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Abstract. The method of preparation and its processing parameters have a strong effect on the structure and non-linear
properties of the materials. A sol–gel technique is highly favoured owing to its lower production temperature, nanoparticle
size, inter-diffusion of cations and cost-effectiveness. Sodium potassium niobate (KNN) is the most capable environmentally friendly material, which has been studied for the last decades as a promising candidate among all lead-free
perovskites materials. In this article, we have prepared KNN ceramics by using the wet chemical sol–gel route. To control
the volatility of (Na, K) ions at higher production temperature, we have added 10–20% (Na, K) alkali metal in the
precursor solution. The phase investigation and crystalline character of the ceramics have been analysed by X-ray
diffractometer. Raman spectroscopy analysis disclosed that pure KNN ceramic has a better crystalline and perovskite
structure. FTIR analysis is done to analyse the presence of the functional group in the wavenumber range of
4000–500 cm-1. The surface microstructure analysis and morphology of the KNN ceramics have been studied by using
field emission scanning electron microscopy techniques. Further, the optical and photoluminescence behaviour has been
studied at room temperature to know its practical applications in various electro-optic device applications.
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Introduction

In today’s era, smart structured materials have played a
crucial role in the sensor-based technology field. These
smart structured materials are greatly affected by external
parameter conditions, such as pressure, temperature,
humidity and light. These materials have wide applications
in microsensing, fuel injections, nano-positioners, biosensing, etc. [1,2]. The practical realizations of smart
structured materials using piezoelectric ceramics have
brought the tremendous interest of researchers all over the
world. These smart piezoelectric ceramics have numerous
applications in electronic and telecommunication area as
data storage, optical sensor, actuator, transducer, multilayer capacitor, active vibration controller and energy harvester [3–5]. Barium titanate piezoceramic is the first artificial piezoelectric ceramic made during the 2nd world war
[1]. But, among all piezoelectric ceramic, lead zirconium
titanate (PZT) is widely employed and popular in the
electronic industry area. The constituents of PZT have 60%
lead content, which made these materials a serious concern
topic. At higher calcination and sintering temperature, lead

oxide, which is a component of PZT ceramic, easily volatile
and cause the greatest environmental pollution and hazards
to living being [6,7]. To save living beings and the environment, we have to replace these harmful materials from
an electronic industrial area. It has been found that overall
PZT ceramic is not harmful to living beings, but the
exposure of lead content during higher heat treatment is the
main concern. Thus, we need alternative lead-free materials
to replace lead-based ceramic, which are compatible with a
living being, environmentally friendly, economically feasible, and having properties equivalent to the PZT ceramic.
Till date, we have a large number of lead-free perovskite
piezoelectric materials, such as barium titanate, bismuth
sodium titanate (NBT), bismuth potassium titanate (KBT),
sodium niobate (NN), potassium niobate (KN), bismuth
layered structure and sodium-potassium niobate (KNN) [8].
Although these lead-free piezoelectric have been discovered
in 1950s, but less attention has been salaried to these
ceramics at that time because of ignorance of the environmental issue. With the passes of time, people have realized
that environmental protection is a serious concern. Thus,
researchers and scientific communities have gained an
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interest and thrust in these materials after the 1990s. In
2004, the European Union has passed legislation to ban
heavily toxic lead metal uses in day to day life [1,9]. On
analysing the properties of lead-free materials, we have
found that KNN is a highly capable material to replace PZT
material due to its finer electrical and piezoelectric properties. KNN lead-free piezoceramic is a mixture of KN–NN
solid solution, which is having a morphotropic phase
boundary at 50/50 [4]. The most of effort has been done on
this composition due to the optimum value of electrical and
piezoelectric properties. Although KNN is supposed to
replace PZT-based piezoceramic, it has some major drawbacks as commercial material. One of its major negative
aspects is its poor densification at lower sintering temperature and the volatile nature of alkali metal ions (Na, K) at
higher sintering temperatures. Thus, these negative aspects
give rise to structural defects, impurity phases, non-uniformity and high porosity in the polycrystalline KNN
ceramics. Meanwhile, these parameters give rise to high
leakage current, high dielectric loss and poor ferroelectric
properties. Hence, it is a tricky task to sustain the desired
order of stoichiometry (50/50) at higher sintering temperatures. To control the volatility of alkali metal ions, many
researchers have used sintering aids and doping materials to
suppress their volatile nature at higher production temperatures [10,11]. In this study, we have mainly focused on two
parameters: one of them is the method of preparation and
the second one is adding an extra amount of alkali metal
ions to some extent. Now, when we are talking about the
method of preparation of KNN ceramics, we have focused
on the sol–gel reaction method as compared to the solidstate route (SSR). Because in the case of the SSR method
for preparing proper mixing of oxides often higher calcination and sintering temperatures are required than that of a
sol–gel method [12]. Thus, the sol–gel method is an
appropriate route to form KNN ceramics at lower calcination temperatures. In this present study, we have added an
extra amount of alkali metal ions up to 20% to maintain the
required stoichiometry even at higher production temperatures. Recently, KNN is studied as a crowd ceramic material
in non-linear optical and photoluminescence (PL) field.
Thus, the objective of this study is devoted to analyse and
investigate the effect of an extra amount of alkali metal ions
and methods of preparation on structural, optical and PL
studies of KNN piezo-ceramics.

2.

Experimental

KNN ceramics were prepared by using the wet chemical
sol–gel route. We have taken high purity salts, i.e., sodium
acetate (99.99%), potassium acetate (99.00%) and niobium
(V) ethoxide (99.95%) as initial chemical reagents. These
initial chemical reagents were dissolved in 2-methoxyethanol acting as a solvent. Acetyl acetone was utilized as a
chelating agent in the reaction mechanism. KNN solution
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was stirred and heated at 90°C for 4 h [13]. We have
prepared 10 and 20% molar solution of sodium and potassium
acetate separately. Then, we have divided the initial KNN
precursor solution into three parts. The first part remains as
such, but in the second and third parts, we have added 10
and 20% molar solution of (Na, K) ions, respectively.
Finally, these precursor solutions were again stirred with
heating at 90°C for 1 h. These KNN solutions were
grounded for 72 h to obtain a steady and homogeneous
solution. Finally, these solutions were dried at 100°C for 1 h
to attain a yellow coloured powder. These dried samples
were heated at 200°C for 1 h and simultaneously post-calcined at 450°C for 2 h to obtain black coloured ceramic
materials [12]. Finally, these post-calcined powder materials were calcined at 700°C for 1 h in a conventional furnace.
These KNN ceramics were named KNN00, KNN10 and
KNN20, according to the addition of alkali metal ions (Na,
K) ratio. These obtained samples were collected and crushed in the mortar pestle to obtain pure fine powder for
structural and optical analysis.
The crystalline behaviour and phase recognition of KNN
ceramics were determined by an X-ray diffractometer
(Philips X’pert Pro) by using Cu-Ka radiations (1.54060 Å).
Raman spectra of ceramics were recorded by using the
Reinshaw In Via Raman microscope. Fourier transform
infrared (FTIR) spectrum was studied by using spectrum
65 FTIR spectrometers (PerkinElmer). The surface
microstructure and morphology of ceramics were scanned
by using Quanta FEG450 field emission scanning electron
microscopy (FESEM). The optical parameters and PL
spectrum were studied by using a UV–Vis spectroscopy
(Perkin-Elmer lambda 750) and fluorescence spectrometer
(Perkin Elmer-LS55), respectively.

3.

Results and discussion

Figure 1a shows the XRD analysis of KNN00, KNN10 and
KNN20 ceramics calcined at 700°C. The high intense peaks
are observed in the samples at 2h*22°, 32°, 45°, 51°, 56°,
66°, 71° and 75°, corresponding to the reflection of (100),
(110), (200), (210), (211), (220), (212) and (310) planes,
respectively, which disclosed that KNN samples have a
pure ABO3 perovskite phase. We have manifested all the
peaks by using JCPDS card number 71-0946 and observed
that (110) crystal plane has a higher peak intensity than
other crystal planes. Thus, KNN00, KNN10 and KNN20
samples have preferred crystal orientation towards (110)
plane to its low surface energy as compared to all other
crystal planes. We have analysed that the value of fullwidth half-maxima (FWHM) of (110) plane decreases with
an increase in 10–20% alkali metal ions ratio. KNN00
sample shows the absence of crystal impurities and inferior
phases, which confirm pure single phase in the XRD analysis. But in the case of KNN10 and KNN20 ceramics, we
have observed a few undesirable impurity phases with
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(d) and lattice strain (e). The value of dislocation density (d)
and crystal lattice strain (e) is intended by using the
formula:
d ¼ n=D2 ;

ð2Þ

e ¼ b cos h=4;

ð3Þ

where D is the average crystallite size as calculated in
equation (1). X-radiation density of KNN ceramics is estimated by using the formula:
X-radiation density ðdx Þ
¼

ðSum of atomic weights of all atomsÞ  n
;
Volume of unit cell  N

where n is the number of atoms present per unit cell and N
is Avogadro’s number (6.023  1023).
The values of crystallite size, dislocation density, lattice
strain and X-radiation density of KNN00, KNN10 and
KNN20 ceramics are shown in table 1.
Further, crystal lattice parameters are intended by using
the equation as:
1=d2 ¼ h2 =a2 þ k2 =b2 þ l2 =c2 ;

ð5Þ

where d is the spacing between lattice planes, a, b, c are the
crystal lattice parameters, and (h k l) denotes the value of
Miller indices. Figure 2a reveals the variation of lattice
parameters with the alkali metal ion ratio. The value of the
unit cell volume is measured by using the formula:
V ¼ a  b  c:
Figure 1. (a) X-ray diffraction analysis of KNN00, KNN10 and
KNN20 and (b) magnified view of XRD pattern between 2h = 44–54°.

low-intensity peaks. These low-intensity peaks are due to
niobium-rich alkali niobates, i.e., K4Nb6O17 and NaNb7O18.
Figure 1b shows the magnified view of the XRD pattern of
KNN ceramics between 2h: 44–54°. We have observed that
in the case of KNN10 and KNN20 ceramics, there are
splitting of (001/100), (002/200), and (201/210) crystal
planes due to structural transformation in the KNN ceramics
with the increase in alkali metal ions ratio. It is observed
that KNN00 ceramic has a monoclinic phase, whereas
KNN10 and KNN20 ceramics have an orthorhombic phase
due to the splitting of (002/200) crystal planes, as shown in
figure 1b. XRD results confirmed that KNN00 has a pure
perovskite phase structure. But KNN10 and KNN20
ceramics have major perovskite phases along with minor
impurity phases. The crystallite size is calculated by using
Scherrer’s formula for the high intense peak (110) in the
case of KNN ceramics as:
D ¼ kk=b cos h;

ð1Þ

where D is average crystallite size, k the wavelength, k
Scherrer’s constant, b is FWHM and h the diffracting angle.
Further, data regarding the crystal structure of the ceramics
are obtained by calculating the value of dislocation density

ð6Þ

The value of crystal lattice parameters, c/a ratio, crystal
plane spacing (d), FWHM and unit cell volume are shown
in table 2.

3.1

Williamson–Hall plot

We have also calculated the crystallite size of the KNN00
ceramic by using Williamson–Hall (W–H) plot equation as:
b cos h ¼

Kk
þ 4r sin h;
D

ð7Þ

wherein equation (7), D is a crystallite size and r the crystal
lattice strain. Figure 2b shows the plot between 4sin h and
b cos h. The values of crystallite size and crystal lattice
strain intended from the linear fitting of the curve are
*75 nm and 0.00289, respectively.

3.2

FTIR

FTIR analysis is used to study the chemical interaction and
functional group of KNN ceramics after calcination at
700°C. Figure 3a, b and c reveals the FTIR spectrum of
KNN00, KNN10 and KNN20 ceramics in the range of
4000–500 cm-1. We have observed that the transmittance
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Figure 2.
ceramic.

Table 1.
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(a) Variation of lattice parameter with alkali metal ions ratio and (b) Williamson–Hall plot of KNN00

Values of crystallite size, dislocation density, strain and X-ray density for KNN ceramics.

Sample

Crystallite size (nm)

Dislocation density 9 (1015)

Strain (e)

X-ray density
(g mol-1)

KNN00
KNN10
KNN20

21.85
48.78
52.12

2.0945
0.420258
0.368121

0.09877
0.04424
0.04139

4.5866
4.6783
4.8412

Table 2.

Values of lattice parameters (a, b, c), c/a ratio, d-spacing, FWHM and unit cell volume for KNN ceramics.

Sample

a (Å)

b (Å)

c (Å)

c/a ratio

d-Spacing (110) (Å)

FWHM (110)

Unit cell volume (Å)3

KNN00
KNN10
KNN20

3.96948
3.93083
3.99519

3.95907
3.99291
3.947921

3.960582
4.028263
4.008758

0.997758
1.024786
1.003396

2.80316
2.80121
2.80803

0.3951
0.1770
0.1656

62.242
63.225
63.228

intensity of KNN ceramics increases with increase in the
alkali metals ion ratio at 3447 cm-1. These high-intensity
transmittance band *3447 cm-1 is occurring due to the
presence of –OH ions in the KNN ceramics. The peaks
around 1637 cm-1 are attributed to the carboxyl group,
which is produced as a reaction product of organic material
combustion during the calcination process. Moreover, peaks
*665 cm-1 are endorsed to the oxygen octahedral, which
are the characteristics of the KNN ceramics [14].

3.3

Raman study

Raman analysis is a non-destructive method used to know
the chemical structure, crystalline behaviour and molecular

interaction of the material. In this method, chemical bonds
in the materials can be found by the interaction of the
incident light. Figure 4 shows the Raman spectrum of
KNN00, KNN10 and KNN20 in the wavelength range of
100–1000 cm-1 at room temperature. In the present case,
we have observed three intense peaks in all the samples.
These peaks are observed at *269, 627 and 871 cm-1 and
are attributed to the triply degenerate symmetric O–Nb–O
bending vibration v5 (F2g), doubly degenerate symmetric O–
Nb–O stretching vibration v1 (Ag) and combination of v1 ?
v5, respectively, due to internal vibration modes of NbO6
octahedron [13]. The peak intensity of V1 and V1 ? V5
modes decreases noticeably in KNN10 and KNN20 ceramic
due to the increase in crystal imperfections and impurities
phases, as confirmed in the XRD data shown in figure 1a.
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Figure 4.
ceramics.

51

Raman spectrum of KNN00, KNN10 and KNN20

KNN00, KNN10 and KNN20 ceramics, respectively, which
are calculated by using ImageJ software. Thus, we have
found that the average grain size in FESEM analysis is
greater than XRD crystallite size obtained in equation (1),
which confirmed that KNN ceramics have polycrystalline
behaviour.

3.5

Figure 3. FTIR spectra of (a) KNN00, (b) KNN10 and
(c) KNN20 ceramics.

KNN00 sample has sharp and more intense peaks strength,
which disclosed its better crystalline and perovskite phase.

3.4

Field emission scanning electron microscopy

Figure 5a, b and c shows the FESEM picture of KNN00,
KNN10 and KNN20 ceramics. We have observed that with
the increase in alkali metal ion ratio, grain size increase in a
small ratio and have non-uniform grains having dense
microstructure with cubical symmetry. In the present case,
average grain sizes are 0.184, 0.191 and 0.203 lm for

UV–Vis spectroscopy

The optical bandgap of material is related to the intermediate energy level existed between the conduction band
(CB) and valence band (VB). The optical bandgap of the
material is obtained by exciting VB electron to CB.
Figure 6a and b shows the absorbance and reflectance
spectrum of KNN00, KNN10 and KNN20 in the wavelength range of 250–800 nm, respectively. In the present
case, we have classified the absorption band of the KNN
ceramics into three regions. The first region I belongs to
the weak absorption tail (WAT), arises due to small
optical absorption, which is characterized by the transition
from one state to another tailing state. These WAT in the
ceramics are observed due to the occurrence of structural
disorder, which may arise from defect states, impurities
and secondary phases. In the present case, both KNN10
and KNN20 ceramics have a strong WAT region as
compared to KNN00 due to more structural disorder as
confirmed by the XRD and Raman analysis. The region II
belongs to the transition of an electron from localized
states (above VB) to the extended states in CB or from
extended states in VB to localized states (below CB). The
absorbance in this region is strictly following the Urbach
rule [15]. The region III reveals the range of absorbance
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FESEM picture of KNN00, KNN10 and KNN20 ceramics.

Figure 6. (a) Absorbance spectrum of KNN00, KNN10 and KNN20 ceramics and (b) reflectance spectrum of
KNN00, KNN10 and KNN20 ceramics.

from one to another extended state, which is governed by
optical excitations.
The absorption coefficient (a) is calculated by using the
formula as [16]:
a¼

2:303A
;
t

ð8Þ

where t is the width and A the absorbance of the sample.
The optical band energy is intended by using the relation
as given below:


ðahmÞn ¼ C hm  Eg ;
ð9Þ
where Eg is optical band energy, m photon frequency and C a
constant which characterizes transitional probability. The
factor n is related to types of electronic transitions (direct

bandgap, indirect bandgap, direct forbidden, etc.) occurring
in the material. In the present case, we have chosen n = 2 for
direct bandgap transition as reported earlier in the literature
that KNN ceramics have a direct bandgap. We have
designed a graph between (ahm)2 and photon energy (hm) as
shown in figure 7a, b and c. Based on the Tauc plot, we
have extrapolated the linear part ((ahm)2 = 0) of figure 7
towards the x-axis. By using the Tauc plot, optical bandgaps
are 3.1993, 3.2571 and 3.2677 eV for KNN00, KNN10 and
KNN20, respectively. We have observed that the optical
band energy of KNN ceramics increases with the increase in
alkali metal ions (Na, K) ratio, which leads to a blue shift in
the optical spectrum. This may be due to an increase in
structural disorder, intrinsic stress/strain in KNN ceramic as
confirmed in the XRD and Raman spectra. Figure 8a and b
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Figure 7. Plot of (ahv)2 vs. photon energy for KNN00, KNN10 and KNN20 ceramics.

reveals the combined plot for direct and indirect bandgaps
in KNN ceramic, respectively. For the indirect bandgap, the
optical bandgap values of KNN00, KNN10 and KNN20
ceramics are 2.9489, 2.98268 and 2.99422 eV, respectively.
The optical bandgap energy of KNN ceramics resembles the
transition from the top of the VB (O2p electron) to the
bottom of the CB occupied by an empty Nb4d state [17].
The extinction coefficient is a term generally used in
spectroscopic analysis to measure how many fractions of
light radiation is lost during optical transitions in the substance. The extinction coefficient (k) is intended by using
the relation:
k ¼ ak=4p;

ð10Þ

where a is an absorption coefficient. Figure 9a shows the
variation of the extinction coefficient with a wavelength of
incident radiations. The value of the k increases with the

increase in wavelength, which is correlated with the
absorption coefficient (a). The reflectance for the absorbing
materials can be precise according to the relation as:
R¼

ðn  1Þ2 þ k2
ðn þ 1Þ2 þ k2

ð11Þ

;

where n is refractive index. For ceramic material, the value
of the k is very small and generally, we can discard this
value. On solving equation (11) for refractive index, we
have [18]:
1þR
þ
n¼
1R

4R
ð 1  RÞ 2

!1=2
:

ð12Þ

Figure 9b shows the variation of n with wavelength
for KNN00, KNN10 and KNN20 ceramics at room
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Figure 8. (a) Plot of (ahv)2 vs. photon energy and (b) plot of (ahv)1/2 vs. photon energy for KNN00, KNN10 and
KNN20.

Figure 9.

(a) Dependence of extinction coefficient (k) and (b) dependence of refractive index (n) on wavelength.

temperature. The values of the n are decreasing with an
increase in wavelength, which shows normal dispersion
phenomena. KNN00 ceramic has the highest n value as
compared to KNN10 and KNN20 ceramics. This variation
of n with wavelength depends upon surface and volume
imperfections of materials when it is subjected to incident
light radiation. The low values of the refractive index in
KNN10 and KNN20 ceramics are due to the trapped photon
energy in the grain boundaries and internal reflection of samples.

Figure 10a and b reveals the variation of real (er) and
imaginary parts (ei) of the optical dielectric constant with
photon energy. Both er and ei are the fundamental intrinsic
feature of a substance and are intended by using the relations:
e r ¼ n2  k 2 ;
ð13Þ
ei ¼ 2nk:

ð14Þ

Both the values of er and ei are found to be decreased with
an increase in photon energy.
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Dependence of (a) optical dielectric constant and (b) optical dielectric loss on photon energy.

3.7

Optical conductivity

The optical current density of a substance is usually studied
in terms of optical conductivity (r). The optical conductivity is determined by using the relation:
rc ¼ anc=4p;

ð15Þ

where c is the velocity of light. Figure 11 reveals the
variation of optical conductivity with photon energy.
Optical conductivity is found to firstly increase with the
increase in photon energy and after that decreases with an
increase in photon energy.

Urbach energy

Structural disorder in the ceramics causes Urbach tailing
into the bandgap due to the formation of electron density
states during optical excitation of the electron from VB to
CB. This Urbach tail occurs in those ceramics which have
an absence of sharp cut-offs from VB to CB. Generally, this
occurred in non-crystalline or material having poor crystalline nature. The absorbance in this region tails off in an
exponential way and energy encountered in the region termed as Urbach energy (Eu). Finally, the empirical relation
for Urbach energy is given between the absorbance coefficient and photon energy as [19]:
a ¼ a0 expðhm=Eu Þ;

8

8

-1

Optical Conductivity(s )

8

1.00x10

ð16Þ

where a0 is a constant and an exponential term reveals the
band tailing energy. Taking natural logarithm on both sides
of the above equation we have,

1.02x10
1.01x10

51

KNN00
KNN10
KNN20

ln a ¼ ln a0 þ ðhm=Eu Þ:

ð17Þ

Figure 12a, b and c reveals the variation of ln a with hm for
KNN00, KNN10 and KNN20 ceramics, respectively. The
values of Eu are obtained on the linear fitting of the curves. We
have observed that Eu increases with an increase in the extra
amount of alkali metal ions due to the structural deformation
in the present case. The increase in vibrational energy levels
for given electronic states in KNN10 and KNN20 expands the
Urbach tailing region, which results in higher Eu.

7

9.97x10

7

9.90x10

7

9.82x10

7

9.75x10

7

9.68x10

7

9.60x10

7

9.53x10
3.00

3.25

3.50

3.75

4.00

4.25

4.50

4.75

5.00

Energy (eV)

Figure 11.
energy.

Variation of optical conductivity (rc) with photon

3.8

Dispersion energy

The variation in the value of the refractive index with a
wavelength of the photon is termed as dispersion. To study
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Figure 12.
KNN20.
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(a) Plot of ln(a) with hv for KNN00, (b) plot of ln(a) with hv for KNN10 and (c) plot of ln(a) with hv for

the dispersion of the refractive index of the ceramic, we
have used Wemple–DiDomenico (W–D) model. According
to this model, the dispersion energy is calculated by using
the relation [20]:


ð18Þ
n2  1 ¼ Ed E0 = Ed2  E2 ;
where Ed is dispersion energy, E0 is oscillator energy and
E is photon energy. We have plotted a graph between
(n2 - 1)-1 on the y-axis and E2 on the x-axis as shown in
figure 13a. The intercept on the y-axis gives rise to dispersion energy and the slope of the lines related to the
oscillator energy. The value of static n (hv = 0) is given as:
n2 ð0Þ ¼ 1 þ Ed =E0 :

ð19Þ

Consequently, static dielectric constant es is given as
es ¼ n2 ð0Þ:

ð20Þ

From the parameters of the W–D model, moments of er
optical spectrum M–1 and M–3 are given as:
E02 ¼ M1 =M3 ;
3
Ed2 ¼ M1
=M3 :

ð21Þ

Thus, on solving the above equations two moments M–1
and M–3 are calculated. Oscillator strength (S0) in the present case is calculated by using the relation:
S0 ¼ Ed E 0 :

ð22Þ

(2021) 44:51
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Figure 13. (a) Plot of (n2 - 1)-1 with (hm)2 for KNN00, KNN10 and KNN20 and (b) variation of steepness
parameter and electron–phonon interaction with alkali metal ion ratio.

From the Urbach energy calculation, we have found that the
value of Urbach energy increases with an increase in the alkali
metal ions ratio due to the formation of defects site in the
optical bandgap. This rise in Urbach energy disclosed the
increase in the thickness of localized states in bandgap. Thus,
the steepness parameter (rs) which measure the broadening of
the absorption band is calculated by using empirical relation as:
rs ¼ kB T=Eu ;

ð23Þ

where kB is Boltzmann constant, T is absolute temperature
and Eu the Urbach energy. Further, the value of rs measured
the strength of electron–phonon interaction, which is calculated by using the relation as:
Iep ¼ 2=3rs ;

ð24Þ

where Ie–p shows the electron–phonon interaction in KNN
ceramics. Figure 13b reveals the variation of steepness
parameter and electron–phonon interaction with the increase
in alkali metal ion ratio. We have observed that the values of
rs are decreasing while that of electron–phonon interaction is
increasing with an increase in the alkali metal ion ratio [21].
The values of optical parameters, i.e., bandgap, dispersion
energy, oscillator energy, static refractive index, optical
moments, oscillator strength, steepness parameter and electron–phonon interaction are shown in table 3.

3.9

3.10 High-frequency dielectric constant and carrier
concentration
According to the Drude model concept, electronic properties of the materials are greatly affected by the dielectric
function, which is mainly dependent on free carrier concentration in semiconductor materials. The real dielectric
constant according to the Drude model is given as [23]:
er ¼ e1  e2 Nk2 =4c2 p2 e0 m ;

According to Cauchy–Sellmaier (C–S), the spectral variation of the optical refractive index is expressed in the form
as [22]:
ð25Þ

ð26Þ

where e? is high-frequency dielectric constant, N=m is
free carrier concentration to the effective mass and e0 is free
space dielectric constant. Figure 14b shows the variation of
n with k2. The value of e? decreases with an increase in the
alkali metal ion ratio. The values of n0, a1, e? and N=m are
shown in table 4.

3.11

Cauchy–Sellmaier equation

nð E Þ ¼ n0 þ a1 E 2 ;

where n is the refractive index, both n0 and a1 are
non-zero constant numbers and E is photon energy.
Figure 14a shows the variation of n with E2. A linear fit
of KNN00, KNN10 and KNN20 ceramics to the above
equation (25) gives the values of n0 and a1 constants.
The values of n0 reveal a lower limit to the value of the
refractive index.

PL analysis

Photoluminescence study is a sensitive method to investigate and analyse the secondary and defect states of the
material. The peak intensity of the material provides
information regarding the quality, optical bandgap and
defect sites present in the prepared sample. Figure 15a, b
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(a)

(b)

Figure 14.

(a) Variation of n with E2 and (b) variation of n with k2.
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Table 3.

Values of optical parameters calculated from W–D model and Tauc plot for KNN00, KNN10 and KNN20 ceramics.

Sample

Direct
band
gap
(eV)

Indirect
band
gap
(eV)

Static
refractive
index n(0)

Static
dielectric
constant
(es)

Steepness
parameter
(rs)

Electron–
phonon
interaction
(Ie–p)

3.1993
3.2571
3.2677

2.9489
2.9826
2.9942

2.0597
2.1963
2.2184

4.2425
4.8241
4.9215

0.7414
0.1519
0.0442

0.8991
4.3877
15.0544

Ed
(eV)

S0
(eV)2

M–1

M–3

E0
(eV)

Eu
(eV)

KNN00 18.097 101.008 3.2425 0.1040 5.5813 0.0349
KNN10 23.207 140.843 3.8241 0.1038 6.0688 0.1703
KNN20 26.462 178.570 3.9215 0.0861 6.7480 0.5843

Table 4.

Values of optical parameters calculated from C–S and Drude model for KNN00, KNN10 and KNN20 ceramics.

Samples

n0

a1 (eV)

(es)

e?

N=m 9 1040 (m-3 kg-1)

KNN00
KNN10
KNN20

0.5515
1.4354
1.8197

0.13557
0.08304
0.05158

0.3042
2.0603
3.3113

29.59658
20.04322
14.13038

29.607
16.327
9.388

and c shows the PL spectra of KNN00, KNN10 and KNN20
samples calcined at 700°C, respectively. PL spectrum has
wide emission bands in the ultraviolet and visible regions.
We have observed that the increase in the alkali metal ion
ratio makes peaks in the UV region become more prominent. PL spectrums have peaks *2.921, 2.920 and 2.916 eV
are related to the near-band emission (NBE) in the visible
region in the KNN00, KNN10 and KNN20, respectively,
which disclosed band to band transitions. The low-intensity
peaks are observed at *3.128, 3.264, 3.160, 3.234 and
3.127 eV, which belongs to the ultraviolet region. The peaks
observed at *2.529, 2.548 and 2.532 eV are attributed to

cyan colour, i.e., bluish-green colour, which generally
occurs in the wavelength region between 490 and 520 nm.
At last, the peaks around 2.270, 2.328, 2.360 and 2.289 eV
give rise to the green emission band in the visible band, due
to the presence of crystal imperfections in the sample. The
emission band observed in PL spectra are consistent with
the optical band observed in UV–Vis spectroscopy. We
have observed that the addition of alkali metal ions reduces
the peak intensity of the PL peaks due to the formations of
defect states in the ceramic. This excellent PL behaviour
present in KNN ceramics disclosed its practical relevance in
the electro-optical device’s technology.
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PL spectrum of (a) KNN00, (b) KNN10 and (c) KNN20 ceramics.

Conclusion

We have successfully prepared the KNN00, KNN10 and
KNN20 ceramics with an excessive amount of alkali metal
ions by solution-based sol–gel technique. X-ray structural
examination revealed that all the prepared KNN samples
have a perovskite phase. XRD patterns of KNN10 and
KNN20 ceramics have low-intensity secondary peaks due to
niobium-rich alkali niobates. Raman spectroscopy study
revealed that KNN00 ceramic has a better perovskite phase
and crystalline nature as compared to KNN10 and KNN20
ceramics. FESEM analysis disclosed that KNN ceramics
have a cubical dense microstructure. Both direct and

indirect optical bandgap energies are calculated for KNN
ceramics by using UV–Vis spectroscopy. Urbach energy is
found to be increased with the addition of the alkali metal
ion ratio due to the formation of structural disorder and
intrinsic stress/strain in the material. W–D model is
employed to calculate the oscillator and dispersion energy
of the KNN ceramics. Further, various optical parameters,
i.e., refractive index, dispersion energy, optical conductivity, steepness parameter, electron–phonon interactions and
electric modulus have been investigated for KNN ceramics.
Free carrier concentration and high-frequency dielectric
constant are calculated using the Drude model for the KNN
ceramics. The emission band observed in UV–Vis
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spectroscopy and PL spectra are consistent with each other.
High intense PL peaks of the material disclosed that KNN
ceramics have great potential in the field of optoelectronic
device technology. This study opens the door towards controlling of alkali metal ion ratio in the KNN precursor solution
and leads to its various industrial applications in the field of
micro-sensing, optical sensors and photonic devices.
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