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Abstract 16 

 17 

The impact of alkali-rich and alkali-depleted surface terminations on dielectric non-18 

linearity and ferroelectric properties was investigated in sputtered K0.5Na0.5NbO3 (KNN) 19 

films. For the alkali depleted surface termination, a 3 nm thick amorphous interfacial layer 20 

was found near the top electrode. The presence of a non-ferroelectric interfacial layer 21 

reduces both the net remanent (Pr) and maximum polarization (Pmax) while increasing the 22 

coercive field (Ec) in the KNN films. Pmax decreased from 31.5 to 30.3 μC/cm², likely due 23 

to reduced electric field in the bulk of the film. The influence of the interfacial layer 24 

on dielectric properties was evaluated using a capacitor in series model. After removing 25 

the effects of the interfacial layer, the Rayleigh coefficients εinit and α increased by 11 and 26 

47%, respectively. The interfacial layer has more impact on irreversible domain wall 27 

motion than on reversible contributions to the relative permittivity.  It is believed that this 28 

occurs because a higher concentration of defects, such as 𝑉𝐾,𝑁𝑎
′  or 𝑉𝑂

∙∙, associated with the 29 

alkali-depleted interfacial layer generates internal fields that pin domain walls. Alkali 30 

depleted surface terminations also produce a higher pseudo-activation energy for 31 

polarization reversal compared to films with alkali rich terminations, associated with 32 

deeper potential wells in the material's energy landscape. 33 

 34 

 35 

Keywords: Potassium sodium niobate thin films; surface termination; dielectric 36 

nonlinearity, Rayleigh, Preisach  37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

https://www-sciencedirect-com.ezaccess.libraries.psu.edu/topics/earth-and-planetary-sciences/dielectric-property


 2 

 1 

1. Introduction 2 

 3 

Ferroelectric thin films are widely used in applications including capacitors, sensors, 4 

actuators, and optical devices.1 While many ferroelectric films, such as lead zirconate 5 

titanate (PZT),2 contain lead, the use of lead-based materials and the environmental and 6 

health risks associated with lead exposure are of growing concern. Consequently, there is 7 

significant legislative pressure to replace lead-containing piezoelectrics with lead-free 8 

materials.3 Potassium sodium niobate (KxNa1-xNbO3, KNN) ferroelectric films have been 9 

extensively studied as a lead-free alternative to PZT due to its relatively high piezoelectric 10 

coefficients and a high Curie temperature relative to other lead-free ferroelectric films.4-6  11 

 12 

In undoped K0.5Na0.5NbO3 single crystals, the reported remanent polarization was 17 13 

μC/cm2,7 the coercive field (Ec) was 24 kV/cm 7 and the relative permittivity was 1015 for 14 

[131]-oriented single crystal and 650 for [323]-oriented single crystal at 100 kHz.7 Zhang 15 

et al. published an extensive review of the properties of KNN-based thin films.3 The 16 

relative permittivity range reported for thin films is 185 and 685.3,8,9  17 

 18 

It is notable that during processing of both KNN films and bulk ceramics, K2O and Na2O 19 

can volatilize, leading to the formation of secondary phases and alkali or oxygen 20 

vacancies.2,3,10,11  Moreover, KNN can react with atmospheric CO2 to form carbonates.12  21 

Water-induced degradation is also problematic due to the relatively high solubility of 22 

potassium and sodium ions in aqueous solutions.13 Recent studies have demonstrated a 23 

significant negative effect of a small amount of hygroscopic compounds in KNN on its 24 

dielectric and piezoelectric properties, even when these compounds are not detectable by 25 

X-ray diffraction. It has been reported that the presence of hygroscopic compounds resulted 26 

in a tanδ of 146% compared to 6.3% and a d33 of 80 ± 20 pC/N compared to 149 ± 4 pC/N 27 

for samples without such compounds. Furthermore, upon aging in humidity, samples 28 

containing hygroscopic compounds completely degraded after two weeks in a humid 29 

chamber, whereas their counterparts maintained their shape and properties. If these 30 

challenges are not addressed, KNN exhibits poor electrical and electromechanical 31 

properties, low fatigue resistance and stability issues.11,14,15 32 

 33 

The fabrication process and subsequent integration of KNN films into piezoMEMS, 34 

utilizing techniques such as dry etching, wet etching, and post-annealing, can further 35 

modify the surface termination. An alkali depleted non-stoichiometric layer can form at the 36 

KNN surface due to the volatilization of alkali oxides upon annealing, or the leaching of 37 

alkali ions during chemical exposure. This in turn impacts the observed dielectric and 38 

ferroelectric properties.16 It has been reported that an interfacial non-ferroelectric layer 39 

between the electrode and the ferroelectric thin film inhibits charge compensation, creating 40 

a depolarization field.17 Moreover, interfacial layers may cause imprint (i.e. a horizontal 41 

shift in the hysteresis loop), hindering data retention and reducing reliability in ferroelectric 42 

non-volatile memories).18-21 The development of the imprint has been attributed to ionic 43 

defects such as oxygen vacancies that induce domain pinning, and to the formation of non-44 

switching layers.16,18,22-24 Additionally, any interfacial layer may act as a capacitor in series, 45 
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lowering the effective electric field experienced by the rest of the film, further altering the 1 

response of the material.  2 

 3 

For potassium sodium niobate-based thin films, the manner in which surface termination 4 

affects film properties is largely unknown. However, given that changes in the alkali 5 

content would be expected at the surface due to volatilization, it is possible that surface 6 

layers play an important role in the properties.11 For example, a recent study on the 7 

interactions between point, line and planar defects and secondary phases in KNN thin films 8 

demonstrated that point and extended defects formed by local non-stoichiometry strongly 9 

interact with the surrounding lattice, significantly affecting the polarization.15 Furthermore, 10 

the effects of electrical degradation on intrinsic and extrinsic electrical properties have yet 11 

to be thoroughly examined. Presently, the literature offers limited insight, with a few 12 

studies addressing DC resistance degradation.25 This study explored the impact of surface 13 

termination, with a particular emphasis on interfacial layer, on the dielectric and 14 

ferroelectric characteristics of KNN thin films. In this study, sputtered potassium sodium 15 

niobate (K0.5Na0.5NbO3) thin films, with alkali-rich and alkali-depleted surface termination 16 

were supplied by SCIOCS Co. Ltd. The variations in dielectric and ferroelectric properties 17 

attributable to the interfacial layer in alkali-depleted KNN films were explored utilizing 18 

Rayleigh and Preisach analyses, as well as polarization-electric field (P-E) measurements 19 

across a temperature range of 10-300K.  20 

 21 

2. Experimental Procedure 22 

 23 

K0.5Na0.5NbO3 (KNN) films with a thickness of 1.7 μm were provided by SCIOCS Co. 24 

Ltd. The KNN films were grown on Pt/ZnO/SiO2/Si substrates using RF magnetron 25 

sputtering, as described elsewhere.26 A ZnO layer was included to enhance adhesion 26 

between the Pt electrode and the SiO₂/Si substrate.48 Post-deposition, the samples 27 

underwent a surface treatment resulting in surfaces either with or without an interfacial 28 

layer. Within the context of this manuscript, films lacking an interfacial layer will be 29 

denoted as sample A, while those with an interfacial layer will be referred to as sample B. 30 

This layer was then treated presuming that the bulk of the film is electrically in series 31 

with the interfacial layer. 32 

 33 

3. Materials Characterization 34 

 35 

The film microstructure and crystal structure were characterized.  X-ray Diffraction (XRD, 36 

X'Pert Pro MPD diffractometer, PANalytical, Almelo, The Netherlands) was employed to 37 

investigate the structural properties and orientation of the films, using Cu Kα radiation at 38 

an accelerating voltage of 40 kV, with each step measured at 0.02° using a 10 second 39 

acquisition time for each angle. Diffraction patterns were obtained over a 2θ range of 20° 40 

to 60°. The film's surface morphology was examined using a Leo 1530 field emission 41 

scanning electron microscope (FESEM, LEO Electron Microscopy Ltd., Cambridge, 42 

England), operating at 5 kV.  43 

 44 

Prior to dielectric characterization, films were heated to 500°C for 30 minutes to de-age 45 

them. Dielectric measurements were performed using a Lakeshore Cryotronics 8400 series 46 



 4 

temperature-controlled probe station in the temperature range of 10–300 K. Films were 1 

adhered to the stage of the probe station using GE Varnish to maintain high thermal 2 

conductivity. Polarization – electric field (P-E) hysteresis loops and first-order reversal 3 

curves (FORC) were measured using custom electronics with a 10x external amplifier 4 

(AVC instrumentation 790 Series Power Amplifier) to reach the desired output voltage. 5 

FORC were measured from -4Ec to 4Ec, where Ec is the coercive field. The dependence of 6 

capacitance as a function of AC field and frequency was measured using a Hewlett Packard 7 

4284A precision LCR meter. The harmonics were measured at 1 kHz using an SR 830 8 

lock-in amplifier (Stanford Research Systems, Sunnyvale, CA). 9 

 10 

4. Results and discussion 11 

 12 

The cross section of the samples is shown in  13 

 14 

 15 

Figure 1 (a). 1.7 μm KNN films were grown on a platinized Si substrate, which consists of 16 

a (100)-oriented silicon wafer coated with a 200 nm SiO2 and 25 nm of ZnO, followed by 17 

a 200 nm thick bottom platinum electrode. The 1 mm diameter circular Pt/RuO2 top 18 

electrodes were patterned on the KNN films using lithography. The films were prepared 19 

with two distinct surface terminations: alkali-rich (sample A, (Na+K)/Nb ratio of 2.6) and 20 

alkali-depleted with an interfacial layer (sample B, (Na+K)/Nb ratio of 0.8). Both films are 21 

smooth and have a columnar structure (Figure 1c-d). The phase composition of the films 22 

determined via x-ray diffraction (XRD) showed a partially (001)-oriented single perovskite  23 

 24 
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Figure 1: (a) Schematic cross-section of the KNN film stack. Two distinct surface 4 

terminations are illustrated: (i) alkali-depleted with a (Na+K)/Nb ratio of 0.8, and (ii) 5 

alkali-rich with a (Na+K)/Nb ratio of 2.6, (b) XRD patterns of the films, (c) surface, (d) 6 

cross-section FESEM images of the KNN film.  7 

 8 

phase (Figure 1b). The key difference between Samples A and B is the presence of an 9 

amorphous Si-rich interfacial layer (~2–3 nm thick) at the top interface between the film 10 

and the electrode in Sample B. This interfacial layer, associated with alkali-depleted 11 

surface termination in KNN films, was confirmed by TEM and SIMS depth profile 12 

analyses.43 Its formation is speculated to result from residual photoresist and/or alkali ion 13 

leaching during the photolithography process.  The presence of this layer led to a reduction 14 

in relative permittivity from 625 ± 5 in Sample A to 481 ± 4 in Sample B, as measured at 15 

1 kHz and 30 mV, along with a decrease in dielectric loss from 0.04 ± 0.01 to 0.03 ± 0.01. 16 

The temperature dependence of the P-E hysteresis loops depicted in Figure 2 shows that 17 

the coercive fields of both samples increase with decreasing temperature, as expected. 18 

For measurements conducted at a constant field range of ±400 kV/cm, the remanent 19 

polarization of both samples initially decreases upon cooling until approximately 150 K, 20 

after which it slightly increases at lower temperatures. The maximum polarization 21 

increases with temperature in both samples from 22.9 μC/cm2 at 10 K to 30.3 μC/cm2 at 22 

300 K for sample A and from 20.7 μC/cm2 at 10 K to 31.5 μC/cm2 at 300 K for sample B, 23 

which is higher than most other reports in the literature, including single crystal data (17 24 

μC/cm2 at room temperature) published by Uršič et al.7 25 

The minimum in the remanent polarization is attributed to the first-order transition from 26 

the low-temperature rhombohedral phase to the orthorhombic phase. Literature data for the 27 

rhombohedral-orthorhombic phase transition are summarized in Table 1.27-30 Gomes et 28 

al.31 suggested the presence of an intermediate phase between low temperature 29 

rhombohedral and high temperature orthorhombic phases. Recently, second harmonic 30 

generation imaging revealed that in K0.5Na0.5NbO3, the rhombohedral and orthorhombic 31 

phases coexist between 80 and 190 K, with the rhombohedral phase fraction sharply 32 

decreasing between 180 and 200 K, and disappearing above 200 K.32 Therefore, it is likely 33 

that below 250–260 K, gradual phase transitions occur, explaining the observed remanent 34 

polarization trends in the KNN films. 35 

 36 
Table 1: Summary of literature data on rhombohedral-orthorhombic phase transition in KNN-37 
based systems. 38 

Reference System r-o phase transition Measurement method 

Jaffe et al. 27 K0.5Na0.5NbO3 125 K (-148 °C) N/A 

Baker et al. 28 K0.5Na0.5NbO3 37 K (-236 °C) XRD 
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Attia et al. 30 K0.5Na0.5NbO3 

r phase occurs at 250-260 K as 

nanoclusters, and at 140 K can 

be detected by XRD 

XRD, simulations (first-

principles-derived approach), 

dielectric measurements 

Tellier et al. 29 
(K0.6Na0.4NbO3) 

(K0.58Na0.42NbO3) 

100–160 K (coexisting with o 

phase) 

100–110 K (coexisting with o 

phase) 

XRD 

Orayech et al. 33 K0.5Na0.5NbO3 135 K Neutron diffraction 

Gomes et al. 31 K0.5Na0.5NbO3 

r below 160 K, 160–265 K 

intermediate phase, above 265 

K orthorhombic phase  

Anomalies in the temperature 

dependence of complex 

relative permittivity 

Li et al. 32 K0.5Na0.5NbO3 
80-200 K (coexisting with o 

phase) 

Second harmonic generation 

spectral imaging of domain 

structures 
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Figure 2: Hysteresis loops and temperature dependence of coercive fields and remanent 3 

and maximum polarizations of sample A (left) and sample B (right) from 10 to 300 K. 4 

Figure 3 compares the polarization-electric field (P-E) hysteresis loops at 10 K for the two 5 

films. Higher coercive fields were observed in Sample B. The presence of a non-6 

ferroelectric interfacial layer in Sample B can hinder the domain switching process, 7 

necessitating a higher electric field to achieve polarization reversal. This increases the 8 

energy barrier for domain nucleation and growth, thereby resulting in larger coercive fields. 9 
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 7 

Additionally, this interfacial layer can alter the overall electric field distribution within the 1 

ferroelectric film, further contributing to the observed increase in coercive fields. 2 

 3 

In sample B, the P-E loops indicate a leaky interface, as evidenced by the rounded tip of 4 

the hysteresis loop at positive fields. In contrast, the tips of the loop are significantly 5 

sharper for sample A under the same electric field conditions. This suggests that the higher 6 

leakage observed for positive fields in sample B is due to the increased defect concentration 7 

associated with the interfacial layer near the top Pt electrode. Secondary Ion Mass 8 

Spectrometry (SIMS) depth profiling, combined with Thermally Stimulated 9 

Depolarization Current (TSDC) measurements from our ongoing study, indicates that this 10 

interfacial region is strongly alkali-depleted, leading to the formation of both alkali and 11 

oxygen vacancies.⁴³ The TSDC measurements revealed two distinct features associated 12 

with the depolarization of space charge, likely caused by the migration of mobile ionic 13 

species. The corresponding activation energies were found to be approximately 0.7 eV and 14 

1.1 eV. The first peak is consistent with activation energies reported for oxygen vacancy 15 

migration in perovskite systems such as PZT, BaTiO₃, and SrTiO₃.⁴⁹⁻⁵¹ The second, higher-16 

energy peak was more pronounced under greater alkali depletion, suggesting its origin lies 17 

in the migration of alkali vacancies.” 18 

 19 

Moreover, the presence of a non-ferroelectric layer at the surface of a ferroelectric film 20 

also reduces the net remanent polarization observed in the ferroelectric film.  This was 21 

attributed to several potential factors: (1) a decrease in the active volume of the ferroelectric 22 

material, (2) impeded domain wall movement due to increased defect density, and (3) 23 

alteration of the local electric field distribution. To further investigate the decrease in 24 

electrical properties due to the presence of an interfacial layer, Rayleigh and Preisach 25 

analyses were conducted on both samples at 10-300K. 26 

 27 
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 1 

Figure 3: Comparison of Polarization-Electric Field hysteresis loops of sample A and B 2 

at 10 K. 3 

To explore if the presence of the interfacial layer alters the relative permittivity of the KNN 4 

film, the relative permittivity of the interfacial layer (εr,interfacial) was estimated under the 5 

assumption that the bulk relative permittivity of Sample B is equivalent to the relative 6 

permittivity of Sample B), as illustrated in Figure 4. The εr,interfacial was then estimated using 7 

equation 1: 8 

 9 

where 𝐶𝐵 is the KNN film with alkali depleted termination (Sample B), 𝐶𝑖 is interfacial 10 

capacitance, 𝐶𝐴 is the capacitance of the KNN film with alkali rich surface termination.  11 

 12 

 13 
1

𝐶𝐵
=

1

𝐶𝐴
+

1

𝐶𝑖
                                           Equation 1 14 

 15 

 16 

At low temperatures (10-30K), where domain wall mobility should be significantly 17 

reduced, the estimated relative permittivity of the  18 

  19 

 20 

 21 
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 24 

 25 
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 27 

 28 
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 6 

Figure 4: Temperature dependence of the estimated. εr,interfacial was estimated at 1 kHz and 7 

50 kHz under the assumption that the small signal relative permittivity of Sample A and 8 

the bulk small signal relative permittivity of Sample B are equivalent. 9 

 10 

 11 

interfacial layer is around 4-4.4, which is close to the relative permittivity of silica glass. 12 

As temperature increases, the interfacial relative permittivity, estimated from the total low-13 

field relative permittivity of the films, remains relatively stable, exhibiting values between 14 

2.5 and 4. The observed variations may be attributed to differences in domain 15 

configurations or domain wall mobilities between the two films, particularly as the bulk 16 

material undergoes a phase transition. Thus, at least part of the reduction in relative 17 

permittivity and high field polarization of Sample B is due to a decrease in the effective 18 

electric field within the bulk of the KNN film.  19 

 20 

To mitigate the effect of the interfacial layer on the Rayleigh analysis in sample B, a series 21 

capacitor model was applied to analyze the relative permittivity data using Equation 1. In 22 

the rest of the paper, the interfacial relative permittivity was assigned a relative permittivity 23 

of four, and was treated as field and temperature-independent, which is reasonable for such 24 

a low relative permittivity layer.   25 

 26 

Rayleigh analysis was performed as a function of temperature from 10 K up to 300 K for 27 

both Samples A and B. The Rayleigh coefficients, εinit and α were determined from the 28 

intercept and slope of the relative permittivity data vs electric field, respectively. The εinit 29 

represents the sum of the intrinsic contribution and reversible domain wall motion, while 30 

α describes the irreversible domain wall motion contribution to the properties (Equation 31 

2).44-45 32 

 33 

𝜀𝑟 = 𝜀𝑖𝑛𝑖𝑡 + 𝛼𝐸𝐴𝐶                                                     Equation 2       34 
 35 

Figure 5 shows the variation in εinit over a temperature range of 10 to 300 K for Samples A 36 

and B with and without an interfacial layer. The εinit of Sample B increases after applying 37 

the capacitor in series model, becoming comparable to that of Sample A at 10-50 K, 38 

  39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

 47 

(a) (b) (c) 
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 2 

 3 

Figure 5 Temperature dependence of the Rayleigh parameter εinit in Samples A and B 4 

before (film + interface) and after (only film) applying the capacitor in series model, at (a) 5 

100 Hz, (b) 1 kHz, and (c) 50 kHz. 6 

 7 

temperatures at which domain wall motion is frozen out.46 This is reasonable; since both 8 

samples are processed in the same way, the intrinsic contribution to εinit is expected to be 9 

the same.  Moreover, there should be no dielectric anisotropy when the samples are fully 10 

embedded in the rhombohedral phase field. 11 

 12 

As temperature increases, the εinit of Sample B increases by up to 11% due to the correction 13 

for the capacitor in series, but it remains lower than that of Sample A. This difference 14 

becomes more pronounced with rising temperature. In principle, the deviation in εinit may 15 

result from differences in either the intrinsic contribution and/or reversible domain wall 16 

motion. Here, the differences are tentatively ascribed to subtle differences in the phase 17 

transition from the rhombohedral to the orthorhombic phase. The continuous increase in Pr 18 

with increasing temperature suggests that the phase transition may not be complete up to 19 

300 K. Thus, at higher temperatures (150-300K), a coexistence of rhombohedral and 20 

orthorhombic phases may be present. If this is the case, then the intrinsic contribution to 21 

εinit should be higher in Sample B, owing to a larger in-plane component of the polarization 22 

vector in the rhombohedral phase and dielectric anisotropy. Therefore, the lower εinit values 23 

in Sample B are likely to be associated with a lower contribution to the relative permittivity 24 

from reversible domain wall motion. 25 

 26 

The frequency dependence of the Rayleigh parameters was described presuming a linear 27 

change with the log of frequency (f), as has been done elsewhere.47 28 

 29 

𝜀𝑖𝑛𝑖𝑡 =  𝜀𝑖𝑛𝑖𝑡,𝑖 − 𝐵𝜀𝑖𝑛𝑖𝑡  log (𝑓) 30 

𝛼𝜀 =  𝛼𝜀,𝑖 − 𝐵𝛼𝜀
log (𝑓)  31 

 32 

Figure 6 shows the frequency dependence of εinit. The interfacial layer both lowers the 33 

extracted value of εinit and slightly reduces its frequency dependence.  Nonetheless, εinit is 34 

lower for sample B compared to sample A even after applying the capacitor in series model. 35 

The intrinsic contribution to εinit should be frequency independent over the measured range.    36 

 37 

 38 

 39 

 40 

 41 

 42 

 43 

 44 

 45 

 46 

(a) (b) 



 11 

 1 

 2 

 3 

 4 

Figure 6 (a) Frequency dispersion of the Rayleigh parameter εinit in Sample A, Sample B 5 

before and after applying capacitor in series model at 300K, (b) frequency dependence of 6 

εinit at 50, 100, 200, and 300K. 7 

 8 

Thus, the reversible contribution to the relative permittivity of sample B appears to be 9 

lower than that of sample A.   10 

 11 

Figure 7 shows the temperature dependence of the irreversible Rayleigh coefficient α for 12 

Samples A and B, before and after accounting for the influence of the interfacial layer. It 13 

is clear that the influence of the field drop across the interfacial layer suppresses α.  14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 

Figure 7 Temperature dependence of the Rayleigh parameter α in Sample A and B before 26 

and after applying capacitor in series model, at (a) 100 Hz, (b) 1 kHz, and (c) 50 kHz. 27 

 28 

Additionally, 𝛼 is larger at lower frequencies, as reflected by an increase in B𝛼𝜀, upon 29 

removing the influence of interfacial layer (Figure 8). Assuming that the interfacial layer 30 

does not significantly alter the volume fraction of domains, the lower εinit and higher 𝛼 in 31 

Sample B relative to Sample A suggest a shift of some domain walls from reversible to 32 

irreversible motion, presumably because of shallow pinning centers associated with the 33 

interfacial layer. It was previously demonstrated that a higher concentration of defects, 34 

such as 𝑉𝐾,𝑁𝑎
′  or 𝑉𝑂

∙∙ , associated with the alkali-depleted interfacial layer in Sample B, 35 

generates internal fields that can pin domain walls.37 36 
 37 

 38 
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 40 

 41 

 42 

 43 

 44 

 45 
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 5 
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 7 

Figure 8 Frequency dispersion of the irreversible Rayleigh parameter at 300K (b) 8 

frequency dependence of 𝛼 at 50, 100, 200, and 300K. 9 

 10 

The α/εinitial ratio for the two samples is shown in Figure 9. As expected based on the 11 

previous discussion, the α/εinitial ratio increased in Sample B compared to Sample A 12 

between 150 and 300K after removing the influence of the interfacial layer.  13 

 14 
 15 
 16 
 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

Figure 9 Temperature dependence of α/εinit ratio for Sample A, Sample B before and after 28 

applying capacitor in series model. 29 

 30 

The pseudo-activation energies for irreversible domain wall motion were estimated from 31 

the Arrhenius plot of log (α) versus 1/T (Figure 10). After accounting for the influence of 32 

the interfacial layer, Sample B exhibits a higher pseudo-activation energy compared to 33 

Sample A, consistent with a larger coercive field (Ec). As the temperature decreases, the 34 

pseudo-activation energies for Sample A and Sample B converge. This suggests that 35 

irreversible domain wall motion from deeper wells in Sample B may become frozen out 36 

due to the lack of sufficient thermal energy. As a result, only the shallower wells are 37 

sampled, causing the pseudo-activation energies to drop with decreasing temperature. At  38 

 39 
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 41 
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 44 

 45 

Ea (meV) 150-300 K 10-100 K

Treatment A 37±2 meV 15±1.5 meV

Treatment B- Film 50±3 meV 16±1 meV

Treatment B- Film + 
Interface

42±2 meV 16±1. meV
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 8 

Figure 10 Arrhenius plot of the natural log of α vs 1/T to determine the ranges of activation 9 

energies for irreversible domain wall motion for Samples A and B before and after applying 10 

the capacitor in series model. 11 

10 K, irreversible domain wall motion freezes out and converges to 0; α is 0.23 ± 0.01 12 
cm/kV for Sample A and 0.27 ± 0.02 cm/kV for sample B.   13 

 14 

Rayleigh analysis comes with several limitations, such as the need to stay below switching 15 

conditions or the assumption that the potential energy barriers have a Gaussian distribution. 16 

The Preisach approach, on the other hand, allows investigation of the hysteresis behavior 17 

over larger field spans and can be used to treat any distribution of potential energy barriers. 18 

The Preisach model is based on the assumption that the P-E loops result from the collective 19 

behavior of a set of hysterons, which are rectangular P-E loops with different up (𝛼) and 20 

down (𝛽) switching fields.42  21 

 22 

First-order reversal curves (FORC) were utilized to quantify the Preisach distributions in 23 

the KNN films. In Figure 11, the reversible Preisach distributions, 𝑃rev (i.e., hysteron 24 

distributions corresponding to 𝛼 = 𝛽 ) for samples A and B are presented. For both 25 

samples, 𝑃rev  is fairly symmetrical around 0 kV/cm and the magnitudes increase with 26 

increasing temperature. The 𝑃rev peaks of sample B are slightly wider and their magnitude 27 

is smaller in comparison to sample A, which is in agreement with Rayleigh analysis results 28 

showing lower reversible response in sample B. 29 

 30 

 31 
Figure 11: Reversible Preisach distributions of sample A (left) and sample B (right). 32 

The irreversible Preisach distributions (Pirr), where α ≠ β, are displayed in Figures 12 and 33 

13. Both samples exhibit a clearly visible peak, with the peak being sharper in Sample A 34 

compared to Sample B. This observation aligns with the results of the Rayleigh analysis, 35 
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which suggest that differences in barrier height distribution between the two samples may 1 

be due to a reduction in the effective electric field in the bulk of Sample B and/or a higher 2 

number of pinning sites for domain wall motion caused by the interfacial layer. 3 

Additionally, the up- and down-switching fields for the hysterons shift further from the α 4 

= −β line. This shift is more pronounced in Sample B than in Sample A, suggesting a higher 5 

magnitude of imprint in Sample B, consistent with imprint values extracted from P-E 6 

hysteresis results. As the temperature increases, the intensity and breadth of the peaks 7 

increase, indicating larger polarizations, and a greater variability in the up and down 8 

switching fields for the hysterons, respectively. The position of the maxima does not shift 9 

with temperature.  10 
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 1 

Figure 12: Irreversible FORC distribution at 300 K, sample A (left), sample B (right). 2 

 3 

Figure 13: Irreversible FORC distributions at 10, 150 and 300 K. 4 

 5 

 6 

5. Conclusions 7 

This study examined the effects of surface termination on the dielectric and ferroelectric 8 

properties of sputtered KNN thin films. The P-E hysteresis loops revealed that KNN films 9 

with an alkali-depleted surface termination attributed to a Si rich amorphous interfacial 10 

layer near the top electrode. This layer reduces the effective electric field across the bulk 11 
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of the film, resulting in broader P-E loops. Regardless of surface termination, KNN films 1 

exhibit an anomalous temperature dependence of remanent polarization, decreasing upon 2 

cooling until ~150 K, then slightly increasing due to a rhombohedral-to-orthorhombic 3 

phase transition. 4 

The estimated relative permittivity of the interfacial layer at low temperatures (10–30 K) 5 

is ~4–4.4, comparable to that of silica glass. It is believed that reduced relative permittivity 6 

primarily of samples with alkali-depleted surface layers stems more from a decreased 7 

effective electric field rather than domain state changes. Rayleigh analysis shows that 8 

alkali-depleted interfacial layer significantly affects both εinit and α. After accounting for 9 

the interfacial layer's effects, the εinit in the KNN film alone was 11% higher than when 10 

measured in series with the interfacial layer. The lower εinit is attributed to reduced 11 

reversible domain wall motion, rather than intrinsic changes. The interfacial layer had an 12 

even greater impact on α with an increase of 47% when its influence was removed. 13 

Additionally, α increased at lower frequencies due to the depinning of slower-moving 14 

irreversible domain walls. The alkali-depleted interfacial layer also produces variations in 15 

the energy landscape of pinning sites for domain wall motion and domain switching. 16 
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