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Abstract. The lead-free sodium potassium niobate (KNN) exhibits improved electrical and structural properties. 
This substance is well-known because it resembles lead zirconate titanate (PZT). KNN may replace the commonly 
used PZT, although it has significant drawbacks. This study introduced metal oxide doping. The perovskite 
structure of KNN contained manganese oxide (MnO) and zinc oxide (ZnO) dopants. The improved 
electrical characteristics of KNN thin films doped with MnO and ZnO were investigated by studying the effects 
of manganese and zinc dopants on the surface morphology and resistivity. The chemical solution deposition was 
used as methodology. Their structural, morphology and electrical properties of the doped KNN thin film were 
analysed using X-ray Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), and LCR 
meter. The peak of all KNN thin films was in the (001), indicating a preferred for growth orientation. Mn-doped 
KNN films had improved crystallinity and suppressed secondary phases, while ZnO doping preserved the crystal 
structure with only minor disturbances. The microstructure of Mn-doped KNN thin films was homogeneous and 
dense with reduced grain boundaries, while Zn-doped KNN thin films had a denser morphology and bigger grain 
sizes, especially at higher doping levels. The electrical measurements showed that Mn doping increases resistivity, 
making films better for high-performance piezoelectric applications. Conversely, the incorporation of zinc 
resulted in a reduction in the electrical resistance of the material as its concentration increased. The work shows 
that Mn and Zn doping affects KNN thin film structural, morphological, and electrical properties differently. The 
results showed that MnO-doped KNN performed best at a concentration of 0.3 mol and ZnO-KNN at 0.9 mol. 
These results aid the development of improved KNN-based materials for electrical and piezoelectric applications. 
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1. INTRODUCTION 
 

Potassium sodium niobate (KNN), (KxNa1−x) NbO3 thin films have garnered significant 
attention in the field of materials science due to their excellent piezoelectric and ferroelectric properties, 
which make them suitable for a wide range of applications, including sensors, actuators, and energy 
harvesting devices. It features an ABO3 perovskite crystal structure, where potassium (K⁺) and sodium 
(Na⁺) occupy the A-site, while niobium (Nb⁵⁺) sits at the B-site, surrounded by an oxygen octahedral 
coordination. However, the addition of dopants like Mn, Zn, or Li can further improve its piezoelectric 
and electrical properties by enhancing grain growth, reducing leakage current, and optimizing domain 
configurations. Among these, manganese (Mn) and zinc (Zn) have emerged as promising dopants due 
to their potential to improve the structural and electrical properties of KNN thin films [1-3]. Researchers 
rely on several scientific factors, including ionic compatibility, defect engineering, phase stabilization, 
and electrical conductivity improvements, to justify their choice. 

 
Previous research has shown that doping KNN thin films with transition metals can 

significantly alter their properties. For instance, Mn doping has been shown to improve the ferroelectric 
and piezoelectric properties of KNN thin films by enhancing their crystallinity and reducing leakage 
current [4]. On the other hand, Zn doping is known to influence the grain size and surface morphology, 
which can affect the films’ dielectric properties [5]. However, the study is a comparison of the effect of 
impurities on the properties of KNN. 

 
Among various synthesis techniques, the sol-gel method has proven to be a particularly 

effective approach for fabricating high-quality KNN thin films. This wet chemical process enables 
precise control over stoichiometry, uniform mixing of precursors at the molecular level, and deposition 
over large areas at relatively low temperatures. Several studies have demonstrated the viability of sol-
gel-derived KNN films in achieving uniform microstructures and desirable functional properties. For 
example, Zhang et al. [6] successfully synthesized crack-free KNN thin films using the sol-gel spin-
coating method and demonstrated good ferroelectric behaviour with well-saturated polarization loops. 
Their study highlighted the importance of optimizing annealing temperatures and film thickness to 
enhance phase purity and electrical response. In another significant work, Wiegand et al. [7] explored 
the impact of different heat-treatment profiles on the crystallization behaviour of sol-gel derived KNN 
thin films. They found that slow ramping and controlled calcination steps contributed to improved grain 
growth and texture development, which are essential for optimal piezoelectric activity. Moreover, the 
study underlined how processing conditions such as drying atmosphere and precursor aging time could 
influence the final film quality. 

 
Doping studies using the sol-gel technique have also become increasingly common in recent 

years. For instance, Lai et al. [8] investigated lithium-doped KNN thin films prepared by the sol-gel 
route, reporting that Li incorporation not only enhanced densification and reduced porosity but also 
promoted the formation of a stable orthorhombic phase favourable for high piezoelectric response. 
Similarly, Sun et al. [9] examined the effect of Mn doping on sol-gel-derived KNN films and observed 
a notable improvement in leakage current suppression and ferroelectric loop squareness, attributing 
these results to defect compensation and improved crystallite alignment.  

 
Overall, this study systematically compares Mn- and Zn-doped KNN thin films synthesized via 

the sol-gel method, focusing on their structural, morphological, and electrical properties. By preparing 
KNN thin films with varying concentrations of Mn and Zn dopants, the research aims to elucidate the 
comparative effects of these dopants on film performance. Characterization techniques such as X-ray 
diffraction (XRD), field emission scanning electron microscopy (FESEM), and electrical measurements 
will be employed to analyse phase composition, microstructure, and conductivity. The primary 
objective is to understand the mechanisms by which Mn and Zn influence KNN thin films and to 
determine optimal doping conditions for enhanced functional properties. Ultimately, this study 
contributes to the development of high-performance KNN-based devices for applications in 
piezoelectric sensors, actuators, and energy harvesting technologies by providing insights into dopant-
induced modifications in KNN thin films. 
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2. MATERIALS AND METHODS 
 

Figure 1 illustrates the flowchart of the fabrication process of manganese and zinc-doped KNN 
(potassium sodium niobate) thin films at doping concentrations of 0.3 mol and 0.9 mol, respectively, 
on a silicon substrate using the sol-gel method. The sol-gel chemical solution deposition (CSD) method 
as shown in Figure 2 is commonly used to fabricate KNN thin films. Potassium acetate (CH₃COOK) 
and sodium acetate (CH₃COONa) are utilized as alkaline precursors in the initial solutions. To address 
the deficiency of alkaline elements, varying amounts of manganese and zinc (0.3 mol and 0.9 mol) were 
incorporated into the precursor solutions. These compounds were dissolved in the polar organic solvent 
2-MOE, with continuous stirring at room temperature. Subsequently, niobium ethoxide, 2-MOE, and 
acetylacetone were combined to create a niobium precursor solution. Acetylacetone functions as a 
chelating agent, improving the solution's stability against hydrolysis. The previously prepared KNN 
precursors were then mixed with the niobium solution. The mixed solution was maintained at 80 °C for 
one hour. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Flowchart of fabrication on Manganese/Zinc-doped Potassium Sodium Niobate (KNN) thin 

film via sol-gel method 
 

Silicon substrate was cut into a dimension of 1 cm by 1 cm, which was then submerged in 
acetone and subjected to ultrasonic agitation for 20 minutes. The substrates were subsequently cleaned 

CH3CO2K + CH₃COONa + C₃H₈O₂ + MnO Nb₂(OC₂H₅)₁₀ + C₃H₈O₂ + C5H8O2  

30 mins constant stirring at 25 
°C 

Mn/Zn-doped KNN solution 

mixing both precursor 
at 80 °C and 
magnetically stir for 1 
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Spin-coat at 3000 rpm for 60 
s 

deposition of Mn-doped KNN  

solution on silicon substrates 

Pyrolysis at 250 °C for 60 s 

repeat the process to  

obtain desired  

properties 

Annealing at 650 °C for 5 minutes 

Mn/Zn-doped KNN thin film 
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and rinsed with deionized water after a 20-minute immersion in ethanol. Finally, the substrates were 
purged with nitrogen gas to remove any residual impurities. 

 
The Mn/Zn-doped KNN solution was applied to the Si substrate using a spin coater, spinning 

at 3000 rpm for 60 seconds. The substrate was then subjected to heat treatment at 250 °C for one minute 
on a hot plate immediately after spin coating. The selected pyrolysis temperature is attributed to 
achieving a higher degree of crystallinity because it facilitates the removal of organic residues, promotes 
nucleation, and enhances grain growth. The spin coating process was conducted five more times to 
achieve the desired multi-layered thin film, thereby improving homogeneity and uniformity. The 
furnace temperature was then adjusted to 650 °C for 5 minutes to initiate the annealing process.  

 

 
 

Figure 2: Sol-gel process method 
 

XRD was used to analysis the crystal structure of the KNN thin films that has been doped with 
manganese and zinc. CuKα radiation with a wavelength of 1.54 Å was utilized to measure the diffraction 
angle within the range of 20° to 60° (2θ). FESEM was used to analyse the surface structure and 
determine the chemical composition of the deposited thin films. The samples were coated with a thin 
layer of gold to enhance conductivity. FESEM images were taken at magnifications ranging from 
50,000x. The resistivity of the thin film was analysed using a LCR meter (U1733C Agilent 
Technologies) operating at room temperature with a testing frequency of 1 kHz. Four-point resistivity 
probe measurement (I-V Keithly) was used to measure the resistivity of KNN thin films. The 
measurement of current will pass through the two outer probes and the voltage will measure by inner 
probes that allow the measurement of the thin film’s resistivity. 

 
 
3. RESULTS AND DISCUSSION 
 
3.1 X-ray Diffraction (XRD) 
 

In term of phase composition, the XRD pattern of the 0.3 mol Mn-doped KNN thin film 
typically shows peaks corresponding to the perovskite structure of KNN, (KxNa1−x) NbO3. The presence 
of Mn at 0.3 mol doping does not significantly alter the main phase but can introduce slight peak shifts 
or broadening due to the lattice distortion or the incorporation of Mn ions into the KNN lattice as shown 
in Figure 3. Mn doping at this level might result in slight changes in the lattice parameters compared to 
undoped KNN in term of lattice parameters. The ionic radius of Mn is slightly smaller than that of the 
ions it replaces (K+, Na+, or Nb5+), leading to a minor contraction of the lattice [10]. The preferred 
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orientation (texture) of the thin film might show a similar trend to undoped KNN, but slight changes 
could occur due to the Mn doping. 

 

 
 

Figure 3: XRD patterns of 0.3 mol Mn and 0.9 mol Zn-doped KNN thin films 
 

In addition, the XRD pattern of the 0.9 mol Zn-doped KNN thin film also exhibits peaks 
corresponding to the perovskite structure of KNN. At 0.9 mol doping, Zn incorporation can lead to 
more noticeable changes in the diffraction pattern compared to lower doping levels. The emergence of 
supplementary peaks at specific 2θ positions, particularly at of 47°, 52° and 56°, in the samples infused 
with 0.9 mol ZnO, further substantiates the existence of a ZnO phase. The existence of these peaks 
serves as evidence for the development of a pure orthorhombic perovskite structure, devoid of any 
secondary phase [11-13]. In term of lattice parameters, Zn doping at 0.9 mol is likely to cause more 
significant changes in the lattice parameters compared to 0.3 mol Mn doping. Moreover, this discovery 
indicates that the KNN lattice sites were effectively doped with zinc oxide, but the native phase 
remained intact.   

 
 The ionic radius of Zn2+ is different from those of K+, Na+, and Nb5+, leading to either lattice 

expansion or contraction depending on the site of substitution. The crystallinity of the 0.9 mol Zn-doped 
KNN thin film might be slightly lower compared to the Mn-doped film due to higher doping levels, 
which Mn can enhance the crystallinity of doped KNN thin films [14]. Besides, peak broadening could 
be more pronounced, indicating low intensity of crystallinity. The preferred orientation might show 
more significant deviations from the undoped KNN thin film due to the higher doping concentration of 
Zn. Furthermore, changes in texture can affect the material’s properties, and these would be more 
evident at higher doping levels. 

 
3.2 Energy-dispersive X-ray Analysis (EDX) 
 

The films' chemical composition was confirmed using Energy Dispersive X-ray Spectroscopy 
(EDX). Figure 4 presents the EDX analyses of Mn and Zn-doped KNN thin films deposited on ITO 
substrates and annealed at 650 °C. EDX results indicated the presence of Mn, K, Na, and Nb elements 
in the Mn-doped KNN thin film, as well as Si from the substrates. 

 
These ions readily volatilized during the heating process. The incorporation of manganese as a 

dopant in the thermal process can mitigate the volatilization of potassium and sodium. The influence of 
solution conditions on the properties of sol-gel technique derived by KNN thin films on platinized 
sapphire substrates has been previously documented [15-16]. 
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Figure 4: EDX analysis of KNN thin film deposited on Si substrate after sintering at 650 °C (a) 0.5 

mol Mn, and (b) 0.9 mol ZnO 

 
The chemical homogeneity of Mn-doped KNN thin films, with respect to Mn, Nb, and alkali 

elements, was assessed using EDX analysis. This technique quantified the amounts of Mn, Na, K, and 
Nb in Mn-doped KNN thin films at various concentrations. As shown in the table in Figure 4(a), Nb 
exhibited the highest atomic and weight percentages, followed by Na, Si, Mn, K, and Al, in that order 
regardless of the absence of O. Given the uniformity of Nb concentration across all films, it can be 
inferred that the influence of microstructural characteristics on the EDX mapping is minimal [17]. Films 
exhibiting alkali chemical inhomogeneity demonstrated greater fluctuations in grain size. Uniform grain 
size appears to be indicative of the chemical homogeneity of the films. Additionally, as shown in Figure 
4(b), the elements C, O, Na, Si, K, Ca, Zn, and Nb were detected. The pure KNN thin film displayed 
the presence of its constituent elements potassium (K), niobium (Nb), sodium (Na), and oxygen (O). 
The analysis successfully identified the formation of an additional zinc (Zn) line following the 
introduction of the zinc element. However, the primary signal from the substrate, particularly in the 
case of silicon, was more prominent than the excited spectra of the essential components. This 
prominence is attributed to the film's thickness being less than the penetration depth of the incident 
electrons, resulting in the Si substrate being evident on the thin film's surface. 
 
3.3 Field Emission Scanning Emission Microscopy (FESEM) Analysis 

 
Figure 5 shows the comparison on the morphology of 0.3 mol Mn-doped and 0.9 mol Zn-doped 

KNN thin films using Field Emission Scanning Electron Microscopy (FESEM). Both doping elements, 
Mn and Zn, were chosen to investigate their effects on the microstructure and surface morphology of 
KNN thin films, which are known for their piezoelectric properties. For the sample preparation, KNN 
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thin films were prepared via so-gel spin coating technique. Doping concentrations were set to 0.3% for 
Mn and 0.9 mol for Zn. The films were annealed at 650 °C for 1 hour to crystallize the perovskite 
structure. Surface morphology, grain size and porosity were the primary focus on the FESEM analysis. 

 
Figure 5(a) illustrated the surface morphology of the 0.3 mol Mn-doped KNN film displayed a 

relatively uniform surface with well-defined grains boundaries. Grains were mostly spherical and 
densely packed. Some porosity was observed but was minimal. Few pores were visible, suggesting good 
densification and the overall porosity was less than 5%. FESEM image of the 0.9 mol ZnO-doped KNN 
film, illustrated in Figure 5(b), demonstrates notable alterations in morphology. At 0.9 mol of ZnO 
doping, the microstructure exhibited improved compaction. This observation suggests that the films 
consisted solely of a single perovskite phase. Previous studies have demonstrated that the introduction 
of dopants into ZnO results in improved films characterized by a refined structure and heightened 
density. This enhancement is believed to result from a decrease in the volatility of alkaline compounds 
[18].  

 
Figure 5: FESEM microstructure 0.3% of doped (a) manganese and 0.9% of doped, and (b) zinc 

KNN thin film via sol-gel method at x50.0k magnification 
 

Mn-doping at 0.3% resulted in a more uniform and denser microstructure, suggesting Mn ions 
act as a grain growth inhibitor, leading to smaller grain sizes and lower porosity [19]. Zn-doping at 0.9 
mol led to larger, irregular grains and denser morphology. In addition, Zn ions possibly promote grain 
growth and enhance densification, resulting in a rougher surface morphology. The observed differences 
in morphology are likely to influence the piezoelectric properties of the films.  

 
FESEM analysis reveals significant differences in the surface morphology of 0.3 mol Mn-doped 

and 0.9 mol Zn-doped KNN thin films. Mn-doping tends to produce a more uniform and densely packed 
microstructure, while Zn-doping results in a rougher surface with dense and compact microstructure. 
These morphological differences are crucial for optimizing the functional properties of KNN thin films 
for specific applications. Further investigations into the electrical and piezoelectric properties of these 
doped films are recommended to correlate the morphological findings with performance metrics. 

 
3.4 Resistivity 
 

Table 1 shows that a 0.9% Zn-doped KNN thin film exhibits a higher resistivity compared to 
the 0.3% Mn-doped KNN thin film when measured at room temperature with a frequency of 1 kHz. 
Table 1 provides a comparative analysis of the resistivity of materials doped with manganese and zinc 
at different concentrations. Manganese, with a doping concentration of 0.3 mol, exhibits a resistivity of 
0.03 MΩ. On the other hand, zinc, at a higher concentration of 0.9 mol, shows a significantly lower 
resistivity of 3x10-7 MΩ. This stark contrast in resistivity values indicates that zinc is a far more 
effective dopant for reducing resistivity compared to manganese. The higher concentration of zinc 
correlates with a dramatic decrease in resistivity, suggesting that zinc atoms integrate more efficiently 

b a 
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into the material’s lattice, thereby enhancing its electrical conductivity [20]. Conversely, the relatively 
higher resistivity observed with manganese doping could be due to less effective integration or different 
interaction mechanisms within the material. Overall, the data underscores the importance of both the 
type and concentration of dopants in tailoring the electrical properties of materials, with zinc proving 
to be a superior choice for applications requiring low resistivity.  

 
Table 1: Resistivity of Mn and Zn-doped KNN thin film at 0.3 mol and 0.9 mol respectively, at 1 kHz 

 
Type of Dopant Content, mol Resistivity, MΩ 

Manganese 0.3 0.03 

Zinc 0.9 3x10-7 

 
Meanwhile, the FESEM analysis showed that increasing ZnO concentration at 0.9 mol as a 

dopant produced grains with better density and homogeneity. At concentrations 0.9 mol ZnO, the 
microstructure showed improved compaction and a thick film border. FESEM images of morphological 
surfaces show increased crystallite size and wide grain boundaries, indicating this occurrence. As ZnO 
doping increases, resistivity drops considerably, making the material more conductive [21]. ZnO can 
form a continuous phase or radically modify KNN's electronic structure at high concentrations, leading 
the material to behave like a ZnO-dominant compound, which has lower resistance. Adding 0.6 mol of 
ZnO reduced resistivity because substituted Zn ions at A-sites produce multiple electrons. It is claimed 
that minimising oxygen vacancies reduces resistivity by lowering electron scattering. As film grain size 
grows, electron concentration rises, lowering resistivity [22]. 

 
 
4. CONCLUSIONS 

 
In conclusion, the comparative analysis of 0.3 mol Mn-doped KNN and 0.9 mol Zn-doped KNN 

thin films fabricated via the sol-gel method reveals distinct differences in their structural and electrical 
properties. X-ray diffraction (XRD) patterns indicate that both doped KNN thin films exhibit a 
perovskite crystal structure, but with notable variations in peak intensities and positions, suggesting 
different levels of crystallinity and lattice distortions due to the differing dopant concentrations and 
types. FESEM images showed Mn-doped KNN thin films have a relatively uniform and dense 
morphology, whereas Zn-doped KNN films display a more granular surface with larger grain sizes, 
indicating that Zn dopant influences the grain growth and surface roughness more significantly. 
Electrical analysis using an LCR meter reveals that the Mn-doped KNN thin films exhibits higher 
dielectric constants and better ferroelectric properties compared to the Zn-doped counterparts, which 
could be attributed to the more uniform microstructure and higher crystallinity. The distinct differences 
in structural, morphological, and electrical properties between Mn and Zn-doped KNN thin films 
highlight the impact of dopant type and concentration on the material’s performance, providing valuable 
insights for tailoring the properties of KNN-based thin films for specific applications in electronic and 
ferroelectric devices. 
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