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ZnO sol-gel nanoparticles (NPs) and nanorods (NRs) were prepared by simple chemical
method. The resulting NPs and NRs have been characterized by X-Ray Diffraction, TEM,
UV-Vis absorption and steady-state photoluminescence (PL) spectroscopy.(XRD) results
showed that all samples were single phase wurtzite structure and broadening peaks for
ZnO nanoparticles as compared to NRs. The morphology of the nanostructures was
observed in transmission emission microscope. The NPs have average diameter ~ 4 nm
and the NRs have ~ 18 nm diameter and ~ 100 nm length. The band gap was calculated
from the UV-Visible spectrum and found to be 3.39 eV for NPs and 3.2 eV for NRs. This
variation of optical energy gap is due to quantum confinement effect when is the material
changed from nanoparticles to nanorods. However, the measured NPs and NRs diameters
indicate that the charge carriers are located in a strong and weak confinement regime,
respectively. The PL reveals that the ultraviolet emission intensity of ZnO nanoparticles
decreases from 396 to 367 nm and shifts towards the blue region by reducing the size as
compared to nanorods which is consistent with UV-visible absorption.
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1. Introduction

Wurzite zinc oxide (ZnO) is a well-known semiconductor material, with research going
back to the first quarter of the last century [1]. It belongs to the group of 11-VI compound with a
direct- wide bandgap (WBG)semiconductor ( E,~ 3.37 eV) at room temperature [2]. In the last
decade, research interest in ZnO nanostructure was regenerated because of the processing method
used to fabricate ZnO lead to different properties. It attracted great attention in research due to its
unique properties and versatile application in biomedical [3], piezoelectronic devices, transparent
electronics, and chemical sensors [4,5]. Also, ZnO possesses high exciton binding energy of (60
meV) at room temperature which makes it promising in applications like optoelectronic
devices [6,7]. Furthermore, ZnO has a large number of extrinsic and intrinsic deep-level impurities
that emit light of different colors, including violet, blue, green, yellow, orange and red [8,9].
Another area of interest is based on the length scale of the ZnO nanostructure. When the size of
semiconducting-nanostructuers is reduced to the order of Bohr radius of bulk exciton(few
nanometers), quantum confinement effect occurs and the optical properties of exciton are changed.
This effect was observed by Berry [10,11]and Brus [12] for reduced size nanocrystals in a
colloidal dispersion. The quantum confinement can be related to the increase of the band gap when
the particle size decreases, which causes a blue shift of the emission as a result of bandgap
widening. The quantum confinement depends on the ratio of the nanostructuers radius to Bohr
exciton radius of the bulk. It can be classified to weak, intermediate and strong confinement
regimes [13,14].
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In this paper, we have studied the variation of the energy gap and emission characteristics
of nanoparticles and nanorods. The existence of confinement effect in ZnO nanoparticles and
nanorods has been revealed by comparing the peak positions of exciton emissions with the
nanoparticles and nanorods sizes.
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Fig. 1. X-ray diffraction pattern of ZnO nanostructuers (a) between 30° and 70° and
(b) enlarged view from 30° to 42°.

2. Experimental methods

Synthesized ZnO sol-gel nanoparticles and nanorods were reported in previous work [15].
Briefly, a 5.5 g of zinc acetate dehydrate (98+%, sigma Aldrich) in 250 ml of ethanol was heated
until the solution became clear. This solution was refluxed for 1hr, and 150 ml of the solvent was
removed by distillation and replaced by the same amount of fresh ethanol. After that, 1.39 g of
lithium hydroxide monohydrate (Aldrich) was added to the solution in an ultrasonic bath at 0 °C.
The mixture was dispersed for 1h to obtain a transparent solution consisting of ZnO sol-gel
nanoparticles. The solution was filtered through a 0.1 um membrane filter to remove undissolved
LiOH. To get ZnO nanorods product, the solution of 100 ml containing ZnO nanoparticles was
heated and mixed with 10% of distilled water (DW) at 60 °C for 18 hours. During this process, a
white powder-precipitate was formed. Then the solution was centrifuged and washed four times
with ethanol-water mixture (19:1) to remove physisorbedionic compounds.

Powder X-ray diffraction (XRD) patterns were obtained at room temperature using
Shimadzu 6100 XRD and CuKa radiation (A= 0.15406 nm).The morphology of ZnO nanoparticles
and nanorods were analyzed using transmission electron microscope (TEM) using Tecnai G2 F20
Spirit BioTwin, Netherlands. The optical absorption spectra were obtained using Jasco UV-
Visible spectrophotometer. Steady-state photoluminescence measurements were carried out by
Varian Cary Eclipse Fluorescence Spectrophotometer with excitation wavelength of 320 nm.

3. Results and discussion

X-ray diffraction measurements were performed on thin films of sol-gel nanoparticles
deposited on glass substrateat room temperature and ZnO nanorods powder. The resulted X-ray
diffraction patterns are shown in Fig.1.The diffraction peaks in the patterns can be attributed to the
presence of hexagonal wurzite crystallites. Also, it is clear that no excess peaks are observed,
which indicates that no complex product was formed. It is worth noting that the full width at have
maximum (FWHM) of the diffraction peaks for ZnO nanoparticles are more broadening than
nanorods. It can be attributed to the small sizes of nanoparticles. The FWHM of the peak (101) in
the XRD pattern is used for determining the average crystallite size using equation 1; the Debye-
Scherer formula [16]:
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Fig.1. TEM images of ZnO nanostructures. (a) HRTEM of sol-gel nanoparticles disperse in ethanol,
(b) corresponding selected area electron diffraction (SAED) of sol-gel NP, (c) image of individual
nanoparticles (Lattice image),(d)HRTEM of nanorods disperse in ethanol, (e) corresponding selected
area electron diffraction (SAED) of nanorods, (f) image of individual nanorods (Lattice image).
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where d is the average size of the particles, A is the wavelength of X-ray = 0.15406 nm, B is the
angular peak width at half-maximum in radian along (101) plane and 6 is Bragg's diffraction angle.
The micro-strain (€) can be calculated using the formula [17]:
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Table 1 shows the results of full width at half-maximum (FWHM), average crystallite size
(D) and micro-strain (€) of ZnO nanoparticles and nanorods.The calculated average crystallite size
of ZnO nanoparticles is about ~ 4 nm and ~ 18.2 nm for nanorods.The micro-strain (¢) that
influences the peak broadening of sol-gel nanoparticles is due to contributions from lattice defects.
Also, it is clear that the strain in the ZnO nanostructures is inversely proportional to the crystallite
size as reported in the literature [18]. Fig. 2(a) shows the TEM images of sol-gel ZnO NP
dispersed in ethanol. The size of isolated nanoparticles is about 4-5 nm that is close to the X-ray
diffraction calculation. The selected area electron diffraction (SAED) of ZnO NP is shown in Fig.
2(b). The diffraction rings indicates that the synthesized nanoparticles have a polycrystalline
nature of ZnO. These diffraction rings are due to reflections from (1 0 0) (0 0 2) (1 0 1) planes.
Fig. 2(c) shows the Lattice image of individual nanoparticles which is structurally uniform and
well- oriented lattice fringe of d-spacing.
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Fig.2. (a). Room temperature UV-Visible absorption spectra near the band edge as a function of photon
enegy (eV) of ZnO sol-gel nanoparticles and nanorods. (b) Dependence of the lowest excited state vs ZnO
nanostructures diameter (solid line).Circles correspond to the optical absorption onsets determined
experimentally.

Fig. 2 (e) shows the TEM images of ZnO NRs powder dispersed in ethanol. The size of
single ZnO NR is about ~ 18 nm and length ~ 100 nm. A Corresponding selected area electron
diffraction (SAED) pattern of local crystal structure is shown in Fig. 2 (e). The diffraction rings
indicates that the synthesized nanorods are polycrystalline in nature. These diffraction rings are
from (1 0 0) (0 0 2) (1 0 1) planes. Moreover, the bright spots appear on the polycrystalline
diffraction rings indicate the presence of well crystalline ZnO NRs. The HR-TEM images of
individual ZnO NR are presented in Fig. 2 (f).The lattice distance is estimated 0.52 nm, which is
consistent with the distance of (001) planes of ZnO wurtzite hexagonal structure.

In order to investigate the band gap variation related to the quantum confinement effects,
optical absorption for ZnO nanoparticles and nanorods have been obtained. The absorption data at
room temperature for ZnO nanostrucuers are shown in Fig. 3 (a). From this figure, it can be
observed that the excitonic peak/absorption band edge is found to be blue shifted from 3.2 to
3.4eV as the nanostructures change from nanorods to nanoparticle sizes.The optical band gaps of
the ZnO nanostructures (NPs and NRs) were calculated using Tauc equation [19]:

(ahv)¥™ = A(hv — E,), 3)

Here, hv is the energy of the incident photon, aA is the absorption coefficient, Ej is the
optical band gap energy and the exponent n depends of the type of transition between bands. Since
adirect transition is considered for ZnO, n = 1/2for our estimations.The plot of (ahv)? versus
(hv) is shown in Fig. 4. By extrapolating the linear portion of the plot, thex-axis intercept indicates
the band gap value for ZnO NPs and NRs were estimated to be ~ 3.39 eV and 3.2 eV,
respectively.The blue shift can be attributed to the optical confinement effect correspond to the
small size of ZnO nanostructures (NPs and NRs) [20].

Table 1: Full width half-maximum (B), average crystallite size (D) and micro-strain (g) of ZnO
nanoparticles and nanorods

Type ofnanostructuers ~ FWHM, Average crystallite micro — strain (£)10™*
B size, D (nm)
(deg)
ZnO nanoparticles 2.9 4 120

ZnOnanorods 0.46 18.2 19



123

+
I ZnO sol-gel rticl M
nO sol-gel nanoparticles . I — .
.
—_ 3
S <
& 2
~ N
& N
3 3
.
5 Eq~339eV et
e ® Eg ~3.2eV
S . L .®
L [
T T T T T T e S S S B p
332 336 340 344 348 352 20 30 34 32 33 3.4 35
Photon energy (eV) Photon energy (eV)
a) b)

Fig. 3.Tauc plot from UV-Vis analysis of a ZnO, (a) nanoparticles and (b) nanorods that illustrates the
fitting of the linear region to evaluate the optical band-gap at the X-axis intercept.

Fig. 3 (b) shows the optical absorption depicting the energy of the lowest excited state of
the exciton shifts towards high energies as the size of nanostructure change from NRs to NPs. This
trend can be reproduced theoretically by expressing the energy of the lowest excited state as a
function of the nanostructures size (radius) by the following equation [21]:

- 2 h? 1.786e?
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where g and € are the permittivity of free space and for particles, e the elementary charge, and
M. the reduced effective mass of the electron (mg) and the hole (mg). The best fit for Eq. (4) to
the experimental absorption mid-edge energies is obtained by taking m; = 0.24, m;, =
0.45and € = 3.7, in good agreement with the quantum confinement model. We expect that the
nanoparticles with size radiusof 4 nm smaller than the bulk ZnO Bohr radius( ag = 2.34 nm) [22]
can relatively have high exciton energy, and that the charge carriers are presented in astrong
confinement regime.Exciton energy in nanorods with radius larger than the ZnO Bohr radius is
relatively larger, and carriers in this nanorod should lie in aweak quantum confinement
regime [23].The energy of the lowest excited state will be saturated while extending to the upper
size limit of 18 nm.

Since the quantum confinement affects the electronic band structure of the semiconductors
materials, it is expected that for small sizes of nanostructures, the photoluminescence properties
will be different. The PL properties of different types ZnO nanostructures demonstrated a relative
intensity emission between the UV- visible emission and the point defects such as oxygen
deficiency in the crystalline structure of the material. This relative intensity can be observed on PL
measurements. Fig. 5 (a) and (b) shows the room temperature PL emission spectra of ZnO
nanostructures (sol-gel NPs and powder NRs). Both samples show a strong and narrow
UVemission peak around 368 nm (3.7 eV) for NPs and 397 (3.1 eV) nm for NRs, which is
identified as the near band-edge (NBE) emission of the free exciton [24]. Also, a broad emission
band in the visible region of the spectrum in the wavelength range 450-650 nm is observed, which
is generally attributed to deep level defects, such as oxygen vacancies and interstitials of zinc and
oxygen [25,26]. Green luminescence photograph digit of ZnO sol- gel nanoparticles under
irradiation by 365 nm ultraviolet light are presented in fig. 5 (c). It is clear that the green
luminescence arises from defects in ZnO( sol-gel NPs) are dominated. It is worth noting that the
relative intensity of two bands depends on the type of ZnO nanostructures. The broad band at
around 450-650 nm centered at 520 nm for NPs is enhanced. It can be attributed by increasing the
total surface area in the particles ensemble volume resulting from the decrease of the individual
particles surface and larger surface area to volume ratio [27]. Moreover, Fig. 5 (d) shows the blue
shift of the UV peak from 396 to 368 nm with change from nanorods to nanoparticles. The blue
shift behavior is naturally explained by the expected quantum confinement, which generally shifts
the energy levels of the conduction and valence bands apart, causing a blue shift in the transition
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energy as the size of nanostructures decreases. The PL results are in good agreement with optical
energy gap study shown in Fig. 4.
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Fig.4. Room temperature steady state PL emission spectra of ZnO nanostructures (a) sol-gel hanoparticles,
(b) nanorods, (c) Green luminescence photograph digit of ZnO sol- gel nanoparticles under irradiation with
365 nm ultraviolet light from a UV lamp, and (d) the blue shift of the UV peaks.

4. Conclusions

In conclusion, the variations of optical energy gap for ZnO nanostructures (NPs and NRs)
have been studied. The nanoparticles and nanorods exhibit strong absorption at ~ 3.4, and 3.2 eV
respectively. The ZnO NPs and NRs have band gap variation from 3.2 eV to 3.39 eV, as calculated
from the absorption data, by reducing the size of nanostructures. This band gap enhancement
occurs due to quantum confinement effect of exciton within the small dimension of the
nanostructures. Also the study shows that the NPs lie in a strong regime, while the NRs in a weak
confinement regime.The PL intensity reveals that the ultraviolet emission intensity of ZnO
nanoparticles decreases from 396 to 367 nm and shift towards blue region as the size reduced from
that for nanoparticles to that of nanorods.
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