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ABSTRACT

(K,Na)NbO3 (KNN) thin films are promising lead-free piezoelectric materials for
microelectromechanical systems (MEMS) devices. However, the origin of the strong
piezoelectric properties of KNN thin films remains unclear because crystallographic deformation
by piezoelectric effects is not clear in detail. We used synchrotron X-ray diffraction (XRD) to
explore the origin of the piezoelectricity of polycrystalline (Ko.45Nao.s5)NbO3 (KNN) thin films
which led to the observation of large crystal deformation originating from the piezoelectric
effects. The peak shifts of the XRD patterns indicated changes in both the out-of-plane and in-
plane lattice parameters of KNN. In addition, an electric-field-induced phase transition under an
applied electric field was observed. The microscopic piezoelectric coefficients (e31, ) were
estimated from the in situ XRD results and subsequently compared with the macroscopic
piezoelectric coefficients estimated from the converse piezoelectric effect by the cantilever
method. The macroscopic |es1, | coefficients based on the converse piezoelectric effect were in
the range 6.3—11.1 C/m?, whereas the microscopic |e31, 7| values based on the in situ XRD results
were in the range 1.2—1.5 C/m?. However, the macroscopic piezoelectric coefficients from the
direct piezoelectric effect were 1.6-2.0 C/m?, which were similar to those obtained from the

in situ XRD results. The results suggest that the large macroscopic piezoelectric properties
associated with the converse piezoelectric effect arise from the observed electric-field-induced
phase transition. This study demonstrates the main factors associated with the macroscopic

piezoelectric properties in lead-free KNN thin films.



1. INTRODUCTION

Piezoelectric thin films have been widely investigated for their potential applications in various
microelectromechanical systems (MEMS) such as microsensors and microactuators.' Among
various piezoelectric thin-film materials, lead zirconate titanate Pb(Zr,T1)O3 (PZT) is the most
popular for piezoelectric MEMS because of its superior piezoelectric properties.®’” However,
environmental concerns persist because PZT-based piezoelectric materials contain toxic lead.
Therefore, efforts to mitigate the environmental impact of piezoelectric devices that contain lead-
based piezoelectric materials have led to the development of lead-free piezoelectric materials.
Several candidates for lead-free piezoelectric materials have been investigated for use in thin-film
devices, including BiFeOs; (BF0),* !0 AIN,"'"!® and (K,Na)NbO; (KNN).!*!7 Among these
materials, KNN is the most promising because of its high Curie temperature and good piezoelectric
properties. Numerous researchers have reported that KNN thin films exhibit strong piezoelectric
properties, and piezoelectric energy harvesters with KNN thin films have an output power
comparable to that of harvesters with PZT thin films.!”!® However, the origin of the strong
piezoelectric properties of KNN thin films remains unclear because crystallographic deformation
by piezoelectric effects is not yet understood in detail. Recent progress with in situ X-ray
diffraction (XRD) measurements has enabled us to observe directly how the crystal structures of
ferroelectric thin films change under an applied electric field.!”* In a previous study, we reported
a comparative investigation of the macroscopic and microscopic piezoelectric properties of PZT
thin films using two approaches: the cantilever method and in situ XRD measurements.?* We
found that the piezoelectric property of a polycrystalline PZT thin film is larger than that of an
epitaxial PZT thin film, likely because of a rotation of the polarization direction accompanied by

a crystal phase transition or domain reorientation in the polycrystalline PZT thin film.



In the present study, we performed in situ XRD measurements of polycrystalline KNN thin
films on Si substrates under an applied DC bias voltage to clarify the origin of the relatively large
piezoelectricity of KNN thin films. We also evaluated the transverse piezoelectric properties using

the cantilever method,?> %’

whereupon we conducted a comparative study of the macroscopic and
microscopic piezoelectric properties of KNN thin films. To further enhance the piezoelectric

properties of KNN thin films, it is important to understand how crystal deformation contributes to

their macroscopic piezoelectric properties.

2. EXPERIMENTAL SECTION

KNN thin films with a K/Na ratio of 45/55 were prepared on (111)/Pt/Ti/Si02/Si substrates by
radio frequency magnetron sputtering. The detailed deposition conditions have been described
elsewhere.!” The film thickness was 2 um. Before the in situ XRD measurements, we confirmed
the crystal structures by conventional XRD using a four-axis diffractometer with Cu Ka radiation
source (Rigaku, SmartLab). The films exhibited a polycrystalline and perovskite structure with a
preferential (001) orientation in the out-of-plane direction (see Figure S1, Supporting Information),
as reported previously.'>!” The samples were cut into rectangular cantilever beams to determine
the transverse piezoelectric coefficients (es1, ) by the cantilever method, which we used to evaluate
both the direct and converse piezoelectric effects. The converse piezoelectric coefficient was
determined by measuring the cantilever displacement induced by an applied electric field. We
applied a negative unipolar sinusoidal voltage to the top electrode at a frequency of 600 Hz, which
was sufficiently lower than the resonance frequency. We calculated the direct piezoelectric
coefficient by measuring the charge generated from the tip displacement of the cantilever. Here
we used a precise actuator to apply a periodic input displacement (5-20 um) at a frequency of

20 Hz to the free end of the cantilever. The details of the cantilever method via the direct and



converse piezoelectric effects are described elsewhere.?’” The room-temperature ferroelectric
hysteresis loops of the KNN thin films were recorded by a Precision Multiferroic II ferroelectric
tester (Radiant Technologies, Inc.). The in situ XRD experiments were conducted using
synchrotron radiation with a 12.4 keV photon energy (A = 0.1 nm) on the BL19B2 and BL46XU
beamlines at the SPring-8 synchrotron research facility in Japan. We measured the same cantilever
samples in the in situ XRD experiments. The KNN cantilever specimen was fixed to the stage by
a double-sided tape. The top and bottom electrodes of the KNN specimen were connected to a
power generator by Au wires, and a DC power source was used to provide a stable bias field. We
first applied -5 V (-25 kV/cm), which was higher than the coersive electric field of the KNN thin
film as a poling treatment. All the measurements were carried out at room temperature. Details of
the setup for the in situ XRD measurements have been described in an earlier report.>*

3. RESULTS AND DISCUSSION

3.1. In situ XRD Observation of KNN Thin Films
Figure 1a shows the out-of-plane XRD 6-26 patterns around KNN 004 under a negative DC

voltage. Our previous paper demonstrated that polycrystalline KNN thin films deposited onto
Pt/Ti/Si02/Si substrates exhibit pseudo-cubic or tetragonal perovskite structures.!>"! In general,
the bulk KNN in this composition (K/Na=45/55) shows orthorhombic or monoclinic phase.?®

According to our previous paper,'>?

the crystal structures of KNN thin films were considered to
be tetragonal or pseudo-cubic, which seemed different from those of bulk ceramics. This difference
might be due to the constraints from substrates. According to the present XRD patterns obtained
using synchrotron radiation, pseudo-cubic and tetragonal phases appear to coexist in the KNN thin
film, as shown in Figure 1b. Considering the peak positions and intensities of two split KNN peaks

between out-of-plane and in-plane XRD discussed later, we indexed the split two peaks as pseudo-

cubic and tetragonal phases. We used the Gaussian function (Igor Pro 8.04) to conduct the peak



fitting and the peak separation. The values in lattice parameters of pseudo-cubic and tetragonal
KNN crystals were found to be similar to those of cubic and tetragonal phases reported in the
previous paper about Rietveld analysis of bulk KNN.*® We confirmed that the KNN 004 peak
shifted to a lower angle with increasing magnitude of the applied voltage. We also found that the
electrode Pt 771 peak remained unchanged (see Figure S2, Supporting Information). Therefore,
the observed KNN peak shifts were due to the deformation of the KNN crystal lattice originating
from the converse piezoelectric effect. It was found that with increasing voltage, the proportion of
the tetragonal phase increased, whereas that of the pseudo-cubic phase decreased, as shown in
Figure 1c. We also observed the peak shifts of KNN 004 with positive DC voltages (5 V-20 V) as

shown in Figure S3 (Supporting Information).

Figure 2a shows how the lattice parameter varied with the electric field, as described by the
polarization—electric field (P—FE) hysteresis loops measured at 10 Hz. The lattice parameter was
estimated from the position of pseudo-cubic peak (Figure 1). When we increased the positive DC
voltage from 5 V to 10 V, the lattice parameter stretched again. This reverse dependence originates
from the rotation of polarization direction at an electric field larger than a coercive field, known
as polarization reversal. We confirmed that the polarization-reversal characteristic compatible with
the P—FE hysteresis loops. The change in lattice parameter of tetragonal phase also exhibited similar

electric field dependence, as seen in Figure S4 (Supporting Information).

We next evaluated the crystal phase variation for each external electric field from the fitting
curves. We estimated the tetragonal phase ratio from the peak areas of the pseudo-cubic and
tetragonal diffraction peaks, specifically, 4(004)wtragonal/ {4(004 )etragonal + A(004)pseudo-cubic .21
Figure 2b shows the change of the tetragonal phase ratio as the applied electric field is varied,

revealing an electric-field-induced phase transition from the pseudo-cubic phase to the tetragonal



phase. After the first cycle of negative voltages, the tetragonal phase ratio did not return to its
initial value. However, when a positive voltage of 5 V was applied, the phase ratio returned to the
initial state. For higher positive voltages, the tetragonal phase ratio increased again because of the
polarization-reversal behavior, in agreement with the variation of the lattice parameter (Figure 2a).
The maximum change in phase transition was approximately 29%. Such a transition between two
phases has been reported previously in a polycrystalline PZT thin film.?? There is also a possibility
that the pseudo-cubic phase might consist of some mixture of several phases such as monoclinic
and orthorhombic phases. Therefore, we are considering Rietveld analysis of our KNN films by

making powders from removing substrates in the further investigation.*

We next performed X-ray rocking-curve measurements under applied voltages. Figure 3a
shows the rocking curves of KNN 004 at voltages of 0 V, —10 V, and —20 V. The peak intensity
increased and the peak width decreased with increasingly negative applied voltage. The
corresponding full-width at half-maximum (FWHM) variation of the rocking curve is plotted as a
function of the applied voltage in Figure 3b. The FWHM value of the rocking curve decreased
with increasing applied electric field. The rocking curve contains both pseudo-cubic and tetragonal
phases. The decrease of FWHM of the rocking curve indicates the enhancement of crystal
orientation. We suggest that this enhancement originated from the increase of tetragonal phase as

a result of the phase transition from pseudo-cubic to tetragonal phase.

Figure 4a shows the in-plane XRD measurements around the KNN 400 peak under a negative
applied voltage. Notably, when a voltage of —20 V was applied, a shoulder peak was clearly
observed. Figure 4b and Figure 4c show the peak profile fittings of the KNN patterns without and
with a =20 V. Although the in-plane diffraction of the tetragonal phase was very weak, is was

confirmed that the tetragonal phase increased with increasing DC voltage, consistent with the out-



of-plane results. Figure 4d shows the variation of the in-plane crystal lattice parameter of pseudo-
cubic phase normal to the direction of the applied voltage. The in-plane crystal lattice parameter
decreased linearly with increasing voltage and returned to the initial lattice parameter at =20 V.
This in-plane lattice relaxation was likely caused by the large extrinsic change of the phase
structure from pseudo-cubic to tetragonal, as evident in Figure 4a. When we returned the voltage,
the lattice parameter became slightly larger than that at the initial state, as evident in Figure 4d.
We also found the tetragonal phase ratio did not return to its original value. Notably, the
measurement period of in-plane XRD was longer than that of out-of-plane XRD. Therefore, the
KNN thin film was subjected to a longer DC bias for the in-plane measurements. This irreversible
change in the lattice parameter and phase ratio might be due to the extended DC bias duration
during the in-plane XRD measurements. We also measured the in-plane KNN 200 peaks and
confirmed the similar voltage dependency. The change in in-plane lattice parameter estimated from
the KNN 200 peaks was similar to that shown in Figure 4d. We estimated the Poisson’s ratio from
the out-of-plane strain (Figure 2a) and the in-plane strain (the linear change part in Figure 4d).
Besides the low voltage of -5 V, we found that the Poisson’s ratio values showed about 0.30
corresponding well to the reported value of 0.27 in KNN bulk.>* It was suggested that there was a
small deformation of the sample fixed on the stage. However, the KNN crystals may still receive
some constraints from substrates. In order to measure the precise in-plane strain, we are
considering the in-situ XRD measurements of free-standing films fabricated by etching process in

the future investigation.*

3.2. Characterization of Macroscopic Piezoelectric Properties

We next compared the transverse piezoelectric properties by evaluating the electric-field-
induced strain determining from the in situ XRD measurements and the cantilever method. The

macroscopic in-plane strain component of the KNN thin film along the cantilever was estimated



on the basis of tip displacement. The macroscopic transverse piezoelectric coefficients by the
converse piezoelectric effect (converse e31, s ) were obtained from the macroscopic in-plane strain
measured using the cantilever method.?’ For comparison with the macroscopic |e31, 7| coefficients,
the microscopic |e31, s | coefficients were estimated from the in sifu in-plane XRD measurements.
The piezoelectric coefficients d31, y were first obtained from the relationship between the electric-
field-induced strain of the in-plane direction and the electric field using Ax =d531, s x E. The intrinsic
strain derived from the linear part of the change in lattice parameter (Figure 4b) was used for the
calculation of d31,z. The d31s constants were around 20 pm/V. The d31 constants were then
converted into e31 s constants by multiplying the reported Young’s modulus of KNN films (i.e., 67
GPa).’® Figure 5a shows absolute values of the converse piezoelectric coefficients (|es1, /)
estimated from the in situ XRD measurements and those estimated from the cantilever method.
Here, we measured the macroscopic converse |e31, s| coefficients from -2.5 to -75 kV/cm by the
cantilever method. Below -2.5 kV/cm, it was difficult to measure precisely due to a large noise.
The increase of macroscopic |es1, /| coefficients implied large extrinsic effects.?’” The macroscopic
les1,r| coefficients increased gradually and became constant (6.3-11.1 C/m?), whereas the
microscopic |es1, 7| coefficients were almost constant (1.2—1.5 C/m?) against the electric field. The
macroscopic converse |es1, r| coefficients were several times greater than the microscopic |es1, 1|
coefficients estimated from the in situ XRD measurements. The converse piezoelectric coefficients
of XRD were calculated from the intrinsic lattice deformation (KNN peak shifts). The effects of
crystal transition and reorientation were not included in the converse piezoelectric coefficients of
XRD. On the other hand, both intrinsic and extrinsic contributions were involved in the converse
piezoelectric coefficients measured by the cantilever method. It is suggested that if we can measure

the converse |e31, r| coefficients at enough low electric field, we can get values comparable to the



le1, 7| coefficients measured by in situ XRD measurements. However, below -2.5 kV/cm, it was
difficult to measure precisely due to a large noise. For a better discussion, we then investigated the
piezoelectric coefficients from the direct piezoelectric effect (direct esi,r) by measuring the
generated charge from the periodic input displacement of the cantilever tip.?” Notably, the direct
les1, 7| coefficient here can be regarded as the intrinsic contribution of the lattice deformation
almost without the electric field-induced extrinsic contributions. Figure 5b shows the direct |e31, 7|
coefficients as a function of the input tip displacement of the cantilever. The value of the direct
les1, 7| coefficients was in the range 1.6-2.0 C/m?, which is similar to the value of microscopic
les1, 7| coefficients evaluated from the in-plane XRD peak shifts (Figure 5a). This similarity
confirms the microscopic |es1,s| coefficients stemmed from the intrinsic lattice deformation.
However, the converse |e31, r| coefficients measured by the macroscopic cantilever method include
both intrinsic and extrinsic contributions. This result implies our polycrystalline KNN thin films
contain large extrinsic contributions. In our previous paper, we found the large converse
piezoelectric property of polycrystalline PZT thin films was attributed to the extrinsic piezoelectric
effects.?” The present study also demonstrated the KNN thin films showed the similar large
extrinsic piezoelectric effects. In this study, we suggested the main extrinsic contributions
originated from the crystal phase transition and crystal reorientation. Particularly, Figure 2b
reveals a large change of 29% in the phase transition between pseudo-cubic and tetragonal phases.
According to our previous paper,?* the converse |es1, | coefficients of a polycrystalline PZT thin
film was larger than that of an epitaxial PZT thin film. We infer that the enhanced macroscopic
piezoelectric property of the polycrystalline PZT thin film is attributed to the easy rotation of the
polarization direction. Jo et al. investigated in situ XRD of polycrystalline (BiinoNain)TiO3-

BaTiO; piezoceramics.’” They also demonstrated phase transitions caused by polarization rotation

10



may play an important role in maximizing properties. In this study, the observed phase transition
and crystal reorientation might also be associated with polarization rotation. We consider the
polarization rotation via electric field is an important factor that can greatly enhance the

macroscopic piezoelectric response by the converse piezoelectric effect.

4. CONCLUSION

In summary, we demonstrated the origin of the large piezoelectric properties of KNN thin films.
The in situ XRD measurements showed direct observation of both out-of-plane and in-plane KNN
lattice deformation as well as the change in the phase transition between pseudo-cubic and
tetragonal phases. According to the comparative discussion, the enhancement of piezoelectric
properties evaluated by the cantilever are mostly considered to be caused by the extrinsic
contributions of the phase transition (maximum ~29% variation) and crystal reorientation. The
extrinsic contributions can enlarge the macroscopic piezoelectric properties more than six-fold.
This study demonstrated that the extrinsic contribution is a key to improving the macroscopic

piezoelectric properties of lead-free KNN thin films.
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FIGURES
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Figure 1. (a) Out-of-plane KNN peak patterns with various negative voltages. (b) KNN 004 peak
pattern with fitting patterns without an applied voltage. (c) KNN 004 peak pattern with fitting

patterns under an applied voltage of -20 V.
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Figure 2. (a) Out-of-plane lattice parameter of pseudo-cubic phase as a function of applied voltage
(electric field), superimposed with P-E hysteresis loop measured at 10 Hz. The number indicates
the order of applied voltage. (b) Ratio variation of tetragonal phase as a function of applied voltage

(electric field). The number indicates the order of applied voltage.
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Figure 3. (a) In situ X-ray rocking curves of KNN 004 peaks with different voltages. The FWHM
values are described for the 0 V and -20 V. (b) FWHM of rocking curves in the KNN 004 peaks

as a function of applied voltage (electric field).
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Figure 4. (a) In-plane XRD patterns of KNN peak with different negative voltages. (b) KNN 400
pattern with fitting curves without an applied voltage. (¢) KNN 400 pattern with fitting curves
under an applied voltage of -20 V. (d) In-plane lattice parameter of pseudo-cubic phase as a

function of applied voltage (electric field).
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Figure 5. (a) Converse piezoelectric coefficients (e31) as a function of negative electric field for
the KNN thin film obtained from the cantilever method and the in situ XRD in-plane measurements.

(b) Direct piezoelectric coefficient (e31s) as a function of input displacement by the cantilever

method.
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