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Yttrium-aluminum garnet crystals doped by samarium ions (YAG:Sm) were grown by the
method of horizontal directional crystallization in molybdenum crucible in reducing carbon-
containing medium Ar+(CO, H,). Studied were the content and distribution of Sm3* jons, the
spectral, structural characteristics and the main types of defects of these single crystals. There
was shown the possibility to obtain YAG:Sm crystals of optical quality with the concentration
of samarium ions up to 7. 4 at. %, as well as the coefficient of linear optical absorption equal
to 0.015 cm™! and 6 cm™! for the pumping and generation wavelengths of YAG:Nd crystals,
respectively. Established was the existence of additional absorption bands in the UV and vis-
ible ranges caused by the reducing crystal growth conditions and formation of F*- color centers.
Keywords: samarium, yttrium-aluminum garnet, molybdenum crucible, horizontal directional
crystallization

OnrTuuHi Ta CTPYKTypHI xapakrepuctuku kKpucraidiB YAG:Sm BupomeHi meromom
HDC B armocdepi Ar+(CO, H,). C. Hixcanroscoxuii, C. Kpueonozos, A. Kosznoecvruil,
O. Jlykienko, C. Cropuk, A. Pomanenko, I. [Ipumyna

MetonoM ropr3oHTaIILHOI CIIPAMOBAHOT KPUCTAII3AI] B MOJIIOI€HOBOMY THUTJII Ta BIJIHOBHIN
ByTIeneBMicHil aTMocdepi Ar+(CO, H, ) BupoIneHi MOHOKpHCTAJIH iTPili-a IoMiHIEBOTO TPAHATY, IO
nomoani ioramu Sm. IIpoBeeHo HoCIIimReH S BMIicTy Ta poamoity ioHie Sm3*, crexTpasibHux,
CTPYKTYPHUX XapaKTePUCTUK 1 OCHOBHUX TUIIB JedeKTiB MOHOKPHUCTAIIB. [lokazana MoKIUBICTL
orpuManusa kprucramis YAG:Sm oInITuYHOI AKOCTI 3 KOHIIEHTpAIliel 10HIB camapiio 10 7,4 at. % Ta
KoedirrierToM JiHiHOrO orTraHOro HorymHaHHS 0,015 cMm! 16 ev! 11 JOBKMH XBIIIL HAKAYKT
ta rerepartiil YAG:Nd, Bigmosigao. BeranosieHo icHyBaHHS T0JATKOBUX CMYTH TOTIMHAHHS B Y O
Ta BUAUMOMY JIalla3oHl, SK1 00yMOBJIEHI BITHOBHUMU YMOBAMH BHUPOIIYBAHHS T YTBOPEHHSIM
F*-menTpis 3abappieHns.
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1. Introduction

Over the past few years, interest in the prac-
tical use of Sm3*-doped single crystals and opti-
cal ceramics based on yttrium-aluminum gar-
net (YAG), has significantly increased [1]. As
shown while studying the spectral properties of
the composite core-doped ceramic Nd:YAG by
Sm:YAG cladding, the main luminescence of
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Nd3* ions at 1064.15 nm wavelength can be ab-
sorbed quite effectively in YAG:Sm on the side
part of the absorption band of Sm3* jons with a
maximum at 1068 nm [2]. Moreover, YAG:Sm
has a weak absorption near 808 nm (the wave-
length of YAG:Nd diode pumping) on a level of
< 0.1 em 1, and rather high value of figure of
merit FOM=a(1064 nm)/a(808 nm), that ex-
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ceeds the corresponding value in comparison
with other dopants [3]. Thus, YAG:Sm can be
used as an effective suppressor of parasitic os-
cillations in YAG:Nd caused by enhanced spon-
taneous emission of Nd3* luminescence facili-
tated by the reflection from the active element
faces [2, 3].

Nowadays, YAG:Sm crystals with samari-
um concentrations up to 5 at % are grown by
the Czochralski method from iridium crucible
in oxidizing medium [4]. The standard crystal-
lization rate for YAG:Sm is < 1 mm/hour, so the
obtaining of the crystals in iridium crucible is
an expensive process. The increase of samari-
um concentration over 5 at.% for raising the
suppressor effectiveness is bound up with the
problem of increase in the number of defects.
Therefore, development of new crystal growth
technologies and modification of the existing
ones are topical problems. Besides the Czo-
chralski method, for the obtaining of YAG:Sm
crystals there was used the method of EFG [5].
However, the dimensions and quality of the
obtained crystals are still insufficient for their
application in optics. Moreover, the technolo-
gies for the obtaining of optical ceramics are
being intensively developed, too. At present,
there is produced the ceramics with a concen-
tration up to 9 at.% and optical losses of about
0.07 cm™! at 808 nm pumping wavelength [6].

One of promising crystal growth technolo-
gies is the method of horizontal directional
crystallization (HDC). An advantage of this
method is the use of inexpensive thin-wall mo-
lybdenum crucibles instead of iridium ones.
The conventional HDC technology uses molyb-
denum and tungsten sheet screens for thermal
insulation, and vacuum as a crystal growth
medium, that allows to obtain crystals of
optical and structural quality. Disadvantages of
the vacuum technology include violation of the
melt stoichiometry due to primary evaporation
of aluminum oxide [7]. This leads to separation
of the phases with excess yttrium (YAIO,), as
well as to burnout, mass transfer and contami-
nation of the crystals with molybdenum and
tungsten up to a level of ~ 1072 mass %. The
mentioned problems are solved by using protec-
tive reducing crystal growth atmosphere based
on e.g. inert argon and hydrogen. Another op-
tion is the use of carbon-containing media real-
ized due to application of graphite construction
materials and heat-insulating materials. As
a result, at high temperatures residual gases
form the medium based on CO and H, which
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content is controlled by a vacuum pumping sys-
tem, or by the pressure of the inert component
of the growth medium. A relatively low content
of oxygen-containing components in the vapor
phase of the melt (O,, AlO, AlO, suboxides, etc.),
CO,, H,0, as well as of those in the growth
medium, is provided by the presence of a hot
graphite surface that also favors constant
regeneration of the reducing components
(CO and Hy). This technology was developed for
the growth of large-size optical leucosapphire
crystals [8], laser titanium-sapphire crystals
[9], YAG:Ce, LUAG:Pr scintillators [10] and
magnesium-aluminum spinel [11], etc..

The use of the reducing carbon-containing
atmosphere Ar+(CO, H,) provides an essential
(by 5-10 times) decrease of the rates of melt
evaporation, burnout and mass transfer of the
construction materials in comparison with the
corresponding values for the vacuum HDC tech-
nology. The main problem in the development
of «iridium-free» technology for the growth of
yttrium-aluminum garnet in reducing media is
creation of the conditions for the obtaining of
crystals with high optical and structural per-
fection. Under such growth conditions there
exists a probability of formation of bubbles, in-
clusions, light scattering and anionic non-stoi-
chiometry of the crystals [12].

The goal of the present work was the ob-
taining of YAG:Sm crystals by the method of
horizontal directional crystallization in carbon-
containing Ar+(CO, H,) atmosphere in molyb-
denum crucible, study of the content and dis-
tribution of samarium, and characterization of
the defect structure, optical and spectral prop-
erties of these crystals.

2. Experimental

The starting material for the growth of
the crystals was the stoichiometric mixture
of the oxides with the general composition
(Y44Sm,)3Al;04,, where x<0,1, i.e. up to 10
at.% of Sm as against yttrium. As a source
of samarium ions, there was used Sm,0,
(99.99 mass %). The charge was obtained by
the method of solid state synthesis from yt-
trium, samarium and aluminum oxides (99.999
mass %), according to the chemical reaction:

2 (Y1xSm)zAls01,

To fill the crucible more tightly, the charge
was produced in the form of tablets annealed
at 1200 °C.
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Fig. 1. YAG:Sm crystal grown by HDC method
in reducing Ar + (CO, H,) atmosphere

For the growth of YAG:Sm crystals by the
method of horizontal directional crystallization,
there was used an industrial crystal growth
setup of “Gorizont-3M” type. It allows to ob-
tain hard-melting oxide crystals with working
temperatures up to 2200 °C. The crystals were
obtained at the crystallization rate close to
0.5-1 mm/h in the medium of Ar+(CO, H,), the
general pressure was 0.11 MPa, the content of
the reducing components being up to 1 vol.%.

3. Results and discussion

The performed experiments made it pos-
sible to obtain transparent YAG:Sm crystals
in the direction of the crystallographic ori-
entation [001] with the dimensions close to
70 mm X 25 mm X 115 mm, their color was
light brown (Fig. 1). To study the distribution
of samarium along the growth direction, there
was used a polished plane-parallel plate made
from the middle part of the crystal. The con-
centrations of samarium were measured by the
methods of optical spectrophotometry using a
spectrophotometer Optizen 3220 UV and en-
ergy dispersive X-ray fluorescence analysis (on

_ -=-EXP
91 --4--TEOR, K=0.32

Sm, at.%

Elvax-Light, Elvatech). As reference samples,
there was used optical ceramics YAG:Sm with
different fixed samarium concentrations. It
was found that in the obtained crystals the
concentration of Sm3* jons in the optical part
ranged from ~ 3 at.% to 7.4 at.% .

Fig. 2 presents the results of studying the
distribution of samarium in comparison with
the theoretical calculation according to the
Galliver-Pfann relation:

C=KC,1-gK-1,

where K is the effective coefficient of the dop-
ant distribution, C,, the initial concentration of
samarium in the melt, g, the share of the crys-
tallized melt.

As seen from the figure, the obtained exper-
imental values are in a very good agreement
with the theoretical distribution calculation
at the effective distribution coefficient K=0.32.
This almost coincides with the results reported
for the crystals obtained by the Czochralski
method in [4].

Structure perfection in the crystals was in-
vestigated by the method of three-crystal X-ray
diffractometry (XRD) in CuK,; radiation [13].
The samples were subjected to several stages
of preparation (grinding, mechanical polishing,
chemico-mechanical polishing) and had the
crystallographic orientation (001) with an ac-
curacy of + 0.5°,

Scanning along the sample surface was
realized parallel to the growth direction
(the reflex <800>), perpendicular to the growth
direction, with simultaneous record of the half-
width values of the diffraction rocking curve p.
As found while scanning the surface of the sam-
ples obtained from the rectangular part of the
crystal (Fig. 2b), for the plane (001) with B of

a 1, imp/s b
800

500 -
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mm

100 120

O

Fig, 2. a — Distribution of samarium ions in YAG:Sm crystals as against theoretical calculation;
b - diffraction rocking curve for the reflex <800> of YAG:Sm crystal
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Fig. 3. Defects in YAG:Sm crystals grown by HDC method: a — SEM electron image of an inclusion on the
base of construction materials (Mo and W); b — EDS spectrum of the said inclusion (point 1); ¢ — optical
image of an aggregate of micro-inclusions ; d — dislocation loop with a colony of inclusions

16 ang. sec, there was observed high uniformity
of the distribution along the crystal length and
thickness.

If to illuminate the grown crystal with la-
ser beam (532 nm), there can be observed indi-
vidual light-scattering centers and their clus-
ters. Such centers may be distributed non-uni-
formly, their concentration and size may vary
within rather wide range depending on the
chosen crystallization conditions. There exist
several types of defects that form such centers:
gas pores, inclusions of the material of the ther-
mal zone construction (heater, screens and cru-
cible), as well of the crystal components.

Bubbles areidentified most easily. since their
dimensions are relatively large (> 0.1 mm). As
a rule, in the crystal bulk individual bubbles
are not observed, they are concentrating near
the crucible walls.

The use of construction materials in the
thermal zone, in particular, of tungsten heater
and molybdenum crucible results in contami-
nation of the crystal with these elements of the
melt and formation of micro-particles on their
base. Such inclusions have more or less regular
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shape and a size of ~ 10 — 30 um. The studies of
the morphology and EDS spectra by means of
a scanning electron microscope of JSM-6390LV
type and an energy dispersive AZtecEnergy
X-maxN50 spectrometer made it possible to
reveal the presence of construction materials in
these inclusions (Fig. 3 a,b). Moreover, it was
found that the crystals contained agglomerates of
these micro-particles and inclusions of irregular
shape (Fig. 3c). The shape of the microparticles is
similar to that of MoOj crystals grown from the
gas phase [14]. This fact makes it possible to as-
sume the presence of molybdenum in these inclu-
sions, as well as the mechanism of their formation
due to mass transfer through the vapor-gas phase
on the surface of the charge or the melt.

Besides simple homogeneous defects, there was
revealed the presence of defects and inclusions
with a complex structure, in particular, those that
had a line or a pore framing a defect, in their vicin-
ity (Fig. 3d). As is seen, such lines join and form
more extended spatial structure that embraces
several defects. Similar formations are observed
in some other yttrium-aluminum crystals with
other dopants, in particular, in YAG:Ce grown by
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Y La1

Fig. 4. SEM electronj'mage of an eutectic inclusion in YAG:Sm (a) crystal and results of EDS mapping of

this inclusion (b, ¢, d

the HDC method as well as YAG:Nd, grown by the
Czochralski method in iridium crucible [15] and
GGG (Gd;GagO,,) crystals.

According to the model developed by
J.W. Matthews et al. [16], inclusions trapped
by the melt during solidification at further
melt cooling give rise to a stress caused by dif-
ferences in the thermal expansion of the ma-
trix and the inclusion. This stress is partially
relieved due to emergence and subsequent in-
crease of dislocation loops near the inclusions.
At the same time, while commenting on this
model, E. Nes [17] admits that such defects occur
due to precipitation of another phase leading to
deformation of the matrix. This deformation
decreases due to the appearance of one or sev-
eral dislocation loops which in turn serve as
places for the emergence of new, smaller defects
(see Fig. 3 d). Thus, there may appear a flat
colony of inclusions completely or partially sur-
rounded by an edge dislocation.

In the grown crystals there may be also
formed a complex defect in the form of pre-
cipitates of another phase in the pores (Fig. 4).
According to the data of EDS mapping, the ra-
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tios of the elements do not correspond to the
theoretical ones for YAG. On the pore walls
there are observed two-phase inclusions with
excess of Al and deficiency of Y with respect
to YAG, as well as characteristic layered or
fibrous micro-structure. This may testify to the
fact that the inclusions have an eutectic compo-
sition (most likely, consist of YAG and corun-
dum). As a rule, such defects occur only within
the end part of the crystal, and do not influence
the overall quality of the main part. The con-
tent of carbon in all the investigated samples is
close to the background value of the analysis,
therefore, it can be concluded that carbon-con-
taining inclusions are absent in the crystals.

Presented in Fig. 5 are the spectra of optical
absorption of the obtained YAG:Sm crystals.
These spectra contain thin lines correspond-
ing to Sm3* jons, as well as additional wide
band absorption of a lower intensity with a
center at 558 nm. The presence of an absorption
band located near the above-mentioned band in
yttrium-aluminum garnet was assumed in the
theoretical work [18], where it was considered
due to F* - centers.

Functional materials, 31, 3, 2024
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Table 1. Optical characteristics of YAG:Sm crystals obtained by HDC method in molybdenum crucible

in reducing carbon-containing medium

Crvstal Optical loss Optical absorption at 1064 FOM
y at 808 nm, cm™! nm, cm™! (1064 nm)/a(808 nm)
Initial part 0.022 1.39 63.18
End part 0.015 5.94 396.00
1007 YAG:Sm a
251 b
80
.60}
S
=
40

200 400 600 800 1000 1200
nm

1070 1080 1090 1100
nm

1040 1050 1060

Fig.5. Optical absorption spectra in the range of 190 -1000 nm (a) and near wavelength (1064.15 nm) of the
main radiation line of YAG:Nd laser for 1- initial and 2- end part of YAG:Sm crystal (b).

Formation of color centers on the base of an-
ion vacancies is possible due to the fact that the
crystals have been grown in reducing medium.
This is also evidenced by experiments on an-
nealing of the crystals. After annealing in air
(1500°C) the additional band disappears, and
there remain only thin Sm3* absorption lines
caused by the transitions: 6H5/2 — 4L13/2, 6H5/2
— OPgjg, Hgjy — Ty, CHgjg = Fgp9, “Hpg
— 19y Hyg = "Lojgt ™My, "Hpgjp — °Fyq5,
6H5/2 — 6F9/2 [19]. The most significant of them
are the lines of Sm3* ions that correspond to
the transitions 6H5/2 — 6F9/2 and are located
near the main luminescence line of Nd3* ions
(1064.15 nm) in YAG lattice. In this range the
line of Sm3* absorption with a maximum at
1068 nm partially overlaps with the emission
line of neodymium ions (Fig. 5b). Table 1 pres-
ents the optical characteristics of the obtained
YAG:Sm crystals for the wavelengths of pump-
ing (808 nm) and generation of YAG:Nd laser,
as well as FOM of the crystals.

As is seen, the optical and spectral charac-
teristics of the crystals are quite high in com-
parison with the parameters of YAG:Sm crys-
tals obtained by different methods [3, 4, 6].
This testifies to the effectiveness of using YAG:
Sm crystals grown by the method of HDC in
molybdenum crucible in reducing carbon-con-
taining medium in the capacity of suppressors
of spontaneous luminescence in YAG:Nd.
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4. Conclusions

The method of horizontal directional crys-
tallization in molybdenum crucible using pro-
tective reducing Ar+(CO, H,) atmosphere was
applied to grow YAG:Sm single crystals with
samarium concentration up to 7.4 at.%. The
distribution of samarium ions along the crystal
length fits well the Galliver-Pfann relation with
the distribution coefficient K = 0.32. It is shown
that the obtained crystals have high structure
perfection and homogeneity that is character-
ized by the half-width of the swinging curve
p of about 16 ang.sec for the crystallographic
plane (001). The defects that lead to worsening
of the optical quality and light scattering are
found to be distributed in the crystal bulk non-
uniformly. Except gas bubbles and micro-inclu-
sions on the base of molybdenum and tungsten,
there is revealed formation of complex defects
with decorated dislocation loops and pores with
eutectic inclusions.

In the optical absorption spectra of YAG:Sm
crystals, in addition to thin lines of Sm3* jons,
there is also an additional absorption band at
558 nm, which arises as a result of reducing
growth conditions. This absorption band corre-
sponds to intrinsic defects bound up with an-
ionic vacancies and the formation of F* color
centers.
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It is established that in the range that corre-

sponds to the main luminescence band of neo-
dymium ions (1064.15 nm) in YAG, the linear
absorption coefficient reaches 6 cm™1, and FOM
is up to 400. This is quite enough for the use of
the obtained YAG:Sm crystals as suppressors.

1.
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