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Lead-free ferroelectric thin film with a composition of (Ko 4425Naos2Li00375) (Nbo.gs25Sbo.osTao0375)03
(KNLNST) has been successfully prepared on Pt/Ti/SiO,/Si substrate using sol-gel and spin-coating
method. Polycrystalline perovskite films were obtained through pyrolysis at 400 °C and subsequent cal-
cination at 700-800°C for 30 min, which were optimized by means of X-ray diffraction and thermal
analysis. The morphology on the top surface and fractured cross section of KNLNST films was observed
by an atomic force microscope and a field-emission scanning electron microscope. Raman spectrum indi-
cated that the film is almost stress-free as the film is thicker than 150 nm. The 300 nm-thick KNLNST film
annealed at 750°C exhibited a dielectric permittivity of 341, a loss tangent of 0.05 (1 kHz), a remanent
polarization of 9.5 wC cm~2 and a coercive field of 31.8 kV cm~", as compared to the remanent polarization

of 25.6 wC cm~2 and the coercive field of 10kV cm~! for bulk ceramics.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ferroelectric thin films have attracted great interest for a wide
range of technological applications such as ferroelectric random
access memory, micro-electro-mechanical system, pyroelectric
infrared sensors, field effect transistor and so on. The most widely
used ferroelectric film materials are based on Pb(Zr,Ti)O3 due
to their excellent piezoelectric and ferroelectric properties [1,2].
However, alternative lead-free ferroelectric films have attracted
increasing attention in recent years owing to the Pb pollution,
which involve BiyTi301, [3], (Ba,Sr)TiO3 [4], BaTiOs, (Bi,Na)TiO3-
based [5] and (K,Na)NbO3; (KNN) [6-15]. Among these lead-free
ferroelectric films, KNN films have been considered as one of the
most promising candidates for their relatively high Curie tempera-
ture, large piezoelectric longitudinal response d33 and high planar
coupling coefficient kp [8]. Many effects have been mostly focused
on the effect of Kand Na excess [9-11] or Li doping on the electrical
properties of KNN films [12-15].

It is worthy noting that the ferroelectric properties of KNN
films could be significantly improved by further optimizing
their compositions. It has been reported that the (Li,Ta,Sb)-
modified KNN ceramics exhibit excellent piezoelectric properties
of d33~395pCN-! and kp,~64% [16,17]. Unfortunately, there
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have been very few studies on KNN based films with such com-
plex compositions, except that M. Abazari et al. reported the
KNN-LiTaO3-LiSbO3 films on SrTiO3 substrate but fabricated by
pulsed laser deposition (PLD) [18,19]. As known, the processing
for making KNN ferroelectric films has been so far involved in
various physical and chemical methods such as rf-magnetron sput-
tering [6,20,21], PLD [7,22], chemical solution deposition [12] and
sol-gel processing [15,23,24]. Compared to other technologies, the
sol-gel method has proved to offer advantages such as easiness
of stoichiometry control, chemical homogeneity, low-temperature
fabrication and reduced cost of equipment and so on, making it
promising for producing homogeneous thin films. Unfortunately,
this method has never been extended to the preparation of KNN
based films with more complex compositions.

The purpose of this study is to deal with the fabrication and char-
acterization of (Kgg4425NagszLlip0375) (Nbogs25SboosTag.0375)03
(KNLNST) films deposited on Pt/Ti/SiO,/Si substrate using a
conventional sol-gel method and spin-coating processing. The
optimal processing conditions for preparing films were determined
by using X-ray diffraction, thermal analysis, scanning electron
microscopy and Raman spectroscopy. The effect of the annealing
temperature on the microstructure, dielectric properties and fer-
roelectric properties of KNLNST films was studied in detail.

2. Experimental

Fig. 1 shows the flow chart for preparing the KNLNST sol via a conventional
sol-gel process. Sb(CH3C0O0); (>99.9%), CH3COONa (>99.0%), CH3COOK (>92.0%),
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Fig. 1. Flow charts of preparing KNLNST sol via a sol-gel method.

Li;CO3 (>99.0%), Ta(OC3Hs)s5 (>99.95%) and Nb(OC,Hs)s (>99.95%) were used as
starting materials. According to the required stoichiometry, Sb(CH3COO)s, Li,COs,
CH3COONa, and CH3COOK were dissolved in sequence in a solution containing 2-
methoxyethanol (2-MOE), acetic acid (HAc) and 6vol% glycol under continuous
stirring at 60°C. Moreover, an appropriate portion of Ta(OC,Hs)s and Nb(OC,Hs )s
was added to the 2-MOE solution, simultaneously with HAc and acetylacetone
(Hacac) as the stabilizer and chelating agent, respectively. Subsequently, these two
kinds of solutions were mixed and stirred to form a stable sol by adjusting the pH
value to be ~5.4. N-N Dimethylformamide as drying control chemical additive was
added into the sol precursor solution. 2-MOE was added to adjust the viscosity of
the solution to obtain the concentration of 0.4 M. The KNLNST films were deposited
on Pt/Ti/Si0;/Si substrates by a repeated spin-coating process with a spin rate of
3500 rpm for 30s. After each spin-coating step, the films were dried at 200°C for
5min and pre-annealed at 400 °C for 8 min to remove organic components. Finally,
the precursor films obtained by repeating the above-mentioned procedure were
annealed in air at various temperatures from 700 to 800°C for 30 min in a tube
furnace.

Thermo-gravitometry (TG) and differential scanning calorimetry (DSC) analy-
sis of the dried KNLNST gel sample was carried out using a simultaneous thermal
analyzer (STA409C, Netzsch, Germany). The phase composition and structure of
KNLNST films annealed at different temperatures were characterized by an X-ray
diffractometer (XRD, D/MAX2500 VL/PC, Rigaku, Japan). Raman spectra of the films
were obtained by means of Raman spectrometer (LabRAM HR800, HJY, France).
The morphology on the top surface and fractured cross section of the films was
observed by an atomic force microscope (AFM, SPA-300HV Seiko, Japan), and a field-
emission scanning electron microscope (FE-SEM, Sirion200, FEI, USA). Punctate Au
electrodes with a diameter of 150 wm were deposited through a shadow mask on
the films for electrical measurement. The polarization versus electric field (P-E)
hysteresis loops were measured using a ferroelectric tester (Precision LC, Radiant
Technologies, Inc., USA). The dielectric properties (permittivity and loss tangent) as
a function of frequency were measured by an LCR meter (Agilent, 4980A, USA).

3. Results and discussion
3.1. Thermal decomposition

The thermal decomposition behavior of the dried precursor gel
is shown in Fig. 2. A weight loss of 3.1% at temperatures up to
~215°C was assigned to the evaporation of organic solution. Two
exothermic peaks at 319°C and 407 °C could be attributed to the
thermal decomposition of carboxylate-alkoxide precursors, corre-
sponding to a weight loss of 18.2%. An exothermic peak at 538°C
would be related to the combustion of residual organic compo-
nents, accompanied by a weight loss of 3.5%. A step was found in the
temperature range from 654 to 780 °C, which was probably due to

the formation of a perovskite phase. From the results, a three-step
heat treatment (low temperature drying at 200 °C, pre-annealing
temperature at 400°C, and annealing temperature ranging from
700 to 800 °C) could be tentatively identified.

3.2. XRD spectra

Fig. 3 shows the XRD patterns of the KNLNST films annealed
at various temperatures from 700 to 800°C for 30 min. It can be
seen that all deposited KNLNST films started to be crystallized
after annealing in the studied temperature range. The crystalliza-
tion temperature range determined from XRD agreed well with the
one estimated from TG-DSC curves (Fig. 2). Unfortunately, a few
non-perovskite peaks were also observed and these peaks have
been assigned to a secondary phase (indexed as K;NbgO1g). This
is a compound devoid of potassium compared to the stoichiometry
of KNLNST in which K/Nb is ~0.5. Therefore, the presence of this
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Fig. 2. Thermo-gravitometry and differential scanning calorimetry analysis of the
KNLNST gel powders.
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Fig. 3. XRD patterns of the KNLNST films annealed at different temperatures as
indicated.

second phase may due to the volatilization of K component. The
intensity of the peaks assigned to K;NbgO1¢ phase is relatively low
at 750°C. The annealing temperature of 750°C was thus deemed
to be the optimum temperature condition to ensure both better
crystalline quality and less impurity phase.

3.3. Raman spectra

Raman spectra of KNLNST thin films with different thickness
at room temperature are shown in Fig. 4. It can be found that the
Raman spectra collected from the film samples annealed at 750°C
exhibit similar features to those of the ceramic powders of the same
composition [25]. The peaks at around 245, 550 and 615 cm~! cor-
respond to vs (Fyg), V2 (Eg) and vy (Aqg) vibrational modes of NbOg
octahedra, respectively. The peak at around 860 cm~! is attributed
to the combination mode of v (A1g) and vs (Fyg). All these indi-
cate that the perovskite structure has been formed in the film as
it was annealed at 750 °C. This is in good agreement with the XRD
result (Fig. 3). In addition, tensile stresses usually arise within the
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Fig. 4. Raman spectra of the KNLNST films with different thickness annealed at
750°C.

films prepared by a solution-based method because of in-plane
shrinkage of the film which is constrained by the substrate during
heat treatment. The tensile stresses can be relieved by increasing
the thickness of the films [26]. Huang et al. have ever made use
of Raman spectroscopy to analyze the influence of the stress of
films by the substrate [27]. It is worthy to note that the wavenum-
ber of the v mode representing a double-degenerate symmetric
O-Nb-0 stretching vibration moves towards to higher value as
the thickness of KNLNST film is lower than 100 nm. It could be
considered that this stress is mainly caused by the mismatch of
thermal expansion coefficients of the film and the substrate. When
the thin film of KNLNST is thicker than 150 nm, the scattering posi-
tion of the v; mode is almost at the same position as that for
the KNLNST powder [25], suggesting that films are almost stress-
free. That is to say, the clamping effect by the substrate can be
ignored in the film with the thickness of more than 150 nm. Simi-
lar Raman peak shift has been reported in (Pb,Ca)TOs3 thin films by
Mendiola et al. [28].

3.4. Morphology

The SEM micrograph on the cross-section of sol-gel derived
KNLNST film annealed at 750°C is shown in Fig. 5. It can be
seen that the as-prepared film is homogeneous and dense, and
sticks well to the substrate. The thickness of the film prepared
by repeating spin-coating process for 6 times can be estimated
to be ~300 nm. No distinct interfaces could be observed between
deposited layers. The top-surface morphology of the KNLNST film
annealed at two different temperatures was examined by AFM, as
shown in Fig. 6. It can be found that with increasing the anneal-
ing temperature, the film roughness was increased. A relatively
smooth surface was observed for the film annealed at 750 °C, with a
root-mean-square (rms) roughness value of 3.2 nm which is com-
parable to the value (rms=6.4) observed for 4% Li doped NKN
films [13]. When the annealing temperature was raised to 800°C,
the roughness of the film was significantly increased (rms=15.4)
owing to the formation of pinholes. The possible reason could be
ascribed to the volatilization of potassium component from the
grain boundary of large grains or the formation of the second
phase [29].

3.5. Dielectric and ferroelectric measurements

Frequency dependence of the permittivity and dielectric loss at
room temperature for 300 nm-thick KNLNST films having under-
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Fig. 5. SEM images on the cross section of the film annealed at 750°C.
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Fig. 6. AFM micrographs of the KNLNST films annealed at (a) 750 °C and (b) 800 °C.

gone different annealing conditions is shown in Fig. 7. A typical
relaxation behavior was observed in the studied frequency range
for all three films. The low-frequency dielectric relaxation could
be attributed to the polarization of space charges in the film such
as interfacial polarization of the Maxwell-Wagner type and the
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Fig.7. Dielectric permittivity and loss tangent as a function of frequency for KNLNST
films annealed at various temperatures.
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Fig. 8. P-E hysteresis loops of the KNLNST films on Pt/Ti/SiO/Si substrates annealed
at various temperatures for 30 min.

charged defects [30,31]. Meanwhile, the generation of charged
defects may also originate from A-site vacancies and accompany-
ing oxygen vacancies, which were formed by the volatilization of K
during annealing. Furthermore, the film as annealed at 750°C has
higher dielectric permittivity (~341 at 1kHz) and lower loss tan-
gent (~0.05 at 1 kHz) than the other two films, indicating that the
film annealed at 750 °C may possess lower defect concentrations at
the film-substrate interface [32].

Fig. 8 shows the P-E hysteresis loops of 300 nm-thick KNLNST
films annealed at various temperatures for 30 min. The loops were
measured at a frequency of 2 kHz at room temperature. Higher elec-
tric fields could not be applied to the KNLNST film due to its low
breakdown field. All films show typical ferroelectric behavior under
anapplied electric field of 200 kV cm~1.1t can be seen that the rema-
nent polarization (P;) of the films first increases as the annealing
temperature increases from 700 to 750 °C and then decreases with
further increasing the annealing temperature. A similar tendency
with the annealing temperature was observed for the dielectric
properties (Fig. 7). The KNLNST films annealed at 750°C exhibit
a typical P-E ferroelectric hysteresis loop with P; and coercive field
(Ec) of 9.5 wCcm~2 and 31.8kV cm™!, respectively, as compared to
the P; value, 25.6 wCcm~2 and the E. value, 10kVcem~! of bulk
ceramics [25]. The P value is comparable to that of KNN-LT-LS
film deposited by PLD [19]. However, KNLNST films annealed at
800 °C show relatively weak ferroelectricity (Pr=3.1 w.Ccm~2 and
E.=38.9kVcm1). The possible reason can be given as follows:
first, more non-perovskite K;NbgO1¢ phase appears in the film as
annealed at 800 °C (Fig. 3); secondly, the evaporation loss of potas-
sium component at higher annealing temperature tends to cause
the presence of holes and a relatively low density as observed by
AFM.

4. Conclusions

Polycrystalline KNLNST films have been deposited on
Pt/Ti/SiO,/Si substrate using sol-gel and spin-coating tech-
nique. The optimal pyrolysis and annealing temperatures were
identified to be 400°C and 750 °C, respectively. The SEM and AFM
images indicated that the 300 nm-thick film annealed at 750°C
has relatively dense and uniform microstructure without cracks.
The KNLNST film annealed at 750 °C exhibited good dielectric and
ferroelectric properties with the dielectric permittivity ~341 and
P:~9.5 wCcm~—2. The results indicated that a conventional sol-gel
method was successfully extended to the preparation of KNN
based films with complex compositions.
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