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Abstract In this work, pure and Ni-doped ZnO nanostruc-
tures (NSs) with different concentrations of Ni (2, 4, 6%)
were successfully prepared via solution combustion method.
The TEM photograph shows the formation of flake-like
structures with the decrease in size of NSs as the dopant
concentration is increased. XRD investigation shows the
hexagonal wurtzite structure of doped and undoped ZnO
nanostructures with a NiO peak (200) as secondary phase for
4 and 6% dopant concentration level. Broadening of spec-
tra of ZnO around 480 cm™! in FTIR spectra is observed
with the increase of dopant concentration. UV-Visible
spectra show the increase in absorbance when the dopant
level (Ni**) is increase from 2 to 4% in ZnO and decrease
in absorbance with further increase in dopant level to 6%.
An increase in energy band gap is observed in Ni (6%)-
doped ZnO due to due to the sp—d interactions taking place
between the band electrons and the localised d electrons of
Ni?* ions (Burstein-Moss effect). I-V characteristics reveal
the increase in current with the increase in dopant level
from 2 to 4% and decrease in current when the dopant level
is further increased to 6% which is in agreement with the
Burstein-Moss effect.
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1 Introduction

Progress in group II-VI semiconductor nano structures
has lead advancement to a wide variety of material sys-
tem [1—4]. Due to high transmittance in the visible region
of electromagnetic spectrum, low resistivity, high energy
band gap (3.37 eV), large exciton binding energy (60 meV),
easy fabrication and non-toxicity; zinc oxide (ZnO) find
its potential applications in technological devices such as
Field emission displays, solar cells, piezoelectric devices,
gas sensors, LEDs, UV light emitters, phototherapy agents
etc [5-12 and references therein]. It is well known that the
optical, electrical, and magnetic properties of the material
could be altered by adding impurities in to a wide band gap
semiconductor, thus doping a certain element into ZnO has
become an important route for to optimizing its optical,
electrical, and magnetic performance, which are crucial for
their practical applications [13, 14]. As ZnO bond is ionic
as well as covalent, doping in ZnO is much easier compared
to other covalent bonded wide band gap semiconductors.
Furthermore, Ni** (0.69 ;A) have the same valence com-
pared to Zn** and its radius is close to Zn2* (0.74 A), so it is
very easy for Ni** sub-lattice to replace Zn>" in ZnO lattice.
Studies on Ni doped ZnO nanostructures prepared by sput-
tering, spray pyrolysis, pulsed laser deposition, vapor phase,
sol—gel, bioassisted process, co-precipitation process etc.
have been reported [15-20] and several results showed that
the various properties of ZnO were changed after inserting
Ni into ZnO matrix. However, the structural, optical proper-
ties of Ni-ZnO nanostructures synthesized using solution
combustion technique have rarely been described. Solution
combustion technique is an easy and simple root to synthe-
sise semiconductor oxide materials. This technique is also
known as flame synthesis .In this study, we investigated the
structural, optical and electrical properties of Ni doped ZnO

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-017-8038-4&domain=pdf

1328

J Mater Sci: Mater Electron (2018) 29:1327-1332

nanostructures with various Ni doping amounts and com-
pared them with undoped ZnO nanostructures.

2 Experimental

Pure and Ni doped ZnO nanoparticles were synthesised
by using simple solution combustion technique. To syn-
thesis pure ZnO nanoparticles appropriate proportion of
zinc nitrate and urea were mixed and completely dissolved
in deionised water. After heating the solution on hot plate
it gets converted into gel form which further swelled into
foam and after strong combustion ZnO nano powder was
produced. The above procedure was repeated by adding
appropriate amount of nickel nitrate into the mixture of zinc
nitrate and urea to produce 2, 4, 6% Ni doped ZnO nanopar-
ticles. Pure and doped ZnO nanostructures are character-
ised by using XRD, TEM, FTIR, UV visible spectroscopy
and source meter. XRD characterization of pure and doped
ZnO nanoparticles were carried out using XPERT Pro X ray
Diffractometer with Cu-K, (A=1.544 A) radiation between
20° and 80° of 20 value. Morphology of nanostructure was
studied using TEM, the sample was sonicated for 3 h before
TEM investigations in order to stop agglomeration. FTIR
and UV visible spectra were studied to find out the charac-
teristic peaks and energy band gap respectively. By using
pure and doped ZnO nanostructures for dye sensitised solar
cells natural flower made dye was used. I-V characteristic
of dye sensitised solar cells were done using Keithley source
meter (Model No. 2400) as the voltage source. The set-up
used is a two-terminal device in which the nanostructures
in a paste form are made using acetic acid are put in the
grove made by using a thermoplastic on the surface of the
indium tin oxide (ITO). The another ITO is put on the top
of the nanostructures. Thermoplastic outside the region of
nanofilm also helps to avoid any short circuit between the
two electrodes.

3 Results and discussion
3.1 Structural characterization

Figure 1 shows the TEM photographs of the ZnO and Ni
doped ZnO showing the flake like shape of the nanostruc-
tures. The crystal structures and phase purity of ZnO and
Ni doped ZnO nanoparticles were characterised using X-ray
diffraction. Figure 2 shows typical spectra of pure ZnO and
Zn,_,Ni,O (x=0.00, 0.02, 0.02, 0.06) nanoparticles with
well-defined peaks indexed within the hexagonal wurtzite-
type structure, in agreement with the standard JCPDS file
for ZnO (JCPDS 36-1451). The weak additional peaks cor-
responding to NiO phase are observed when Ni doping was
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increase to 4%. The substitutional limit for doping Ni**
ions into ZnO has also been reported by Anbuselvan et al.
[21]. The intensity of NiO peak increases with increasing
Ni amount indicating that phase aggregation has occurred
and such segregation in the ZnO lattice may be attributed to
introduction of a foreign impurity [22].

The crystallite size may be calculated by using Scherrer’s
formula;

D = 0.89/B Cosd

where A is the wavelength of the incident X-ray, 3 is the full
width at half maxima (FWHM) of the diffraction peak and
20 is the diffraction angle.

Due to high tendency of agglomeration of nanoparticles
it is very hard to determine the particle’s size more precisely
using TEM observations. The average crystallite size esti-
mated from XRD well matches with the TEM observation.

3.2 Compositional analysis

The chemical bonding in undoped and doped ZnO struc-
ture can be analysed using FTIR spectroscopy as shown
in Fig. 3. FTIR spectra were recorded in the range of
4000-400 cm™" for all samples. The broad absorption band
around 3441 cm™' and the peak at 1605 cm™! is observed
corresponding to O—H stretching and bending vibrations
of water molecules respectively as the absorption of H,O
from moisture and CO, from the atmosphere could not be
avoided. The band at 2349 cm™! was due to O=C=0 stretch-
ing vibrations which confirms the existence of CO, while
the band at 2931 cm™! was due to C—H stretching vibrations.
The band around 1373 cm™! confirms the presence of NO, ™.
It is noticed that the doping species affects the spectra and
it has been observed that the broadening at the shoulder of
ZnO band at 480 cm™! attached to the ZnO peaks which
assigned as Ni—O stretching mode. The existence of shift in
the frequencies with the increase of dopant concentration
(Ni ions) may be due to the difference in the bond length
with the replacement of Zn>* with Ni**, which once again
confirms the incorporation of Ni%* into the ZnO lattice [23].

3.3 UV-Visible spectroscopy analysis

Figure 4 shows the absorption spectra of undoped and Ni-
doped ZnO nanostructures. The absorption band edge of
undoped ZnO is observed at 373 nm and the absorbance
increases with the increase in the dopant concentration (Ni2*
ions). A shift in absorption band towards longer wavelength
region is observed with the addition of 2% Ni** as well as
with the increase in Ni** concentration from 2 to 4% how-
ever the absorption band shifts to lower wavelength when
increased from 4 to 6%. The optical band gap was calcu-
lated using Tauc’s relation as shown in Fig. 5. It is observed
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Fig. 1 TEM photographs of a undoped ZnO b 2% ¢ 4% d 6% Ni-doped ZnO

that the band gap decreases from 3.80 (undoped ZnO) to
3.54 eV with the addition of 2% Ni>* and further decreased
to 3.08 eV with increase in Ni** dopant concentration from
2 to 4%. This shrinkage of band gap is due to the strain
in the crystal lattice [24] and indicates that Ni?* substitute
Zn?* within ZnO lattice. As the dopant concentration is fur-
ther increased to 6%, the band gap increases from 3.80 to
3.96 eV, which may be due to the sp—d interactions taking
place between the band electrons and the localised d elec-
trons of Ni2* ions. As the doping is increased to 6%, a shift
of Fermi level close to the conduction band (all states close
to the conduction are populated) occurs due to Burstein-
moss effect which leads to the increase in band gap. There-
fore the band gap of ZnO nanostructures can be tuned by
varying Ni** dopant concentration [25]. The humps in the

bandgap graphs are neglected because of the presence of
small humps in the actual absorption curve.

3.4 Electrical properties

Figure 6 shows the current—voltage characteristics of
undoped and Ni-doped ZnO. It was observed that the cur-
rent increases with the increase in dopant concentration up
to 4% and decreases with the further increase in Ni** dopant
concentration (6%). In the case of 6% Ni-doped ZnO, an
electron from the top of the valence band can only be excited
into conduction band above the Fermi level (which now lies
in conduction band) since all the states below the Fermi level
are occupied states, Pauli’s exclusion principle forbids exci-
tation into these occupied states which results in decrease
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of current in 6% Ni doped ZnO. The characteristics were
also repeated so as to observe reproducibility of the results
as shown in Fig. 6.

4 Conclusions

Nanoparticles of Zn,_,Ni,O (x=0.00, 0.02, 0.04, 0.06) have
been successfully synthesised by using solution combus-
tion technique. The XRD observations reveal the hexagonal
wurtzite structure of undoped and Ni-doped ZnO and the
presence of NiO as a secondary phase for 4 and 6% Ni**
doping level. A decrease in energy band gap is observed for
doping of Ni** for 2 and 4% level which may be due to sub-
stitution of Ni** in place of Zn>* in ZnO; whereas increase
in energy band gap is observed due to Burstein-Moss effect
for 6% Ni** dopant concentration. The broadening of
FTIR spectrum at 480 cm™! also confirms the doping of Ni
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(secondary phase of NiO) in ZnO. A decrease of current for
higher dopant concentration of Ni (6%) in ZnO is in agree-
ment with the Burstein-moss effect which needs to develop
good understanding of the material response to impurities
introduced for future practical applications.
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