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1. Introduction
Potassium tantalate, KTaO3, is a member of 

the family of all-inorganic perovskite dielectrics 
that exhibit a variety of properties suitable for 
various applications. In particular, KTaO3 has 
a unique combination of characteristics that 
are of both fundamental and practical interest.

In terms of electrical properties, the mate-
rial, on the one hand, is an perfect insulator 
due to its high permittivity values ​​[1]; on the 

other hand, KTaO3 exhibits rather intrigu-
ing behavior of incipient ferroelectric, which, 
when cooled to low temperatures, never reach-
es a phase transition and retains paraelectric 
properties (the so-called quantum paraelectric 
behavior) [2]. Due to these specific electric fea-
tures, KTaO3 is believed to be a promising ma-
terial to creating voltage-tunable microwave 
devices for low-loss tunable filters [3], field-ef-
fect transistors [4], etc. Recently, the discovery 
of superconductivity in the electron gas formed 

Modified top-seeding solution growing  
of KTaO3

G.Yu. Rudko, T.V. Sonko,  O.Y. Gudymenko,O.M. Hreshchuk,  
I.P. Vorona, V.M. Dzhagan, V.O. Yukhymchuk

V. Lashkaryov Institute of Semiconductor Physics, NAS of Ukraine,  
Kyiv, Ukraine

Received July 18, 2025

The setup for growing single-crystal high-melting-point oxides using top-seeded solution 
growth method was modified to provide controlled regulation of the crucible bottom tempera-
ture. The modified setup was used for growing bulk KTaO3 single crystals, a material with a 
unique combination of high dielectric constant and other properties in demand in various fields 
including electronic and optical industries as well as the development of highly sensitive and 
compact radio-spectroscopic instruments. The quality of KTaO3 single crystals grown in the mod-
ified setup was analyzed by several methods, and high crystallinity and purity of the samples 
were demonstrated.  

Keywords: Potassium tantalite, modified growth procedure, incipient ferroelectric, lattice 
dynamics, crystallinity, purity.

Модифікований метод вирощування KTaO3 із розплаву з використанням 
верхньої затравки. Г.Ю. Рудько, Т.В. Сонько, О.Й. Гудименко, О.М. Грещук, І.П. Ворона, 
В.М. Джаган, В.О. Юхимчук

Установка для вирощування монокристалічних оксидів з високими температурами 
плавлення була модифікована з метою забезпечити можливість контролю температури 
дна тигля. В цій модифікованій  установці з використанням верхньої затравки були 
вирощені монокристали оксиду KTaO3, який  характеризується дуже високим значенням 
діелектричної сталої, що, в комбінації     з  іншими    унікальними властивостями, робить 
цей матеріал актуальним для застосувань в багатьох областях, включаючи оптичну та 
електронну промисловості, зокрема,  для виготовлення високочутливих і компактних 
радіоспектроскопічних приладів. Якість вирощених за допомогою модифікованої 
установки монокристалів KTaO3, була протестована з використанням серії методик, і була 
продемонстрована висока ступінь кристалічності і чистоти вирощених монокристалів.



Functional materials,  32,  4,  2025	 651

G.Yu. Rudko et al. / Modified top-seeding solution growing of KTaO3

at the interface between crystalline KTaO3 and 
an insulating overlayer [5] caused a new wave 
of research interest in KTaO3. 

Regarding optical properties, it should be 
noted that KTaO3 meets various standards of 
the optical industry. It has a refractive index 
of 2.381 at 405 nm and a transparency window 
from 345 to 3000 nm [6]. In terms of process-
ability, single crystalline potassium tantalite is 
resistant to cleavage and its hardness is almost 
isotropic; therefore, it can be processed almost 
in the same way as homogeneous isotropic 
materials (e.g., optical glass). In view of these 
advantages, bulk KTaO3 has been used for the 
production of solid immersion lenses with a 
high numerical aperture for near-field optical 
disk systems [7], and, as a component of a solid 
solution, for electro-optic beam scanners [8, 9]. 
Also, bulk single crystals are used to produce 
laser modulators, and digital deflectors [10, 11]. 
Moreover, KTaO3 possesses a large absorption 
coefficient in the UV range, which can ensure 
high photosensitivity. 

Another important area of ​​application of 
bulk KTaO3 crystals is related to the production 
of dielectric resonators for radio-spectroscopic 
measurements. Since the pioneering work [12], 
where KTaO3 ferroelectric resonator was used 
in EPR spectrometer and a 10-fold improve-
ment in the signal-to-noise ratio was achieved, 
the idea has been repeatedly addressed by 
radio-spectroscopists (see, e.g. [13, 14]). To 
achieve high functional characteristics of these 
resonators, the crucial issue is the quality of 
single crystals. 

Thus, in view of the numerous applications 
of KTaO3, the growth of high-quality single 
crystals is of continuing interest; existing tech-
niques for growing this material are constantly 
being improved, and new ones are emerging. 

At present, two groups of methods for grow-
ing bulk KTaO3 single crystals are predomi-
nantly used. The methods related to the first 
group imply pulling an ingot out of a melt.  
Representatives of this group include modified 
Czochralski and Kyropolis methods, as well as 
top-seeding solution growth [15–19]. The meth-
ods of the other group are based on spontaneous 
crystallization from a melted solution [20, 21].

The method of top-seeding solution growth 
(TSSG) is used more frequently than other tech-
niques and provides larger single crystals. This 
method can be described as a combination of 
the Czochralski technique with the procedure of 
growing from a melted solution. The procedure 

of TSSG was developed for the special case of 
growing single crystals of substances with very 
high melting temperatures; the main idea is to 
growing at temperatures lower than the melt-
ing point of the targeted crystal. To downshift 
the growth temperature, the crystals are grown 
not from the melt of the targeted material itself 
(like in Czochralski method) but from a molten 
solution of this material; e.g., in our case, when 
the targeted material is KTaO3, the solvent is 
K2O. To obtain high-quality single crystals us-
ing the TSSG method, special attention must 
be paid to the requirements imposed on this 
method. These include: the correct selection 
of the composition of the molten solution, con-
trol of the temperature distribution inside the 
furnace, and maintaining proper convection 
streams in the molten solution inside the cruci-
ble. Other growth details, such as optimization 
of the pulling rate, correct choice of size, shape 
and orientation of the seed crystal face, etc., are 
common for all Czochralski-related methods 
and must also be carefully considered. In view 
of the above, the improvement of TSSG method 
is constantly in progress and, despite consider-
able achievements, there is still a vast field of 
options for the optimization of the technique.

The goal of the present paper is to introduce 
improvements beyond the present status of the 
top-seeded solution-growth method; for this 
purpose, we modify the growth setup aiming to 
reduce temperature gradients within the cru-
cible. The modified setup is tested by growing 
KTaO3 single crystals and confirming their high 
quality through careful characterization using 
several methods.

2. Experimental results 

2.1. Procedure for growing bulk KTaO3 
KTaO3 single crystals were grown by a modi-

fied TSSG method in ambient atmosphere. The 
feed material for growth was a two-component 
melt-solution system K2O-KTaO3, where K2O is 
the solvent. The crystal growing setup used for 
growing KTaO3 is shown schematically in Fig. 1, 
a,b. The heating of the melt solution is provided 
by radio-frequency heaters (the inductor). The 
platinum crucible is placed inside the inductor 
and mounted on the alumina tube which can 
withstand temperatures up to 1500 °С. Radio-
frequency currents in the heater induce the 
currents in the conductive crucible and thus 
heat the crucible while inside the crucible the 
melt-solution is heated via thermal conductiv-
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ity processes. Therefore, the temperature of the 
walls of the platinum crucible is higher than 
the temperature in the central parts of the cru-
cible; besides, the temperature of the walls is 
higher than the temperature of the crucible 
bottom, see Fig. 1, a.   

To ensure more homogeneous heating of the 
solution-melt inside the crucible, we applied 
additional heating of the crucible bottom. To 
tune the temperature of the crucible bottom, a 
ferrite bar was used, which was inserted into 
the inductor, as shown in Fig. 1, b. The posi-
tion of this ferrite bar is adjustable, it can be 
easily moved vertically along the setup axis 
and fixed in the selected position. The ferrite 
bar is enveloped by a system of quartz tubes for 
water-cooling during the growth (not shown in 
Fig. 1  a, b).   

When introduced into the radio-frequency-
powered inductor, the ferrite bar concentrates 
the magnetic field lines and, consequently, in-
duces extra currents in the conducting bottom 
of the crucible. As a result, the bottom is heat-
ed additionally. To optimise the temperature 
of the bottom, we shift the ferrite bar upward 
until the bottom of the crucible is as hot as its 
walls. 

Controllable heating of the crucible bottom 
provides many advantages. Firstly, due to this 
modification of the growing setup, we avoid 
spontaneous nucleation of seeds at the bottom 
of the crucible which can lead to the growth of 

“stray” KTaO3 crystals. Obviously, the forma-
tion of extra seeds is undesirable merely in 
view of material waste considerations. Beside 
wasting the source material, growth of “stray” 
crystals can have even more serious conse-
quences. Indeed, when “stray” crystals that 
emerge at the bottom become sufficiently large, 
the growth procedure can be spoiled completely 
because these unwantable crystals can inter-
connect with the high-quality ingot that grows 
from the top seed. An additional advantage 
of the controllable heating of the crucible bot-
tom is the reduction of temperature gradients, 
which in turn  leads to a decrease in thermal 
stresses and plastic deformations in the grow-
ing ingots [22]. 

 The modified setup shown in Fig. 1 was 
used for growing KTaO3 single crystals. The 
starting materials for loading the crucible were 
K2CO3 and Ta2O5 in a non-stoichiometric ratio. 
The growing procedure took place in two steps. 
The first step was the synthesis of the feed ma-
terial for growth. The melt-solution had a non-
stoichiometric composition. Considering that 
K2CO3 is more volatile than Ta2O5 we adjusted 
the ratio of the components. We started with 
the ratio of K:Ta of about 1.5 which is known 
to be the preferable option for spontaneous 
crystallization growth mode [23]. It was shown 
experimentally that the optimal coefficient of 
excess potassium in the starting melt-solution 
for our growth method is 1.46. If the K:Ta ra-

Fig. 1. Schematic cross-section of the modified crystal-growing setup. 1 – crystal seed that is mounted on a 
moveable pull rod 2; 3 – crucible; 4 – inductor (radio-frequency heater); 5 – ferrite bar. a) – without ferrite 
bar; b) ferrite bar is partially introduced into the inductor. Changes in the color filling of the crucible in 
Fig. 1, b reflect the increasing temperature of the melt-solution in the lower part of the crucible.
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tio is higher than 1.46, the crystals are opaque, 
while too much Ta results in a large number of 
dislocations in the crystals.

Growth occurrs by pulling the seed from the 
feed K2O-KTaO3 material discussed above. This 
melt-solution is a low-viscosity liquid that is 
stable against   supercooling. The latter prop-
erty is favorable for growing good crystals since 
minor random changes in temperature do not 
lead to the formation of new crystallization 
centers in the melt-solution inside the crucible. 
The best quality of single crystals is achieved 
when the pulling is done without rotating the 
rod with the attached seed. The pulling speed 
was varied from 0.5 to 2 mm/hour. The rate of 
the melt-solution cooling during the growth 
was 3–10 о/hour.

After completion of ingot growth, the tem-
perature and pulling speed were increased to 
safely extract the crystals from the melt-so-
lution. The whole pulling and cooling process 
lasted for 8–10 hours. The sizes of the crystals 
grown by our modified technique varied from 
(3x3x3) mm3 to (10x8x7) mm3. The photo of 
KTaO3 single crystal grown by the above proce-
dure is shown in the inset in Fig. 2. 

2.2. XRD characterization of KTaO3 
The obtained KTaO3 crystals were exam-

ined by X-ray diffraction (XRD) to characterize 
the crystal structure and quality. XRD experi-
ments were carried out using a Philips X’Pert 
PRO – MRD diffractometer equipped with a 
CuKα radiation source (wavelength λ = 0.15406 
nm). The anode voltage of the tube was 45 kV, 
current 40 mA. Diffraction patterns were regis-
tered in the symmetric (2θ/ω) geometry employ-
ing either standard or high-resolution mode. 

The scanning step was 0.025 degrees, time of 
data acquisition at each point was 1 second.

The diffraction pattern of the powder sam-
ple exhibits all reflections of cubic KTaO3 (PDF 
# 010-77–1133) with the lattice parameter a = 
3.9883 Å (black curve (2), Fig. 2). The diffrac-
tion pattern of the bulk sample shows only 
(100), (200), (300) and (400) peaks. The half 
widths and positions of the peaks (100), (200), 
(300) and (400) were analyzed by Williamson-
Hall method [26, 27]. The estimated values 
of the average coherence length (D) and mi-
crostrains (ε) were ~30.6 nm and 0.12%, respec-
tively. We have also done additional scanning 
in the high-resolution mode in the direction 
perpendicular to the diffraction vector (ω-scan-
ning, see. Fig.3). For this purpose a quadruple 
Ge(220) monochromator and a double Ge(220) 
analyzer were used. Based on the half-width 
of the (100) reflection, the average disloca-
tion density was obtained. It does not exceed  
1.3×105 cm–2.  Thus, both normal and high-
resolution XRD measurements show that our 
crystals are of high integrity and good quality.

2.3. Lattice dynamics features of single 
crystalline KTaO3

Traditional crystallographic studies were 
supplemented by optical characterization. 
To get the insight into the lattice dynamics 
and symmetry, the samples of KTaO3 grown 
by the modified TSSG method were explored 
by Raman spectroscopy. The measurements 
were carried out in the frequency range of  
10-800  cm–1 using a single-stage spectrometer 
MDR-23 (LOMO) equipped with a cooled CCD 
detector (Andor iDus 401, UK). Raman spectra 
were excited with a 532 nm solid-state laser. 
The laser power density on the samples was 

Fig. 2. Diffraction pattern of the non-oriented 
bulk (1) and powdered (2) KTaO3 samples. In-
set: the photo of the bulk single crystal of KTaO3 
grown by the modified TSSG  method and the 
plate cut from this ingot; schematic representa-
tion of KTaO3 unit cell.

Fig. 3. Diffraction peak of the oriented to the 
(100) plane KTaO3 sample measured in the high-
resolution mode. The inset of this figure shows 
the EPR spectrum of the grown KTaO3 sample.
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less than 103 W/cm2 to preclude any thermal 
or photoinduced modification of the samples. A 
spectral resolution of 4 cm–1 was determined 
from the Si phonon peak width of a single crys-
tal Si substrate. The position of the Si phonon 
peak at 520.5 cm–1 was used as a reference for 
determining the position of the peaks in the 
Raman spectra.  

Fig. 4 shows Raman scattering spectra mea-
sured in different points on the surface (crys-
tal growth plane) of the grown KTaO3 single 
crystal. When analyzing Raman spectra, it 
should be taken into account that KTaO3 is a 
cubic crystal (see the crystal cell in the inset 
of Fig. 2) with one formula unit per unit cell of 
the lattice. Each ion in the lattice is located at 
a point of inversion symmetry. Consequently, 
there are 15 degrees of freedom for vibrations 
including 3 acoustic (F1u) and 12 optical (3F1u 
+ F2u) modes [24]. At the same time, since sin-
gle-crystalline KTaO3 has an inversion center, 
only two-phonon processes must be Raman ac-
tive. Accordingly, all Raman features observed 
in the spectra (Fig. 4) must be of exclusively 
second-order nature. They must originate pre-
dominantly from the Brillouin zone boundary 
where the combined density of states tends to 
be very large. In full agreement with symmetry 
considerations and known selection rules for 
the cubic perovskite structure, no first-order 
Raman features are seen in Fig. 4. The pre-
dominant structural features of the spectrum 
can be interpreted in accordance with [25] as 
being due to a combination of phonons and 
overtones between transverse modes. The fea-
tures in all spectra in Fig. 4 are observed at 
271, 462, 587, 692 cm–1. These peaks can be 

ascribed to the following combinations of pho-
nons: TO1+TA, TO2+TA, TO4-TA, TO4+TA and 
TO4+TO1, respectively. Note, that the values of 
TO1 = 162  cm–1 and TO2 = 211 cm–1 obtained 
from Raman studies are in reasonable agree-
ment with the neutron-diffraction data [15].

As can be seen from Fig. 4, the obtained 
spectra are almost identical: the frequency 
positions of the bands and their half-widths 
practically coincide. These observations indi-
cate that the grown sample is characterized by  
uniformity of both component composition 
and crystalline perfection. The latter is also 
evidenced by a very weak Rayleigh scattering, 
which allowed recording the Raman spectra 
starting with 10  cm–1.

2.3. Detection of paramagnetic centers
To further analyze the quality of the samples 

grown by the modified TSSG method, namely, 
to find out whether local structural defects and 
impurities are present in these samples, we 
conducted EPR experiments. This method pro-
vides reliable information about paramagnetic 
centers (either impurity-related or intrinsic) in 
the lattice. EPR measurements were carried 
out using an X band EPR spectrometer “Radio-
pan”. The sensitivity of the method for center 
detection was about 10–12 spins. As it is seen 
from the inset in Fig. 3, no EPR sygnals were 
observed. Thus, within the limits of experimen-
tal error, we can state that concentration of 
paramgnetic centers in our samples is less than 
~ 5 x 10–12 spins per cm3 which is an encourag-
ing result for using our crystals for fabrication 
of dielectric resonators.

3. Conclusions
The procedure of top-seeded solution growth 

was modified by adding the option of tunable 
heating of the crucible bottom. By adding this 
factor of control we were able to reduce tempera-
ture gradients inside the crucible and suppress 
the spontaneous formation of unwanted seeds 
at the bottom of the crucible. The modified set-
up was implemented to grow bulk single crys-
talline potassium tantalate. The crystals were 
studied by XRD, Raman, and magnetic reso-
nance spectroscopy methods, and the high crys-
tal quality and purity of the samples were prov-
en; thus, the crystals grown using the improved 
growth setup have broad application prospects.  

Fig. 4.  Raman scattering spectra of KTaO3 regis-
tered at different points on the surface. The ex-
citing light wavelength is 532 nm. Dashed lines 
show the maxima of the most intense bands in 
the Raman spectra.
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