that the intensity is particularly high for the peak (002)
while the intensities of all other peaks in the diffraction pattern
are relatively low. In these published reports, the nanorods
exhibit a preferred direction of growth. The diameters of these
nanorods were large and were in the range of 50-100 nm and the
lengths were about 2000 to 2500 nm. Analysis of the EDS
spectrum shown in Fig. 3(f) reveals the composition, Zn at
51.54 atom% and oxygen at 48.46 atom%. The EDS spectrum
was collected at different spots along the ZnO nanorods that
were grown as a thin nanostructured film on the Si substrate
with the ZnO seed layer. From the analysis data, it is evident that
the ZnO nanorods have a nearly stoichiometric composition.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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To understand the growth of ZnO nanorods, one needs to
understand the nucleation and growth stages. For the for-
mation of 1D growth nanostructures with high areal density,
the nucleation rate needs to be faster than the growth rate at
the beginning, and thereafter they need to grow along the long
axis (one direction only immediately. Since we observe ZnO
nanorods both being produced in the solution phase as well as
grown on a Si substrate pre-coated with ZnO nanoparticles,
it is evident that nucleation takes place both in the solution
phase and on substrates also. However, it must be noted that
the ZnO nanorods grown on pre-coated Si substrates exhibit a
well faceted hexagonal morphology. Our microscopic imaging
studies at different magnifications confirm such a growth.
At the same time, both nucleation and growth rates are expected
to depend on the solubility and availability of the reacting
particles. Urea is highly soluble in water, and when urea is
dissolved in a mixed solvent system of ethanol to water ratio of
3:7, ammonia and carbonate anions (CO;>") are generated with
the step-wise chemical reaction proceeding as follows:

CON,H, + 3H,0 — CO,(Gas) + 2NH;-H,0

CO, + 2NH;-H,0 — 2NH," + CO;>~ +OH"

Similarly, zinc nitrate hexahydrate readily dissolved in water
and produced Zn>* ions, which in turn reacted with carbonate
ions, forming a zinc carbonate hydrate complex. Since the
reaction mixture is kept in a state of boiling, this complex
decomposes forming zinc oxide as follows.

Zn(NO3),-6H,0 + HyO — Zn>*" + 2NO;~ + 7H,0
47n*" + CO;*” + 60H + H,0 — Zn,CO;(0OH)s-H,0(s)

Zn,CO3(OH)s-H,0(s) — 4ZnO + 4H,0 + CO, upon thermal
decomposition.

The presence of ethanol in our synthesis is an important
parameter to control the size of nanorods obtained as has been
reported in the literature.®" Also, it is essential to keep the
reactant mixture in the boiling state to enable the formation of
ZnO. Otherwise, decomposition will not take place and the
product will be impure with the formation of Zn;(OH)s(CO3), as
has been reported in the literature.

Interestingly, changing the pH of the solution (from 2 to 7)
did not change the morphology of ZnO formed, which is still
found to be nanorod using SEM imaging though the size
distributions are slightly different from each other. This obser-
vation could be possibly attributed to the formation of a zinc
carbonate hydrate complex formed as an intermediate product
as a result of using urea as the reactant. Moreover, the nature of
the solvent (in this case a mixture of ethanol and water) is
a more significant parameter in dictating the morphology.
As far as precipitate formation is concerned, temperature is
an important parameter as mentioned in the text for decom-
position to take place, leading to ZnO formation.

Fig. 4(a) shows the Raman spectra of the ZnO nanoparticles
excited by the 514.5 nm line of the Ar" laser. The Raman spectra
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Fig. 4 Fig. 4 (A) Raman spectra of (@) ZnO nanorods grown on the Si substrate with a seed layer and (b) ZnO nanorods grown on a Si substrate without a

seed layer. (B) The Gaussian fits shown for both the samples at 416 to 464 cm

cm~! and the slight asymmetry is seen only at low frequencies.

of both the samples, ie., ZnO nanorods synthesized with a
seed layer and ZnO nanorods synthesized without a seed layer
(Fig. 4(a)) show several vibrational bands at 332, 378, 409, and
438 cm ™', Well pronounced peaks were observed in the Raman
spectrum of ZnO nanorods grown on a Si substrate with the
seed layer of ZnO nanoparticles. In contrast, the ZnO nanorod
sample without a seed layer shows additional peaks of insig-
nificant (weak) intensity apart from these four pronounced
bands, possibly due to the presence of a very small amount of
physisorbed impurities due to incomplete washing of ZnO
nanorods after synthesis. The observed intense peak at
438 cm™! is attributed to the E, (high) Raman-active phonon
mode. The peak at 332 cm ™' is attributed to the second-order
phonon 2E,(M) mode. The other two peaks observed at 378 cm ™
and 409 cm ™" are attributed to A;(TO) and E,(TO) respectively.
The peak assignments were based on the Raman measurements
made on a single crystal of wurtzite.>> Furthermore, the publi-
shed papers report the observation of the asymmetric line shape
of the E, (high) phonon at 437 cm™" accompanied by tailing at
the lower frequencies. On the other hand, the authors of this
work observe that the E, peak is nearly symmetric as seen from
perfect Gaussian fits, implying the high crystalline quality of the
synthesized nanorods (Fig. 4(b)). Besides, the authors do not
observe shifting of this E, peak to lower frequencies in the case
of ZnO nanorods, i.e. below 437 cm™*, as has been observed for
decreasing crystallite size for isotropic ZnO nanoparticles.** ZnO
nanorods synthesized in this work are of larger length and
diameter as has been confirmed from electron microscopy study.

To monitor the growth of ZnO nanorods synthesized in this
work, UV-Vis absorbance measurements were performed on
colloidal dispersions as a function of refluxing duration at
8 hours, 12 hours and 16 hours at an identical temperature
of 90 °C (Fig. 5). The absorbance increases with increasing
refluxing duration (in the measured wavelength range of
200-900 nm) under identical concentration of 0.001 wt% ZnO
nanorods suspended in IPA. The appearance of a small rela-
tively broad absorbance peak at 376 nm corresponding to a
photon energy of 3.3 eV for the sample synthesized with 8 hours
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Fig. 5 Optical absorbance of colloidal dispersions of ZnO nanorods

dispersed in DI water showing the appearance of a distinct excitonic peak

as a function of refluxing duration during the solvothermal synthesis

process.

refluxing duration at 90 °C is indicative of the onset of the
formation of ZnO nanorods. The intensity of this excitonic peak
not only increases but also becomes sharper with increasing
refluxing duration. There is a clear blue shift in the excitonic
peak energies with increasing refluxing duration. These obser-
vations agree with the well-formed high quality ZnO nanorods
for samples synthesized with 16 hours of refluxing condition,
as also seen from the structural analysis performed using a host
of experimental tools described earlier. The absorption coeffi-
cient in the range of 10°-10°> cm ™" in the visible region of the
spectrum was determined, illustrating the semiconducting
nature as expected.

From the Tauc plots shown for ZnO nanorod aqueous
dispersions, the band gap (E;) values were estimated using
the linear fits shown in Fig. 6(a). For the optical absorbance
measurements as well as fluorescence measurements in aqu-
eous medium, the following procedure was adopted to prepare

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dispersions. Firstly, ZnO nanorods were carefully removed from
ZnO nanorod films deposited with and without seed nano-
particles on substrates. Secondly, the ZnO nanorods in powder
form were dispersed in DI water using an ultrasonic bath for
20 minutes prior to absorbance measurements. The E, values
for these dispersions shown in Fig. 6(a) are 3.35 eV and 3.4 eV
with and without seed nanoparticles. The E, values estimated
using the direct band gap relation and the corresponding
Tauc’s plots for ZnO nanorod films with and without seed
particles are 3.30 eV and 3.37 eV (Fig. 6(b)) respectively, follow-
ing the same trend of E; values determined for ZnO nanorod
aqueous dispersions (Fig. 6(a)). The slight increase in the E,
value for ZnO films prepared without the seed layer in compar-
ison to that of films with the seed layer agrees with the reduced
crystallite size of 23.7 nm in comparison to that of 27.48 nm
(for ZnO films prepared with ZnO seed nanoparticles) calcu-
lated using the Debye-Scherrer formula. Thus, the band gap
values for ZnO nanorods both in film and powder form
are nearly the same as expected. While the E, value for ZnO
nanorods without seed aqueous dispersions was found to be
3.4 eV, the E, value for the ZnO nanorod film without the seed
layer was 3.37 eV. The observed values match with reported
values in correlation with calculated values of crystallite size
from X-ray diffractograms.

On another related note, transmittance measurements were
made on ZnO nanorod films deposited on a quartz substrate
prepared with seed nanoparticles only. The transmittance
spectra of ZnO nanorod films prepared with seed nanoparticles

© 2022 The Author(s). Published by the Royal Society of Chemistry

and without seed nanoparticles were nearly identical. This is
not surprising, given the fact that the structural properties
and the optical band gap values estimated from Tauc’s plots
discussed above via absorbance measurements made on
samples prepared with and without a seed layer were almost
the same. The authors therefore analyzed the refractive index
and the extinction coefficient of ZnO nanorod films prepared
with a seed layer. From the transmittance spectrum shown in
Fig. 6(c), it is evident that the ZnO nanorod film interference
fringes are observed. Refractive index and extinction coefficients
were determined by employing the “envelope method”.?**
Refractive index (n) values show a decreasing trend with increas-
ing wavelength (Fig. 6(d)) and are in the range of 2.1 to 2.4,
which is reflective of the semiconducting nature of ZnO nanorod
films. The extinction coefficient (k) is in the range of 0.007 to
0.01 in the optical range, revealing the highly transparent nature
of these films. The range of values obtained in this work match
well with the reported values in the literature for ZnO nanorods,
and the published work also reveals the decreasing trend in
n-values.*®

The fluorescence spectra of aqueous dispersions of ZnO
nanorods with and without a seed layer were measured using
a fluorescence spectrophotometer. Spectra were collected uti-
lizing a 1 cm path quartz cell in the range of 390-550 nm.
The excitation wavelength was 380 nm, given the band gap of
3.30-3.40 eV for different samples synthesized here. Fig. 7 shows
the fluorescence spectrum of ZnO nanorods (with and without
seed nanoparticles) dispersed in DI water. The fluorescence

Mater. Adv., 2022, 3, 5383-5392 | 5389
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Fig. 7 Fluorescence emission spectrum of ZnO colloidal dispersions in

aqueous medium (a) without a seed layer and (b) with a seed layer.

spectra of ZnO films prepared with and without nanoparticle
seed layers are nearly identical to each other, in correlation with
structural properties such as crystallite size, microstrain and
dislocation density and optical absorption and band gap values.
We have also noted that the fluorescence spectra of ZnO films
prepared with and without a nanoparticle seed layer are nearly
identical to each other. In the case of a sample without a seed,
the spectrum exhibits a characteristic emission peak at 457 nm
for pure ZnO nanorods. It is evident that this peak has an
asymmetric shape. Deconvolution shows two peaks at 452 nm
and 472 nm respectively. These two peaks at 452 nm and 472 nm
corresponding to blue emission and the bluish green emission
are assigned to zinc-related defect levels as reported in the
literature. Interested readers are referred to excellent articles to
understand the origin of blue emission in ZnO nanostructures
due to these defects.’”*

Moreover, the literature on size dependent fluorescence
spectroscopy of ZnO nanoparticles shows that the fluorescence
emission peak shifts from 360 nm to longer wavelengths.>**
Multiple peaks in the range of 360 nm to 600 nm were observed
for larger size nanoparticles as the size of the ZnO nano-
particles increases from 4.5 nm to 18 nm. Besides, the con-
voluted peak extends to 650 nm and thus, is very broad. The
broadness of this peak besides the presence of peaks at higher
wavelengths from 530 nm has been attributed to the presence
of impurities besides oxygen related vacancies. Also, the addi-
tional peaks at 530 nm and higher wavelengths attributed to
impurities were not observed, again as expected from our
EDS and X-ray diffraction measurements. It may be kept in
mind that the diameter of our nanorods has a distribution
from 20 nm to 100 nm. Thus, the quality of synthesized
ZnO nanorods is reasonably good, thus supporting the experi-
mental observations from X-ray diffraction, Raman and EDS
measurements.

As mentioned in the Experimental section, the as-synthesized
ZnO nanorods were investigated for their utility as an active
UV detection material. Fig. 8 shows the plot of measured
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Fig. 8 A plot of photocurrent generated as a function of time upon
exposure of the ZnO nanorod film to an Omnicure S 1000 UV-light source
(320-500 nm). The ON and the OFF states in the plot show the potential
application in UV detection. The inset in the figure shows the peak
photocurrent as a function of incident intensity.

photocurrent as a function of time upon exposure of the
ZnO nanorod film to an Omnicure S 1000 UV-light source
(320-500 nm). It is observed from the measured plots (inset of
Fig. 8) that there is a rapid increase in photocurrent with an
increase in the intensities of the incident light (ON state).
Though five cycles (ON and OFF states) are shown for each of
the source’s intensity values in the graph, we did not notice
any degradation in the sample.

The UV detection mechanism of ZnO nanorods is defined on
the basis of chemisorption and desorption of O, and H,O
molecules on the surface of the ZnO sample under UV irradiation.
At room temperature O, and H,O molecules from the atmosphere
are chemisorbed and this process captures the electrons from
the conduction band of ZnO samples. The loss of electrons
from the conduction band due to the above process will
enhance the depletion width in ZnO.

When the ZnO sample is exposed to UV light with different
intensities photoelectrons are generated and neutralize the
holes which result from chemisorption and this process
decreases the depletion barrier height. As an alternative expla-
nation we say that exposure to UV radiation results in photo-
generated electrons some of which compensate the holes and
others reach the conduction band to increase the photocurrent.

4. Conclusions

This work demonstrates the applicability of a template-free
solvothermal method (a mixed solvent system of ethanol and
water mixtures) to produce ZnO nanorods in powder and thin
film forms at temperatures as low as 90 °C. The as-synthesized
ZnO nanorods exhibit uniform structural and morphological
properties. The X-ray diffractograms confirm that the ZnO
nanorods exhibit a high degree of crystallinity and crystallize
in a hexagonal lattice. The TEM and the SEM imaging reveals
the size and the shape of the nanostructures grown in the
solution phase and on the substrate as well. The nanorod
morphology was pretty uniform throughout the sample as seen

© 2022 The Author(s). Published by the Royal Society of Chemistry
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from SEM imaging recorded at low and high magnifications.
While the average diameter of these nanorods was in the range
of 20 to 100 nm, their lengths ranged from 700 nm to 1500 nm.
The chemical composition was not only nearly stoichiometric
(zZn at 51.54 atom% and oxygen at 48.46 atom%) but also,
spatially homogeneous as confirmed from EDS measurements.
Observation of an intense peak at 438 cm™' in the Raman
spectrum of the sample is attributed to the E, (high) Raman-
active phonon mode. More importantly, the E, peak is nearly
symmetric as seen from perfect Gaussian fits, implying the
good crystalline quality of the synthesized nanorods. UV-Vis
and fluorescence measurements were also carried out on
colloidal aqueous dispersions of ZnO nanorods to determine
their optical absorption and emission characteristics. An exci-
tonic peak was observed at 370 nm for the colloidal dispersions
of ZnO nanorods synthesized with 16 hours under refluxing
conditions at 90 °C. The absorption coefficient in the range
of 10°-10° cm™" in the visible region of the spectrum was
determined, illustrating the semiconducting nature as expected.
Values in the range of 3.3-3.4 eV for the band gap (E,) of different
types of ZnO nanorods prepared in this work were determined
from Tauc plots, and these values lie very close to that measured
for the single crystal ZnO bulk value. The measured fluorescence
spectra of ZnO nanorods prepared in this work with and without
a seed layer are nearly the same, in agreement with the crystallite
size and similar amount of microstrain and dislocation density.
Resolution of the characteristic (asymmetric) emission peak at
457 nm for neat ZnO nanorods observed in the fluorescence
spectrum yields two peaks at 452 nm and 472 nm, which are
attributed to zinc-related defect levels. However, we did not
observe additional peaks at longer wavelengths, implying the
absence of impurities, consistent with the analysis of data from
other measurements discussed in this paper. Furthermore, the
as-deposited ZnO nanorod film demonstrated its utility and
potential as an active material to detect UV light. In short, the
results confirm that the synthesized ZnO nanorods are of very
good quality in terms of crystal structure, purity, uniformity
in morphology, and stoichiometry in composition and that
these nanorods can be produced in the large scale with good
fluorescence emission in the visible range, auguring well for
applications.
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