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ARTICLE INFO ABSTRACT

Keywords: YAG:Sm®" (3-15 at.%) transparent ceramics, a promising cladding material for suppressors of parasitic oscil-
Ceramics lations at 1064 nm of YAG:Nd®" lasers, have been prepared by solid-state reactive sintering at 1725 °C. The effect
Microstructure

of samarium ions concentration on the microstructure and optical properties of YAG:Sm®>" sintered ceramics was
studied for the first time. The solubility limit of samarium ions in the garnet matrix was found to lie within the
range of 9-11 at.%. The spectroscopic characterization of YAG:Sm>" (3-15 at.%) ceramic samples showed that
the absorption coefficients corresponding to Sm®* ions transitions increased linearly with increasing Sm®*
doping. Also, the increase in the concentration of Sm>" ions contributes to the increase in the intensities of the
satellites, leading to the broadening of the main spectral lines and implicitly to the increase of the absorption
coefficient around 1064 nm. It was shown that YAG:Sm>* ceramics doped with 9 at.% Sm>* ions possess optical
losses of 0.07 cm™! at 808 nm and an optical absorption coefficient of 4.45 cm™* at 1064 nm. The concentration
dependence of the *Gs/; level decay confirmed that the luminescence extinction is due to the energy transfer
between the Sm>* ions through cross-relaxation processes. All these results show that highly-doped YAG:Sm>* (9
at.%) ceramics could be the best candidate for parasitic oscillation suppression in high-power YAG:Nd®* lasers at
1064 nm.

Optical properties
Optical spectroscopy
Sintering

X-ray diffraction

1. Introduction

Nowadays, the optimization of the architecture of active media and
the miniaturization of high-power IR laser systems constitute an active
research and development area of laser material science. Since the first
observations of the trivalent rare-earth ions doped yttrium aluminum
garnet (YAG:RE>") ceramics [1], considerable progress has been ach-
ieved in the improvement of their optical transparency [2,3] and ther-
mal and mechanical properties [4-7]. The advantages of YAG:RE3*
polycrystalline ceramics as an active laser medium include not only
lower fabrication cost and improved processability, but also the possi-
bility to create promising compact solid-state lasers with high efficiency
due to the higher doping levels available. This is important because the
short length of the resonator in a microchip laser (L~0.1-10 mm) re-
quires a high concentration of active ions in the active medium and
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Q-switching modulator, which is difficult or even impossible to achieve
with existing single-crystal growing technologies [8-12]. Recently,
YAG:Yb®" [13-18] and YAG:Nd®* [19-23] transparent ceramics having
excellent laser properties have been reported. The peculiarities of sin-
tering mechanisms and the diffusion mobility of grain boundaries at
high temperatures have been established [24-26]. Despite the consid-
erable progress achieved, several key challenges in the practical
implementation of such ceramic materials were revealed. Parasitic os-
cillations and amplified spontaneous emission are among the main
factors decreasing the optical efficiency of diode-pumped solid-state
lasers. The formation of composite ceramics (i.e. cladding) is considered
one of the most promising techniques to reduce the influence of these
factors, even though decreasing RE3* doping concentration could hinder
these effects to some extent [27-30]. Mechanical strength, effective
suppression of parasitic oscillations, as well as the possibility of
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defect-free bonding are the main criteria put forward for the cladding
material. Taking into account their optical properties, YAG:Sm>*
transparent ceramics are considered the best candidate for the sup-
pression of parasitic oscillation in high-power YAG:Nd>™ lasers [31-34].
Recently, Zhu and co-workers [29] designed and built an actively
Q-switched laser with zig-zag slab architecture based on YAG:
Nd**/YAG:Sm®* diffusively-bonded crystals. The fabricated active
Q-switched laser demonstrated pulse energy of 104 mJ and optical
conversion efficiency of 30.5%. Thus, YAG:Sm®" is a promising material
for the suppression of parasitic oscillations and amplified spontaneous
emission of YAG:Nd®™ lasers.

The influence of Sm>" ions concentration on the sintering evolution
and the optical properties of YAG:Sm>* ceramics has not been thor-
oughly investigated up to now. Ali et al. [35] studied the effect of Sm>*
ions concentration on the spectroscopic and optical properties of
co-precipitated YAG:Sm®" nanocrystalline powders. The formation of
the secondary phases in YAG:Sm>* nanopowders was not detected by
XRD in the Sm®* ions concentration range from 0.5 to 8 mol.%. In [36],
it was reported that the structural homogeneity of YAG:Sm>* obtained
by the sol-gel method is preserved up to Sm>* concentrations of ~30 at.
% of Sm>* ions. Further increase of doping concentration leads to the
formation of inclusions of the perovskite phase SmAlO3 (SmAP). Thus,
Sm3Als0;5 is not stable and the solubility of Sm>" ions in the dodeca-
hedral YAG position is predicted to be less than 100%. Némec et al. [37]
reported optical properties of YAG:Sm>' single crystals doped with
various Sm>* ions concentrations from 1 at.% up to 20 at.%. However,
until now, the phase composition of the crystals and the solubility limit
of samarium ions were not reported.

Recently, we have studied the effect of the sintering temperature on
the microstructure and optical properties of reactively-sintered YAG:
Sm3+ (5 at.%) ceramics [38]. In the present study, the effects of Sm3*
ions concentrations on the structural-phase state and optical properties
of reactive sintered YAG:Sm®* ceramics at the optimal sintering tem-
perature were investigated in detail. The solubility limit of Sm>* ions in
YAG was also estimated. It should be noted that the sintering peculiar-
ities of highly-doped YAG:Sm®* ceramics may change significantly in
comparison with the well-known YAG:Nd>* and YAG:Yb®* ceramics due
to differences in ionic radii, electronegativity, atomic number, and
tendency to change the valence state of dopants under vacuum sintering.

2. Experimental procedures
2.1. Preparation of YAG:Sm>* ceramics

High-purity commercial powders were used as starting materials for
obtaining YAG:Sm®* ceramics: a-Alo03 (>99.99%, d = 0.15-0.25 pm,
Baikowski, France), Y203 (99.999%, d ~ 5 pum, Alfa Aesar, USA) and
Smy03 (>99.99%, d ~ 5 pm, Alfa Aesar, USA). As a sintering additive,
0.5 wt% TEOS (>99.999%, Alfa Aesar) was used. The mixed powders of
stoichiometric composition YAG:Sm>* containing from 3 up to 15 at.%
of samarium ions were ball-milled with a planetary mill Fritsch Pul-
verisette 5/4 for 15 h using 10 mm corundum balls, 250 ml corundum
jar, and absolute ethanol as solvent. The rotation speed was 140 rpm,
and the ball-to-powder volume ratio was 7. The obtained suspensions
were dried at 60°C for 10 h and sieved through a 200-mesh sieve before
the powder mixtures were annealed at 600°C for 4 h in air to remove
residual organics. The green bodies were formed by uniaxial pressing at
50 MPa followed by cold isostatic pressing at 250 MPa and then
annealing in air at 800 °C for 4 h. YAG:Sm>* ceramics were produced by
the reactive vacuum sintering at 1725°C for 10 h at 10~ Pa. The sin-
tered ceramics were cooled to room temperature with a cooling rate of
500 °C/h. After sintering, the ceramics were annealed in air at 1300 °C
for 15 h to recover oxygen stoichiometry and to remove residual me-
chanical stresses. The obtained ceramics were polished on both surfaces
using lint-free cloths with diamond micro powders slurries. The samples
for microstructural studies were thermally etched at 1400 °C for 15 h
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after polishing.
2.2. Microstructural and optical characterization of YAG:Sm>" ceramics

The phase composition of YAG:Sm>* ceramics was studied by X-ray
diffraction (XRD) using a D-500 diffractometer with CuK,-radiation
(Siemens AG, Germany). The Rietveld refinement was performed with
the FullProf program. The lattice parameter was calculated with FullProf
using a powder pattern of LaBg to obtain the instrumental profile
function. The microstructure of the sintered YAG:Sm>" ceramics was
studied by optical microscopy in reflected light mode (Primotech, Carl
Zeiss, Germany). The average grain size of ceramics was determined by
using the linear intercept method by analyzing at least 500 grains for
each measurement.

The morphology and elemental composition of the ceramic samples
were studied by means of field-emission scanning electron microscopy
(FESEM) and energy-dispersive X-ray spectroscopy (EDX). The micro-
scope (Tescan Mira3) was equipped with a Bruker XFlash detector
operating at a primary electron energy of 30 keV (16 mm working dis-
tance and 4 nm spot size). To avoid the effect of charging the ceramic
samples during the measurement, their surface was covered by a 6-8 nm
thick carbon layer by magnetron sputtering. 100 pm? area or point EDX
analysis was performed to monitor changes in the composition of vol-
ume and secondary phases, respectively. The elemental concentrations
in a given sample are calculated with an error of about 10%.

For the spectroscopic investigations, a halogen lamp, a Xe lamp, and
an adjustable laser OPOTEK RADIANT 355 LD Parametric optical
oscillator (OPO) in the range of 410-2500 nm operated at 10 Hz were
used as excitation sources. The detection systems consist of a Ge detector
and an S20 photomultiplier attached to the Horiba Jobin Yvon and
Jarrell-Ash Czerny monochromators, respectively. These are connected
with a lock-in amplifier and online with a computer. A 2024B Tektronix
oscilloscope (sample rate 2 GS/s, vertical resolution 8 bits, analog
bandwidth 200 MHz) has been used for emission decay data acquisition.
The decay curves were measured at 617 nm under 465 nm excitation
from the OPO laser.

The in-line optical transmittance spectra of YAG:Sm>* ceramics were
measured with a Lambda-35 spectrophotometer (Perkin-Elmer, USA)
over the 0.2-1.1 pm wavelength range. The optical losses, a, were
calculated from the measured transmittance, considering surface
reflection from both sides and the returned 2-times reflected light:

()

where T is the measured transmittance, L is the sample length in the
direction of light propagation, and R is the Fresnel reflection (normal
incidence case).

1

2 2
a1 (1 - RY+(1 +R)

T @

3. Results and discussion

3.1. Phase composition and microstructure of YAG:Sm®t (3-15 at.%)
ceramics

Fig. 1 shows the photographs of YAG:Sm>" polished transparent
ceramic samples containing 3-15 at.% samarium ions obtained by
vacuum sintering at 1725 °C. It can be seen that the samples have a light-
yellow color and are characterized by a high degree of optical trans-
parency, as the letters under the samples can be clearly read through the
3 mm thick specimens. The intensity of the yellow color increases with
increasing samarium ions concentration, indicating the gradual incor-
poration of Sm>* ions into the crystalline structure of YAG matrix within
the concentration range investigated.

The analysis of the X-Ray diffraction spectra on the obtained YAG:
Sm>* transparent ceramics shows that all the specimens in the 3-15 at.%
concentration range of samarium ions appear to be single-phase indexed
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Fig. 1. Photographs of polished YAG:Sm®" ceramics (3 mm in thickness) sintered at 1725°C and doped by 3 at.% (a), 5 at.% (b), 7 at.% (c), 9 at.% (d), 11 at.% (e),

and 15 at.% (f) of samarium ions.

by cubic YAG (JPCDS card No. 33-0040). No secondary phases were
detected in the concentration range studied. This means that (Y.
«Smy)3Al5012 (Y1.xSmAG) substitutional solid solutions are formed
within the error of the XRD method of 1 wt%. Fig. 2a shows a typical
diffraction pattern obtained for YAG:Sm®>* 15 at.% ceramics. The sample
exhibits sharp diffraction peaks, indicating its excellent crystallinity
after sintering.

The lattice constant, a, of YAG:Sm®* ceramics as a function of Sm®*
ions concentration is given in Fig. 2b. The unit cell parameter increases
linearly from 12.01055 A up to 12.02937 A with increasing activator
concentration from 3 at.% up to 15 at.%, according to Vegard’s rule.
This behavior is caused by the higher ionic radius of Sm>* ions (1.079 i\)
in the dodecahedral position of the garnet structure compared with Y3+
ions (1.019 A). The difference between the ionic radii of Y3 and Sm>*
ions does not exceed 10%, so the substitution of Y3* ions with Sm®* ones
is accompanied by the formation of solid solutions with higher lattice
parameters in comparison with undoped YAG (a = 12.0091(2) f\, JCPDS
card No.33-40).

Next, we will attempt to compare the experimental and theoretical
values of the lattice parameter for as-sintered Y; 4SmxAG substitutional
solid solutions. Up to now, the data on the practical synthesis and
characteristics of both single-crystalline or ceramic Sm3Al50;5 are not
available because of the thermodynamic instability relative to SmAP and
Aly03 [36,39]. The theoretical estimation of the crystal lattice param-
eter of solid solutions was performed according to [40,41]:

ag = 7.029540 + 3.312770rs + 2.493980rg + 3.341240rc — 0.877580rarg —
1.387770rarc 2

where a; is the theoretical crystal lattice parameter, and ra, rp, and r¢ are
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the Shannon ionic radii for the atoms in the A, B, and C positions
characteristic to the A3B;C30,2 garnet-type structure [42,43]. The lat-
tice parameter for Sm3Al501 5 calculated using equation (2) was found to
be 12.1508 A. As can be seen from Fig. 2b, the theoretical lattice
parameter is slightly higher than the experimental one for lower con-
centrations of samarium ions, which may be due to the presence of SiO5
sintering aid. It is well-known that sintering of YAG using SiO, additive
leads to substitution of A1>* (0.53 10\) ions by smaller Si** ions (0.4 }0\) in
the garnet structure, resulting in a decrease of lattice parameter in
comparison with Si‘”-undoped YAG ceramics [44].

Surface morphologies of reactive-sintered YAG:Sm3* (3-15 at.%)
ceramics are shown in Fig. 3 and are characterized by a homogenous
microstructure containing only a few pores and surface irregularities
(not shown) up to 5 pm, while flat grain boundaries indicate the
completion of the sintering process [45]. No abnormal grain growth was
detected from any of the obtained specimens. Secondary phases along
grain boundaries or in triple junctions were not detected in YAG:Sm>*
ceramics doped with 3 up to 9 at.% samarium ions, pointing out the
complete insertion of samarium ions into the YAG structure with the
formation of a substitutional solid solution. Additional phases were
revealed for the samples doped with 11 at.% and 15 at.% Sm>" ions
(Figs. 3e and f and 4a-c). The appearance of secondary phases may
indicate a decomposition of Y;.,SmyAG supersaturated substitutional
solid-solution.

The results obtained by energy-dispersive X-ray spectroscopy (EDX)
on all studied YAG:Sm>* ceramics are presented in Table 1. The content
of the constituent elements (Y, Al, O, Sm) is well described by the YAG
stoichiometry within the error of the method. However, the secondary
phase revealed in the YAG:Sm>" (>11 at.%) (Fi gs. 4a and b) contains an
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Fig. 2. Typical XRD pattern of YAG:Sm>* (15 at.%) ceramics sintered at 1725 °C for 10 h (a); experimental and theoretical lattice parameter of YAG:Sm>" ceramics
as a function of Sm®* ions concentration (b). The inset shows the variation of the lattice parameter in the concentration range of 0-15 at.% of Sm®* ions.

7526



A.D. Timoshenko et al.

(d)

(b)

(e)

Ceramics International 49 (2023) 7524-7533

€y

Fig. 3. FESEM surface morphology of YAG:Sm>* transparent ceramics sintered at 1725°C and doped with 3 at.% (a), 5 at.% (b), 7 at.% (c), 9 at.% (d), 11 at.% (e),
and 15 at.% (f) of samarium ions. Red circles indicate places of occurrence of the secondary phase. (For interpretation of the references to color in this figure legend,

the reader is referred to the Web version of this article.)

increased amount of Sm, in addition to the detected silicon and calcium
(Fig. 4d and Table 2). We suppose that the presence of trace amounts of
calcium in the secondary phase is associated with the contamination of
polished ceramics during thermal etching in 99.7% purity alumina
crucibles. Also, the (Y + Sm)/Al ratio is slightly higher than the ratio
found for the volume phase (cf. Tables 1 and 2). The (Y 4+ Sm)/Al ratio
for the secondary phase based on point EDX analysis was found to be
0.75, which has the stoichiometry shifted to the perovskite Y; ,Sm,AlO3
phase ((Y + Sm)/Al = 1) as compared with 0.6 for (Sm + Y)AG. How-
ever, in the case of relatively small formations, the point EDS analysis
may give a distorted idea of its composition, as part of the EDX signal
also comes from the volume phase. One can assume that if Sm content in
YAG exceeds the solubility limit, the decomposition of Y;.4SmAG solid
solution into Y;.,Sm,AlO3 perovskite and Al;O3 takes place, but also
more complex mechanisms can appear. Thus, XRD analysis, as well as
FESEM and EDS data, allow one to conclude that the solubility limit of
Sm>* ions in the crystalline structure of YAG polycrystalline ceramics
lies within the concentration range of 9-11 at.%. These values are
significantly higher than those for YAG:Sm>" single crystal grown from
the melt (5-6 at. %), estimated considering the effective distribution
coefficient of Sm>* ions [37,46,47]. It should be noted that the highest
samarium ions concentration in YAG was previously reported to be
13-18 at.% for relatively thin epitaxial single-crystal layers obtained by
hydrothermal crystal growth technique on undoped YAG substrates
[48].

The grain size distribution in the YAG:Sm®* ceramics doped with
different concentrations of Sm>* ions, as well as the average grain size
calculated from FESEM analysis are presented in Fig. 5. The average
grain size of YAG:Sm®" transparent ceramics has an inverse dependence
on Sm>" ions content and decreases from 24 to 18 pm while the activator
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concentration rises from 3 to 15 at.%. A similar dependence was
observed for YAG:Nd®' laser ceramics [49,50]. This effect can be
attributed to the deformation of the crystal lattice due to the larger ionic
radius of Sm®* (0.122 A) compared to Y** (0.116 A) and the corre-
sponding reduction of the volume diffusion coefficient of rare earth ions.
Given the higher solubility of dopants at the grain boundaries compared
to the ceramics’ volume, segregation of cations at the grain boundaries
can occur [51], which in turn reduces the surface energy and mobility of
the grain boundaries. The dopant segregation at the grain boundaries is
higher as the effective distribution coefficient in the solid and liquid
phases is lower [52]. The effective distribution coefficient of Sm>* ions
in YAG is 0.3-0.4 [47,53,54], and therefore it is likely that partial
segregation of Sm>" ions at grain boundaries occurs. Thus, increasing
the samarium doping inhibits the coarsening of YAG:Sm>* ceramics.

3.2. Optical properties of YAG:Sm>t (3-15 at.%) ceramics

The absorption spectra of Sm>" ions in the visible domain of YAG:
Sm>3" transparent ceramics doped with different concentrations of
samarium ions (3, 5, 7, 9, 11, and 15 at.%) were measured at room
temperature and are shown in Fig. 6. The most intense line at ~405.5
nm corresponds to the 6H5/2—>6P3/2, 6P5/2 transitions of Sm>* ions, and
the rest of the transitions are similar to those identified in the case of
Sm3"-doped YAG nanocrystals with much lower doping concentrations
[54]. The particular interest in this range is due to the spectral matching
with commercial InGaN/GaN laser diodes emitting around 405 nm. In
order to avoid the saturation of the spectra due to high Sm®* ions
doping, the measurements were performed on samples with a thickness
of ~0.51 mm. Fig. 6a shows an increase in the absorption coefficient (k)
as the Sm®* concentration increases. Fig. 6b presents the calculated
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Fig. 4. FESEM images and EDX spectra of the volume and secondary phases in
YAG:Sm®" 11 at.% (a), and 15 at.% (b-d) ceramics sintered at 1725 °C. The
numbers in Fig. 4 (b) show the location of the EDX point analysis sites: red —
secondary phase composition (c), green — ceramics volume phase composition
(d). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

keV

Table 1

Elemental composition of YAG:Sm®* ceramics from 100 pm? area EDX analysis.
The uncertainty for individual elements is caused by an EDX measurement error
of about 10%. The uncertainty of the ratio calculation is determined by the
maximum error given by the dispersion of the concentrations of the individual
elements.

YAG: Y (at.%) Sm (at.%) Al (at.%) O (at.%) (Y + Sm)/Al
Sm3+

3 at% 175+18 0.6+0.1 268+27 550+55 0.68+0.16
5 at% 17.3+17 1.0+0.1 259+26 558+56 071 +0.19
7 at% 16.7+17 13+0.1 269+27 551+55 0.67 +0.15
9 at% 16.8+17 1.8+0.2 26.3+26 550+55 0.71+0.16
11 at% 142+14 20+0.2 25.3+25 584+58 0.64+0.14
15 at% 13.6+14 29+0.3 249+25 59.6+6.0 0.66+0.15
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Table 2
Elemental composition of volume and secondary phases in YAG:Sm>* (15 at.%)
ceramics from point EDX analysis (see Fig. 4 (b) for locations of the analysis).

YAG:Sm®*' (15 Y (at.  Sm Al(at. Of(at.  Si Ca (Y +
at.%) %) (at. %) %) (at. (at. Sm)/
%) %) %) Al
Point 1 — 11.6 4.0 20.7 60.1 2.7 0.3 0.75
secondary + 1.2 + + 1.2 + 6.0 + + +0.17
phase 0.4 0.3 0.0
Point 2 — 13.5 2.7 24.0 59.8 - - 0.68
volume + 1.4 + +1.2 + 6.0 +0.15
phase 0.3
6
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Fig. 5. Grain size distributions in YAG:Sm>®" transparent ceramics sintered at
1725°C and doped with different concentrations of samarium ions.

absorption cross-section (og4,) for all the samples, and the maximum
value at 405.5 nm was 6gps = 2.8 x 10%° cm? for 3 at.% Sm>*. Due to the
high concentration of Sm®*, the absorption spectra show a small blue
shift of about 0.05 nm (Fig. 6b inset) as the Sm>" ions concentration
increases from 3 to 15 at.%. The full widths at half maximum (FWHM) of
the absorption bands around 405.5 nm increase from 0.9 to 1.05 nm
corresponding to 3 and 15 at.%, respectively.

YAG:Sm>* ceramics absorption spectra in the infrared (IR) region
between 1000 and 1500 nm are shown in Fig. 7a. The most intense
absorption lines of Sm>" ions in the IR region correspond to the 5Hs,
2—>6F5/2, 7/2, 972 transitions. The spectra show that as the sm®* con-
centration increases, the absorption coefficients and line widths in-
crease. The blue shift of ~0.05 nm between the 3 and 15% Sm samples
observed for the visible range is also present in the IR absorption spectra.
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Fig. 6. The absorption spectra of Sm®* in YAG:Sm®* (x at.%, x = 3, 5, 7, 9, 11, and 15) ceramics (a) and the calculated absorption cross-section (64;s) (b). A small
blue shift of the absorption lines is highlighted in the inset picture. (For interpretation of the references to color in this figure legend, the reader is referred to the Web

version of this article.)
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Fig. 7. The absorption spectra of Sm>* in YAG:Sm®* (x at.%, x = 3, 5,7, 9, 11, and 15) ceramics in the infrared domain (a) and the absorption coefficient (k)

corresponding to the 6H5/2—>6F9/2 transition (b).

The most important transition of Sm>" ions is in the range of
1050-1100 nm because the Sm>* absorption in this domain overlaps
with the emission of Nd** ions (~1064 nm), and is attributed to the 6H5 %
2—>6F9 /2 transition of Sm>* ions. YAG:Sm®* ceramics must have a suf-
ficiently high absorption coefficient for the laser wavelength at 1064 nm
to be used as an absorbing material and to suppress the parasitic oscil-
lations due to amplified spontaneous emission (ASE) of the residual
luminescence of Nd>* ions.

Fig. 7b presents the evolution of the absorption coefficient (k)
depending on Sm>* ions concentration for the 6H5/2—>6F9/2 transition.
The spectra show that the sample with 15 at.% Sm and thickness of 0.5
mm has the highest absorption coefficients of k = 9.5 cm ™! at 1064 nm.
This value is more than three times higher than the result of the latest
study on YAG:Sm>" crystal doped with 20 at.% samarium ions where the
absorption coefficient was only 2.4 cm™! at 1064 nm [37]. Comparing
our data on 5 at.% Sm with previous results on YAG:Sm3t (5 at.%) ce-
ramics, we found an absorption coefficient of k = 2.7 cm ™! at 1064 nm, a
value that is very close to the previous values reported in the literature
(k=2.8cm ' [32] and k = 2.9 cm ! [34]). From Fig. 7 (b), the widening
of the absorption lines can be observed due to the increase in the con-
centration of Sm*>" ions. The measured FWHM of the absorption band in
the 1060-1070 nm range starts from 2 nm for the sample with 3 at.%

Sm>* and increases up to 2.8 nm in the case of the ceramic with 15 at.%
Sm>*.

As detailed in refs. [32,55], the spectral lines of RE>* ions doped in
YAG (A3B5C3012) can be classified as follows: (i) main lines corre-
sponding to the RE3* ions in A position — dodecahedral sites (N lines);
(ii) satellites showing dopant concentration dependence of the relative
intensities and assigned to the near-neighbor (NN) and near-next
neighbor (NNN) pairs of RE3" ions in the A position — dodecahedral
sites (M lines); (iii) satellites whose relative intensity does not depend on
RE®* concentration, observed only in the high-temperature crystals and
assigned to the presence of the RE" ions in anomalous C position —
tetrahedral sites (P lines); (iv) weak lines assigned to RE>tinB position —
octahedral sites (A lines). Fig. 8 shows the main absorption lines of Sm>*
ions in dodecahedral sites (N lines) observed for the 6H5/2—>6F9/2 tran-
sition depending on the Sm®* concentration at low temperature (10 K).
As can be observed, for the sample doped with 3 at.% Sm>" the most
prominent additional lines are the M lines, and the shift from the main
line is in the range of about +(8-10) cm™! depending on transition,
which is in good agreement with [32]. For higher concentrations of Sm
(5 and 15 at.%), the lines are broadened and the intensities of the sat-
ellite lines increase quadratically with the Sm®" concentration until
some of the main lines are included beneath. Also, the intensity of the

7529



A.D. Timoshenko et al.

2.04 X at.%Sm:YAG

10K

N - main line
M - satellite line

1.5 -

Normalized Intensity (a.u.)

9350 9400

E (cm)

9300

Fig. 8. Low temperature absorption spectra of YAG:Sm>* ceramics (x at.%, x =
3, 5, and 15) for the ®Hs,,—°Fy,, transition.

absorption lines does not increase once the saturation is reached and we
can observe a broadening of the lines only for 15 at.% Sm. The satellites
observed near the main lines in the sample with 15 at.% Sm>* contribute
to the widening of the absorption lines leading to an increase in the
overlap area with the emission line of Nd>* at 1064 nm.

The emission spectra of Sm3* ions in YAG:Sm®* (x at. %) ceramic
samples were obtained at 300 K under 405 nm wavelength excitation
and are shown in Fig. 9a. It can be observed that the intensities of the
emission lines corresponding to the 4G5 /2—>6H5 /2,772, 9/2, 11,2 transitions
of Sm®" ions decrease with increasing Sm3* concentration. The high
doping concentration leads to the quenching of the emission due to the
increase of the energy transfer processes between Sm>* ions by cross-
relaxation (CR) processes of the type: CR 1 — (*Gs/2—%F11,2): (°Hs,
2=%Fs/2), CR 2 — (*Gs/2—F9,2): (°Hs/2—°F7,2), CR 3 — (*Gs/2—°F7,2):
(6H5/2—>6F9/2), and CR4 - (4G5/2—>6F5/2)2 (6H5/2—>6F11/2), as is shown in
Fig. 9b [56].

The decay curves of the *Gs 3 level of Sm>* ion in YAG:Sm®™ (x at.%)
ceramic samples were measured at 617 nm under 465 nm excitation and
are shown in Fig. 10. All the decay curves are highly non-exponential
due to the high Sm3" ions concentration. The decays were analyzed
using a double exponential equation to plot the de-excitation curves,
according to the following formula:
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Fig. 10. Dependence of decay curves of the *Gs,, level of Sm** ion in YAG:
Sm>* (x at.%) ceramics.

I=Ae™™ 4 Aye™/™ 3)
where I represents the photoluminescence intensity at any time t after
switching off the excitation illumination, 7; and 75 are the slow and fast
decay components (long and short lifetimes), respectively, and A; and
Aj are the fitting (weighing factors) parameters. Using 77 and 75 values,
the average lifetimes (zqy) for the 4G5/2 level were calculated with the
formula:

7AIT% +A2T§
At + A

(€]
The average values of the luminescence lifetimes are given in the
inset of Fig. 10. The systematic dependence of the decays on Sm®*
concentration confirms that the quenching is due to the energy transfer
between Sm>" ions by cross-relaxation processes mentioned above.
The in-line optical transmittance and the calculated optical losses
0gognm Of YAG:Sm3* (3-15 at.%) transparent ceramics are shown in
Fig. 11a and b, respectively. The transmittances of YAG:Sm>" (3-9 at.%)
specimens at 808 nm were found to be in the range of 82.5-83%, being
very close to the theoretical limit of ~84.3% as determined by Fresnel
reflection. For YAG:Sm>" (11-15 at.%) samples, a decrease in the
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Fig. 9. Emission spectra of YAG:Sm>* (x at.%) ceramics (a) and CR channels between Sm>" ions (b).
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Fig. 11. In-line optical transmittance (a) and optical losses at 808 nm of YAG:Sm>" (3-15 at.%) ceramics sintered at 1725 °C. The thickness of the samples is 3 mm.

transmittance to 79.5-81% was observed due to the increase in Sm>*
ions concentration. The degradation of optical homogeneity of the
samples originates from the light scattering by residual defects (scat-
tering centers) [57], such as pores and secondary phases detected for the
11 and 15 at.% samarium ions doping levels. The absorption coefficient
of Sm®* ions at 1064 nm increases with increasing Sm>" concentration
from 1.27 cm ™! for 3 at. % to 7.91 cm ™! in the case of 15 at.%. There are
no absorption lines of Sm>* ions at 808 nm, thus the optical losses at this
wavelength are associated with the light scattering by residual pores and
other defects. This can be used as an indicator of the optical quality of
ceramics. Thus, the precipitation of the secondary phases limits the
range of useful doping concentration with Sm®* ions below 11 at.%. In
the doping range of 3-9 at.%, the optical losses at 808 nm were found to
be between 0.04 and 0.09 ¢cm ™! (Fig. 11b), which is much lower than
those previously reported [31]. Further increase of the Sm>* ions con-
centration to 11 and 15 at.% leads to an increase in the optical losses at
808 nm to 0.19 cm ™!, mainly due to the formation of secondary phases
and residual pores (Figs. 3e and f and 4a-c) [57,58].

Table 3 summarizes the optical parameters obtained on YAG:Sm>*
(3-15 at.%) ceramic samples. As can be observed, the highly-doped
YAG:Sm>" (9 at.%) ceramic (optical absorption coefficient at 1064 nm
of 45 cm™! and optical losses at 808 nm of 0.07 cm™}) is a very
promising material for the suppression of parasitic oscillation of YAG:
Nd3* lasers.

4. Conclusions

The effect of Sm®* ions concentration on the structural-phase state
and optical properties of reactively-sintered YAG:Sm®" transparent ce-
ramics were analyzed for the first time. The XRD investigations have
shown that the YAG single-phase is formed over the entire concentration
range of Sm>* ions investigated. At the same time, the FESEM results
revealed the precipitation of a secondary phase in YAG:Sm>* ceramics
doped with 11 and 15 at.% Sm>®*, most probably due to the decompo-
sition of a supersaturated solid solution. Thus, the solubility limit of
Sm>* ions in the crystalline structure of YAG ceramics was found to be in
the concentration range of 9-11 at.%. It was found that increasing the
content of Sm>" ions from 3 to 15 at.% leads to a decrease in the average
grain size of ceramics from 24 to 18 pm due to the deformation of the
crystal lattice during the introduction of larger samarium ions into the
yttrium sublattice. The spectroscopic characterization of YAG:Sm>*
ceramic samples revealed that highly-doped samples show an increased
absorption coefficient at 1064 nm. Increasing the intensity of the sat-
ellites with increasing Sm®* concentration contributes to the broadening
of the spectral lines and at the same time to the increase of the ab-
sorption coefficient at 1064 nm. The absorption coefficient of Sm>" ions
at 1064 nm increases with increasing Sm®" concentration from 1.27
cm ! for 3 at. % up to 7.91 cm ! in the case of the doping level of 15 at.
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Table 3
Optical parameters of highly-doped YAG:Sm®' (3-15 at.%) transparent
ceramics.

Sm>* Transmittance at Absorption Optical losses
concentration (at. 808 nm (%) coefficient at 1064 at 808 nm
%) nm (cm’l) (cm’l)

3 83.3 1.27 0.04

5 82.2 2.29 0.09

7 829 3.28 0.06

9 82.7 4.45 0.07

11 79.6 5.42 0.19

15 81.1 7.91 0.13

%. The optical losses at 808 nm in the Sm>* doping range of 3-9 at.%
were found to be between 0.04 and 0.09 cm™?, while for higher Sm>*
concentration (11 and 15 at.%) the optical losses increase up to 0.19
cm ™! due to the formation of secondary phases and residual pores. The
obtained results demonstrate that highly-doped YAG:Sm>* (9 at.%)
transparent ceramic having an optical absorption coefficient at 1064 nm
of 4.45 cm ™! and optical losses at 808 nm of 0.07 em ! could be the best
candidate for parasitic oscillation suppression in high-power YAG:Nd>*
lasers at 1064 nm.
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