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Lead zirconia titanate (PZT) is widely used due to its ferroelectric and piezoelectric 
properties. However, toxic lead in PZT is extensively linked to the greenhouse effect. 
For this constraint, extensive research is being done to find new piezoelectric materials 
such as potassium sodium niobate (K0.5Na0.5NbO3 or KNN). Due to processing 
difficulties, KNN has been disregarded for a long time. Volatilization of alkaline 
elements causes compositional inhomogeneity and lowers piezoelectric activity of 
ceramics. This research examines how ZnO-doping affects the structural and electrical 
changes and characteristics of potassium sodium niobate (KNN) ceramics. Potassium 
Sodium Niobate (KNN) thin films were grown on ITO substrate by using sol-gel spin 
coating method. The as-deposited thin films were heated 250 ℃ pyrolysis for 5 min 
and then was annealed at the temperature 650 ℃. Following this, KNN thin films were 
characterized using X-Ray Diffraction (XRD) and Field Emission Scanning Electron 
Microscope (FESEM). The electrical properties of KNN thin films were analysed using 
Atomic Force Microscopy (AFM) and Piezoresponse Force Microscopy (PFM). Based on 
the findings, it can be inferred that a doping concentration of 0.9 mol ZnO is considered 
the most appropriate for the production of a homogeneous and cohesive KNN thin 
film. This film demonstrates favourable electrical properties, making it well-suited for 
implementation in piezoelectric applications. 
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1. Introduction 
 

The creation of innovative forms of piezoelectric materials for use in filters, resonators, actuators, 
sensors, and other devices has drawn substantial attention from all around the world. The utilisation 
of lead zirconia titanate (PZT) has been extensive owing to its exceptional ferroelectric and 
piezoelectric characteristics. Nevertheless, it is widely acknowledged that PZT is associated with the 
greenhouse effect as a result of the inclusion of hazardous lead [1,2]. It is true that despite its 
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remarkable electrical properties, PZT has a number of significant drawbacks such as contains over 60 
% lead [3]. According to the Comprehensive Environmental Response, Compensation, and Liability 
Act of 1980, lead is one of the most toxic substances that may cause harm to the nervous system and 
spermatozoid development.  

Extensive research is being done with an emphasis on the search for different piezoelectric 
materials in order to overcome this limitation. In this regard, potassium sodium niobate 
(K0.5Na0.5NbO3 or KNN) has been regarded as a potential ceramic material for the development of 
novel lead-free piezoelectric devices. The material demonstrates a notable Curie temperature of 420 
°C, a substantial dielectric constant of approximately ~700, a significant remanent polarisation of 14 
μC/cm2, a low coercive field of around 140 kV/cm, and a strong piezoelectric constant of 
approximately 300 pC/N [4-6]. Nevertheless, the historical significance of KNN, which consists of 
ABO3 and possesses a perovskite crystal structure, has been largely overlooked throughout time due 
to the challenges associated with its processing. The occurrence of significant volatilization of alkaline 
elements contributes to the presence of compositional inhomogeneity, ultimately leading to a 
ceramic material that exhibits less piezoelectric activity. 

Extensive study has been conducted to investigate the increase of the piezoelectric and structural 
properties of KNN through the production of its bulk ceramics structure. Bulk piezoelectric ceramics 
are commonly characterised by their greater thickness compared to film structures, hence imposing 
constraints on their applicability in embedded sensors and micro-sized devices. In this particular 
scenario, the process of affixing bulk ceramics to specific components of micro-electromechanical 
systems (MEMS) via a bonding agent is both labour-intensive and financially burdensome. While 
some researchers have dedicated significant attention to mitigating the impact of volatility on 
piezoelectric characteristics, there has been limited exploration of enhancing these properties 
through the incorporation of novel materials into potassium sodium niobate (KNN). 

KNN-based compounds are anticipated to exhibit exceptional electrical properties, namely in 
terms of piezoelectricity, by the incorporation of ZnO into KNN thin films. Hence, the findings of this 
study may provide valuable guidance to researchers in selecting suitable ZnO materials that can 
effectively disperse within the KNN matrix. Furthermore, this work will present the theoretical 
relationship between ZnO donors and the augmentation of KNN piezoelectric characteristics. This 
paper presents an investigation into the influence of ZnO-doping on the structural and electrical 
changes observed in ceramics based on potassium sodium niobate (KNN), as well as the resultant 
properties of these materials. The examination of different concentrations of Zn2+ has unveiled a 
novel approach to the development of materials that are devoid of lead. 
 
2. Methodology 

 
Thin films based on KNN solutions were synthesised utilising a spin coating method. Both 

potassium and sodium acetate (both from Alfa Aesar, purities of 99 %) were employed as alkaline 
precursors in the first solution. According to the computed stoichiometry, the initial mol% of 
precursors is 50 mol%. The precursors solution was spiked with several amounts of ZnO (mol% = 0, 
0.1, 0.3, 0.6, and 0.9). With steady stirring at ambient temperature, a solution was dissolved in polar 
organic solvent 2-methyoxyethanol (Sigma Aldrich, 99.9 %). The solution of KNN precursors was 
added dropwise to the niobium ethoxide and acetyalcetone mixture, which was then stirred 
vigorously for 1 hour at room temperature. The solution was then stirred at 80 °C for an hour. Once 
the mixed resolution was complete, the thin films were spun onto a ITO substrate at 3000 rpm for 60 
seconds. The ITO substrate is 2 cm × 1 cm on each side. The wet films were then dried at 250 °C for 
1 minute to complete the pyrolysis process. The coating procedures were repeated five times in order 
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to create a dense and uniform structure for the five-layer films. The films are then annealed for 5 
minutes at a rate of 5 °C/s at 650 °C. 

X-ray diffraction (XRD) utilising a PANalytical X'Pert Pro at a grazing angle of 0.1° was used to 
analyse the phase evolution of KNN and ZnO-doped KNN films. Field emission scanning electron 
microscopy (FESEM) at 15 kV was used to look at the grain morphology and cross section of the 
generated thin film. Then Atomic Force Microscope NX10 was used to evaluate the films' average 
surface roughness and to measure the piezoelectric coefficient by the Piezoresponse Force 
Microscopy. 
 
3. Results and discussions 
3.1 Phase Formation of KNN Thin Films 
 

X-ray diffraction (XRD) patterns for a KNN thin film produced on an ITO substrate and annealed 
at 650 °C are shown in Figure 1. KNN thin films are polycrystalline in nature, as evidenced by the 
presence of prominent peaks with a single KNN phase at planes (111), (001), (202), (420), (150), and 
(313) in all films starting at 20° < 2θ < 70° with the obvious preferred orientation at (001). The results 
were found to be in accordance with KNN orthorhombic structures. There is a stronger attractive 
force between the ions in the [001] direction than in any of the other orientations. Also, compared 
to these other orientations, the distance between ions in the [001] direction is less. Therefore, in a 
KNN structure, the polarisation formed along the [001] because the coulomb force between the ions 
in this direction is regarded to be stronger than the force between the ions in the other directions 
[7,8]. Furthermore, minor peaks related to the presence of a secondary phase can be attributed to 
the modest shifts in the stoichiometric ratio caused by the presence of highly volatile alkaline 
elements [9,10]. Nevertheless, the peak intensities of the aforementioned thin films exhibited a 
decline when subjected to dopant concentrations below 0.6 mol. The diminished peak intensities 
result in the degradation of the crystalline structure of the films [11].  This activity may be correlated 
with additive inclusion following the KNN-phase development. The diffraction peaks also slightly 
shifted with increased ZnO content in the samples. Previous study concluded that the addition of 
Zn2+cations to the perovskite structure was responsible for the observed structural change [9].  

 

 
Fig. 1.  XRD patterns for ZnO doped KNN thin films 
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3.2 Surface Morphology of KNN Thin Films 
 

Surface morphology of KNN thin films is shown in Figure 2. Pure KNN in Figure 2 (a) appears to 
have evaporated an alkaline element, as evidenced by its inhomogeneous shape and open boundary. 
This suggests that the ITO substrate was exposed as the open grain boundary was developed [10]. 
Figure 2(b) displays the modified ZnO-KNN thin films, which were composed of extremely small 
particle clusters at X = 0.1 and 0.3 mol. The fine particles were most likely from the pyrochlore phase, 
which has a poor crystallinity [10-13].However, after being doped with 0.6 mol of ZnO, the newly 
produced grains appeared to be denser and more homogenous. At a ZnO = 0.9 % mol concentration, 
the microstructure became more compact, and the dense boundary was found and further validated 
by XRD data (Figure 1), indicating that only a single perovskite phase existed in the films. These 
structural changes are indicative of an easy incorporation of Zn2+ into the crystal lattice. Specifically, 
prior research has indicated that dopant inclusion of ZnO enhances fine-grained, high-density films, 
likely due to reduced alkaline volatility [9].  
 

 
Fig. 2. Morphology structure of KNN thin films doped with ZnO, (a)x = 0 (b) x = 0.1 (c) x = 0.3 (d) x = 0.6 
(e) x = 0.9 

 
3.3 Surface Roughness and Topography of Pure and Doped KNN Thin Films 
 

Table 1 depicts the root-means square and average surface roughness of pure KNN and KNN 
doped with ZnO.  In accordance with the graph, the surface roughness of ZnO-doped KNN is higher 
than that of pure KNN due to the inhomogeneous and porous particle boundaries. The growth 
properties of thin films have a direct impact on their morphology, microstructure, and surface 
roughness. The surface roughness of thin films will vary depending on the grain growth of the films. 
The utilisation of AFM line-scan profiles has been documented in the literature to validate the 
observed rise in surface roughness and average grain size [14–16]. Data from the AFM post-
processing data, including the sample's root mean square (Rq) and average surface roughness (Ra), 
lend credence to this claim. Figure 3 shows the AFM surface micrograph of KNN thin films doped with 
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ZnO. It is clear that the surface topography of films varies greatly depending on the amount of ZnO 
present. Therefore, the surface roughness is significantly affected by the ZnO content. 

 
Table 1  
Root-means square and average surface roughness of KNN thin film with different 
concentration of ZnO 
ZnO concentration (mol) Root means square, Rq (µm) Average surface roughness, Ra (µm) 
0 0.38 0.269 
0.1 0.131 0.087 
0.3 0.03 0.017 
0.6 0.141 0.105 
0.9 0.543 0.415 

 
Based on the data, at x = 0.1 mol and x = 0.3 mol has smoother grainy surface compared to pure 

KNN (0.269 µm).  KNN thin films were measured to have an average surface roughness of 0.087 µm 
and 0.017 µm. Based on this finding, it's reasonable to assume that ZnO doping can reduce the 
roughness of KNN thin films. However, at a concentration of 0.9 % ZnO, the average roughness of the 
surface grew to 0.415 µm. The FESEM result demonstrated aberrant grain development, which is 
thought to be the primary source of the elevated surface roughness of KNN films at high 
concentrations. This study's surface roughness pattern was consistent with that reported by Deng et 
al., (2015), who found that doping the film in the outset made it smoother than the pure film. Author 
also found that as the concentration of dopants was raised, the surface roughness rose [17]. 

 

                 
 

                                                    
Fig. 3. AFM surface topography of KNN thin films doped with ZnO when (a) x= 0 (b) x= 0.1 (c) 
x= 0.3 (d) x= 0.6 (d) x= 0.9 

 
The piezoresponse of the sample was studied using imaging of the domain with a scan size area 

of (10 × 10) µm2. The combination of DC and AC voltage that was placed between the tip and the 
sample allowed for topography analysis as well as piezoresponse analysis to be carried out [18–20]. 
Out-of-plane PFM measurement was utilised in order to investigate the surface topography and 
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piezoresponse of the ZnO doped KNN thin film on ITO substrates. According to the findings of a 
previous study [21-23], it has been noted that various ZnO grains exhibit distinct piezoelectric 
properties, which may have negative implications for its utilization in device applications. The nature 
of the sample preparation and the growth method are both connected with the piezoelectric 
coefficients in KNN films. It is presumable that the substrate will act as a boundary for the 
deformation that occurs in a piezoelectric KNN when an electric field is applied. The d33 values that 
were estimated for pure and ZnO-doped KNN thin films are presented in Figure 4. It has been 
discovered that an increase in the concentration of ZnO leads to a decrease in the piezoelectric 
coefficient. Since the Zn2+ is integrated into the A-site due to defects generated by the volatility of 
the alkaline metal component, the d33 decreases with increasing ZnO content for the sample with x 
≤ 0.3 mol, as shown in Figure 4. However, the piezoelectric coefficient increased when the ZnO 
content went from 0.6 mol to 0.9 mol, as expected given the denser and more compact grain 
boundary at the higher ZnO level.  In the meantime, due to the tiny cluster particles of grains, the 
piezoelectric coefficient drops when ZnO content is less than 0.3 mol. The highest piezoelectric 
coefficient obtained is at ZnO content 0.9 mol which has the preferred orientation of (001) than those 
are randomly oriented.  

 

 
Fig. 4. Piezoelectric coefficient with varied ZnO content of KNN thin films 

 
4. Conclusion 

 
Pure KNN and ZnO-doped KNN were fabricated using the spin-coating technique with varying ZnO 

concentrations (0.1 mol, 0.3 mol, 0.6 mol, and 0.9 mol) in this study. Either mild doping level or heavy 
doping level will influence the physical and electrical properties of KNN thin films. According to the 
obtained results, both pure and doped KNN films exhibited prominent KNN phase peaks. After KNN 
doping at a concentration of ZnO ≥ 0.6 mol, the morphology of the thin film reveals that the granules 
are homogeneous and dense. Meanwhile, at a concentration of 0.9 % ZnO, the surface's average 
roughness increased to 0.415 µm. The results obtained from the FESEM analysis revealed abnormal 
grain growth, which is believed to be the main cause of the increased surface roughness observed in 
KNN films with high concentrations. This effect results in an augmentation of the piezoelectric 
characteristics shown by thin films. In summary, it can be concluded that a doping concentration of 
0.9 mol ZnO is deemed as the most suitable for the fabrication of a compact and uniform KNN thin 
film, exhibiting optimal electrical characteristics for applications in the field of piezoelectricity. 
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