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Abstract

Structural, optical and dielectric properties of Ni doped ZnO samples prepared by the solid state route are presented. X-ray diffraction
confirmed the substitution of Ni on Zn sites without changing the hexagonal structure of ZnO. NiO phase appeared for 6% Ni doping. Fourier
transform infrared measurements were carried out to study phonon modes in Ni doped ZnO. Significant blueshift with Ni doping was observed in
UV-visible studies, strongly supported by photoluminescence spectra that show a high intensity UV emission peak followed by the low intensity
green emission band corresponding to oxygen vacancies and defects. The photoluminescence analysis suggest that doping of Ni can affect defects
and oxygen vacancies in ZnO and give the possibility of band gap tuning for applications in optoelectronic devices. High values of dielectric
constant at low frequency and a strong dielectric anomaly around 320 °C were observed.

© 2013 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction

ZnO has attracted the scientific community as a multi-
functional semiconducting material for optoelectronic devices
due to its wide band gap (3.37 eV) and large exciton binding
energy (~60 meV) at room temperature [1,2]. Highly crystal-
line bulk ZnO shows potential applications in short wavelength
(blue/UV) light emitting diodes (LEDs) and lasers [3,4]. The
interest in studying optical and dielectric properties of Ni
doped bulk ZnO is motivated by the need to develop an
understanding of the material response to impurities introduced
by doping. There are several reports available in the literature
on optical and magnetic properties of transition metal doped
ZnO [5-7], but still, it is a good candidate for improving the
optical and electrical properties, which are crucial for its
practical applications. Unique chemical stability of nickel on
zinc sites recognizes it as one of the most efficient doping
element to improve and tune the optical and electrical proper-
ties of ZnO.

On the other hand, dielectric properties of a material are
very important which affect many optoelectronic and transport
properties. Many applications of ZnO based devices such as
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LED and UV laser are dependent on the excitonic binding
energy which is a function of the dielectric constant. There are
few reports in the literature [8,9] on the effect of Co and Ni
doping on the static dielectric constant of ZnO at room
temperature. Several other groups also studied the effect of
transition and non-transition metal doping on dielectric proper-
ties of ZnO [10-12]. But results are not conclusive on the
dielectric behavior of ZnO. Different values of transition
temperatures are reported and the transition is suggested to
be either ferroelectric or electrets type [13,14]. Under this
scenario, dielectric properties of doped ZnO systems are highly
interesting for scientific research.

In the present paper, we study structural, optical and
temperature dependent dielectric properties of Ni doped ZnO
prepared by the solid state route.

2. Experimental details

Ni doped ZnO samples were prepared by the conventional
solid state reaction route. High purity zinc oxide (99.99%
purity, Sigma Aldrich) and NiO (99.99% purity, Sigma
Aldrich) were used as starting materials. To synthesize
Zn;_Ni,O (x=0.02, 0.04 and 0.06), appropriate amounts of
starting chemicals were ground for 6 h in agate mortar. The

0272-8842/$ - see front matter © 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

http://dx.doi.org/10.1016/j.ceramint.2013.03.008


www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.03.008
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.ceramint.2013.03.008&domain=pdf
www.elsevier.com/locate/ceramint
dx.doi.org/10.1016/j.ceramint.2013.03.008
dx.doi.org/10.1016/j.ceramint.2013.03.008
dx.doi.org/10.1016/j.ceramint.2013.03.008
mailto:ravindrakbhatt@gmail.com

7558 G. Srinet et al. / Ceramics International 39 (2013) 75577561

powders were calcined at 600 °C for 12 h in air. Further,
samples were ground again and compacted into pellets and
sintered at 950 °C for 12 h.

The crystalline structure and the phase purity of samples
were confirmed by X-ray diffraction (XRD) measurements
(Shimadzu XRD-6000 X-ray diffractometer with CuKa
(A=1.5406 A) radiation). XRD data was analyzed by the Full
Proof Software (Rietveld Methods). Fourier transform infrared
spectroscopy (FTIR) was done by using Perkin-Elmer BX-II
spectrophotometer through KBr pellet technique in the range
400-4000 cm™'. Absorption spectra were carried out by a
Perkin-Elmer Lambda-35 UV-visible spectrometer in the
wave-length range 300-800 nm. Photoluminescence (PL)
spectra of samples were acquired using xenon flash lamp laser
as excitation source by Perkin-Elmer Lambda luminescence
spectrophotometer. The dielectric behavior of prepared cera-
mic samples was studied by impedance analyzer (PSM-1735)
using metal-insulator—metal configuration.

3. Results and discussion
3.1. Structural analysis

X-ray diffraction study is performed to investigate the effect
of Ni doping on the crystal structure of ZnO. After the final
cycle of Rietveld refinement, XRD patterns of Zn;_,Ni,O
(x=0.02, 0.04 and 0.06) samples are shown in Fig. 1. Observed
and calculated values were perfectly matching as can be seen
from figures. Values of y* were in the range 1.7-2.5, which are
good for estimations, as the profile fitting procedure adopted
was minimizing y* functions. Rietveld profile refinement of
XRD patterns demonstrates that all the Bragg peaks are
indexed in the wurtzite type hexagonal structure (space group
P63mc) and there is no detectable peak from any other phase
upto 4% of Ni but a few traces of NiO (200) phase were
detected for x>0.04 which shows that the nickel content
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Fig. 1. Reitveld refined XRD patterns of Zn;_,Ni,O (inset shows the doping-
induced peak shift).

x>0.04 is beyond the solid solubility limit of Ni in ZnO, part
of Ni ions did not enter the crystalline structure of ZnO and
crystallized alone forming NiO grains as indicated in the XRD
pattern of 6% doped powder [15]. The refinement of unit cell
parameters (Table 1) revealed that cell parameters slightly
decreased with increase in Ni concentration, which can be
assigned to a smaller ionic radius of NiZ* (0.55 A) than that of
Zn*™ (0.60 A) [16] and to the shifting of peaks to higher
angles (shown in the inset of Fig. 1). Bond length shows
continuous decrease with doping concentration. Average
crystallite sizes vary from 31 to 48 nm which were estimated
from the intense ZnO (101) reflection, using Scherrer's
relation. All parameters calculated from the Rietveld refine-
ment are concluded in Table 1.

3.2. Optical properties

3.2.1. FTIR studies

Full scan transmittance spectra in the range 400—4000 cm™
are shown in Fig. 2. Low intensity absorption peaks observed
around 3400, 2340 and 2925 cm™! are assigned to O-H
vibration, CO, and C—H mode respectively [17,18]. Absorp-
tion peaks at 1580 and 1415 cm™" correspond to asymmetric
Va(COO™) and symmetric stretching v,(COO™) vibrations of
acetate species [19]. The water molecule bending vibrational
mode (H-O-H) appeared at 1640 cm™" [18]. The IR active
characteristic broad band (optical phonon modes) of ZnO is
observed in the spectral range 300-600 cm™'. Absorption
bands are found to blueshift with Ni doping which shows
the substitution of Ni atoms on Zn sites. The observed change
in peak positions of ZnO absorption bands reflects that the
Zn—0—Zn network is perturbed by the presence of Ni in its
environment [17]. For exact positions of Zn—O bands, IR band
in the region 400-600 cm™" is shown in the inset (a) of Fig. 2
which is fitted by the Gaussian and shows three bands A, A,
and As. The band A, at around 443 cm™" corresponds to the
E, (TO) mode. The bands centered at 485 cm™' (A,) and
533 cm™! (A3) are surface phonon modes (SPM) and named as
SPM [A{(TO)] and SPM [E(TO)], respectively, which nor-
mally appear when prepared particles are smaller than the
incident IR wavelength [20]. IR bands corresponding to Zn
shows a variation in vibrational frequencies with increase in
the doping concentration of Ni, as shown in the inset (b) of
Fig. 2. The shift in the band position on doping of Ni may be
due to the difference in ionic radii of Zn and Ni as well as

1

Table 1
Calculated parameter from refinement.

Lattice parameters Bond R-factors
length
a=b ¢ @A) VA? R, Ry, Ropy ¥ R, R
@A)
2% 3.245  5.196 47.359 1.974 79 127 945 1.7 37 22
4% 3.244  5.195 47.352 1.974 7.7 134 9.26 2.08 34 2.12
6% 3.221 5.157 46.353 1.960 139 212 13,6 25 515 29
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Fig. 2. The full range transmittance spectra of Zn;_,Ni,O. Inset (a) shows
zoomed FTIR spectra in the range 400-600 cm™" and (b) shows the variation

of IR bands corresponding with Ni content.

Table 2
The IR band and local structure data of Zn Ni-O bonds of Zn,_,Ni,O.

Samples Wave Effective mass Force Bond
(Zn;_\Ni,O) number (atomic weight) constant length
(em™) (Nm™) A)
x=0.02 443 12.843 148.66 2.52
x=0.04 446 12.837 150.62 2.24
x=0.06 452 12.832 154.63 2.22

structural changes induced due to the doping [20]. The average
bond length of Zn(Ni)-O in Zn,_,Ni,O system can be
determined from the band position of E{(TO) and by the
relation v= (1/2rc)(k/ p)l > where v is the wave number, ¢ is
the velocity of light, k is the average force constant of the Zn
(Ni)-O bond and u is the effective mass of the bond which is
given by the relation: p= Mo X [xMy;+(1—-x)Mz,]/ Mo+
[xMy; 4+ (1—x)Mz,], where Mg, Mz, and My; are atomic
weights of O, Zn and Ni, respectively and force constant is
related to the average Zn(Ni)-O bond length A) by the
equation k =17/ 3 [21]. Calculated values of effective mass,
force constant and bond length are listed in Table 2.

The effective mass of Zn (Ni)-O bond decreased with Ni
substitution because of the lower atomic weight of Ni than Zn.
Also, a decrease of the average force constant is observed with
substitution of Ni which results in an increment in the average
Zn (Ni)-O bond length. The variation of the bond length due
to Ni substitution is consistent with the trend observed by
Rietveld analysis.

3.2.2. UV-visible studies

To study electronic interactions near the band gap region
due to doping of Ni, UV-visible absorbance measurements
were undertaken. The change in absorption peak due to doping
indicates a change in the band structure. It is observed that

absorption edges of Zn;_,Ni,O are at 372, 369 and 367 nm for
x=0.02, 0.04 and 0.06 respectively. The position of the
absorption edge is observed to shift toward lower wavelength
side with increase in Ni concentration in ZnO, indicating an
increase in the band gap with Ni doping. This blueshift
behavior can in principle be explained by the Moss—Burstein
band filling effect, which is frequently observed in n-type
semiconductors [22,23] (Fig. 3).

3.2.3. Photoluminescence studies

To understand the behavior of surface defects such as
oxygen vacancies, room temperature PL. emission spectra were
recorded at an excitation wavelength of 325 nm which are
shown in Fig. 4). A strong emission band appeared in
ultraviolet region at around 390nm (A) due to the
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Fig. 3. Absorption spectra of Zn;_,Ni,O for (a) x=2%, (b) x=4%, (c) x=6%
and (d) shows the variation of band edge with Ni doping.
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Fig. 4. PL spectra of Ni doped ZnO samples with the Gaussian fit.
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recombination of free excitons and is generally assigned as
near band edge (NBE) emission band [24].

This NBE peak is found to shift from 392 to 388 nm with
increase in doping concentration of Ni. A low intensity broad
band with multiple subpeaks (B, C, and D) in the visible
emission region spanning the range from green to red is
observed (Fig. 4). A variety of deep-level defects have been
proposed as possible contributors to the emission in the visible
regime. The blue emission peak (B) around 423 nm is
probably due to two defect levels, either transition from Zn;
to valence band or transition from the bottom of the conduc-
tion band (CB) to interstitial oxygen (O;) level [18]. The green
light (C) emission centered at around 494 nm can be attributed
to an oxygen vacancy (Vg) [25] and the emission feature at
520 nm (D) to antisite oxide (O,) [26].

3.3. Dielectric properties

Temperature and frequency dependent dielectric constants
are shown in Fig. 5 and the inset shows the loss tangent
behavior. As shown in the figure, the dielectric constant and
loss are strongly temperature and frequency dependent. At
room temperature, the value of the dielectric constant is very
high and it decreased for high frequencies. The shape of the
dielectric curve at the transition temperature is highly asym-
metric consisting of a long tail in the lower temperature region
and a sharp decrease after transition temperature. The dielectric
anomaly around 320 °C was observed to shift toward lower
temperature with increasing doping concentration, which is
higher than earlier reported values [14] and may be beneficial
from the application point of view.

The transition may be ferroelectric phase transition attrib-
uted to both order disorder characteristic (whether interaction
in direct or phonon mediated between off centered Ni ions)
and displacive characteristic (relative translational shift of Zn
and O sublattices) [12]. The origin of the possible ferroelectric
phase transition could be explained on the basis of the ionic
radii difference between the Zn> ' and the dopant ions Ni* ™.
Due to which Ni** can occupy the off centered position,
leading to permanent local electric dipoles and thereby
introducing dielectric behavior [13]. Another aspect for the
dielectric behavior is the oxygen vacancies. The large value of
dielectric constant for all samples at transition point is
probably extrinsic due to the space charge formation [27].
The dielectric behavior is still not very clear in this system and
further investigations are needed to predict the mechanism
behind it.

4. Conclusions

High quality Zn,_,Ni,O (x=0.02, 0.04 and 0.06) samples
were synthesized by the solid state route. The phase purity of
samples was analyzed by XRD, which shows the phase purity
up to 4% of doping concentration, a low intensity peak of NiO
is observed for 6% doping concentration. The FTIR spectro-
scopic measurements show a broad band in the range 600-
400 cm™" composed of three distinct peaks assigned to the

—=— 1MHz
2100 | . —e—100 kHz
© —— 75 kHz
= —v— 50 kHz
1750 &, ——25KHz
1400 |

60 120 180 240 300 360 420
1050

700

350

Dielectric constant (g) D

......

60 120 180 240 300 360 420

0
Temperature ( C)
b 10 —s—1 MHz
—~ 540 8 f.\ —e— 100KHZ
:w, 56 PN ——75 KHz
] L4 ——50 KHz
S 450
g 2 —<—25 KHz
= 0
£ 360 [ "W e b
2
s 270
g
Q
a 180
90 1 1 1 1 1 1 1
60 120 180 240 300 360 420
Temperature ("C)
C 1600 —=—1MHz
——100 KHZ,
——75KHz
—+—50 KHz
1200 ——25KHz

100 200 300, 400
Temperature ('C)

Dielectric Constant (g)

800
400
0
100 200 300 400
Temperature (C)

Fig. 5. Dielectric dispersion of Zn;_,Ni,O ceramics: (a) x=0.02, (b) x=0.04
and (c¢) x=0.06, as a function of temperature. Inset shows the loss for the
corresponding composition.

E(TO), SPM A((TO) and SPM E;(TO) modes. A detailed
FTIR analysis revealed a decrease in bond length of ZnO with
Ni doping which is consistent with XRD results. UV measure-
ment shows the enhancement in the band gap with doping.
The blueshift in PL spectra shows strong effect of Ni on ZnO
lattice. A transition in the dielectric behavior is observed
around 320 °C which is higher than earlier reported values but
the transition mechanism is still not clear.
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