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Abstract— Functional properties of KNbO; single crystal are
characterized. Large polydomain plates cutted from an as-grown
KNbQOj; crystal (oriented along [001]. (45°-cut) direction) are
used. At the fundamental resonance (10 MHz), thickness coupling
factor is 65% and frequency dependence is measured with
overtone resonances. Its variation is relatively high and reduces
to around 45% at 160 MHz. Electro-elastic moduli are also
determined by mixing measured parameters (from thickness and
lateral modes) and constants already published as initial data.
Final constants are obtained by a minimization process to tend
toward a self-consistent electro-elastic moduli which is an
important condition for numerical modelling.

Single crystal, lead-free, functional characterization

I. INTRODUCTION

Nowadays, thanks to the use of dopants/additives and
efficient production processes, PZT-based compositions are
the dominant piezoceramics since their electroacoustic
properties are high. This increasing success of PZT can be
associated to health and environmental problems because PZT
contains lead. Due to their increasing use, more and more lead
is released. As a consequence, several countries over the word
have included PZTs in their legislation as hazardous
substances to be substituted by safer materials [1]. Their
objective is to protect human health and environment by
substituting hazardous chemicals by safer ones. Lead-free
potassium niobate (KNbO;) single crystal can be a candidate
to replace PZT. It can deliver high electromechanical
performance with a maximum thickness coupling factor k; of
69% for specific cuts and orientations [2-5]. This value
combined with a low density and high acoustic velocity
compared to those of lead-based compositions makes it an
interesting and efficient material for various applications in
particular for their integration in ultrasonic transducers for
medical imaging or non-destructive evaluation. However, in
order to use this KNbO; material in devices, preliminary steps
of design and modelling are often necessary, and for this all
constants of the electro-elastic tensor are required, in
particular when numerical models such as the finite element
method are used.

In this work, two main studies are performed on as-grown
KNbO; crystal plate (oriented along [001], (45°-cut) direction).
The first one is a functional characterization of the thickness
mode on the fundamental resonance and its overtones. By this
way, a frequency dependence up to 150 MHz is deduced. The
second study is the determination of the electro-elastic moduli
obtained by mixing data from our measurements and a
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previously published database [6]. This step is performed in
order to minimize the inconsistencies between the different
constants of the material tensors.

II.  EXPERIMENTAL PROCEDURE

In this study a set of large unpoled polydomain plates
(10x10x0.4 mm) are cut from an as-grown KNbO; crystal
(from FEE GmbH [7], oriented along [001]. (45°-cut)
direction). At room temperature, KNbO; belongs to the point
group 2mm of the orthorhombic system [8] and one
representative plate is used for this analysis.

A.  KLM model (for thickness mode)

The KLM model [9] is wused to characterize the
electromechanical properties of the thickness mode of 7
samples. Mechanical and dielectric losses are introduced [10]
and this equivalent electrical circuit model allows to calculate
the complex electrical impedance as a function of frequency.
In this model, the sample properties involved are : the density
(p), the thickness (t), the longitudinal wave velocity (v)), the
dielectric constant at constant strain (e35°), the thickness
coupling factor (k;), dielectric () and mechanical (9,,) losses.
The experimental set-up used to measure this electrical
impedance is composed of an HP4395A spectrum analyzer
with its impedance test kit and specific spring clip fixture. The
theoretical data is fitted to the experimental curves of the
electrical impedance in keeping as variables: v;, 33", ky, 8 and
0,. Density (Archimede's method) and thickness are
previously measured.

Parameters of lateral mode (v, k3; and 833T) are also
deduced with the IEEE standard [11, 12] from the resonance
and anti-resonance frequencies, dimensions and capacitance at
twice anti-resonance frequency.
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Figure 1 : Schematic drawing (top view) of KN single crystal used,
corresponding cuts and sample numbers.
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B. Measurements

The characterization procedure described in the previous
paragraph for the thickness mode is applied on each overtone
in order to determine the parameters at the corresponding
resonance frequency. Consequently, behavior as a function of
frequency can be determined. For each sample, 7 or 8 fits are
made (from the fundamental resonance until the 6™ or 7™
overtone) for a frequency range between 10 and 160 MHz.

The thickness of the samples is 395+2 um and gold
electrodes are sputtered on both faces (400 nm thick). Area of
each 3sample is given in Table I. Measured density is 4575+40
kg/m’.

All these samples are obtained from one originally piece
(the sample numbered 1) to quantify the homogeneity of the
properties (Figure 1). First, the square sample 1 is cut in four
equal new samples and measurements with samples 2 and 3 are
performed. Finally, one of these four samples is divided in new
four smaller squares (samples 4 to 7).

A last sample is fabricated (numbered 9, Figure 1) to
measure lateral mode parameters. The dimensions are
0.86%5.09%0.393 mm.

III. RESULTS AND DISCUSSION

A. Functional characterization (thickness mode)

As mentioned before, values of several parameters are
measured in using the overtones and only for the thickness
mode. Figure 2 shows the fitted experimental impedances with
KLM model around the fundamental resonance, the 3" and
15™ overtones for the sample 4. As for all samples, at the
fundamental resonance (around 10 MHz), few inaccuracies are
observed due to perturbation (Fig 2(a)). This leads, with the
fitting process, to an overestimated mechanical losses but also
small errors for the resonance and anti-resonance frequencies
and consequently longitudinal wave velocity and coupling
factor. The functional characterization with the 3™ overtone
(around 30 MHz), allows to determine with a good accuracy
the properties (as shown on Fig 2(b)). Finally, measurements
until 160 MHz (in using the 15" overtone) are performed (Fig
2(c). At high frequencies, additional resonances can appear
but parameters are extracted with good accuracy. We can also
notice that for these frequencies, the electrodes (and in
particular their thicknesses) can have a non negligible
influence on final parameters. Typically, variations of the
longitudinal wave velocity is 50 m/s and the thickness
coupling factor of 2.5% (at 150 MHz). For all the
characterizations, the gold electrodes were taken into account.
Table I summarizes the electromechanical properties for the
seven samples deduced from the 3™ overtone. The
corresponding resonance frequencies for the seven samples are
between 30 and 30.6 MHz. Non negligible variations
properties are observed between samples. The lowest values
(k) are measured from the original sample 1 with the highest
area. In decreasing the area, this coupling factor increases
(samples 2 and 3) and for the smallest area (samples 4 to 7),
reproducible results are observed with a k, around 61% and
dielectric constant (at constant strain) around 33.
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Figure 2 : experimental (black points) and theoretical (grey solid lines)
complex electrical impedances at (a) fundamental resonance, (b) 3rd overtone,
(c) 15th overtone.

These values can be compared with those given in [3, 4]. For
the two references, thickness coupling factors are higher than
those we measured (typically between 61 and 70%) even for
the fundamental resonance where the k; is around 65%. Here
our polydomain samples were not poled before our
measurements but it seems that this poling step has a relatively
low influence on final coupling factor [4, 5]. Figures 3, 4 and
5 represent the behavior of thickness coupling factor,
dielectric constant (at constant strain) and piezoelectric
coefficient respectively for each overtone (until 15™ overtone)
and consequently as a function of frequency.

TABLEL. ~ DIMENSIONS AND  ELECTROMECHANICAL  PROPERTIES
(THICKNESS MODE) OF SAMPLES MEASURED AT THE 3RD
OVERTONE (30 MHZz)

Sample Electromechanical properties®

number | A mm)* | ki (%) &6 | Vi) | 8. (%)
1 100.6 49 29 8040 0.4
2 24.5 57.7 32 7965 1.9
3 25.4 62.8 30 7995 0.9
4 6.3 61.6 33 7980 1.3
5 6.0 60.7 35 7960 1.6
6 6.1 60.9 33 7900 1.3
7 6.4 61.6 33 7950 1.5

“A: Area of the square sample, k, : thickness coupling factor, €3;%/€,: dielectric constant, v; : longitudinal
wave velocity, 3,,: mechanical losses.
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Figure 3 : piezoelectric coefficient (k) as a function of frequency deduced
from overtones (for samples 1 to 7).

Significant variations are observed on Figure 3. The
decrease of k, value for the largest sample 1 is the most
important and this variation is lower for the four smallest
samples (4 to 7). In any cases, this variation is important (from
around 65% at 10 MHz to 45% at 160 MHz) on contrary to a
similar study performed for PZN-PT single crystals where a
good stability is measured [13]. For the dielectric constant at
constant strain, the dependence frequency is low (Figure 4).

Finally in Figure 5, piezoelectric coefficient (e;;) has a
large frequency dependence (over 30%). In meantime, the
longitudinal wave velocity tends to slightly increase with
higher overtones (and consequently elastic constant c;7). To
conclude, the decrease of the thickness coupling factor is
mainly due to the decrease of the piezoelectric coefficient
(kt2:e332/(c33D 8335)). In all these characterizations, dielectric
and mechanical losses are very low. The dielectric constant
was quasi-stable with a value at 0.5%. For the mechanical
losses, small variations are observed. As explained before, the
highest (8,,) value is measured at the resonance frequency
(typically 4-6%), and for the overtones, these values are quasi
constant (between 0.7% and 0.15%).
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Figure 4 : Dielectric constant at constant strain (8335/80) as a function of
frequency deduced from overtones (for samples 1 to 7).
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Figure 5 : piezoelectric coefficient (es3) as a function of frequency
deduced from overtones (for samples 1 to 7).

B. Electro-elastic moduli determination

According to previous results deduced from the thickness

and lateral modes, several parameters are definitively
Ce BT D _ D, S E
measured: sy1, €33, d31, 811, €33, €337, €33 and ¢33

To determine experimentally the complete elastic,
piezoelectric and dielectric constants, several authors combined
successfully resonance and ultrasonic methods [14]. Then, the
obtained electro-elastic moduli must satisfy several criteria to
avoid violations of the interrelations between particular groups
of electromechanical constants and keep the thermodynamic
stability [15]. These conditions are of primary interest for
numerical modelling of transducers in particular in using finite
element method where the self-consistency of all these
parameters avoid errors in the calculation. Here, we propose a
simple method by combining our measured parameters and a
previous published database [6] to tend toward a consistent
electro-elastic moduli of the KN single crystal under study. For
that, the five following matrix relations must be verified [12]:

cF-HT, (1)
e-dct , 2)
eS=¢"-d(cHd', 3)
sP=sF_d'e"d, 4)
and cP=cF+e'e¥)le. (5)

The aim of the procedure is to respect as much as possible
all of these five last relations without giving more importance
to one or the other. As a consequence, none of these matrix
relations is purely checked. For that, a simple minimization
function a is defined integrating all the constants. The values of
these constants are previously normalized to deliver the same
weight for all the constants. It is defined as the sum of
differences between all the constants of each tensor.

For (1), it can be written that

a, = [ClEl_ (SE )Ill]+ [C1E2_ (SE)_121]+ ...t [Cfs_ (SE);sl] ,
and in same way for (2) :
a,=[e;~ (ch)11]+ [en— (dCE)lz]"' ot [ege— (dCE)ss] .

Finally, the constant a is deduced from all matrix equations :
a=a,+a,+a;+a,+a;. (6)



TABLE IL MEASURED AND DERIVED MATERIAL PROPERTIES OF KN SINGLE CRYSTAL"
[GPa] % [pm/N] % [GPa] % [pmIN] % [pCINT % [CIm®] %
ch 2251 04 S5 505 0 e 2356 82 sh 476 o dy 1636 0 ey 243 12
976 16 sho124 19 ch 829 o s w095 7 dy -1658 18 ey, 093 18
ey 697 24 sy 4105 1 cho1198 02 s c1s 29 dy 2004 05 ey 569 0
chy 2541 63 sh, 508 04 ch 2753 02 sty 47 12 dy 8585 o1 ey 1173 02
cho102 1 Shy 198 11 ch 8Ll s1 sho -4 s dis 1046 15 €5 516 0
sy 1784 0 S 762 82 ch 288 0 sho651 29 - - % - - %
Cou 761 24 Si 1351 04 ch 946 06 shoo1288 17 &’ 131 15 &F 35 s
ct 273 84 sE 3617 1 choo13 04 sh 3193 1 &' g4 11 & 888 12
Coe 937 19 Ses 1067 19 ch 948 07 sb 1039 o8 &' 103 0 &% 33 o
“Measured values are in italic
In the case of perfect self-consistent electro-elastic moduli,
the o function is zero. Values from M. Zgonik et al. [7] are REFERENCES
used as the initial database of complete set (except those we [1]1 J. Rddel, W. Jo, K.T.P. Seifert, E-M. Anton, T. Granzow, D.
determined from sample 4 with the 3rd overtone). For this Damjanovic “Perspective on the development of lead-free
first step, the corresponding o value is different from zero gge(fgoceramlcs > J. Am. Ceram Soc., Vol. 92(6), pp. 1153-11177,
(here 2503). After th.e ml.mmlzatlon step, the “Optlmlz?d” [2] K. Nakamura and Y. Kawamura, “Orientation Dependence of
constants are summarized in Table II and the corresponding Electromechanical Coupling Factors in KNbO;", IEEE Trans.
o value is 6.90.107. In Table II, the relative differences Ultrason., Ferroelect., Freq. Contr., vol. 47(3), pp. 750-755, 2000.
between initial values from [7] and optimized values are [3] K. Nakamura, T. Tokiwa, Y. Kawamura, “Domain structures in
given for each constant. In accordance with fixed parameters KNbO; crystals and their piezoelectric properties”, J. App. Phys., vol.
. . . 91, 9272, 2002.
before the procedure, the corresponding difference is zero. ) ) ) )
. avis, . €in, . amjanovic, . Dctter, arge and Staole
[4] M. Davis, N. Klein, D. D N. Setter, “Li d stabl
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L lvd . 1 f KNbO 062904, 2007.
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studied at room temperature. Functional parameters of the Polytechnique Fédérale de Lausanne, 2009.
thickness mode were measured from 10 MHz to 160 MHz [6] M. Zgonik, R. Schlesser, . Biaggio, E. Voit, J. Tscherry and P.
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