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A B S T R A C T

High-performance environment-friendly piezoelectric potassium sodium niobate (KNN)-based thin films have
been emerged as promising lead-free candidates, while their substrate-dependent piezoelectricity faces the lack
of high-quality information due to restraints in measurements. Although piezoresponse force microscopy (PFM)
is a potential measuring tool, still its regular mode is not considered as a reliable characterization method for
quantification. After combining machine-learning enabled analysis using PFM datasets, it is possible to measure
piezoelectric properties quantitatively. Here we utilized advanced PFM technology empowered by machine
learning to measure and compare the piezoelectricity of KNN based thin films on different substrates. The results
provide a better understanding of the relationship between structures and piezoelectric properties of the thin
films.

1. Introduction

At present, piezoelectric thin films have been widely applied in
various electronic devices, such as integrated micro-sensors and small
actuators [1–3]. Among many well-known piezoelectric materials, Pb
(Zr,Ti)O3-based thin films have been used broadly because of its su-
perior piezoelectric performance [4–6]. Due to the concerns about en-
vironment and health issues, lead-based products have been forbidden
from many commercial applications [7]. Therefore, the investigations
of developing lead-free piezoelectric thin films with excellent perfor-
mance have been attracting lots of interests recently. Several materials,
such as Ba(Zr0.2Ti0.8)O3-Ba0.7Ca0.3TiO3, Na0.5Bi0.5TiO3, (K, Na)NbO3

(KNN) etc., have been paid much attention [8–11]. KNN-based per-
ovskite material is one of the promising candidates considering its high
Curie temperature and received excellent piezoelectric properties after
doping engineering [8,12]. It perceived that piezoelectric properties
can be tuned greatly after elemental doping. For example, an ultrahigh
piezoelectric coefficient of d33 = 416 pC/N has been achieved in (K,

Na, Li) (Nb, Ta, Sb)O3 ceramic [8]. Therefore, lots of researches have
focused on doping engineering to enhance piezoelectric properties
[9,13,14]. In addition to the doping engineering, the effect of substrates
needs to be considered as well when depositing thin films on the top of
them, as the strain originated from the lattice mismatch in between can
strongly influence on the piezoelectric properties [15–18].

Considering the scales, unlike ceramic pellets thin films have quite
different dimensions [19], which need new tools to precisely measure
the properties and build up the relationships between the structures and
piezoelectric coefficients of thin films. Piezoresponse force microscopy
(PFM) is an efficient tool to detect local electromechanical properties at
the nanoscale [20,21], but collection of correct data using PFM is still
questionable. The conventional single-frequency (SF) PFM is difficult to
deal with the probe-surface resonance frequency drift, which is mainly
caused by the cross-talk between the surface morphology, static force
and the electrochemical response. Therefore, the signal intensity or
stability is hardly guaranteed during scanning. In other words, it is not
accurate for single-frequency (SF) PFM to measure piezoelectricity
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quantitatively [21]. Benefiting from exciting two frequencies on both
sides of resonance peak, dual AC resonance tracking (DART) PFM has
shown the capability of decreasing the influence of the resonance fre-
quency drift [20,21]; while band excitation (BE) PFM further excites a
band of frequency (including resonance frequency) [22–24]. Above
mentioned both methods could be possible solutions to overcome the
weakness of SF-PFM. But scientists are still looking for better technol-
ogies to measure piezoelectricity quantitatively.

With the rapid development of machine learning (ML) in the re-
search of materials science, it conceived that mutual integration of the
ML and PFM measurements provides an alternative technology for
more precise studies of electromechanical materials [25–30]. For in-
stance, unsupervised principle component analysis (PCA), a general
algorithm for data dimension reduction, has been widely used in ma-
terial science, such as understanding the phase transition of PMN-PT
[27], quantitative study of the flexoelectricity in PbTiO3/SrTiO3 su-
perlattice polar vortices [30], and measuring the electromechanical
energy conversion in PZT thin films [26]. These prior successful ex-
periences indicate that ML is a promising tool in scanning probe mi-
croscopy measurement. In this study, we provide a quantitative way to
measure the piezoelectricity of thin films at the nanoscale with the
support of ML.

To study the effect of substrate on piezoelectric properties of the
lead-free KNN based thin films, we firstly used
0.96(K0.5Na0.5)0.95Li0.05Nb0.93Sb0.07O3-0.04BaZrO3 (KNLNS-BZ, re-
ported bulk piezoelectric coefficient d33 is 425 pC/N) ceramics as a
target to fabricate the thin films on three different substrates by pulsed
laser deposition (PLD) [31,32]. The thin films with complex compo-
nents are designed for the high piezoresponse inheritance from cera-
mics. Three representative substrates are used: 1. LaAlO3, a normal
perovskite substrate for epitaxial thin films; 2. miscut SrTiO3, a per-
ovskite substrate with 5° miscut; 3. Si, the most widely used substrate in
industrial, is used for polycrystalline films growth. Four different
atomic force microscopes characterization modes i.e. DART-PFM, BE-
PFM, sequential excitation PFM (SE-PFM) [29], switching spectroscopy
PFM (SS-PFM), are used to measure the local piezoelectricity quanti-
tatively and build up both the intrinsic and extrinsic relationship be-
tween the microstructure and the piezoresponse properties.

2. Experimental section

KNLNS-BZ films were grown on LAO (100), STO (100) and Si sub-
strates using pulsed laser deposition with a fourth-harmonic wave of an
Nd:YAG laser. Before deposition, the chamber was evacuated to a base
pressure of 10−7 mbar. During the deposition, the critical parameters
were set up as following: deposition temperature was 700 °C; laser re-
petition rate was 3 Hz; laser energy density was 1.8 J/cm2, and flowing
oxygen pressure was 0.1 mbar. After deposition, the films were in situ
annealed for 10 min under an oxygen pressure of 10 mbar, followed by
cooling down to 300 °C with temperature decreasing rate of 10 °C/min
and then cooled down to room temperature naturally.

Crystallographic properties were investigated firstly by high-re-
solution X-ray diffraction (HRXRD) using a PANalytical X'Pert MRD.
Then, an Asylum Research Cypher AFM was used to perform the PFM
measurements, including DART-PFM, build-in BE-PFM, SE-PFM, and
SS-PFM. An AC bias with an amplitude of 0.8 V near the sample–probe
resonance frequency applied to the KNLNS-BZ thin films to amplify the
piezoresponse. An Asylum ASYELEC-01 tip with a spring constant of 2
Nm−1 was used during DART-PFM and BE-PFM scanning, and the
bandwidth is set to 20 kHz in BE-PFM. To measure the SE-PFM, a series
of single-frequency PFM mappings were acquired under an AC voltage
of 0.8 V using an Olympus AC240TM with a spring constant of 2 Nm−1.
The distribution of resonance frequency (ω0) over the scanned region is
determined from a preliminary DART-PFM scan, so the adopted fre-
quency range covers the resonance frequencies of all the points.
Olympus AC240TM was also used to finish SS-PFM under a DC voltage

ranging from −30 V to 30 V (with a high voltage module in the Cypher
system) with a Triangle Square waveform, and all the samples were
measured by 50 × 50 grid points in 3 μm×3 μm regions and took the
average of 10 chosen points in SS-PFM. In the same PFM method
measurement, the laser spot position was calibrated and set to be the
same.

3. Results and discussion

Typical XRD line scan patterns of KNLNS-BZ thin films on different
substrates are shown in Fig. 1. The films reveal pure perovskite struc-
ture without impurity phases. All three films correspond to tetragonal
symmetry (T-phase), especially significant shoulder peak (45.6°) re-
presents (002) peak with lower intensity on STO substrate, which is
consistent with the standard diffraction peaks of KNN [32,33]. The
results indicate that the doped Li, Sb, and others elements have com-
pletely been diffused into KNN lattice to form a solid solution. An in-
teresting fact is that the corresponding KNLNS-BZ ceramic is in phase
boundary between T-phase and orthorhombic (O) phase at room tem-
perature while the films show pure T-phase owing to the influence of
the strain from the substrates [32]. The films grown on LAO and STO
substrates are (100) surface normal, even though the STO substrate is a
5° miscut substrate. This is coincident with the literature, due to the
perovskite structures of the KNLNS-BZ, LAO and STO, while the Si has a
diamond-like structure. The thin films were deposited on the substrates
directly without any bottom electrodes or buffer layers, so it is easy to
form an epitaxial thin film when the top material has the similar
structure with the substrate. According to the Bragg diffraction equa-
tion, we can calculate the in- and out-of-plane lattice parameters a and
c, showing in Table 1.

There are three factors that can influence the piezoelectricity of thin
films. First, it is the crystal structure. Generally, the piezoelectricity of
epitaxial thin film is better than the correspondingly polycrystalline one
because of the anisotropy. The second one is the misfit strain between

Fig. 1. XRD patterns of KNLNS-BZ thin films grown on three different sub-
strates, the black labels indicate the thin film peaks and the red ones are from
substrates. (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article).
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thin films and substrates caused by the lattice parameters difference
and/or the thermal expansion coefficient (TEC) mismatch between the
substrate and the clamped thin film upon cooling. For epitaxial thin
films, misfit strain (SM) can be calculated as =

−SM
a a

a
( )0

0, where a0 is
the unstrained cubic in-plane lattice parameter calculated by equation

= ⋅ ⋅a a a c( )0
1

3 (see Table 1). The negative SM values indicate that films
are under a compressive strain. The last factor is the microstructure of
thin films, such as domain structure, grain size, grain destiny, surface
roughness, etc., which can cause the diversity of piezoelectric proper-
ties. According to XRD patterns and previous research works, we can
expect the piezoelectricity, both intrinsic piezoelectric response (led by
lattice distortion) and the extrinsic piezoelectric activity (caused by

domain wall motion) of KNLNS-BZ/LAO thin film is higher than
KNLNS-BZ/Si thin film, and KNLNS-BZ/STO has moderate piezo-
electricity considering the lower misfit strain (−0.00253) from 5°
miscut substrate.

To characterize the microstructure of the thin films, DART-PFM was
used and the results are shown in Fig. 2. It is clear that all the samples
have smooth surfaces and the small triangle-like grains have the same
size. So, it could be concluded that these three films have similar to-
pography. Furthermore, the magnitude of PFM amplitude is related to
the strength of piezoelectricity as they were scanned with the same
driving bias. From Fig. 2 (middle column), the KNLNS-BZ/Si thin film
has the largest response according to color bars, which might not be the
intrinsic signal because of the frequency drift. Because the DART-PFM
only excites two frequencies on both sides of resonance frequency,
which is not reliable and stable for fitting the highly nonlinear equation
of amplitude and frequency. This fitting is described as a simple har-
monic oscillator (SHO) model shown below [21,29]. DART-PFM uses
unstable amplitude signal to compare piezoelectricity between different
samples, which may cause data deviation. The phase signal also shows
the compelling diversity of three films. We can observe the nanodomain
(black color parts) in both phase images of thin films grown on

Table 1
Calculated properties of the films on different substrates.

Substrate a (Å) c (Å) V (Å3) SM (10−3) TEC (10−6 K−1)

LAO 3.944 3.994 62.127 −4.29 10
STO 3.945 3.975 61.863 −2.53 10.4
Si 3.937 3.951 61.240 - 2.6

Fig. 2. DART-PFM images of topography, amplitude, and phase signal of KNLNS-BZ thin films grown on different substrates: (a) LAO; (b) STO; (c) Si. “Avg” is short
for average, which is the mean value of the whole image.
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perovskite single crystals. Nanodomain in the film grown on LAO
substrate is smaller than the one on STO, which means more domain
walls. It does not show clear domain signal in the out-of-plane direction
from the polycrystalline film grown on Si substrate.

To solve the problem from DART-PFM and measure piezoresponse
excluding the factor from frequency shifting, BE-PFM has been adopted.
This method simultaneously excites and detects within a band of fre-
quencies over a selected frequency range (usually covers the resonance
frequency) to ensure that it’s able to acquire the resonance signal
during the full measurement process [22–24]. The cantilever's response
is measured and has been Fourier transformed, and the generating
amplitude– and phase–frequency curves will be stored as a 3D (col-
lecting A(ω) and ϕ(ω) data at each point) data set. The data set will be
fitted by SHO model, which can describe the dynamics of the interac-
tion between a cantilever with a sharp tip and the sample surface well.
The model is shown below, in (1) and (2), where A0, ω0, and Q are
intrinsic electromechanical response (piezoelectricity), resonance fre-
quency (elasticity), and quality factor (energy dissipation of the system

that we are interested in determining quantitatively from the PFM ex-
periment), respectively [21,29]. Data fitting of the piezoresponse peak
at the resonance frequency is guaranteed.

=

− + ( )
ω

A ω

ω ω
A( )

( ) ω ω
Q

0 0
2

2
0
2 2 2

0
(1)

=

−

ϕ ω ωω Q
ω ω

tan( ( )) /0
2

0
2 (2)

We scanned 50 × 50 grid points in a 3 μm×3 μm region using BE-
PFM and then fitted through SHO model, the results are shown in Fig. 3.
The average amplitudes of KNLNS-BZ/LAO, KNLNS-BZ/STO, and
KNLNS-BZ/Si are 300 pm, 185 pm, and 146 pm, respectively. As
mentioned, the amplitude refers to the piezoresponse ability, so it could
tell that the piezoelectricity of KNLNS-BZ/LAO is about double of those
of KNLNS-BZ/STO and KNLNS-BZ/Si. It is noticed that miscut substrate
has a significant effect on the piezoelectricity of thin film. Moreover,

Fig. 3. Amplitude, quality factor (Q) and resonance frequency acquired by BE-PFM: (a) KNLNS-BZ/LAO; (b) KNLNS-BZ/STO; (c) KNLNS-BZ/Si. “Avg” is short for
average, which is the mean value of the whole image.
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Fig. 4. Intrinsic amplitude, resonance frequency and quality factor (Q) acquired by SE-PFM; (a) KNLNS-BZ/LAO; (b) KNLNS-BZ/STO; (c) KNLNS-BZ/Si. “Avg” is
short for average, which is the mean value of the whole image.

Fig. 5. Representative local PFM amplitude hysteresis loops (usually called “Butterfly-loop”): (a) direct measurement results; (b) intrinsic amplitude hysteresis loops
deducted amplification from instrument.
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resonance frequency representing elasticity and quality factor referring
to energy dissipation of the three films are similar, which means that
different substrates did not affect their elasticity and energy dissipation.

Although BE-PFM is a good solution to guarantee the signal stabi-
lity, it excites a band of frequency simultaneously with constant ex-
citation energy, which reduces its signal strength and causes the poor-
data quality. This is obvious in Fig. 3, where all images have a low
signal-to-noise ratio (SNR) and does not show strong detailed features.
The most important deficiency in Fig. 3 is that we still did not obtain
accurate piezoelectric coefficients from three samples, even we knew
KNLNS-BZ/LAO has the highest piezoresponse. In fact, according to
Equation (1), the amplitude we acquired in BE-PFM is A0·Q, an am-
plified signal. Though we can calculate A0 using the average amplitude
and average quality factor obtained from the images, which is 2.857
pm, 1.703 pm and 1.160 pm, respectively, this will increase error
considering the divergence of every point. A new PFM method com-
bining with machine learning called sequential excitation PFM (SE-
PFM) developed by Jiangyu Li et al. may be helpful to measure pie-
zoelectric coefficients [29]. Unlike BE-PFM, this method excites a fre-
quency band near the resonance frequency as a function of time, which
means it excites one frequency at a time, and changes excitation fre-
quency at next time. This method can guarantee a strong signal and
high SNR. With the help of unsupervised principle component analysis
which speeds up physical analysis by at least four orders of magnitude
and physics-based SHO analysis, the first three PCA components of
three films can be seen in Supporting Information Figs. S1, S2, and S3 in
which we can obtain intrinsic amplitude, resonance frequency and
quality factor. As shown in Fig. 4, the average intrinsic amplitudes of
KNLNS-BZ/LAO, KNLNS-BZ/STO, and KNLNS-BZ/Si are 2.5 pm, 1.3
pm, and 1.4 pm, respectively, while the amplitude only contains in-
trinsic piezoresponse original from lattice distortion. This result ex-
hibits a similar proportion with BE-PFM. According to Table 1, we knew
the misfit strain of three films can be ranked in a decreasing sequence of
KNLNS-BZ/LAO, KNLNS-BZ/STO, and KNLNS-BZ/Si, representing the
same tendency of lattice distortion. However, Fig. 4 shows that piezo-
response of KNLNS-BZ/Si is a little larger than that of KNLNS-BZ/STO.
When considering the composite effect of lattice distortion caused by
the polycrystalline thin film on Si substrate and the reduction of am-
plitude in the direction of out of plane caused by the slope of miscut
STO substrate, they are quite close.

Amplitude hysteresis loops, a typical way to compare the piezo-
electricity at the nanoscale, are shown in Fig. 5 to confirm our previous

hypothesis. The largest amplitudes of KNLNS-BZ/LAO, KNLNS-BZ/STO,
and KNLNS-BZ/Si are 17 pm, 10.8 pm, and 10.1 pm, respectively. So
the calculated values of d33 are 21.25 pm/V, 13.5 pm/V, and 12.625
pm/V, respectively. The d33 value of the film grown on LAO is higher
than the reported valued of epitaxial PbZr0.2Ti0.8O3 thin film
(d33 = 19 ± 1 pm/V) [34]. Obviously, a similar proportion appeared
again along with SE-PFM results. The only difference is that d33 of
KNLNS-BZ/STO appears higher than that of KNLNS-BZ/Si. This is be-
cause SS-PFM measured both intrinsic and extrinsic piezoresponse
signal. As reported in Fig. 2, KNLNS-BZ/STO has more nanodomains
than KNLNS-BZ/Si, so it showed higher piezoresponse when we con-
sidered external effect. What's more, we can also acquire coercive
voltages and imprint voltages from hysteresis loops, as shown in
Table 2. Vp is positive voltage, Vn is negative voltage, Vi is imprint
voltage, and Vc is coercive voltage, while Vi and Vc are calculated from
Vp and Vn as formula showed below (3,4). Epitaxial films have larger
coercive voltage than polycrystalline one.

=

−

V
V V

2i
p n

(3)

=

+

V
V V

2c
p n

(4)

As we have adopted and practiced several PFM methods, the ad-
vantages and disadvantages of each method are summarized in Table 3.
DART-PFM, BE-PFM, SE-PFM all have their own advantages can meet
certain experimental requirements.

After studying the crystal structures and local piezoelectric prop-
erties of thin films on different substrates carefully, we can build up the
relationship between structure and property. The intrinsic piezoelectric
response is mostly influenced by lattice distortion and extrinsic piezo-
electric activity is dominated by domain wall motion. In our research,
lattice distortion is affected by misfit strain, which is mostly caused by
the lattice parameters mismatch and the differences in thermal expan-
sion coefficients between substrates and the clamped thin films.
Piezoelectric activity is also influenced by the orientation of films, so
we find out that intrinsic piezoelectricity of well epitaxial thin film is
the highest and nearly double of the remnant two.

4. Conclusion

In this work, we adopted several PFM methods (DART-PFM, BE-
PFM, SE-PFM, etc.) to continuously approach accurately piezoelectric
coefficients of KNLNS-BZ thin film. With the great help of machine
learning we can build up the local structure-property relationship of
piezoelectric thin films. These results clearly showed that the influence
from substrates: the piezoelectricity of epitaxial KNLNS-BZ thin film on
LAO (21.25 pm/V) is nearly double of the one on Si.

Table 2
Coercive voltages and imprint voltages of the three films.

Vp (V) Vn (V) Vi (V) Vc (V)

KNLNS-BZ/LAO 21.6 14.4 3.6 18
KNLNS-BZ/STO 25.2 14.4 5.4 19.8
KNLNS-BZ/Si 22.8 9.6 6.6 16.2

Table 3
Comparison of different PFM measurement methods.

Advantages Disadvantages Scope of application

DART-PFM 1 Can acquire clear morphology, amplitude
and phase directly and simultaneously

2 Very fast to acquire data (~2 min)

Cannot measure quantitatively because of
amplification from instrument and frequency
drift

To measure morphology, piezoelectricity, domain

BE-PFM 1 Can obtain amplitude, phase, resonance
frequency and quality factor

2 Relatively fast to obtain data (~30 min)
3 Relative quantitative

1.SNR is too low to show the detailed features
2.Data is amplified

To quickly measure piezoelectricity including both intrinsic
and extrinsic, elasticity and energy dissipation
semiquantitatively

SE-PFM 1 Can obtain intrinsic amplitude, resonance
frequency and quality factor

2 Quantitative
3 High SNR

1.Pretty slow to gain data (~3 h)
2.Cannot obtain phase accurately

To measure intrinsic piezoelectricity, elasticity and energy
dissipation quantitatively
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