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Abstract. In this paper, lead-free sodium potassium niobate thin films have been prepared by using a chemical solution
deposition-based spin coating route. The effect of different anealing temperatures on structural and optical properties has
been studied. The phase analysis of thin films was investigated by using X-ray diffraction analysis. The microstructure and
surface roughnes of thin films were studied by using atomic force microscopy. Raman spectroscopy analysis revealed that
increase in annealing temperature gives rise to better crystallinity and perovskite phase. Optical parameter of thin films has
been studied by using reflectance spectroscopy at room temperature. Photoluminescence analysis has been conducted by
using an exciting wavelength of 300 nm at room temperature.
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1. Introduction

Lead (Pb)-free piezoelectric materials are in current demand
because of the toxicity of lead-based piezoelectric materials,
such as lead zirconium titanate (PZT), PLZT, PMN, etc. Now,
the market for the electronic industry is mainly dominated by
PZT materials because of their outstanding piezoelectric and
ferroelectric properties [1,2]. Lead is a heavy metal and a
main constituent of PZT materials because it contains more
than 60% lead by weight. But due to toxic and volatile nature
of lead oxide (PbO) during thermal heat treatment, it causes
numerous health hazards to living beings and pollutes the
environment [3]. Thus, many researchers all over the world
are looking for an alternative material for PZTs which could
replace them from the electronic industry. Among all lead-free
piezoelectric materials, i.e., barium titanate (BT), NBT, KBT,
KNbO3, NaNbO3, etc. having an ABO3 perovskite struc-
ture, only sodium potassium niobate (KNN) is considered
as a hopeful candidate because of its high Curie tempera-
ture and admirable electromechanical properties [4,5]. After
the discovery of lead-free KNN-based ceramics, they have
attracted much attention as alternative piezoelectric materi-
als due to its high piezoelectric coefficient comparable to that
of PZT ceramics [3]. KNN is basically a solid solution of
potassium niobate (KNbO3) and sodium niobate (NaNbO3)

having morphotropic phase boundary at 50:50 [6]. In the last
few decades, there has been increasing demand for thin films
due to their short power consumption rate, appropriateness
for miniaturization and module integration. They are widely
used in MEMS, memory storage devices, sensors, actuators,
transducers and electro-optic devices [7,8].

KNN thin films have expected greater attention because
of its bulk ceramic ingredient which has admirable electrical
properties. KNN thin films have been synthesized by various
methods i.e., pulsed laser deposition [9], aerosol deposition
[10], metal organic chemical vapour deposition [11], ther-
mal evaporation, chemical solution deposition (CSD) [12], RF
sputtering [13], etc. But in the present work, we have chosen
a CSD-based sol–gel route due to its simplicity, low temper-
ature production rate, higher homogeneity in the molecular
stage, stoichiometry management, higher interdiffusion of
cations and cost effectiveness as compared to physical meth-
ods i.e., a solid state reaction route which often desires high
vacuum conditions. A spin coating method has several steps
which include solution synthesis, coating on substrate, rota-
tion, drying, pyrolysis and annealing processes. However,
it is a tedious task to obtain high-quality KNN thin films
because of the volatile nature of alkali metals (Na, K) at
a higher annealing temperature. The volatility of K2O and
Na2O in KNN thin films strongly affects their structural
optical and electrical properties, such as secondary phases,
crystal defects, large leakage current density, low impedance,
high dielectric loss and unsaturated polarization, etc. [14,15].
Hence, to make practical use of lead-free KNN thin films,
it is essential to first investigate its structural and optical
properties.

The present paper investigated the phase, crystalline struc-
ture and surface morphology of KNN thin films deposited on
a Pt/SiO2/Si substrate at different annealing temperatures
by using a spin coating route. The effect of conventional
annealing temperature on optical and photoluminescence
(PL) spectra has been studied at room temperature.
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2. Experimental

KNN precursor solution was prepared by using a novel
CSD-based sol–gel route. High purity salts like sodium
acetate (>99), potassium acetate (>99) and niobium pen-
taethoxide (>99) were used as starting chemical reagents.
These initial chemical reagents were dissolved in 2-methox-
yethanol acting as a solvent according to preferred composi-
tion K0.5Na0.5NbO3 and acetylacetone was used as a chelating
agent. The prepared solution was stirred and refluxed for 4 h
at a refluxed temperature of 90◦C. Then, KNN solution was
kept at room temperature for 48 h to obtain a clear, stable and
homogeneous solution.

KNN thin films are formed by using a spin coating system
for conducting platinum substrates (Pt). First, all substrates
were washed with distilled water and ethanol to remove impu-
rities present on their surfaces. The substrates were dried for
2 min at room temperature. A drop of KNN solution was
taken with the help of a dropper and deposited on the sur-
face of the substrate. The spin coating system was operated
at a speed of 4000 rotations per min for 30 s. Then, the thin
film was dried at 100◦C for 2 min and further pyrolysed it
at 450◦C for 5 min. Repeat the above steps four times to
obtain the desired thickness of the thin film and finally thin
films were annealed at 700◦C for 2 min by using a rapid
annealing process. In this case, post-annealing temperature
was 450◦C. A similar process was repeated again with a dif-
ferent post-annealing temperature of 500◦C for 5 min. In this
case, we have annealed the thin films by gradually increasing
the temperature from pyrolysis temperature of 500−750◦C
at a heating rate of 7◦C min−1. After reaching 750◦C, KNN
thin film was annealed for 2 min. Then, these thin films were
grounded at room temperature for further structural and opti-
cal characterizations. These thin films are named as KNN700

and KNN750 according to their final annealing temperatures
700 and 750◦C, respectively.

The phase determination of KNN thin films was investi-
gated by using an X-ray diffractometer (Philips X’pert Pro)
with CuKα radiation of wavelength 1.54 Å. The phonon vibra-
tional properties were studied by using a Raman spectrometer
RIRM model (RI Instruments & Innovation India). The sur-
face morphology of the thin films was studied by using a
NTEGRA AFM model (NTMDT). Optical and PL studies
were performed by using a Perkin-Elmer lambda750 and
Perkin Elmer-LS55 Florescence spectrometer, respectively.

3. Results and discussion

Figure 1a shows the X-ray diffraction (XRD) analysis of
KNN thin films post-annealed at 450◦C and finally annealed
at 700◦C which revealed a single phase with a pure per-
ovskite structure. The absence of impurities and secondary
phases in the XRD analysis disclosed that annealing temper-
ature is sufficient for obtaining high-quality thin films. The
Miller indices of KNN perovskite peaks are assigned accord-
ing to pulsed laser deposition (PLD)-deposited KNN thin
films reported by Cho [16]. The observed diffraction peaks
at 2θ = 22.35, 31.77, 45.69, 51.50 and 57.11◦ correspond
to (100), (110), (200), (210) and (211) crystal lattice planes,
respectively. The intensity of the (100) plane is much higher
than the (110) plane due to lower surface energy of the (100)
lattice plane. Thus, (100) preferred orientation of KNN thin
film is occurred. KNN700 thin film is prepared by using a
rapid annealing process and showed the absence of crystal
defects in thin films. Post-annealing technique is proposed to
improve the degree of crystallization of thin films. In the case

Figure 1. XRD pattern of the KNN thin films annealed at (a) 700 and (b) 750◦C.
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Table 1. Structural parameters of KNN thin films

Sample Crystallite size (nm) Lattice strain (10−3) Dislocation density (1015) d-spacing (100) (Å)

KNN700 20.04 9.3 2.49 3.97444
KNN750 21.03 8.8 2.26 3.94020
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Figure 2. Raman spectra of KNN thin films annealed at 700 and
750◦C.

of sol–gel route, post-annealing temperature is a significant
factor because crystallinity and surface morphology of thin
films are basically affected by the volatilization of organic
compounds during post-annealing heat treatment [15]. The
peaks around 40 and 46◦ are corresponding to the Pt (111)
and Pt (200) planes, respectively (JCPDS 04-802).

Figure 1b shows the XRD pattern of KNN thin film
post-annealed at 500◦C and finally annealed at 750◦C. The
intensity of the thin film peaks increased with increasing
annealing temperature, especially, for the (110) and (200) lat-
tice plane diffractions. The non-perovskite peak is observed
at around 25◦, which is indicated by * in figure 1b. This peak
is assigned to the secondary phase occurred in thin film due to
volatility of alkali metal ions at higher annealing temperature
(750◦C). The particle size of the thin films was calculated
by using the Debye–Scherer formula: Dhkl = Kλ/β cosθ ,
where K is a constant quantity and its value is taken as 0.9.
λ is the wavelength of the incident X-ray which is equal to
1.54 Å and β is the full width at half maxima of the corre-
sponding peaks. The average strain and dislocation density
in thin films are calculated by using the Stokes–Wilson equa-
tion: εstrain = (β cot θ)/4 and δ = 1/D2, respectively. All
these structural parameters are shown in table 1.

The relative intensity (%) of KNN750 is more than that of
KNN700 for the (110) planes. We have observed that process-
ing parameters and an increase in annealing temperature leads
to increase in grain size. The value of lattice parameters is
calculated by using the equation: 1/d2 = h2/a2 + k2/b2 +
l2/c2. We have observed that the value of lattice parameters
decreased from 0.397444 nm for KNN700 to 0.394020 nm
for KNN750 which is related to increase in internal stress in
the thin film at lower temperature.
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Figure 3. Fitting of Raman spectra of KNN thin films annealed at 700 and 750◦C.
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Figure 4. AFM images of KNN thin films annealed at (a) 700 and (b) 750◦C.

Raman spectroscopy was conducted to study the extent of
crystallization and variation in phase structure by analysing
the phonon vibrational modes of thin films. Figure 2 shows
the Raman spectrum of KNN thin films annealed at 700 and
750◦C in the 200–1000 cm−1 range at room temperature. The
peaks observed around 225, 594 and 851 cm−1 are attributed
to 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 [17].

Figure 3 shows the fitting of Raman spectra of KNN thin films.
We have observed that with the increase in annealing tempera-
ture, intensity of v1, v5 and v1+v5 vibration modes noticeably
increases. This increase in intensity reveals improved crys-
tallization and perovskite phase in KNN750 as compared to
KNN700 similar to the results reported in the XRD analysis
(figure 1).

Figure 4 shows the 3D and 2D atomic force microscopy
(AFM) images of KNN thin films annealed at 700 and 750◦C.
The average grain size of KNN700 thin film is 210 nm for the
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Figure 5. Reflectance spectra of KNN thin films annealed at (a) 700 and (b) 750◦C.
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Figure 6. Plot of (αhv)1/2 vs. photon energy for KNN700 and KNN750.

sampling area of 0.0480 μm2. Root mean square roughness
and average roughness for the sampling area of 24.956 μm2

are 13.515 and 10.679 nm, respectively. The value of area
peak density and area peak to valley height are 61.267 μm−2

and 110.179 nm, respectively. But in the case of KNN750,
average grain size increases from 210 to 259 nm. The average
grain size of KNN750 thin film is 259 nm for the sampling
area of 0.0737 μm2. Root mean square roughness and average
roughness are 25.309 and 18.349 nm for the sampling area of
24.956 μm2, respectively. The value of area peak density and
area peak to valley height are 36.423 μm−2 and 310.859 nm,
respectively. This disclosed that with the increase in

annealing temperature, average grain size and roughness
increases. We have observed that the shape of particles starts
changing from triangular to spherical shape with increase in
annealing temperature. This is due to the fact that at low value
of annealing temperature, interfacial surface energy of KNN
thin film is high. Thus, at lower value of annealing tempera-
ture, less number of crystal grains is crystallized due to lower
value of their interfacial energy. At low annealing temper-
ature, KNN thin films did not crystallize completely which
give rise to inhomogeneous surface. With rise in annealing
temperature, grains become smaller and uniform which leads
to transformation in their grain size and shape.
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Figure 5 shows reflectance (R) spectrum of KNN700 and
KNN750 thin films in the wavelength range of 300–1000
nm. The value of the optical band gap energy is calculated
by exciting the valence band electrons to the conduction
band. Kubelka–Munk theory is used to investigate the opti-
cal band gap energy of thin films [18,19]. According to this
theory, Kubelka–Munk function, F(R) is given as: F(R) =(
1 − R2

)
/2R, where R is the reflectance of the material.

The value of absorption coefficient (α) is proportional to
Kubelka–Munk function, F(R). The relation used to find out
optical band energy is: αhv = (

hv − Eg
)n

, where Eg is the
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Figure 7. PL spectrum of KNN thin films annealed at (a) 700 and
(b) 750◦C.

optical band gap, v is the incident photon frequency and n
characterizes which absorption process involved in thin films,
i.e., n = 2 for indirect band gap transitions and n = 1/2 for
direct band gap transitions.

Figure 6 shows the graph between (αhv)1/2 vs. hv to deter-
mine optical band energy of KNN thin films by using the
Tauc plot. The extrapolation of the linear part of variation
of (αhv)1/2 with photon energy towards x-axis gives rise to
the value of optical band gap energy. The values of opti-
cal band gap energies are 3.44 and 3.63 eV for KNN700
and KNN750, respectively. This revealed that optical band
gap energy increases with increase in annealing tempera-
ture which shows blue shift in optical spectrum. This may
be due to decrease in the number of intermediate energy lev-
els, improved crystalline phase and microstructure of KNN
thin films which is also confirmed from Raman and AFM
spectra. With an increase in annealing temperature spacing
between atomic particles and porosity decreases which leads
to improved packing density and uniform crystal structure.
Free electrons were trapped in the crystal defect states and in
the grain boundaries of the KNN thin films. Higher anneal-
ing temperature favours increase in grain size which leads to
decrease in density of defect states, crystal imperfections and
grain boundaries.

PL study is a process which is based on spontaneous emis-
sion of light energy during optical excitation of
sample at room temperature. Figure 7 shows the PL spec-
trum of KNN700 and KNN750 in the wavelength range of
300–600 nm at room temperature. The excited wavelength
of 300 nm was used to study the PL spectra of KNN thin
films. It is observed that samples revealed a broad PL emission
spectrum in the UV–Visible region from 370 to 475 nm. PL
spectrum has peaks at ∼2.78 and 2.89 eV which are related to
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Figure 8. PL fitting of KNN700 and KNN750 thin films.
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near band emission in the visible region which signifies band
to band transition. The low intensity peaks observed at ∼3.26
and 3.09 eV are attributed to the ultra-violet region. The peaks
at ∼2.26, 2.36 and 2.47 eV are related to the green emission
band in the visible region which are associated with defect
states present in thin films. The emission in the green region
is usually attributed to oxygen vacancies which increase with
rise in annealing temperature. Figure 8 shows the fitting of
PL spectra of KNN thin films. The sharp emission band is
formed which discloses that KNN thin films may be used for
laser light generation. PL behaviour of KNN thin films may
lead to their applications in LEDs, optical storage technology
and in telecommunication fields.

4. Conclusion

KNN thin films were prepared successively by using a
novel sol–gel route at different annealing temperatures. XRD
and Raman spectroscopy analyses revealed that increase in
annealing temperature gives rise to enhanced crystallinity and
perovskite phase. AFM study showed that the KNN750 thin
film has large average grain size and roughness. Optical stud-
ies showed that KNN750 has higher value of band gap energy
as compared to KNN700. PL spectra have emission band in
the UV–Visible region which disclosed their application in
electro-optic device technology.
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