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Abstract:

 The full matrix of electro-elastic constants of sillenite-type crystals Bi12TiO20 (BTO) and Bi12SiO20 (BSO) were determined by the resonance method, with d14 and k14 being on the order of 40–48 pC/N and 31%–36%, respectively. In addition, double-rotated orientation dependence of d33 was investigated, with the maximum values of 25–28 pC/N being achieved in ZXtl45°/54°-cut samples. The electrical resistivity of BSO was found to be two orders higher than that of BTO, being on the order of 7 × 105 Ω cm at 500 °C. The temperature dependence of dielectric and piezoelectric properties were investigated. BSO exhibited a high thermal stability in the temperature range of 25–500 °C, while BTO showed a variation of ~3% in the range of 25–350 °C. The high values of d14 and k14, together with the good thermal stability, make BTO and BSO crystals potential candidates for electromechanical applications in medium temperature range.
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1. Introduction

Sillenite-type Bi12MO20 (where M = Ti, Si and Ge, known as BTO, BSO and BGO) crystals have non-centrosymmetric, body-centered cubic structure belonging to the I23 space group [1,2]. The structure of sillenite-type crystals was first determined by Sillen [3] and later refined by Efendiev and Wiehl [4,5]. Due to the space group, these crystals present a number of remarkable properties, such as piezoelectric, electro-optic, elastic-optic and photoconductive properties, which have potential applications in spatial light modulators, acoustic delay lines, for hologram recording and phase conjugation [6,7,8,9,10,11,12]. Of particular importance is that these crystals are piezoelectric semiconductors with large piezoelectric constant (d14 ~ 40 pC/N), large electromechanical coupling factor (˃30%), large band gap energy (3.15–3.25 eV) and fast response time [6,13], in addition, there is no ferroelectric and pyroelectric properties, related to the 23 point group.

Extensive research has been carried out on the optical and room temperature piezoelectric properties of sillenite-type crystals [8,13,14,15]. However, studies on the piezoelectric properties as a function of orientation and temperature are limited. In this study, the full matrix of electro-elastic constants of Bi12TiO20 (BTO) and Nd0.06Bi11.94SiO20 (abbreviated as Nd: BSO or BSO) crystals were determined using resonance method based on IEEE Standards on Piezoelectricity. The piezoelectric coefficient d14 and coupling factor k14 of BTO were calculated by two methods: length extension and face shear vibrations, respectively. The double-rotated orientation dependence of longitudinal piezoelectric response was analyzed. Furthermore, the temperature dependence of electrical resistivity, dielectric, elastic, electromechanical coupling and piezoelectric constants were investigated in the range of 25–500 °C.



2. Results and Discussions

Figure 1a shows part of the samples cut from BTO single crystals used for electrical study. The as-grown BSO crystal [16] with dimensions of ϕ30 × 45 mm3 was given in Figure 1b, which was pulled along [110] crystallographic direction.

Figure 1. (a) The Bi12TiO20 (BTO) samples; (b) The as-grown Bi12SiO20 (BSO) single crystal pulled along [110] direction.



[image: Crystals 04 00141 g001 1024]








2.1. Room Temperature Material Constants

The dielectric, elastic and piezoelectric constants of the BTO and BSO single crystals were measured by resonance method, as listed in Table 1 (different samples were measured and the errors were found to be low, being less than 5%), and compared to the reported values measured by the ultrasonic method [8,13]. It is clear that the results are in good agreement with those obtained by the ultrasonic method, with piezoelectric coefficient d14 of BSO larger than the reported values, which may be induced by the Nd dopant. In addition, the d14 and k14 of BTO crystals were measured by face shear vibration mode directly, the values were found to be on the order of 40.7 pC/N and 31.0%, respectively, being similar to those values measured by length extension mode (42.8 pC/N and 32.8%). BTO and BSO possess similar physical properties, due to the fact that the body-centered cubic sillenite-type structure can accommodate a variety of different M ions, and the oxygen tetrahedron is able to expand or contract without a major effect on the remaining atomic arrangement [2].


Table 1. Room temperature electro-elastic constants for BTO and BSO crystals.



	
Electro-Elastic Constants

	
Symbols

	
BTO

	
BTO [8]

	
BSO

	
BSO [13]






	
Relative Dielectric Permittivities

	
ε11

	
47.9

	
47.0

	
48.2

	
47.0




	
Dielectric Loss

	
tanδ

	
0.01%

	
–

	
0.09%

	
–




	
Elastic Compliance Constants sE (pm2/N)

	
s11

	
9.8

	
8.7 *

	
10.3

	
8.5




	
s12

	
−1.8

	
−1.6 *

	
−2.7

	
1.5




	
s44

	
40.3

	
40.7 *

	
40.4

	
40.0




	
Elastic Stiffness Constants cE (1010 N/m2)

	
c11

	
11.2

	
12.5

	
11.9

	
12.8




	
c12

	
2.6

	
2.8

	
4.3

	
2.8




	
c44

	
2.5

	
2.4

	
2.5

	
2.5




	
Piezoelectric Strain coefficients (pC/N)

	
d14

	
42.8

	
45.8 #

	
47.7

	
40.0




	
Piezoelectric Stress coefficients (C/m2)

	
e14

	
1.1

	
1.1

	
1.2

	
1.0




	
Coupling Factor (%)

	
k14

	
32.8

	
–

	
36.3

	
–






* The elastic compliance constants of BTO were calculated by the formula: s = c−1; #d14 =  [image: Crystals 04 00141 i002].






In some studies, the piezoelectric coefficient was reported to be negative value for sillenite-type crystals [17]. The sign of d14 can be interpreted based on the crystal structure, where the M atom was coordinated by four oxygen atoms forming perfect tetrahedron, while the Bi atom with five neighbors of oxygen atoms forming an incomplete deformed BiO5 octahedron, with two additional electrostatically coordinated oxygen atoms on either side of the 6s2 inert electron pair in Bi3+ [18,19], the polarity of the generated charges is controlled by the MO4 tetrahedron. In dextrorotatory Bi12MO20, the compressive stress applied along [111] direction deforms the tetrahedral O–M–O angles (no change in any M–O bond length), inducing a negative charge on the “M’’ side and a positive charge on the “O’’ side. So the directions of the positive piezoelectric effect correspond to the M→O directions in the MO4 tetrahedra, account for d14 ˃ 0. If the Bi12MO20 crystal is of opposite chirality, e.g., is laevorotatory, then d14 ˂ 0, as shown in Figure 2 [1,2]. However, the magnitude of d14 is the same for dextrorotatory and laevorotatory crystals.

Figure 2. One unit cell of Bi12MO20 showing the M–O tetrahedron and the polarization direction resulting from compression along [111]: (a) dextrorotatory; (b) laevorotatory [2] (Reprinted/Reproduced with permission from [2]. Copyright 1967 AIP Publishing LLC).
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2.2. Orientation Dependence of Longitudinal Piezoelectric Coefficient

For cubic 23 symmetry, only face shear d14 = d25 = d36 exist. However, longitudinal coefficient d11 = d22 = d33 appears in the rotated coordinate. The orientation dependence of the longitudinal piezoelectric coefficient  [image: Crystals 04 00141 i001] was investigated. After a rotation of angle α along the Z-axis then rotated β along the X-axis, piezoelectric coefficient  [image: Crystals 04 00141 i001] in the new coordinate can be determined according to the following equation:



 [image: Crystals 04 00141 i001] = 3d14 sinα cosα sin2β cosβ



(1)




Figure 3 shows the orientation dependence of longitudinal piezoelectric coefficient  [image: Crystals 04 00141 i001], where the highest  [image: Crystals 04 00141 i001] was achieved for the ZX-cut (as shown in Figure 4a) rotated 45° around Z-axis (as shown in Figure 4b) then rotated 54° around X-axis (as shown in Figure 4c), refer to as ZXtl45°/54°-cut. Figure 4 illustrates the detailed rotational process of the ZXtl45°/54°-cut.

Figure 3. The orientation dependence of piezoelectric coefficient  [image: Crystals 04 00141 i001] for sillenite crystals.
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Figure 4. The coordinate rotation for ZXtl45°/54°-crystal cut.
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The highest  [image: Crystals 04 00141 i001] direction was found along the [111] crystallographic direction, equivalent to α = 45° and β = 54°, so [111] oriented longitudinal bars were prepared and the value of  [image: Crystals 04 00141 i003] was calculated using the following equations:



 [image: Crystals 04 00141 i102]



(2)






 [image: Crystals 04 00141 i103]



(3)






 [image: Crystals 04 00141 i104]



(4)




 [image: Crystals 04 00141 i004] is the short circuit elastic constant (measured in zero or constant field),  [image: Crystals 04 00141 i005] is the short circuit elastic constant in the new coordinate system. The theoretical value of  [image: Crystals 04 00141 i003] was calculated based on Equation (1) and found to be 24.7 and 27.5 pC/N for BTO and BSO, respectively, in good agreement with the measured results of 25.5 and 28.1 pC/N based on the IEEE Standards [20].





2.3. Temperature Dependence of the Electrical Resistivity

The electrical resistivity as a function of temperature for BTO and BSO crystals are plotted in Figure 5, exhibiting the expected Arrhenius behavior, where the activation energy Ea can be calculated from the slope of the lines, being on the order of 0.97 and 1.18 eV for BTO and BSO, respectively. There is no obvious difference observed for the electrical resistivities along X- and ZXtl45°/54°-cut for both BTO and BSO crystals. The resistivity of BSO crystals was found to be two orders higher than that of BTO crystals, with the values being on the order of 7 × 105 Ω·cm at 500 °C.

Figure 5. Resistivity as a function of temperature for BTO and BSO crystals.
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2.4. Temperature Dependence of Dielectric and Piezoelectric Properties

Figure 6 shows the dielectric constant (relative dielectric permittivity) and dielectric loss (the insets in Figure 6) as a function of temperature (measured at 100 kHz) for BTO and BSO crystals. The dielectric constant of BTO along X- and [111]-direction was found to increase slightly from 47.6 to 48.8 with increasing temperature up to 350 °C, with the variation being less than 3%, as shown in Figure 6a. The dielectric loss of BTO was found to maintain low values, being <5% with temperature up to 250 °C, above which, the loss increased quickly to 30% at 350 °C, due to the increased ionic conduction. On the other hand, the dielectric constant of BSO (as show in Figure 6b) was found to be 48.2 and 48.7 along X- and [111]-direction at room temperature, slightly decreased in the low temperature range and then increased with increasing temperature, with overturn temperature being at 225 °C, the variation over temperature range of 20–500 °C is less than 1%, exhibiting very high thermal stability. Meanwhile, the dielectric loss of BSO was found to follow the same trend to that of BTO, with minimal variation in the range of 20–350 °C, then quickly increased to 20%–30% at the temperature of 500 °C.

Figure 6. Dielectric behaviors as a function of temperature for BTO and BSO crystals.
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Figure 7 presents the temperature dependence of elastic compliance of BTO and BSO. From Figure 7a, elastic compliance constants s11, s12 and  [image: Crystals 04 00141 i006] of BTO were found to maintain the same values in the temperature range of 25–350 °C, while s44 was found to increase linearly from 40.3 to 44.1 pm2/N with increasing temperature, with the variation of ˂9%. As shown in Figure 7b, elastic constants s11 and  [image: Crystals 04 00141 i006] of BSO were found to increase slightly with increasing temperature, while s12 shows an opposite trend. In addition, elastic constants s44 was found to increase linearly from 40.4 to 45.1 pm2/N over 25–500 °C, with the variation being on the order of 12%.

Figure 7. Elastic compliance as a function of temperature for BTO and BSO crystals.
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Figure 8 exhibits the temperature characteristics of piezoelectric coefficients. As observed from Figure 8a, the piezoelectric coefficient d14 of BTO was found to increase from 42.8 to 44.1 pC/N with temperature increasing to 350 °C, with the variation of 3%, while  [image: Crystals 04 00141 i003] was found to maintain similar value. From Figure 8b, the piezoelectric coefficients d14 and  [image: Crystals 04 00141 i003] of BSO were found to decrease slightly as a function of temperature, with the overall variations of less than 6%. The above results demonstrate that both crystals exhibit high thermal stability of piezoelectric properties in the studied temperature ranges.

Figure 8. Piezoelectric coefficients as a function of temperature for BTO and BSO crystals.
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The coupling factors as a function of temperature are given in Figure 9. From which, the coupling factor k14 and  [image: Crystals 04 00141 i007] are found to decrease slightly with increasing temperature, with the variations being less than 6% and 12% for BTO and BSO, respectively, as given in the small inset of Figure 9.

Figure 9. Coupling factor as a function of temperature for BTO and BSO crystals.
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3. Experimental Section

Raw materials of Bi2O3, TiO2, SiO2 and Nd2O3 were used to grow Bi12TiO20 and Nd0.06Bi11.94SiO20 single crystals by the Czochralski technique. The crystals can be grown from congruent melt above their melting points of 880–900 °C. It is important to point out that BTO is non-congruent melting, an excess of Bi2O3 was add to the starting materials as self-cosolvent. The detailed crystal growth process was given in reference [16,21].

For sillenite-type crystals with cubic symmetry, there are 5 nonzero independent material constants, as shown in Equations (5)–(7). A schematic of the samples used for electrical measurements with different orientations is shown in Figure 10, the dimensions of the samples were 6 × 6 × 1.5 mm3 for X-cut square plate and 12 × 4 × 1.5 mm3 for long stripes, two to three samples were prepared for every crystal cuts. All the samples were vacuum sputtered with 200 nm platinum thin films on the large faces as electrodes. The resonance and anti-resonance frequencies were measured for determination of the material constants based on IEEE standards [20], using an Agilent HP 4194A impedance/gain-phase analyzer (Agilent Technology Inc., Santa Clara, CA, USA). The electrical resistivity was measured by two-probe method in the temperature range of 200 to 500 °C, using a source meter (Keithley 2410C, MetricTest, Hayward, CA, USA) with an applied voltage of ±50 V.

Figure 10. Orientation of samples: (1) X-cut; (2) XYt30°; (3) XYt45°.
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(5)
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(6)
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(7)






The capacitance Cp was measured on X-cut plate at 100 kHz frequency, the dielectric constant can be calculated using the following formula:



 [image: Crystals 04 00141 i108]



(8)




t is the thickness and A the area of the sample.
The length extension vibration can be excited in the long strips of XYt30° and XYt45° samples, to obtain  [image: Crystals 04 00141 i008], (2  [image: Crystals 04 00141 i009] +  [image: Crystals 04 00141 i010]) and d14 by the following equations:



 [image: Crystals 04 00141 i109]



(9)
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(10)
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(11)






 [image: Crystals 04 00141 i112]



(12)
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(13)
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(14)




fr is the resonance frequency, l the length of sample, ρ the density: being 9.1 and 9.2 g/cm3 for BTO and BSO, respectively.

 [image: Crystals 04 00141 i010] can be determined by measuring the resonance frequency of X-cut square plate [22,23]:



 [image: Crystals 04 00141 i115]



(15)






 [image: Crystals 04 00141 i116]



(16)




Here F is a correction constant, ƙ0 is a root of the equation: tan ƙ0 + ƙ0 =0, with the first root equals to 2.0288 and α = 1 − 0.05015 ×  [image: Crystals 04 00141 i011].
After obtaining the elastic constant  [image: Crystals 04 00141 i010], the value of  [image: Crystals 04 00141 i009] can be calculated from (2  [image: Crystals 04 00141 i009] +  [image: Crystals 04 00141 i010]) according to Equation (10), finally, the k14 can be calculated by Equation of (14).

On the other hand, the d14 and k14 can be directly determined by measuring the face shear square plate [22,23,24,25]:



 [image: Crystals 04 00141 i117]



(17)
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(18)
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(19)
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(20)




χ ≈ 1 for face shear mode, p is a correction constant, fa the anti-resonance frequency.


4. Conclusions

The full matrix of electro-elastic constants of BTO and BSO crystals were determined, with d14 and k14 of 40–48 pC/N and 31%–36%, respectively, based on which, the highest double rotated  [image: Crystals 04 00141 i001] was achieved in [111] crystallographic direction, being on the order of 25~28 pC/N. The electrical resistivity of BSO was found to be on the order of 7 × 105 Ω·cm at 500 °C, two orders higher than that of BTO. Of particular importance is that both BTO and BSO crystals shown high thermal stability of piezoelectric properties over the temperature range of 25–350 and 25–500 °C, respectively, with the variations of ˂6%, demonstrating that the sillenite-type crystals are potential piezoelectric materials for electromechanical applications in a medium temperature range.
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