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Abstract. An electric properties analysis of a lead-free piezoelectric material was performed in
this paper. The material is a solid solution perovskite type: (1 — x)Na,,Bi;,TiO;-xBaTiO; (NBT-
BTx), with x = 0.11. Electrical effective permittivity was determined and this quantity resonant
behavior was drawn, in the frequency domain of 0.3-9.8 GHz. The method of analysis is based on
structure simulations, with help of a high complexity simulator: High Frequency Structure Simulator
(3D Maxwell module, Ansoft Technologies). The material conductivity evolution with frequency was
also determined, in the considered frequency range. A parametric analysis allowed us to determine the
thermal behavior of electric permittivity and ionic and electronic conductivity, in the temperature
domain of 300 - 450 K. Material parameter evolutions in the neighborhood of the ferroelectric peak
temperatures were illustrated on graphs. Comments are available, concerning the internal structure
influence on electric behavior of the piezoelectric perovskite.
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1. INTRODUCTION

The perovskite class of materials (ABO;) presents a large applicability area
because of their special properties. Generally speaking, perovskites are dielectric
materials, but some of them have ferroelectric, multiferroic or even superconductor
characteristics. We can mention: the ferroelectric thin-films of Bag sSrsT1O or the
Lay;Cag3Mn0O5/BaTiO; perovskite superlattices, with ferromagnetic behavior and
high temperature superconductivity, as well as the manganites with the perovskite
structure: La; A, MnO; (A = Ca, Sr, Ba), which exhibit colossal magnetoresistance
and many others [4, 6, 10].

In this paper we have focused on the perovskite ferroelectrics, used for
piezoelectric and dielectric applications, beginning with the simple multi-layered
ceramics capacitors. We can also cite the piezoelectric actuators, which work based
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on the piezoelectric converse effect where a strain is generated by the application
of an electric field. They are exploited at ink-jet printers for industrial uses and
fuel-injectors of Diesel engines [7, 16].

For application in microelectronics (we have to mention the ferroelectric thin
films deposited onto semiconductor substrates for uses in nonvolatile radiation hard
random access memory), the used perovskites can be divided in two different
classes: classical ferroelectrics (KNbO;, BaTiO;, PbTiO;, etc.) and relaxor
ferroelectrics (Pb(Mg;3Nby;3)0; = PMN, PLZT, etc.). One of the most known is the
piezoelectric solid solution between PbZrO; and PbTiO;, called lead zirconate
titanate (PZT): Pb(Zr, Ti;,)O;, with 0 <x < 1. Other solid solutions between relaxor
ferroelectrics (relaxors) and classical ferroelectrics were proposed, having
remarkable piezoelectric properties in single crystals, such as PbZn;;Nb,;05—
PbTiO; (PZN-PT) and PbMg;sNb,;05;—PbTiO; (PMN-PT). Unfortunately their
usage is limited by the toxicity of the lead-based components and alternatives have
appeared like a necessity [9], [21]. Consequently, perovskite type ceramics were
nominated for high power applications. Materials like BaTiO; (BT),
(Bil/zNal/z)TiO3 (BNT), (Bil/zKl/z)TiO3 (BKT), and KNbO3 (KN) are tested for
different applications, and also newer variants as the piezoelectric solid solution of
X(Bil/zNal/z)TiO3_y(Bi1/2K1/2)Ti03_ZBaTiO3, (BNBKy Z(x)), and potassium
niobate based ceramics KNbO;+MnCO; 0.2 wt.%, (KN—Mn 0.2).

One of the very few valuable lead-free alternatives is the Na;,Bi;,TiOs-
based piezoelectric material. It is synthesized like the (1 — x)Na,,Bi;,TiO5—
xBaTiO; (NBT-BT,) solid solution and shows structural similarities with both the
PZT and PZN-PT systems. A lead-free alternative material was obtained in this
way, with potential piezoelectric properties [9], [19]. The explanation of these
properties derives from the fact that the substitution of Mg>/Nb’* ions on the
B-site by Ti"", in the relaxor based material PMN—PT, determines an important
change of the pressure instabilities compared with PMN itself. The PMN-PT thin
films are more likely to maintain their structure against compressive strain when
the Ti-content is high [5], [19].

Such a structure has been analyzed in this paper: a NBT-BT,, with x = 0.11.
Material with this constituent concentration is of interest as a potential lead-free
piezoelectric material. The electrical properties and their thermal behavior were
analyzed, using a simulation strategy implemented with help of the High
Frequency Structure Simulator (Ansoft Technologies).

2. THEORETICAL CONSIDERATIONS

The electrical properties of the considered NBT-BT,;; material were
analyzed by determinations of material effective permittivity and ionic and
electronic conductivity. The perovskite-type mixed oxide is a solid solution of
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crystalline phases, consequently the material is non-linear. Strain or electric
displacements as responses of the piezoelectric material are non-linear and can be
written as [18]:

S=d, ., E+M-E" +.. (1)
P=yVE+yPE*" +.. 2)
D=¢E+P=¢¢.E, (3)

where E = the electric intensity vector; D = the electric displacement; P = polarization;
.= electric susceptibility; ¢,= electric permittivity of vacuum; § = the strain;

d .. = piezoelectric constant, M = electrostrictive constant.

piezo

The non-linear piezoelectric and dielectric responses in perovskite
ferroelectrics are due to the deformation of the crystal lattices by the E-field and to
the domain-wall motion and vibrations, respectively to the dipole fluctuations in
the polar nano-regions in relaxors [11, 17, 18]. The depolarization temperature is
composition dependent and shifts by changing the lattice anisotropy [21].
These are complex mechanisms, consequently the previous relations can be
generalized:

S=d . (E)E, (4)

piezo (

P=y,(E)E, (5)
where the d ., (E ) and y, (E ) functions depends on crystalline phases structure

and are determined by the simulation program reporting the emergent to incident
field parameters [8].

The effective electric permittivity determinations are based on the relations
(3) and (5):

g =1+ 2(E) ©6)
&y

and presents a field dependence in perovskite ferroelectrics, as well as frequency
and temperature dependences, which are more accentuated [18]. The frequency
dependence is imposed by the structure (material components internal order and
nature) and the temperature dependence is determined by thermal fluctuations of
internal micro-structures.

Electric conductivity was determined by volumetric resistance determinations
(by equivalent voltage/current reports computed by the simulator) for the material
samples of proper dimensions [2, 3]. Conductivity dependence on frequency and
temperature were also represented on graphs, considering the same entailing
factors like in the effective permittivity case.
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3. HF RESULTS FOR THE ELECTRICAL PARAMETERS

Material samples with finite dimensions were simulated using the HFSS
program. The basic cell of the considered lead-free potential piezoelectric material
is a perovskite-type oxide cell, ABO; (Fig. 1). The ions radii and inter-ionic
spacing were taken from literature [19]. The solid solution characteristics were also
taken into account [5], for the (1 — x)Na,,Bi;,TiO;—xBaTiO; (NBT-BT,)
composition, with x = 0.11. For electrical parameters magnitude calculation we had
also considered that the BT (BaTiO;) present a relative permittivity of cca. 1000 -
2000 and a conductivity o ~ 10° Q'-m™ at room temperature, in pure state (without
dopants); we have a sharp maximum (&, ~ 10 000) at Tcye = 403 K,

corresponding to a change in crystal symmetry from tetragonal to cubic and
dopants are lowing the 7¢ in function of their nature and impact in the crystalline
lattice [7].

E=Tit

A=Na* B Batt

Fig. 1 — Basic cell of an ideal perovskite ABOs, used for the NBT-BT) ;; representation.

The simulation results for the material electrical parameters were illustrated
on graphs. A sweeping frequency method was used, for the frequency domain of
0.3-9.8 GHz. Thermal behaviors were obtained by parametrical analysis, in the
temperature range of 300—450 K.

Effective permittivity evolution with frequency for the NBT-BT,;, was
represented in Fig. 2. The simulator was set to give us the permittivity values
reported to the permittivity of PZT at 1 MHz, taken as reference (on Oy axis we
have the &./¢ uimmforpzr Values). (We have to mention that the relative

permittivity values for the considered piezoelectrics are of 10* order. The PZT
material features an extremely large dielectric constant, & ~ 20,000, at the
morphotropic phase boundary near x = 0.52. This value was considered like
reference. The PZT permittivity values for other material compositions can be
much lower: 1500-1700 [12].) On the same graphs were represented the effective
permittivity curves for the lead-based components, PZN-PT and PMN-PT, for
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comparison. Calculation was done to obtain the room temperature values of
effective permittivity.

Thermal evolution of the effective permittivity was given in Fig. 3. Permittivity
magnitude is presented also in relative units, considering the same permittivity of
PZT at 1 MHz as reference. Calculation was done for an exposure field of 1 GHz.
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Fig. 2 — Effective permittivity evolution with frequency for the NBT-BT) ;; material,
in comparison with the lead-based components, PZN-PT (2) and PMN-PT (3),
in relative units (r. u.). Curve 1 indicates the reported permittivity of the PZT,
at room temperature (reference curve).
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Fig. 3 — Effective permittivity evolution with temperature for the NBT-BT ;; material,
in comparison with the lead-based components, PZN-PT (2) and PMN-PT (3),
in relative units (r. u.). Curve 1 indicates the reported permittivity of the PZT,
at 1 GHz (reference curve).
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One observes the theoretical predicted frequency decrease of the effective
permittivity, associated with the resonant behavior in microwave range. Most of
resonances correspond to the characteristic oscillation frequencies of the internal
microstructures (ions in the crystalline lattices, here). These are physical
resonances. Another category of resonances derives from the boundary conditions
at electrical domain walls and are geometrical resonances [1, 8, 15]. Simulation
machine allowed us to practice modifications of the crystalline lattice or
modifications of the polarization state (by indirect modifications of the exposure
field intensity), which determine resonance displacements and help us to link the
resonant behavior on material internal structure.

Thermal behavior presents a few maxima, suggesting the experimental Curie
temperature (7¢). Above the T¢, the common dielectric behavior observes, the
material polarization being higher when the temperature increases.

Resonances thermal shift was also calculated for the first ten resonance of the
effective permittivity, in the considered temperature domain (300—450 K). We have
denoted each resonance thermal shift with:

Af,(T)=£,(T)- £,(300K) i=1,2,3,.., (7)

where T is the temperature in Kelvin degree and i represents the resonance number.
Selective results are available in table 1, for the temperature values from 10 K to 10
K, and for the NBT-BT) ;; material.

Table 1

Thermal shift of effective permittivity resonances, for the NBT-BT ;; material (selective)

T[K]
Af,-(T 310] 320{ 330{ 340( 350| 360| 370| 380| 390| 400| 410{ 420| 430| 440| 450
[-10°GHz]
Afi (T) ) 140| 260| 345| 380| 402| 427 440| 445| 454| 460| 465| 469| 473| 476| 478
Afz(T) 126|244| 330| 364| 384|402| 417| 422| 428| 431| 433| 434| 435| 435| 436
Af3(T) 116]228| 317| 351| 360| 367| 373| 379| 384| 389| 392| 395| 397| 398| 398
Af4(T) 108| 213|270| 289| 305| 320| 332| 342| 349| 354| 357| 359| 361| 362| 362
AfS(T) 102|200| 258| 272| 284| 295| 304| 311|317| 322| 325| 327| 328| 329| 329
Afs (T) 98| 190] 232{ 248| 260( 270( 277| 284| 290| 294| 297| 298| 299| 300| 300
Af; (T) 95| 182]223|235|245| 253|260| 265| 269| 272| 274| 274| 275| 275| 275
Afg(T) 92| 176] 216| 227|236| 242| 246| 249| 252| 254| 254| 255| 255| 255 255
Afg(T) 90| 172|214 225|230 233| 234| 236| 238| 238| 240| 240| 241| 241| 241
AflO(T) 88| 168| 172| 190 205| 215| 221| 226| 228| 229| 229| 230| 230| 230| 230




7 Electrical property determination of a piezoelectric material 111

The obtained results indicate a high-pass filter evolution of each resonance
shift A f, (T ) | - with temperature, corresponding to a more and more weak
1=cCt.

response of the material to the exciting field when the frequency increases.

Following the same idea, a singular temperature shift A f; (T ) |T:Ct decreases

with resonance number.

Material conductivity study provides us the frequency dependence of this
quantity presented in Fig. 4. Conductivity magnitude was given in relative units (r.
u.) by reporting this quantity to the conductivity of PZT [20] at the lowest
frequency in microwave range: 0.3 GHz (¢ ~ 10° Q"-m™). Results were obtained at
room temperature. One observers that the AC conductivity evolution obtained by
simulation respects the theoretical predicted dependence law in perovskites [13]:

O 4c =A1(T)‘ o) + Az(T)‘ a)r(T), 3

withO<s<land r<2; o=2n"f.
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Fig. 4 — Electric conductivity evolution with frequency for the NBT-BT,, ;; material,
in comparison with the lead-based components, PZN-PT (2) and PMN-PT (3),
in relative units (r. u.). Curve 1 indicates the reported conductivity of the PZT,
at room temperature (reference curve).

Thermal behavior of electric conductivity was obtained in the considered
temperature domain of 300—450 K. Conductivity curves versus temperature, at
1 GHz, are indicated in Fig. 5. On the Oy axis, conductivity magnitude was
reported to the o 4 03 cuz for pzr- We have obtained the decreasing evolution of

log 0'(1 /T ) function, also predicted by the theory [13, 14]:
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o =4, -exp(~ AE, / kT )+ 4, -exp(~ AE, / kT), 9)

with the AE,, AE, representing the activation energies of the relaxation processes

inside the material. If we re-scale the graph, the curve of normalized conductivity
versus temperature obtains (given in Fig. 5).

Similar curves have been obtained for different frequencies in microwave
range and the results were compared for a complete description of material thermal
evolution in the considered frequency domain.

Curves indicate lower conductivity for the lead-free component, but a larger
range of adjustment by material constituent modifications. These modifications
refer to the ion characteristics in the A perovskite position and also to the solid
solution configuration (our data basis includes the extended results).
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Fig. 5 — Electric conductivity evolution with temperature for the NBT-BT ;; material, in comparison
with the lead-based components, PZN-PT (2) and PMN-PT (3), in relative units (r. u.). Curve 1
indicates the reported conductivity of the PZT, at 1 GHz (reference curve).

Our work was dedicated to conceive and test a flexible analyzing method,
imposed by the optimization of material usage in applications.

4. CONCLUSIONS

Electrical properties of a lead-free potential piezoelectric material have been
studied in this paper, using a simulation strategy for the HF range (0.3-9.8 GHz).
Frequency and temperature dependences of the considered electrical parameters,
effective permittivity and ionic and electronic conductivity, were determined, in the
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temperature range of 300 - 450 K. The implemented theoretical algorithm take cont
of the fact that the strain and the electric displacements as responses of the
piezoelectric material are non-linear and the y,(E) susceptibility is a function of

field, frequency, temperature and material constituents geometry. The analyzed
NBT-BTy,; structure was simulated considering the perovskite structure of the
solid solution components, the electric domains internal order, and the material
characteristic similitude with the PZT, but for a lead-free material case.

Effective permittivity evolution with frequency presents the theoretical
predicted decreasing and a resonant behavior in microwave range. Physical
resonances were found, corresponding to the characteristic oscillation frequencies
of the internal microstructures, respectively geometrical resonances have derived
from the boundary conditions at electrical domain walls. Modifications of the
crystalline lattice or polarization state by simulation have determined resonance
displacements and consequently resonances can be associated to the internal
structure and mechanisms, at microscopic level.

Effective permittivity evolution with temperature presents a few maxima,
suggesting the experimental Curie temperature (7¢). At higher temperatures the
common dielectric behavior observes, electric dipoles became "thermal broken"
from the initial piezoelectric internal order and the material become more and more
easy to be polarized by a proper field.

Thermal shift of each permittivity resonance, A £;(T) |i:Ct , present a high-

pass filter evolution with temperature, corresponding to a more and more weak
response of the material to the exciting field when the frequency increases. A
singular temperature shift A~ f;(7) | . also decreases with resonance number.

The AC conductivity evolution with frequency, obtained by simulation and
illustrated by graphs, respects the theoretical predicted dependence law in

perovskites (o 4 ~ thl ™).

Electric conductivity evolution with temperature indicates the decreasing
cty

evolution of log 0(1/ T ) function, predicted by the theory (o ~ th3 e T ). The

results confirm the viability of the method.

A comparative analysis of the conductivity parametrical evolution for the
considered perovskites (PZT, PZN-PT, PMN—PT and NBT-BT ;) indicates lower
conductivity for the lead-free component (NBT-BTy;;), but with extended
possibilities of adjustment. Simulations indicate that the electrical parameters of
the NBT-BT,;; can be modified by changing the ion characteristics in the A
perovskite position and also the solid solution configuration.

The flexibility of the algorithm for electrical parameters analysis
recommends it for developing a data base attached to multiple classes of materials
with applicability in practice.
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