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The influence of technological growth conditions on the formation of defects and color
centers in CagRE,(BO;), (RE-Y, Gd) crystals is investigated. According to the study of the
optical properties and chemical analysis data the role of boron vacancy in the formation of

color centers is determined.
Keywords: binary borate, color center.

Hccnemopano BiMsHNE TeXHOJOIMYECKUX YCIOBUU BhIpallnBaHus Ha obpasoBanue gedex-
TOB U IeHTPOB oKpacKu B Kpucramnax CazRE,(BO;), (RE-Y, Gd). Cornacuo mamEBIM mCCIe-
JOBAHUA ONTUYECKUX CBOWCTB M JAHHBIM XUMUUECKOT'O aHaJM3a, OoIpe/eseHa Pojb BaKaHCHT

Gopa B popMUPOBAHUU IEHTPOB OKPACKU.

Bnane ymMoR BHUPOIIYEAHHS Ha CKJAQJ i BJIACTHBOCTI JazepHUX KPHUCTAJIB OopaTis.
B.M.Baywmep, JI.B.I'y0senrxo, M.B.Kocmuna, O.M.Illexosyos.

Hocaigkeno BIJAUB TeXHOJOTIUHUX YMOB BUPOIIYBAHHSA Ha yTBOpeHHA ngedekrTiB i
nentpis sabapsrerHsa y kpucranax CazRE,(BOj), (RE-Y, Gd). 3rigmo s nammmu gocaimxen-
HA OINTUYHMUX BJACTHUBOCTEN i mammmm xXximiuHoro amasisy, BM3HAUEHO POJIb BaKaHCiii Gopy y

¢dopMyBaHHI IIeHTPiB 3abapBieHHA.

1. Introduction

The Czochralski method is one of tech-
nologies widely used in industrial produc-
tion of large single crystals of good optical
quality for many applications such as la-
sers, non-linear optics, scintillators and oth-
ers [1]. The main criteria in choice of crys-
tals for the successful growth by the Czo-
chralski method are congruent melting of
compounds and the absence of phase trans-
formation. The principal problems to be
solved at crystal growth are determination
of typical defects for the crystal and correc-
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tion of crystal growth technology to prevent
defect formation. Defects as impurity phase
inclusions, inhomogeneous composition,
macro scale defects (crystal cracking, gas
bubbles) will limit the use of a crystal
ingot.

For the first time information about the
growth of binary orthoborates CazRE,(BO3),
(RE-Y, Gd) crystals by the Czochralski
method was reported in [2]. Later a number
of papers there appeared where spectral-ki-
netic properties of CazRE,(BOj3), (RE-Y,
Gd) crystals doped by Nd, Yb, Er were stud-
ied [3—6]. The lasing operation under flash
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lamp and laser (diode laser and Ti:sapphire
laser) pumping were also demonstrated for
different regimes [4, 7-10]. The lasers
based on these crystals were shown to be
promising for many scientific tasks and prac-
tical use.

But there remain certain problems to be
solved for successful application of
CazRE,(BO3), (RE-Y, Gd) crystals. The
authors of [11] have pointed out the typical
defects of the crystals. A stria appeared in
the central part of the crystals during the
crystal growth and increased in size. The
output of the stria free ingot was about
50 %. The excess boron additive did not
affect the crystal quality. The authors as-
sumed that this problem was connected to
boron evaporation and the stoichiometric
composition of the crystals does not melt
congruently [11].

The authors of [11] have also reported
poor quality of CazY,(BOj3), crystals because
of precipitates distributed in the major part
of the crystal bulk. Post growth annealing
did not improve the optical quality and led
to the crystal destruction. Moreover, the
formation of CaYBO, phase was revealed at
the surface of the Czochralski grown
CazY,(BO3), crystal. The authors supposed
that it could be due to either thermal de-
composition of the compound, or to the fact
that congruent composition was not the
stoichiometric one. But the data of differen-
tial thermal analysis did not confirm incon-
gruent melting of the compound [12].

For these reasons this work is devoted to
description of the crystal growth condi-
tions, characterization of the chemical com-
positions, as well as of the study of colour
centres in pure CasRE,(BOj3), (RE =Y, Gd)
crystals.

2. Experimental

To synthesize the CajRE,(BOj), charge
the CaCO; (99.99 %), RE,O3 (99.99 %)
(RE=Y, Gd) and B,O; (99.95 %) com-
pounds were used. The stoichiometric mix-
ture of the initial reagents was placed into
a platinum crucible and solid state synthesis
was carried out according to the reaction:

3C3C03 + 28203 + RE203 -
— CagREy(BO3), + 3CO,T(RE = Y,Gd).

The obtained material was finely ground.
The produced CazRE,(BOj), charge was
ground and placed in another crucible for
crystal growth. Pure CazRE;(BOj3), crystals
were grown by the Czochralski method
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Fig. 1. CagRE,(BOj), (RE =Y, Gd) crystals: a
— CazY,(BO;), crystal grown in argon from
Ir crucible; b — CazGd,(BO3), crystal grown
in air from Pt crucible.

using an automated and equipped with a
weight control system "Analog” puller. The
growth processes was carried out in inert
(argon) and oxygen containing (air) atmos-
pheres. Ir and Pt crucibles were used for
argon and air atmospheres, respectively.
The pulling and rotation rates were 1-—
3 mm/h and 20-30 rpm, respectively. The
crystals were grown along the crystal-
lographic axis [001] (Fig. 1).

The crystals investigated in the present
study were grown under the same condi-
tions, i.e. at fixed temperature gradient, ro-
tation speed and pulling rate.

To determine the basic host elements of
CazRE,(BO3), borates the special methods
were developed. The single crystals were
dissolved in a mixture of nitric and hydro-
chloric acids. For determination of the rare
earth elements (Y or Gd) and the calcium
concentrations, the complexometric method
was used [13]. For CaszY,(BO3), crystal the
yttrium concentration was determined by
means of ethylenediamine acetic acid so-
dium salt (EDTA) titration in urotropin me-
dium containing xylenol orange indicator at
5.6—5.6 pH. In the aliquot part of the solu-
tion the aggregated concentration of yttrium
and calcium was determined using back titra-
tion of EDTA excess by zinc sulphate in am-
monium chloride buffered medium at pH 10.
The calcium content was calculated as the
difference between the aggregated concen-
tration and the Y concentration. For
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Fig. 2. Transmittance spectra of the Ca;RE,(BO;), (RE =Y, Gd) crystals grown in air (curve 1) and
argon (curve 2): a — CazY,(BO,),, b — CazGdy(BO,),.

CazGdy(BO3), crystals the calcium concen-
tration was determined by means of 1-
phenyl-3-methyl-4-benzoyl-5-pyrazolone ex-
traction. Boron was determined by means of
the alkalimetric method. Yttrium and gad-
olinium were masked by the addition of
EDTA. EDTA concentration was equimolar
to the stoichiometric concentration of yt-
trium or gadolinium. There was performed
titration of boric glycerol acid with phenol-
phthalein indicator.

The Bragg-Brentano powder diffractome-
ter (SIEMENS D-500) equipped with Cu
tube was used for the investigation of X-ray
diffraction in the crystals. The X-ray phase
analysis was performed by Rietveld method
using the program “Full Prof”.

Optical absorption spectra were measured
before and after irradiation using a "Perkin
Elmer”™ spectrophotometer in the 200-
1100 nm range. For irradiation X-ray
source was used, the dose was 3000 R. The
delay time after irradiation did not exceed
15 min. The induced absorption coefficient
was calculated as AK = (D,;,, — D)/h, where
D;,. and D are the optical densities after
and before irradiation, respectively, & is the
sample thickness.

3. Results and discussion

The transmission spectra of CazY,(BOs),
crystals grown in different atmospheres are
presented in Fig. 2a. The fundamental band
absorption edge for both CasY,(BO3), crys-
tals is the same (210 nm). The CasY,(BO3),
crystal grown in oxygen-containing atmos-
phere demonstrates the additive absorption
in the range of 240-340 nm.

The same situation has been observed for
CazGdy(BO3), crystals (Fig. 2b). The funda-
mental band absorption edge for both
CazGdy(BO3), crystals is the same (220 nm),
but the transmittance for CazGd,(BOj),
crystal grown in air is worse. The additive
absorption in the range of 240-380 nm re-
gion is observed for both crystals, but for
CazGdy(BO3), crystal grown in air the addi-
tive absorption is more intensive.

Since the colour centres are formed more
effectively in the crystals where the compo-
sition deviates from the stoichiometric one,
the chemical analysis of the grown crystals
has been done.

For both CasY,(BOj), crystals grown in
inert and air atmospheres the boron deficit
was established (Table 1). Pronounced boron
deficit was detected for CazY,(BOj3), crystal

Table 1. Concentrations of host elements for CazRE,(BO,), (RE-Y, Gd) crystals

Crystal Host element concentrations, wt %
RE Ca B
Ca,Y,(BO;), Stoichiometry 33.3 22.5 8.1
Argon 33.340.1 22.340.1 7.9140.1
Air 33.410.1 22.240.1 7.610.1
Ca;Gd,(BO,3), Stoichiometry 46.9 17.9 6.5
Argon 45.340.1 18.5+0.1 6.240.1

548

Functional materials, 23, 4, 2016



V.N.Baumer et al. / Influence of growth conditions ...

C., wt.%
B

©

o
T ] T
-
-
b [ ] i
[ ]
b ] 1
—a—
-
-
-

7’5 1 ! 1 1 L 1 ! 1 ! 1 |

L, cm

Fig. 3. Distribution of boron along the
Ca,zY,(BOy), crystal. The solid line corresponds
to the stoichiometric boron concentration.

grown in air. The small calcium deficit was
observed for both CasY,(BOj), crystals, too.
For CazY,(BOj3), crystal the Ca/Gd balance
deviates from the stoichiometric composi-
tion toward calcium excess and gadolinium
deficit. The boron concentration for
CazY,(BOj3), crystal is lower than the
stoichiometric one (Table 1).

It may be concluded that the additive
absorption in the range of 240-380 nm is
caused by the color centers based on boron
vacancies. Moreover, higher concentrations
of the boron vacancies are observed in the
crystals grown in air. This effect may be due
more intensive boron evaporation in the acid
containing medium (air atmosphere) [14].

According to the hypothesis of the
authors, one of the causes for the formation
of striae and opaque areas in the crystals
was the deviation from the stoichiometric
composition due to evaporation of boron.
The analysis of the host element concentra-
tion for the CasY,(BOj), crystal with the
length of 90 mm showed the following re-
sults. In the upper part of the crystal the
deviation from the stoichiometric ratio of
CalY was no more 5 %, in the bottom part
of the crystal — 9 %. At the same time, the
boron concentration was constant along the
crystal (Fig. 3).

Thus, the cause of a poor optical quality
of CazRE,(BO3), (RE =Y, Gd) crystals may
be connected with the use of the charge
where the formation of the CazRE,(BOs),
(RE =Y, Gd) phases is not completed. We
have observed the defects reported by the
authors [11] when the charge synthesized
according to the conditions described in
[11, 12] was used.
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For example, the wuse of such
CazY,(BO3), charge led to crystallization of
intermediate phases with a higher melting
temperature. The formation of striae and
opaque part in the bulk of the crystal was
observed for CasY,(BOj3), crystal due to
crystallization of YBO; and CaYBQO, phases
in the core of cylindrical part [15]. The
REBO; (RE-La, Sm, Eu, Yb, Lu) orthobo-
rates were detected as intermediate phases
at solid state synthesis of CazRE,(BOj),
(RE-La, Sm, Eu, Yb, Lu) borates. Moreover,
after post growth annealing in air the hex-
agonal REBO3; (RE =Y, Gd) and amorphous
Ca(BO,), phases were detected on the crys-
tal surface for CazRE,(BOj3), (RE =Y, Gd)
crystals with maximum boron deficit.

The problem of the charge synthesis was
solved by means of long-term thermal treat-
ment of the reagent mixture at different
temperatures taken from [16]. Using the
charge containing 95-97 wt % of the
CazY,(BO3), phase, the single crystals with
the volume 60-70 % of the melt volume
were grown (Fig. 1). According to the X-ray
diffraction data, CazRE,(BOj3), (RE=Y,
Gd) crystals were free of impurity phases.
The losses of the melt during the growth of
CazRE,(BO3), (RE =Y, Gd) crystal were less
than 1 wt %.

The induced colour centre formation af-
fects negatively the functional -charac-
teristics of active lasing elements, reduces
the lifetime of devices. The efficiency of the
induced colour centre formation in crystals
depends on many factors such as the chosen
growth technique and growth conditions,
impurities, peculiarities of the crystal
structure, etc, for example [17].

Pure CajRE;(BOj3), (RE-Y, Gd) crystals
are getting colouring effectively after X-ray
irradiation. The induced absorption coeffi-
cients AK for the Ca3RE2(BO3)4 (RE—Y, Gd)
crystals are presented in Fig. 4. For both
crystals the induced absorption peak is the
superposition of elementary peaks and the
maximums of induced absorption being lo-
cated at 440 and 400 nm, respectively. The
Gauss decomposition was done and the best
fitting was obtained at the decomposition
into three Gaussians for both crystals. Each
Gaussian can be assigned to one kind of
induced colour centre. But Gaussian could
also originate from two or more centres.

Bleaching of the crystals started at
120°C and after annealing at 180°C the op-
tical transmission regained to the initial
values. The TSL signal was not observed for
both undoped CazRE,(BOj3), (RE-Y, Gd)
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Fig. 4. The induced absorption coefficients AK for the crystals grown in argon: a — CagY,(BOj),,

b — CayGdy(BO,),-

Table 2. Concentration of boron vacancies in CagRE,(BO;), (RE-Y, Gd) crystals grown in argon

Crystal Ca,Y,(BOj), Ca;Gd,(BO,),
Concentration of boron vacancies Vp, em™3 4.17-1020 7.4.1020
crystals in 200-750 nm spectral and 50— than the one for CaszY,(BOj3), crystal.

400°C temperature ranges.

It should be noted that the induced ab-
sorption coefficient AK for the
CazGd,y(BO3), crystal (Fig. 4b) is approxi-
mately twice as high as the one for
CazY,(BOj3), crystal (Fig. 4a) at the same
dose. This correlates well with the higher
concentration of boron vacancies in
CazGdy(BO3), crystal in comparison with
CazY,(BO3), crystal (Table 2). Thought the
positions of maxima of induced absorption
for both crystals are close, the positions of
Gaussian bands are different (Fig. 4).
Therefore we can consider that the origin of
induced colour centres in CazRE,(BOj),
(RE-Y, Gd) crystals is the same and is in-
volved with the boron vacancies.

4. Conclusions

The formation of defects (striae and im-
purity phases) in the CazRE,(BOj3), (RE-Y,
Gd) crystals is caused by the use of the
charge where the synthesis of CazRE,(BO3),
(RE-Y, Gd) compounds is not complete. It is
established that the chemical composition of
CazRE,(BOj), crystals deviates from the
stoichiometric one. For Ca3Y,(BOj), crystal
a small deficit of calcium and boron is ob-
served. For CazGd,(BO3), crystal the Ca/Gd
balance deviates from the stoichiometric
composition toward calcium excess and gad-
olinium deficit. The boron deficit is higher
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CazRE,(BO3), (RE-Y, Gd) crystals grown in
air are characterized by the higher boron
deficit and worse optical transmittance in
comparison with those for the crystals
grown in argon. The assumption has been
done that the origin of induced colour cen-
tres in CazRE,(BO3), (RE-Y, Gd) crystals is
involved with the boron vacancies.

References

1. M.B.Kosmyna, B.P.Nazarenko, V.M.Puzikov
et al., Acta Phys. Polonica A., 123, 305
(2013).

2. B.V.Mill, A.M.Tkachuk, G.I.Ershova et al.,
Opt. and Spectr., 81, 226 (1996).

3. B.V.Mill, A.M.Tkachuk, E.L.Belokoneva et
al., J. Alloys and Comp., 275—277, 291 (1998).

4. P.-H.Haumesser, R.Gaume, B.Viana, D.Vivien,
J.Opt. Soc. Am. B, 19(10), 2365 (2002).

5. Bo Wei, Zushu Hu, Zhoubin Lin, Lizhen
Zhang, Guofu Wang, J. Cryst. Growth, 273,
190 (2004).

6. Yan Wang, Chaoyang Tu, Zhenyu You et al.,
J. Modern Opt., 53(8), 1141 (2006).

7. Alain Brenier, Chaoyang Tu, Yan Wang et al.,
J. Appl. Phys., 104, 013102-5 (2008).

8. Yuexia Ji, Yan Wang, Jiafeng Cao et al., <.
Alloys and Comp., 509, 9753 (2011).

9. Zhongben Pan, Jie Ma, Honghao Xu et al.,
RSC Advances, 5, 44137 (2012).

M.B. Kosmyna, B.P. Nazarenko, I.0. Rad-
chenko, A.N. Shekhovtsov. Functional Mate-
rials, 22, 446 (2015).

10.

Functional materials, 23, 4, 2016



V.N.Baumer et al. / Influence of growth conditions ...

11.

12.

13.

14.

B.V.Mill, A.M.Tkachuk, E.L.Belokoneva et
al., Opt. and Spectr., 84, 74 (1998).
Paul-Henri Haumesser, Romain Gaume, Jean-
Marie Benitez et al., J. Cryst. Growth, 233,
233 (2001).
G.Schwarzenbach,
plexometrische Titration,
Verlag, Stuttgart (1965).
A.A.Nemodruk, Z.K.Karalova, Analytical
Chemistry of Boron, Nauka, Moscow (1964)
[in Russian].

H.Flaschka, Die kom-
Ferdinand Enke

Functional materials, 23, 4, 2016

15.

V.N. Baumer, M.B.Kosmyna, B.P.Nazarenko
et al., Proc. Intern. Conf. on Oxide Materials
for Electronic Engineering (OMEE-2014),
Lviv, Ukraine (2014), p.145.

16. A.N.Shekhovtsov, A.V.Tolmachev, M.F.Dubovik

17.

et al., J.Cryst. Growth, 242, 167 (2002).
V.N.Baumer, M.F.Dubovik, B.V.Grinyov et al.,
Radiat. Meas., 38, 359 (2004).

551



