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KTag.63Nbo.3703 (KTN) single crystals were grown by a top seeded solution growth method. We found that
the composition variation of crystal is smaller if the weight of melting raw materials is larger. The phase, dielectric
property, and transmittance of the grown KTN single crystals were investigated. The dependence of dielectric
constant on temperature indicated that crystal chips cutting from the shoulder, body, and bottom both have the
same T, value of 17°C, which suggests the homogeneity of the grown crystals. The laser modulation using a KTN
chip indicates potential applications in deflectors due to the advantage of high angular accuracy.
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1. Introduction

KTa;_,Nb,O3 (KTN) is a ferroelectric material and
its dielectric constant and quadratic electro-optic (EO)
constant (the Kerr constant) are maximum around the
paraelectric to ferroelectric phase transition temperature
(T¢) [1]. KTN crystals show quadratic EO coefficients of
10~'* m? V2 in magnitude, response times of nanosec-
onds, broad transmittance of 400-4000 nm, and a high
diffraction efficiency of 80% [2]. These excellent prop-
erties of KTN crystals lead to potential applications in
some fields. In 2007, Nakamura reported the achieve-
ment of large angle and low-voltage electro-optic beam
scanning using KTN crystal [3]. In 2008, Tang et al.
also reported a high-speed electro-optic beam scanner
based on KTN crystal [4]. In 2012, Okabe et al. pre-
sented a new light source for swept-source optical co-
herence tomography (SS-OCT) using a KTN electro-
optic deflector [5]. In 2015, using lithium-enriched
potassium-tantalate-niobate (KTN:Li) crystals as prop-
agation medium, DelRe et al. created subdiffraction-
limit-sized optical beams propagating over several mm
and the beams shrink rather than expand in propaga-
tion [6], which overcomes the fundamental wave phe-
nomenon of diffraction [7]. In these studies focusing on
KTN, the successful growth of KTN single crystal with
high quality makes it possible to perform various optical
measurements.

The solid solution of KTN crystallizes only in per-
ovskite structure for all compositions [8]. Due to the
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similar valence state and ionic radii of Ta and Nb,
the primary growth difficulties are the compositional
fluctuation and striation. Researchers have attempted
some techniques to overcome these growth difficulties,
such as step-cooling technique [8], constant temperature
method [9], temperature gradient transport growth tech-
nique [10], the Czochralski method [1] and top-seeded
solution growth (TSSG) method [11]. In this work, we
grew KTN single crystals by TSSG method. The TSSG
method combines the growth methods of Czochralski and
solution growth, which is good to grow crystals requiring
decomposition before melting or having too high melt-
ing point to grow from original composition [12]. The
relating properties of the grown single crystals have been
investigated carefully.

2. Theory analysis

Figure 1 gives the phase diagram of KTN, which shows
KNbOj3 and KTaO3 system does not have a congruent
melting point. As a result, the ratio of Ta/Nb changes
with the changing growth temperature, which means the
impossibility of growth for KTN crystal with a constant
Ta/Nb ratio. Herein, we match the liquid-phase line and
solid-phase line and obtain the equations between equi-
librium temperature and solid-phase composition. For
the solid-phase line, we obtain the equation

T=a12®+bia?+ciz+d, (1)
where a1 = —102.4, by = 383, ¢; = —596.3, d; = 1352
and x represents the Nb concentration in KTN. For the
liquid-phase line, we obtain the equation

T = asX?® + by X + 2. X + d, (2)
where as = —132.2, by = 11.5, co = —198.5, dy = 1352
and X represents the Nb concentration in liquid solution.
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Fig. 1. Phase diagram of KTN.

Thus, the change of crystal constituent induced by the
decrease of temperature can be expressed as

Az = (dz/dx)AT. (3)
From these, we can conclude that the composition vari-
ation of a grown KTN crystal in a certain tempera-
ture region depends on the primary composition of KTN
crystal.

Generally speaking, the composition variation of a
grown KTN crystal leads to the formation of growth
striation, which is one of the major defects affecting the
properties of KTN [13]|. To overcome it, one of the meth-
ods is to grow KTN crystal, in as many melting raw mate-
rial as possible. Herein, we choose an Nb concentration of
0.37 as an example to elaborate it. Based on Egs. (1)—(3),
we can calculate a result of da/dT = 1.82 x 1073°C.
As shown in Fig. 1, the initial composition should be
X; =~ 0.68 if the crystal growth is carried out at an
equilibrium temperature. The value of equilibrium tem-
perature should be at 1180 °C, if the distribution of raw
materials in melt is homogeneous. Based on the lever
principle, we can obtain the equation in a temperature
region of T — Ts:

m(Xy—x1) = (M —m) (X2 — X1), (4)
where m is the weight of the obtained K'TN crystal, M is
the weight of raw materials, x1 is the Nb concentration
in the KTN crystals based on primitively raw material,
X, is the Nb concentration in the primitively raw ma-
terials, x5 is the Nb concentration in the KTN crystals
based on the residual raw materials and X5 is the Nb
concentration in the residual raw materials. When the
temperature region is small, we can obtain a result of
X1 — a0 = X7 —x1 = 0.31 because M > m. Thus,
Eq. (4) can be simplified as

m = M(Xy —x1)/0.31. (5)
From Eq. (2), we can calculate the result of AT/Ax =
—358.9 if X; = 0.68. We subsequently obtain another
equation through Eq. (5):

m =8.988 x 107 3M (T} — Tb). (6)
It is known that the density of KTagg3Nbg 3703 is
6.25 g/cm?. Thus, Eq. (6) can be changed to be

V =1438 x 103 M (T} — Td). (7)
From Egs. (3) and (7), we can know that the composition
variation is smaller if the weight of melting raw materials
is larger.

3. Crystal growth and characterization

KTag.63Nbg 3703 single crystals were grown by a TSSG
method. K3COg3, TasOs5, and NbyO5 with purities of
99.99% were used as raw materials in the crystal growth.
In a typical growth process, raw materials of TasO5 and
NbsOs were well according with the stoichiometric pro-
portion but the weight of KoCO3 was in excess of 10%.
The crystals were grown in a TDL-H50AC crystal-pulling
apparatus. A rectangular KTN single crystal bar with di-
mensions of 3 mm x 3 mm X 30 mm was used as the seed.
The pulling rate was kept at 0.5 mm/h, when the crystal
diameter reached a certain value. The crystal was ro-
tated at a rate of 5 rpm during growth. After the growth
was completed, the crystal was cooled to room temper-
ature at a speed of 30°C/h. High quality single crystals
of 20-30 mm in length were grown in a week’s running
time.

The as-grown KTN single was oriented firstly.
The rectangular KTN chips were cut from the shoulder,
body, and bottom of an as-grown KTN crystal and all
surfaces of the chip are normal to a crystal axis. Then,
the chips were mirror polished. The final sizes of the pol-
ished chips were 2.8 mm x 1.2 mm X 7.5 mm with the
largest faces perpendicular to the [100] direction. X-ray
diffraction (XRD) was performed on a Rigaku D/Max-
3C X-ray diffractometer with high-intensity Cu K, ra-
diation. The compositions were measured by electron
microprobe analysis. The transmittance was measured
using a Cary 50 UV-visible spectrophotometer. The di-
electric properties were measured as a function of temper-
ature using a TH2827C LCR meter. All measurements,
except the dielectric properties, were carried out at room
temperature.

4. Results and discussion

Figure 2 gives an image of a grown KTag g3Nbg.3703
single crystal. It can be seen that the crystal is color-
less and transparent, and has a prismatic shape. Some
defects, such as bubbles, nebulous inclusions, and hol-
lows will appear in the grown crystal if the growth con-
ditions are not suitable to equably grow. We found that
the sintering temperature, sintering time, pulling rate,
and rotation rate have obvious influence on the proper-
ties of crystals [1]. The results of our work suggest that
crystals having excellent properties are grown by control-
ling growth parameters. The compositions of the crystal
chips cutting from shoulder, body, and bottom were esti-
mated by electron microprobe analysis, showing that the



398

BRI

Fig. 2.
crystal.

Image of a grown KTap.63Nbg3703 single

Nb composition difference is less than 2.0 x 10~*/mm
along the growth direction. Figure 3 shows the XRD
patterns of the grown KTagg3Nbg 3703 single crystal,
which is well according with the data of JCPDs card no.
70-2011. There are no diffraction peaks corresponding
to other phase, indicating that the pure perovskite phase
is obtained. The sharp diffraction peaks demonstrate the
high crystalline of the KTag g3Nbg 3703 crystal.
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Fig. 3. XRD patterns of a grown KTag.63Nbg 3703 sin-
gle crystal.
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Fig. 4. Dielectric curves of three crystal chips cutting from shoulder, body and bottom of a grown KTag.63Nbg.3703

crystal.

The Ta/Nb composition ratio also can be estimated by
the phase transition temperature. In earlier years, Naka-
mura et al. reported the relations between the crystal
phase, temperature, and Ta/Nb composition ratio, show-
ing that the T, of KTag g3Nbg 3703 is about 17 °C [14, 15].
Figure 4 shows the dependence of dielectric constant on
temperature for three crystal samples cutting from shoul-
der, body, and bottom at the frequency of 1000 Hz.
Both dielectric curves of three crystal samples consist
of three dielectric peaks in the temperature region of (-
150)-50°C, which correspond to the four phase transi-
tions. The dielectric peak at about —78°C is induced
by the phase transition from rhombohedral phase to or-
thorhombic phase. The dielectric peak at about —40°C
is induced by the phase transition from orthorhombic
phase to tetragonal phase. The dielectric peak at about
17°C is induced by the phase transition from tetragonal
phase to cubic phase. At about 17°C, the dielectric con-
stant reaches a maximum and this dielectric peak origi-

nates from the ferroelectric—paraelectric phase transition.
It can be seen from Fig. 4 that both crystal chips have
a high dielectric constant value of more than 3.0 x 10*
and a T, value about 17°C. It is known that KTN is
a solid state solution of KTaOz and KNbOg3. The T,
value of KTN depends on the Ta/Nb ratio [14]. The
same T, values suggest the same Ta/Nb ratio and thus
indicate the homogeneity of the grown crystals. Gener-
ally speaking, the dielectric constants of lead-free per-
ovskite single crystals are usually much lower than those
of lead-based single crystals [15]. However, the dielec-
tric constant value of the grown KTag 63Nbg. 3703 crystal
is higher than that of Pb(Mg;,3Nby,3)O03-PbTiO3 fer-
roelectric [16], suggesting the potential applications of
KTN in various fields.

KTN is one of the materials having excellent electro-
optic effect. The electro-optic effect refers to a phe-
nomenon that the refractive index of a material can be
regulated by an external electric field and the Pockels and
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Fig. 5. Dependence of s11 on temperature for crystal
chip cutting from bottom of a grown KTag.63Nbg.3703
crystal.

Kerr effects are the two main electro-optic effects [17].
The Kerr effect of a material can be reflected by the Kerr
constant s;;. The values of s;; at different temperatures
have close relation with its dielectric constants, which
can be written as a formula

sij = gijeg(er — 1)2 ~ gijsgsf = gijSQ (er>1),

where ¢ is the vacuum permittivity and g;; is the g coef-
ficient [18]. The g coefficient depends on the wavelength
but does not depend on €, the frequency of the external
electric field, and temperature. The g coefficients of KTIN
are g;; = 0.136 m*/C? and g;o = —0.038 m*/C2 [19].
Figure 5 gives the dependence of s1; on temperature per-
forming on a low frequency sinusoidal voltage of 10 Hz
for crystal chip cutting from bottom. The maximal value
of s11 reaches to be 2.56 x 107 m2/V2. The high
value of s1; is induced by the homogeneity of the grown
KT&0.63Nb0.37O3 crystal.

The image (Fig. 1) of a grown KTag g3Nbg 3703 crys-
tal shows that it is transparent. Figure 6 gives the
transmittance spectra of crystal chips cutting from shoul-
der, body and bottom of a grown KTag g3Nbg 3703 crys-
tal, which shows that the three crystal chips have high
transmittance in visible light region and it is completely
opaque at about 380 nm. The complete opaqueness
suggests the band gap energy of a material. The pho-
ton energy of the near-infrared light is too low to acti-
vate electrons to move through the band gap, indicat-
ing that the energy of photon is not absorbed by the
crystal. Since the band gaps of KNbO3 and KTaOg3 are
3.14 eV and 3.42 eV, and the basic energy levels of KTN
are determined by the NbOg and TaOg groups [20, 21],
the same band gaps of three crystal chips also indi-
cate the homogeneity of the grown KTagg3Nbg 3703
crystal.

One of attractive applications of the electro-optic ef-
fect is laser modulation. Some laser beam characteris-
tics, such as intensity of laser beam, direction of propa-
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Transmittance spectra of crystal chips cut-

ting from shoulder, body and bottom of a grown

KTap.63Nbg.3703 crystal.
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Dependence of deflection angle on the external



400 Bing Liu et al.

gation, can be modulated through a crystal material hav-
ing excellent electro-optic effect. We also investigated
the laser modulation of KTN using a KTag g3Nbg 3703
crystal chip cutting from the bottom by the experimen-
tal setup shown in Fig. 7. The maximum values of the
external electric field are £1200 V. The experiments were
carried at 20°C, which is about 3°C higher than the
T. of KTagg3Nbg 3703 crystal. At this temperature,
KTag 63Nbg 3703 is in the cubic phase and the lowest
electro-optic effect is the quadratic Kerr effect. Figure 8
shows the dependence of deflection angle on the exter-
nal electric field. The deflection angle increases with the
increasing external electric field and there is no change
of deflection direction if we reverse the external elec-
tric field direction. Hence, we can control the beam de-
flection angle by controlling the external electric field.
The maximum deflection angle of electro-optical deflec-
tors based on KTN single crystal is smaller than those of
mirror based deflectors. However, the angular accuracy
of electro-optical deflectors based on KTN single crys-
tal is higher than those of mirror based deflectors and
the random-access response time is smaller [22]. This
indicates the wide potentials of applications of KTN in
deflectors.

5. Conclusion

We have grown highly homogeneous KTag 3Nbg. 3703
single crystals by a TSSG method, which is demon-
strated by the dielectric property of three crystal sam-
ples. The dependence of dielectric constant on temper-
ature indicates that crystal samples cutting from the
shoulder, body, and bottom both have a T, value of
17°C, which suggests the homogeneity of the grown
crystals. The maximal value of s1; reaches to be
2.56 x 1071* m?/V?2, meaning an excellent Kerr effect
of the KTag g3Nbg 3703 single crystal. Laser modu-
lation is obtained through a KTag g3Nbg 3703 crystal
chip by controlling the external electric field. The per-
formance of deflector based on KTN crystal leads to
its positive application in fields of imaging, sensing,
and telecommunication.
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