Iran. J. Chem. Chem. Eng.

Research Article

Vol. 38, No. 5, 2019

Electronic and Optical Properties of Size-Controlled ZnO Nanoparticles

Synthesized by a Facile Chemical Approach

Jindal, Shikha; Giripunje, Sushama Milind**
Department of Applied Physics, Visvesvaraya National Institute of Technology, Nagpur, Maharashtra, INDIA

Kondawar, Subhash Baburao
Department of Physics, Rashtrasant Tukadoji Maharaj Nagpur University, Nagpur, Maharashtra, INDIA

ABSTRACT: Facile low-temperature chemical route for the synthesis of ZnO nanoparticles
is reported in this paper. Morphologically uniform and spherical shape with average particle size
of 8.8 nm and wurtzite phase with the crystalline structure of as-synthesized ZnO nanoparticles
were confirmed by X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM). The optical properties of ZnO nanoparticles were analyzed
by UltraViolet Visible (UV-Vis) absorption and PhotoLuminescence (PL). The as-synthesized
Zn0O nanoparticles showed orange light-emitting properties when excited at 400 nm due to the well
overlapping of electron and hole wave function across the compatible size of the particle of ZnO
and the optical energy band gap of 3.5 eV due to quantum confinement. X-ray Photoelectron
Spectroscopy (XPS) and Ultraviolet Photoelectron Spectroscopy (UPS) were used for the elemental,
molecular and energetic information of ZnO nanoparticles. UPS analysis depicted the energy level
position of ZnO nanoparticles whereas XPS spectra showed the presence of constitute elementals
with the stoichiometric atomic % of Zn and O. The elemental composition was also confirmed
by the EDS analysis. The significant Raman shifts for as-synthesized ZnO nanoparticles in the typical
Raman-active modes of vibration assigned to the wurtzite crystal nanostructure of ZnO.
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INTRODUCTION

From the past few decades, nanostructured materials
have been widely used in various fields such as material
science, physical, chemical, and biological applications.
It has an immense interest in the form of nanoparticles,
nanorods, nanotubes, thin films due to its size-dependent
quantum confinement effect. Owing to its tremendous
properties, a variety of binary, ternary, quaternary
semiconductor nanoparticles have developed to introduce

these materials in different applications. Currently,
the binary oxides, sulfides, selenides, tellurides semiconductors
have been deployed in nanostructured devices. Among
these, oxide semiconductor nanoparticles have attracted
more attention due to some reasons; that it does not require
the inert atmosphere to synthesize as well as to preserve
the  material.  From  this  perspective, oxide
nanoparticles have been easily arranged in electronics,
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energy storage, photocatalysis, sensors and memory
devices [1-9]. ZnO, an 1I-VI oxide binary semiconductor
is a wide bandgap material of 3.37 eV. It has high
electron mobility and is highly transparent [10]. Besides,
it exists in the wurtzite and zinc blende phases but
the wurtzite phase is stable at room temperature.
Due to its intense optical and electrical properties, ZnO
has been widely used in various fields such as solar cells,
light-emitting diodes, sensors, photocatalysis, etc [11-17].
Recently, ZnO nanostructures have been used in
electronic applications in various forms such as
nanodisks, nanorods, nhanowalls, nanocombs and
nanorings[18-22]. Hussain et al. have reported
the synthesis of ZnO nanodisk for gas sensing applications [18].
However, the ZnO nanorods for electrochemical sensors
were studied by Molaakbari et al. [20]. Thus,
ZnO has been synthesized by various processes which
include hydrothermal process, thermal treatment
process, microwave irradiated process and laser ablation
method [23-26].

In this article, we have reported the facile synthesis of
ZnO nanoparticles by wet chemical methods. In this
process, we have used abundant precursors like zinc
acetate and potassium hydroxide. Its structural, optical
and vibrational properties have been studied. Moreover,
we have analyzed the UPS spectra to investigate
the electronic energy levels. Hence, the work function,
valence band, and conduction band have been measured
from UPS results to analyze the feasibility of material
in various electronic devices such as solar cells and light-
emitting diodes. This investigation concludes that
the ZnO nanoparticles can be utilized as a window layer
in various low bandgap semiconductor material devices.

EXPERIMENTAL SECTION
Materials

Zinc acetate (Zn(CH;C0O0),.2H,0), potassium
hydroxide (KOH) and ethanol were used as precursors.
Al the chemicals were of analytical grade and have been used
without further purification.

Synthesis of ZnO nanoparticles

ZnO nanoparticles were prepared by a simple and
facile chemical method. In a typical synthesis, an aqueous
solution of zinc acetate was prepared by adding 0.1 M
(Zn(CH3C00),.2H,0)in the methanol by stirring for 5 min.
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Another solution of potassium hydroxide was also
prepared separately by mixing of 04 M KOH
in the methanol by stirring. After dissolving the solutions,
an aqueous solution of potassium hydroxide was added
in the zinc acetate aqueous solution dropwise with
continuous stirring. The mixture was allowed to stir
for 2 hrs 30 min at 60°C. Then after, the mixture was kept
to cool down at room temperature. The mixed solution
was centrifuged at 10,000 rpm for 5 min. The precipitated
particles were washed several times with methanol
to remove the remnant impurities. Subsequently,
as-prepared particles were dispersed in chloroform. Finally,
ZnO particles were dried in a vacuum at room temperature.

Characterization

X-Ray Diffraction (XRD) spectra were recorded
by using Rigaku, Smart Lab X-R Diffractometer
in the 20 range of 20-80° with the Cu Ka radiation.
Scanning electron microscopy (SEM) images were carried
out by Ultra 55 ZEISS a microscope and Energy Dispersive
Spectrum (EDS) was analyzed by X-MAX from Oxford
instruments connected with SEM. Transmission Electron
Microscopy (TEM) was analyzed by Technai G? 20
microscope at the operating voltage of 200 kV. The TEM
sample preparation was done by dispersing the sample
in methanol and coated on a carbon-coated copper grid.
SAED pattern was collected to confirm the crystallinity
of the sample. The optical absorption spectra
were performed on Shimadzu, UV-3600 UV-Vis-NIR
spectrophotometer. PhotoLuminescence (PL) spectra
was recorded by JASCO Spectroflurometer FP-8200.
X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet
Photoelectron Spectroscopy (UPS) spectra were recorded
by Kratos Axis Ultra DLD. XPS spectra were collected
by using the Al K-Alpha radiation (hv= 1486.6 eV)
source at the accelerating voltage of 13kV and UPS
spectra was measured using a He (1) laser source. Raman
analysis was carried out using Horiba Jobin YVON Lab
RAM HR spectrophotometer with an excitation
wavelength of 532 nm.

RESULTS AND DISCUSSION
Reaction stoichiometry

The hydrolysis of zinc acetate with KOH in the
solution provides the formation of ZnO particles. Due to
the heating, zinc acetate undergoes hydrolysis forming
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acetate ions and zinc ions. The intermediate product,
zinc hydroxide was formed in the presence of OH" ions
of ethanol acetate as it forms bonds with zinc ions and it get
easily transformed into ZnO. The overall chemical
reaction to synthesize ZnO nanoparticles is stated
as follow in Eq. (1):

Zn(CH,C00),.2H,0+2KOH— @
Zn0+2CH,CO0K +3H,0

Structural and morphological studies

The structural analysis of ZnO nanoparticles
was investigated by XRD. Fig. 1 depicts the XRD of ZnO
nanoparticles and ICSD: 01-080-0075 of hexagonal ZnO.
The spectra illustrate the diffraction peaks at 20 values
31.69°, 34.35°, 36.20°, 47.48°, 56.54°, 62.80°, 67.92°
corresponding to (100), (002), (101), (102), (110), (103),
(112) crystal planes of hexagonal ZnO, respectively.
These results are well-matched with the ICSD file
no. 01-080-0075. XRD spectra confirm the wurtzite
phase of ZnO nanoparticles. Moreover, the broadening
of peaks shows the quantum confinement effect in
nanoparticles. The crystallite size of ZnO was determined
by using Debye Scherrer’s formula and was found
to be 8.9 nm.

The surface morphology of nanoparticles was envisaged
by SEM. Fig. 2a,b shows the spherical particles of ZnO
with an average particle size of 10.23 nm. Furthermore,
the images of SEM show the uniform distribution
of particles. The elemental composition of ZnO
was analyzed by EDS. EDS spectra of ZnO (Fig. 2c)
confirms the presence of Zn and O with atomic weight %
of Zn and O are 45.35% and 54.65%, respectively.
These results are summarized in Table 1.

The structure and morphology of ZnO nanoparticles
were analyzed by TEM analysis. The low and high-
resolution TEM images of ZnO nanoparticles are shown
in Fig. 3a,c respectively. These images show
the uniformly distributed spherical particles. Fig. 3b shows
the particle size distribution of ZnO. Hence, the particle
size of ZnO was determined to be 8.8 £ 1.5 nm. The inset
of Fig. 3a shows the SAED pattern of ZnO.
Consequently, these diffraction rings correspond
to the (100), (002), (101), (102), (110), (103), (112) plane
of ZnO. The continuous diffused rings confirm
the polycrystalline nature of nanoparticles and show
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Fig. 1: XRD patterns of ZnO nanoparticles and ICSD:
01-080-0075.

the formation of small-sized particles. These results
are consistent with the XRD results.

Optical studies

UV-Visible absorption spectra were recorded
to investigate the bandgap of ZnO nanoparticles. Fig. 4a
shows the absorbance spectra of ZnO nanoparticles
corresponding to the wavelength. The absorption band
edge of ZnO was observed at 357 nm. However,
the optical band gap of ZnO was calculated from the plot
of (ahv)? versus hv (Fig. 4b), by using the Tauc’s relation [27]
as equation (2):

(ahv)n:c(hv—Eg) )

Where hv is the photon energy, a is the absorption
coefficient, c¢ is constant relative to the material.
The parameter n is associated with the different types of
electronic transitions: n=2, 1/2, 2/3 or 3 for the direct-allowed,
indirect-allowed, direct-forbidden and indirect-
forbidden transitions, respectively. ZnO is a direct
bandgap material. Thus the value of n is chosen to be 2.
To calculate the bandgap of ZnO nanoparticles, the linear
portion of the (ahv)> was extrapolated to the hv=0 and
the corresponding energy band gap was found to be
3.5eV.

Fig. 4c depicts the excitation dependent PL emission
spectra. The emission spectra were recorded at different
excitation wavelengths (Aex) namely; 360, 380, 400, 420,
440 nm. Consequently, the visible emission peaks were
observed in the spectra. The emission in the visible
region was due to the electron-hole recombination
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Fig. 2: (a, b) Low and high-resolution SEM images of ZnO Fig. 3: (a, ¢) Low and high-resolution TEM images of ZnO

sample and (c) EDS spectra of ZnO sample. sample, inset is the SAED image of the sample and
(b) The particle size distribution of ZnO.

14 Research Article



Iran. J. Chem. Chem. Eng.

Electronic and Optical Properties of Size-Controlled ZnO Nanoparticles ...

Vol. 38, No. 5, 2019

Table 1: EDS spectra of ZnO nanoparticles.
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Fig. 4: (a) UV-Visible spectra of ZnO nanoparticles and (b) Plot of (ahv)?vs hv, (c) PL emission spectra of ZnO
nanoparticles and (d) PL excitation spectra of ZnO nanoparticles.

at deep levels which was caused by intrinsic defects and
surface defect. However, the higher emission intensity
was observed in the orange region at 601 nm when
the ZnO particles were excited at 400 nm wavelength.
This happens due to the overlapping of electron and hole
wave function caused by the quantum confinement effect.
The emission wavelength is shifted to the red region at 631
nm with a decrease in intensity upon excitation of 420 nm.
The spectra also show emission in the blue region which
was shifted at different excitation wavelengths.
As a consequence, blue emissions occurred preferentially
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at near band edge excitation and visible emissions
occurred at the higher band-edge excitation wavelength.
The spectra reveal the shift in emission towards higher
wavelength upon excitation of different wavelengths [28].

PLE spectra of blue and red regions have been recorded
at emission wavelengths (Aemi) from 435 to 631 nm
as shown in Fig. 4d. In the case of red region emission,
the PLE spectra depict the peak occur at 315 nm confirms
the excitation in near UV region indicates
that the excitation energy is larger than the bandgap.
For the blue emission, PLE spectra depict the peak occurred
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at 380 nm predicts the near band gap excitation. In violet
region emission, the peak was shifted to 402 nm along
with the tail covers the violet region.

XPS analysis

The elemental composition and oxidation states were
investigated by XPS spectroscopy. The XPS survey
spectrum of ZnO nanoparticles is shown in Fig. 5a.
The spectra confirm the existence of Zn, O elements
in the sample. Fig. 5b illustrates the high-resolution XPS
spectra of Zn 2p element. The symmetrical spectra of Zn
demonstrate the doublet peak at binding energies of
1022.4 and 1045.5 eV are associated to the Zn 2psp»
and 2pas, respectively. Thus, these peaks are consistent
with the oxidation state of Zn?* [29]. The high-resolution
XPS spectra of O element is depicted in Fig. 5¢. Noteworthy,
the asymmetrical spectra of O indicates the two
deconvoluted peaks at binding energies of 531.3 eV and
532.7 eV by peak fitting. The peak at 531.3 eV attributed
to the O% oxidation state of the wurtzite lattice of ZnO
(OL) and the peak present at 532.7 eV corresponds
to the O vacancies or defects in the lattice (Oy) [30].
These XPS results are consistent with the values reported
in the literature of ZnO material [31-33].

Furthermore, the quantitative analysis of XPS is
represented in Table 2. The stoichiometry of ZnO
confirms with the atomic concentration of Zn and O to
be 49.13% and 50.87%, respectively. These results
are relevant to the EDS results.

UPS analysis

UPS spectra were carried out to determine the energy
levels and work function of ZnO nanoparticles.
The recorded spectrum is shown in Fig.6. From the spectra,
valence band onset (Eonset) and secondary electron cut-off
(Ecuotf) Was calculated to be 2.99 eV and 19.26 eV,
respectively. The work function was determined
by the difference between the incident photon energy
and secondary electron cut-off as represented in the
Equation (3):

gzhv_Ecutoff ®)

The formalism to calculate the Valence Band
Maxima (VBM) is given in Equation (4) [34]:

VBM:hV—(Ecutoff _Eonset) (4)
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Fig. 5: (a) XPS survey spectra; and high-resolution spectra of
(b) Zn 2p, (c) O 1s of ZnO nanoparticles.
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Table 2: XPS determined surface elemental composition of ZnO nanoparticles.
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Fig. 6: (a) UPS spectra of ZnO nanoparticles, (b) Secondary edge region of ZnO nanoparticles (c) Valence band onset region of
UPS spectra of ZnO nanoparticles and (d) Energy levels of ZnO nanoparticles.

By using the incident energy, hv=21.22 eV (Hel laser
source); the calculated work function and valence band
maxima were found to be 1.96 eV and 4.95 eV, respectively.
The optical absorption bandgap was determined
to be 3.5 eV as calculated from the UV- visible
absorbance spectra. Consequently, the Conduction Band
Minima (CBM) was calculated to be 1.45. The investigated
data is summarized in Table 3.

Vibrational properties

Fig. 7 represents Raman spectra of ZnO nanoparticles.
Raman spectrum of ZnO depicts five prominent peaks
at 419, 439, 514, 669 and 936 cm™. The Raman peak at
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419 cm? is attributed to be E1 (TO) vibrational mode [35].
Also, the sharp peak at 439 cm? corresponds
to the E2 (high) phonon mode of ZnO [36, 37]. The peak
centered at 514 cm?® may be assigned to the Al (LA)
model [35]. The two phonon vibrational modes A (LO) + E
(low) was assigned to Raman peak at 669 cm™ [31].
Along with this, the strong and sharp peak at 936 cm™ is
present due to the C-C symmetric stretching vibrations [38].

CONCLUSIONS

A simple wet chemical method has been utilized
to fabricate the ZnO nanoparticles. XRD spectra confirm
the formation of wurtzite phase of ZnO with average
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Table 3: Energy band information calculated from UPS and UV-visible absorption spectra.

Material Secondary cut-off Work function Valence band Valence band Band gap Conduction band
(eV) onset (eV) maximum (eV) (eV) minima (eV)
L ZnO 19.26 1.96 2.99 4.95 35 1.45
[31 Yu X., Marks T.J., Facchetti A., Metal Oxides
9004 439 cm™®

936 cm™*

Intensity (a.u.)

300 400 500 600 700 800 900 1000
Raman shift (cm™)

Fig. 7: Raman spectra of ZnO nanoparticles.

the particle size of 8.8 nm. SEM and TEM analysis reveals
the spherical and uniform size particles. These results are
consistent with XRD results. EDS and the quantitative
XPS analysis show the stoichiometry in atomic % of Zn
and O elements. UPS spectra were recorded to analyze the
energy levels of particles. Raman spectra confirm
the presence of the ZnO vibrational phase.
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