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Abstract: The non-centrosymmetric bismuth-based oxyborate crystals have been extensively studied
for non-linear optical, opto-electric and piezoelectric applications. In this work, single crystal
growth and electro-elastic properties of a-BiB3O¢ («-BIBO) and Bi,ZnB,O; (BZBO) crystals are
reported. Centimeter-sized x-BIBO and BZBO crystals were grown by using the Kyropoulos method.
High resolution X-ray diffraction tests were performed to assess the crystal quality. The full-width
at half-maximum values (FWHM) of the rocking curves were evaluated to be 35.35 arcsec and
47.85 arcsec for a-BIBO and BZBO samples, respectively. Moreover, the electro-elastic properties of
a-BIBO and BZBO crystals are discussed and summarized, based on which the radial extensional and
the face shear vibration modes were studied for potential acoustic device applications. The radial
extensional mode electro-mechanical coupling factors k, were evaluated and found to be 32.0% and
5.5% for «-BIBO and BZBO crystals, respectively. The optimal crystal cuts with face shear mode were
designed and found to be (YZt)/—53° (or (YZt)/37° cut) for a-BIBO crystal, and (ZXt)/£45° cut for
BZBO crystal, with the largest effective piezoelectric coefficients being in the order of 14.8 pC/N and
8.9 pC/N, respectively.

Keywords: «-BiB3Og; Bi,ZnB,0y; single crystal growth; electro-elastic properties

1. Introduction

Oxyborate crystals are important multi-functional crystal materials with comprehensive
performances in non-linear optical (NLO), laser, and piezoelectric fields [1-6]. In recent years,
the oxyborate crystals, especially the bismuth-based oxyborate crystals, have been paid a great deal of
attention for exploring and designing new optical and piezoelectric devices, due to the abundant B-O
groups and the bismuth lone pair structure [7,8].

The bismuth-based oxyborate compounds were first discovered in 1962 from the Bi;O3-B,O3
binary phase diagram, where the Biy;B,O39, BisBOg, BizB5012, BiB3Og, and BipBgOq5 crystals were
discovered and confirmed [9-13]. Among these compounds, the monoclinic x-BiB3Og (-BIBO) crystal
was reported to be a valuable NLO material, showing an excellent second harmonic generation (SHG)
effect, comparable to the commercialized KTiOPO, (KTP) crystal [13,14]. Furthermore, active studies
were performed for new NLO crystal materials in the ternary BiyO3-MO-B,O3 system (MO is metal
oxide), and a new non-centrosymmetric crystal BiZnB,O; (BZBO) with orthorhombic symmetry
was obtained [15,16]. To date, the x-BIBO and BZBO crystals have been successfully grown in labs,
and their NLO and piezoelectric properties have been discussed [17-21]. However, there remains
problems during the single crystal growth, and critical growth parameters have not been optimized yet,
especially for the «-BIBO crystal. The electro-elastic properties and the piezoelectric vibration modes
of the a-BIBO and BZBO crystals are worth studying further. For example, the radial extensional and
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face shear vibration modes are useful for exploring new acoustic wave devices based on the lamb
waves and guided waves [22-24].

In this paper, the monoclinic «-BIBO and orthorhombic BZBO crystals grown by using the
Kyropoulos method with modified thermal profiles, are studied. The electro-elastic properties,
including the dielectric, elastic, electromechanical and piezoelectric properties of the -BIBO and BZBO
crystals were compared comprehensively, taking advantage of the impedance method. The radial
extensional and face shear vibration modes for «-BIBO and BZBO crystals were evaluated for potential
acoustic wave device applications.

2. Experimental Section

2.1. Single Crystal Growth

The a-BIBO and BZBO crystals are all congruent compounds and can be grown by using
the Kyropoulos method. Firstly, polycrystalline x-BIBO and BZBO powders were synthesized
by traditional solid-state reaction technique. The raw materials were weighted according to their
stoichiometric ratio (molar ratio of BiO3: H3BOj3 = 1:6 for a-BIBO and Bi;O3:ZnO:H3BO3; = 1:1:2 for
BZBO crystals). To prepare the polycrystalline a-BIBO powders, 1.0 mol% H3BOj3 in excess was added
to the raw materials in order to compensate for the evaporation of the B,O3 during the solid-state
reaction and crystal growth processes, which was proved to be in favor of growing high quality x-BIBO
single crystals. Secondly, the raw materials were ground and dry mixed thoroughly for more than
12 h (YGJ-5KG, no use of ball milling), then they were pressed into column blocks. The blocks were
sintered at 400 °C for more than 4 h in order to decompose the H3BO3; completely, then charged into
a platinum (Pt) crucible (¢ = 10 cm, H = 12 cm). The crucible was 70% fulfilled with the sintered
polycrystalline blocks and loaded into a programmable controlled furnace, which was progressively
heated up to 800 °C above the melting points of the ¢-BIBO and BZBO compounds. Thirdly, the melts
were homogenized with a Pt stirrer for more than 24 h, and then kept for 48 h to ensure the uniformity
of the melt in the crucible. Fourthly, the temperature was then slowly decreased down to an appropriate
temperature for the seeding and crystal growth process.

The principal component of the crystal growth equipment is a tube furnace with electric stove
wire as the heating source. The furnace is designed with a special and stable temperature gradient
along the axial direction. The schematic diagram of the crystal growth equipment is shown in Figure 1a.
It is known that the thermal profile is crucial for crystal growth. Prior to the single crystal growth,
the thermal gradient should be determined. In this work, for evaluation of the thermal gradient, the
temperature was measured from the bottom of the crucible to the top, and then from the top back to
the bottom. To ensure the accuracy of the measurement, the temperature gradients were measured at
different temperature points and for each measurement, the dwelling time was kept for 10-15 min.
Figure 1b,c present the optimized temperature gradient distributions in the furnace for «-BIBO and
BZBO crystals, respectively.

According to our experiments, we found that the axial temperature gradient is sensitive to the
growth of BZBO and «-BIBO crystals, since the growth temperature range of these crystals is quite
narrow (~4 °C). A narrow axial temperature gradient of <2 °C/cm in the modified thermal profile is
beneficial for growing BZBO and «-BIBO crystals stably, thereby improving the crystal quality. In this
study, the desired temperature gradients were controlled to be <1 °C/cm and <2 °C/cm approach
to the surface of the x-BIBO and BZBO melts, respectively. To avoid the emergence of poly-crystals,
a very low cooling rate (0.1-0.5 °C/day) was adapted during the crystal growth.
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Figure 1. The schematic diagram of the crystal growth furnace (a) and the temperature gradient in the
furnace used for «-BiB3Og (-BIBO) (b) and Bi,ZnB,O7 (BZBO) (c) crystals.

During the crystal growth process, a bi-directional rotation was adopted to improve the
homogeneity of the melt. However, due to the high viscosity, the viscous forces induced by the
melt would increase with increasing crystal dimension, which would damage the neck between the
crystal seed and bulk crystal [12]. Thus, an appropriate rotation rate should be applied. During the
growth of a-BIBO and BZBO crystals, a medium rotation rate of 10-15 rpm was adapted and controlled.
The crystal growth period was selected to be 2 to 8 weeks. When the crystal reached the expected
dimension, it was pulled out of the melt slowly and hung over the melt for 1-2 h, then cooled down
to room temperature with a low rate of 5-20 °C. Figure 2 presents the as-grown «-BIBO and BZBO
crystals with distinguished habitual facets. Though some impurities (polycrystalline raw materials)
adhered on the surface, the total crystals were transparent inside. The impurities were generated when
pulling the crystal out of the melt.

‘. T
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Figure 2. The as-grown o-BIBO (a) and BZBO (b) single crystals.
2.2. High-Resolution X-Ray Diffraction

The qualities of the grown «-BIBO and BZBO crystals can be evaluated by using the
high-resolution X-ray diffraction (HRXRD) method. In our study, the HRXRD tests were performed
using a Bruker-axs D5005HR diffractometer (Bruker-axs, Karlsruhe, Germany) equipped with a
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two-crystal Ge (220) monochromator set for Cu-K«1 radiation (A = 1.54056 A). The accelerating voltage
and tube current were 20 kV and 30 mA, and the step time and size were 0.1 s and 0.001°, respectively.
The measured crystal wafers were (010) facet for a-BIBO crystals and (001) facet for BZBO crystals,
with both sides polished.

2.3. Characterization of Electro-Elastic Properties

The number of independent electro-elastic constants is relevant to the crystal symmetry. It is
clear that the «-BIBO belongs to the monoclinic symmetry with point group 2, while the BZBO
crystal possesses orthorhombic symmetry with point group mm2. The related lattice parameters for
a-BIBO and BZBO crystals are presented in Table 1 [15,25]. Therefore, the electro-elastic constants
of o-BIBO and BZBO crystals are very different. The electro-elastic constants of these crystals were
characterized by using the impedance method. The related crystal cuts, vibration modes, and equations
for evaluating the independent dielectric, elastic, electromechanical, and piezoelectric constants were
studied and reported in our previous work [18,21]. For the radial extensional mode, the effective
electromechanical coupling factors k, were evaluated by measuring the Y- and Z-oriented discs for
«-BIBO and BZBO crystals, respectively. The disc-shaped samples (6 pieces), with different dimension
ratios, were prepared and vacuum-sputtered with platinum films (100-200 nm) on the two parallel faces.
The capacitance, resonance and anti-resonance frequencies of the prepared samples were measured
and recorded by using the multi-frequency LCR meter (Agilent 4263B) and impedance-phase gain
analyzer HP4194A.

Table 1. Crystal lattice parameters for «x-BIBO and BZBO crystals [15,25].

Empirical Formula «-BiB3O¢ Bi,ZnB,0O7
Formula weight 337.41 616.97
symmetry monoclinic orthorhombic
space group c2 Pba2
a(A) 7.116 (2) 10.8268 (4)
b (A) 4.993 (2) 11.0329 (4)
c(A) 6.508 (3) 4.8848 (2)
V (A3) 222.69 583.49 (19)
z 2 4
density (Mg/m?) 5.033 7.036

3. Results and Discussion

3.1. Crystal Quality Evaluation

The crystal quality was assessed by using the HRXRD method. Figure 3 gives the rocking curves
of the two oxyborate crystals, where the crystal samples for «-BIBO and BZBO crystals were selected
and prepared from the parts away from the seeding region. The diffraction peaks were symmetrical
and the full-width at half-maximum values (FWHM) were obtained and found to be 35.35 arcsec and
47.85 arcsec for «-BIBO and BZBO crystals, respectively. In order to characterize the homogeneity of
the growth crystal, the HRXRD tests for different parts (away from the seeding region and close to
the seeding region) of BZBO crystals were performed. The FWHM values for the crystal parts away
from the seeding region were found smaller for both the «-BIBO and BZBO crystals. The relative high
FWHM value of the BZBO crystal sample prepared from the seeding region indicates that the initial
growth process is vital for high quality crystal growth. It was also found that the crystal quality would
improve as the crystal grows. In this study, the crystal samples were prepared from the good quality
parts to get rid of the possible effects of crystal defects.
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Figure 3. Rocking curves of the (010) wafers for «-BIBO (a) and (001) wafers for BZBO (b).

3.2. Electro-Elastic Constants

0.4

The electro-elastic constants for x-BIBO and BZBO crystals, measured at room temperature, are
summarized in Table 2. Compared to the BZBO crystal, the x-BIBO showed stronger piezoelectric
response, where the longitudinal piezoelectric charge coefficient dy; was found to be 40 pC/N.
In contrast, the BZBO crystal exhibited relatively weak piezoelectric properties, the largest piezoelectric
charge coefficient was found for dsp, being —6.4 pC/N, and the largest elastic compliance was obtained
for ses, being 20.5 pm?/N. The large piezoelectric activity of a-BIBO crystal was presumed to be
associated with the large structure distortions and net dipole moments. Figure 4 exhibits the schematic
crystal structures for a-BIBO and BZBO crystals, where the x-BIBO crystal consists of one type of Bi-O
octahedron, while the BZBO crystal possesses two types of Bi-O octahedra. Different from the o-BIBO
crystal, the directions of the dipole moment for the two types of Bi-O octahedra in BZBO crystal
were partly offset, which weakened the piezoelectric response in BZBO crystal, thus the effective

piezoelectric coefficients for BZBO crystal were lower than the -BIBO crystal [21,26,27].

Table 2. The electro-elastic constants of x-BIBO and BZBO crystals measured at room temperature [18,21].

Elastic Compliances s}; (pm*-N~")

511 512 513 515 522 523 525 533 535 S44 S46 555 566
BIBO 36.2 —48.0 2.9 17.9 85.0 —2.6 —23.8 102 9.3 65.0 11.5 26.5 19.1
BZBO 8.2 -39 -15 \ 11.8 —35 \ 8.2 \ 17.3 \ 17.2 20.5
Elastic Stiffnesses c5- (101 N-m—2)
€11 C12 €13 €15 €22 €23 €25 €33 €35 Caq C46 €55 C66
BIBO 124 6.1 1.0 -32 4.7 —-0.9 0.4 15.7 —7.0 1.7 —1.0 8.8 59
BZBO 17.0 7.4 6.3 \ 13.1 6.9 \ 16.4 \ 5.8 \ 5.8 49
Relative Dielectric Permittivities siTj/so
€11 €13 €2 €33
BIBO 12.0 —-14 8.4 13.8
BZBO 36.8 \ 18.5 18.3
Piezoelectric Charge Coefficients dl-]- (pC/N)
dig dis di6 do1 da do3 doy dos ds1 dsp ds3 d3q d3e
BIBO 109 \ 13.9 16.7 40.0 2.5 \ 4.3 \ \ \ 18.7 13.0
BZBO \ 14 \ \ \ \ =55 \ 25 —64 11 \ \
Electromechanical Coupling Factors k;; (%)
k14 kis k16 ka1 kx ka3 koy kos k31 k32 k33 kaq k3e
BIBO 13.1 \ 30.9 32.1 50.0 9.2 \ 9.6 \ \ \ 21.0 26.9
BZBO \ 1.8 \ \ \ \ 10.7 \ 8.8 14.5 3.1 \ \
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Figure 4. Crystal structures of BZBO (a) and «-BIBO (b) crystals.

3.3. Characterization of Radial Extensional Vibration Mode

For the acoustic wave devices, there are many kinds of acoustic modes that can be utilized in
a very wide frequency range (kHz~GHz). Among these acoustic waves, the lamb wave has been
extensively studied [28-30]. The lamb wave can be excited using the radial extensional vibration
mode. For the a-BIBO and BZBO crystals, the electromechanical coupling factor k;, relevant to the
radial extensional vibration mode, was evaluated experimentally. The disc-shaped samples with
different ratios were prepared for determining the k, values. Using the empirical equation [31],
as well as the measured resonant and anti-resonant frequencies, the radial extensional vibration mode
electromechanical coupling factors k, for «-BIBO and BZBO crystals, were obtained.

Figure 5 shows the obtained k), values for the Y-oriented «-BIBO and Z-oriented BZBO crystal
discs. The small inset gives the recorded impedance-frequency spectra for the radial extensional
vibration modes. It was observed that the difference of resonant and anti-resonant frequencies for
the radial extensional mode of a-BIBO was larger than that of BZBO crystal. The k, values were
determined to be in the order of 32.0% and 5.5% for the a-BIBO and BZBO crystals, respectively.

3.4. Characterization of the Face Shear Vibration Mode

The face shear vibration mode could excite the guided wave along the crystal dimensional
orientation, which could also be used for sensor application. According to the IEEE standard on
piezoelectricity, there are three possible independent face shear mode piezoelectric coefficients in
crystal, i.e., d14, dos, and d36. In this work, the face shear vibration modes of «-BIBO and BZBO crystals
were discussed, taking advantage of the anisotropy of crystal materials. In order to design the optimum
crystal cuts with large piezoelectric coefficients, the orientation dependences of the d14, d35, and d3¢
corresponding to the XY, YZ, and ZX crystal cuts respectively were investigated (rotation angle around
physical X-, Y-, and Z-axes was varied from —90° to 90°). Results are given in Figures 6 and 7.

For o-BIBO single crystal, as shown in Figure 6, the shear mode piezoelectric coefficient dp5 was
found to be more sensitive to the rotation angle, compared with di4 and ds¢. The variations of the
dy4 and d3e, rotated along the three physical axes, were symmetrically distributed, referring to the
rotation angle at 0°. The piezoelectric coefficient d5 changed from —13 pC/N to 4.3 pC/N, and from
—10.9 pC/N to 4.3 pC/N, as the angle rotated around the X- and Z-axes, respectively. In contrast, the
largest piezoelectric coefficient dps (YZ cut) was obtained and found to be in the order of 14.8 pC/N
and —14.8 pC/N, when the rotation angle reached at 37° and —53° around the Y-axis (the small inset
of Figure 6), respectively, more than two times that of langasite crystal (d14 = —6.01pC/N) [32].



Crystals 2019, 9, 29 7 of 10

—i—BZBO
- —8—BIBO
~— 10’k
K =
— 10°%
_8 24_.@ i
u(E “8’105-
3

e | Buof
i 16| E
= 10°
o : ; e :
O 105 108 111 114 370 271 272
w gl ~ Frequency (kHz)
xx . =

1

75 80 85 90 95 100 105 110
Ration of diameter to thickness

Figure 5. The radial extensional electromechanical coupling factor kj, for the -BIBO and BZBO crystals.

N
o

= d X W g X & g X

*0, Y —¥d. 2 29,

i
(]
1

iy
&

Piezoelectric coefficient (pC/N)
o

II\)
o
T
>

0060200 '9{)0'60'90
Rotation angle (7)

Figure 6. Orientation dependence of piezoelectric coefficient rotated around X-, Y- and Z-axes for
a-BIBO crystals. The small inset shows the crystal cuts (YZt/37° and YZt/—53°) with largest dps value.

The face shear mode piezoelectric coefficients d14, dy5 and d3g for BZBO crystal are also studied
and the results are given in Figure 7. The BZBO crystal was found to show very limited face shear
modes, due to the crystal symmetry. The effective face shear mode piezoelectric coefficients d14, dp5 and
ds were only observed when rotated around the physical Z-axis. The effective piezoelectric coefficient
d14 equaled to the dys, as a function of rotation angle around the Z-axis. The largest values were found
to be £3.5 pC/N when the rotation angles reached 4-45°. Differently, the piezoelectric coefficient d34
varied from —8.9 pC/N to 8.9 pC/N, when the rotation angle shifted from —90° to 90°. The maximum
value of dsg (ZX crystal cut) was determined to be in the order of £8.9 pC/N when the rotation angle
approached to +45°. Thus, the optimal face shear mode piezoelectric crystal cuts were found to be
(ZXt)/£45° for BZBO crystal, as presented in the small inset of Figure 7.
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4. Conclusions

In this study, single crystal growth of bismuth-based oxyborate crystals o-BIBO and BZBO was
introduced. The quality of the a-BIBO and BZBO crystals grown by the Kyropoulos method was
assessed using the HRXRD method. The results indicate that the crystals part aways from the seeding
region exhibiting high crystal quality. The electro-elastic properties of x-BIBO and BZBO crystals were
evaluated at room temperature taking advantage of the impedance method, where the «-BIBO crystal
showed stronger piezoelectric response than the BZBO crystal. In addition, the radial extensional and
face shear vibration modes were studied. The radial extensional electromechanical coupling factors
k, were evaluated to be 32.0% and 5.5% for «-BIBO and BZBO crystals, respectively. Furthermore,
the optimal face shear mode crystal cuts were obtained and found to be (YZt)/—53° and (YZt)/37° for
a-BIBO crystal, and (ZXt)/445° cuts for BZBO crystal. These crystal cuts are a potential for acoustic
wave device application.
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