Ceramics International 47 (2021) 1399-1406

FI. SEVIER

Contents lists available at ScienceDirect
Ceramics International

journal homepage: www.elsevier.com/locate/ceramint

CERAMICS

INTERNATIONAL

A novel IR-transparent H03+:Y203—Mg0 nanocomposite ceramics for

potential laser applications

Check for
updates

N.A. Safronova?, R.P. Yavetskiy * , O.S. Kryzhanovska“, M.V. Dobrotvorska *, A.E. Balabanov ?,
1.0. Vorona®, A.V. Tolmachev? V.N. Baumer ", I. Matolinova “, D.Yu. Kosyanov ¢, O.

0. Shichalin ¢, E.K. Papynov *¢, S. Hau', C. Gheorghe '

2 Institute for Single Crystals, NAS of Ukraine, 60 Nauky Avenue, Kharkiv, 61072, Ukraine

b SSI “Institute for Single Crystals”, NAS of Ukraine, 60 Nauky Avenue, Kharkiv, 61072, Ukraine

¢ Charles University, Faculty of Mathematics and Physics, V Holesovickach 2, Prague, 18000, Czech Republic

d Far Eastern Federal University, 8 Sukhanova Street, Vladivostok, 690950, Russian Federation

¢ Institute of Chemistry, Far-Eastern Branch, Russian Acadeny of Sciences, 159 100-let Vladivostoku Avenue, Vladivostok, 690022, Russian Federation

f National Institute for Laser, Plasma and Radiation Physics, ECS Laboratory, PO Box MG-36, 077125, Magurele, Bucharest, Romania

ARTICLE INFO ABSTRACT

Keywords: The work is devoted to obtaining of transparent nanocomposite materials as low loss, highly thermally
Transparent ceramics conductive materials for potential laser applications. We report Ho®":Y,03-MgO nanocomposite ceramics with
Nanocomposite

excellent mechanical and optical properties by combining glycine-nitrate process and spark plasma sintering.
Morphology, structural-phase state, infrared transmittance and luminescence depending on the holmium con-
centration (0-12 at.%) were studied for the first time. It was found that optical transmittance reaches 75%
@6000 nm for 3 at.% H03+:Y203—Mg0 ceramics. The absorption cross-section at 1931 nm and the emission
cross-section at 2118 nm were determined to be 6aps = 0.51 x 1072° cm? and 6em = 0.29 x 10720 cm?,
respectively. Based on the testing results of luminescent characteristics it was demonstrated that Ho®':
Y203-MgO nanocomposite is a promising material for high-power eye-safe lasers operating in the 2 pm wave-

Spark plasma sintering
Eye-safe lasers
Luminescence

length range.

1. Introduction

Lasers emitting in the mid-infrared (mid-IR) spectral range (2-6 pm)
are of great interest for use in a wide variety of applications including
industry, atmospheric sensing, LIDARs and medicine. General trend in
creation of such lasers is a search for the most promising high thermal
conductivity host materials. In particular, single crystalline MgO has a
room temperature thermal conductivity from ~60 Wm 'K to ~80 W
m~! K1 [1], which is gigantic in comparison with that of the most used
laser material YAG (~11 W m~! K1) and should result in a desirable
advance in laser power scalability. Recently, new transparent ceramics
for solid-state lasers based on trivalent rare-earths (RE3™) doped Al,O3
[2,3], MgO [1], and MgAl;04 [4,5] have been actively explored. How-
ever, the fabrication of laser media based on RE-doped Al;,03, MgO, and
MgAl;O4 encounters significant difficulties due to the low solubility
limit of RE ions in host materials.

The key to solve the problem of low loss, highly thermally conductive

transparent ceramics for potential laser applications may be the devel-
opment of transparent nanocomposite materials. The advantages of
transparent nanocomposites include high optical quality inherent to
single crystals, higher thermal conductivity and mechanical properties
compared to the constituent oxides. In order to produce transparent
composite nanoceramics with controlled grain size low-agglomerated
nanopowders with average particle size 10-50 nm as well as their
consolidation in non-equilibrium conditions are required [6]. The basic
strategy for the synthesis of composite nanoceramics is to control their
structural-phase state at the nanoscale by using consolidation methods
that suppress the diffusion mass transfer such as spark-plasma sintering
(SPS), hot isostatic pressing (HIP), etc. The optical transparency of
nanoceramics in the IR range of the spectrum occurs due to the low light
scattering on defects and interphase boundaries with characteristic di-
mensions of several nm. Fabrication of composite nanoceramics involves
the creation of a nanocomposite of two or more non-soluble components
in the solid state. In this case, grain growth can be suppressed due to the
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fact that the grains of each phase pin the boundary of the other phase
[7-9]. At the same time, the requirement to ensure transparency of
nanocomposite in a wide range of wavelengths requires the use of ma-
terials with a cubic structure and wide transparency windows. The op-
tical transmission of composite nanoceramics will be realized for
average grain sizes of less than 150-200 nm, whereby the contribution
of light scattering at the interphase boundaries will be minimal.

Recently, fabrication of Y203-MgO transparent nanocomposite ce-
ramics has been reported [10-12]. Moreover, Er3+:Y203—MgO nano-
composite ceramics for mid-IR solid-state lasers have been designed
[13-15]. In Y503-MgO material, RE>" ions prefer to substitute Y>* jons
of the Y503 constituent, which is itself a promising laser host due to its
high optical transparency in the wavelength range of 0.2-8 pm, high
isomorphic capacity for the introduction of luminescent ions, low energy
of phonons, low concentration quenching of luminescence, etc. Ho>*:
Y203 ceramics were actively studied as a promising material for mid-IR
solid-state lasers emitting at ~2 pm, typically used in medical applica-
tions, remote sensing of atmospheric CO5 and Hy0, laser ranging and
time-resolved spectroscopy [16-20]. Resonantly pumped Ho-doped
yttria is becoming more and more attractive to produce eye-safe lasers
operating at wavelengths of 2-2.2 pm due to the inherently high effi-
ciency and relatively simple thermal management [19]. Up to date,
continuous-wave output power at 2117 nm has been generated with a
slope efficiency of 55.6% using 0.5 at.% H03+:Y203 ceramics [18].
Further power scaling could be, in principle, achieved with Ho>*:
Y203-MgO nanoceramics, since the thermal conductivity of composite
lies between those of constituents: Y,03-MgO — 18 W m 'K, Y03 -
136 Wm ™! K1, MgO - 60-80 W m ! K! at the room temperature
[11]. However, to the best of our knowledge, there are no reports on
preparation and properties of H03+:Y203—Mg0 nanocomposite ceramics
in the modern literature.

Recently, we have reported the fabrication of Y203-MgO composite
ceramics by combining glycine-nitrate process (GNP) synthesis and SPS
[21,22]. This work is devoted to the study of the obtaining features and
optical properties of Ho3+:Y203—MgO composite optical nanoceramics
doped with different concentrations (0, 3, 6, and 12 at.%) of Ho®" ions.
The structural-phase state of Ho>*:Y,03-MgO nanocomposite ceramics
obtained by SPS via glycine-nitrate processes, as well as their optical and
luminescent properties have been investigated.

2. Experimental

Holmium-doped 50:50 vol% Y,03-MgO (further denoted as Ho®™:
Y203-MgO) nanopowders were synthesized via the glycine-nitrate pro-
cess according to Ref. [21]. Then, the obtained H03+:Y203—Mg0 pow-
ders were loaded into a graphite die (inner diameter of 15 mm).
Sintering was carried out using an SPS-5158S apparatus (Dr. Sinter*LAB,
Japan) at the temperature T = 1300 °C for 5 min and a pressure of 30
MPa. After that, the nanocomposite ceramics were mirror polished on
both surfaces with different grade of the diamond slurries.

The microstructure of the obtained nanoceramics was studied by the
filed-emission scanning electron microscopy (FE-SEM) and energy
dispersion X-ray spectroscopy (EDX) using a Tescan Mira3 electron
microscope. The average grain size of the ceramics was determined by
using the linear intercept method. At least 300 Y203/MgO grains were
analyzed for each measurement. The phase identification was performed
by X-ray diffraction method (XRD) using a SIEMENS D-500 X-ray
diffractometer (Cugq-radiation, graphite monochromator). The me-
chanical properties of ceramics were investigated by the microhardness
method based on deformation by concentrated load. The indentation
was realized using a PMT-3 device with the standard tetrahedral
indenter at the load 1 N, and the obtained indenter imprints were
collected by means of a Zeiss Axioskop 40 A POL optical microscope. The
optical properties of ceramics were studied using a Fourier-Transform
Infrared (FTIR) spectrometer (Vertex-80, Bruker Optik GmbH, Ger-
many) in the wavelength range of 1000-10000 nm. The absorption and
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emission spectra were recorded at 300 K with a setup consisting of a
Jarell Ash monochromator, Ge photodiode and a Lock-in amplifier
connected with a computer. A halogen lamp and a 350 W Xe-Hg lamp
were used as excitation sources for the absorption and emission mea-
surements, respectively. Laser grade polished samples with a thickness
of 0.5 mm have been investigated.

3. Results and discussion

In order to minimize the optical scattering loss, a number of special
requirements are put forward microstructure of composite material. The
main one is the average grain size that should be significantly less than
the wavelength of the incident light (~0.1 pm [12]). The difficulty in
fulfilling this requirement is associated with the uncontrolled grain
growth due to the recrystallization during sintering. An effective solu-
tion to stabilize the grain size of ceramics is to ensure a uniform distri-
bution of the components of the Y03 and MgO mixture. Thus, the grain
growth will be limited by the number of neighboring grains with similar
composition. It is also known that any inhomogeneities at the phase
boundary, whether pores or secondary phases, will reduce the trans-
mittance of the material due to the high difference in the refractive
indices of the phases. That is why the doping of the ceramics should be
achieved without segregation of impurities at the grain boundaries and
the formation of secondary phases. The structural and chemical homo-
geneity of Ho>':Y,03-MgO composite ceramics depending on the
doping concentration were studied using the FESEM method (Fig. 1). As
can be observed, the ceramics are characterized by a high density and
the absence of open pores, regardless of the holmium ions concentration.
This can be attributed to the low agglomeration of the starting nano-
powders and their high sinterability. All ceramics were characterized by
a biphasic microstructure with a uniform grain distribution of both
phases in the sample (according to mass contrast, dark grains are MgO
phase, light grains are Y,03). The average grain size of Y,03 and MgO
was about 200 and 190 nm, respectively, and no significant differences
in the average grain size of composite depending on holmium concen-
tration were found. This result agrees with that obtained for Er’*:
Y203-MgO system [15], and could be connected with the fact that
trivalent dopants should have little effect on grain boundary mobility of
yttria [23].

The detailed study of the ceramic samples on the nanoscale using
FESEM method shows that all samples contain a few inclusions of an
impurity phase, which are localized both at grain boundaries and triple
junctions (Fig. 1b). The typical size of the inclusions lies within 1-15 nm
range, which hampers the reliable establishment of their elemental
composition. It was not possible to connect the number of inclusions
with the holmium content due to the random localization of the sec-
ondary phase in ceramics. Based on the mass contrast, the inclusions
represent a holmium-containing phase, namely, holmium oxide or car-
bide (Fig. 1b). The Y,03-Ho503 phase diagram is unknown; according to
Ref. [25] one should expect it to a full mutual solubility of holmium
oxide in yttria. Thus, most probably, the precipitate phase is holmium
carbide. In fact, the formation of holmium carbide could relate to the
peculiarities of the powder processing and consolidation in graphite
tooling. It should be noted that no inclusions at the grain boundaries
were observed in undoped Y»203-MgO composite ceramics [22].

EDX analysis confirms the uniform distribution of the main compo-
nents of ceramics (yttrium and magnesium) within ceramic’s volume
(Fig. 2a). A homogenous phase distribution allows stabilizing the grain
size of the nanocomposite, since each grain is an obstacle to grain
growth of the other phase [9,22,25]. According to the EDX analysis, the
ratio of the components of the composite ceramics is stoichiometric. For
example, for the 3 at.% Ho3+:Y203—MgO ceramics, the mass concen-
tration of elements are: ¢ (Mg) = 28 + 3 wt% (24.8%), c(Y) = 41 + 3 wt
% (44.0%), ¢ (Ho) = 1.7 £+ 0.2 wt% (2.5%). The small discrepancy be-
tween the measured and theoretical values given in brackets may be due
to the overlapping of Mg and Ho lines in the energy dispersion spectra.
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(b)

Fig. 1. FESEM of 3 at.% Ho>":Y,05-MgO composite ceramics: general view (a), and area with secondary phase (b).

The intensity of the characteristic lines of holmium increases in the 3 to
12 at.% concentration range of Ho®" jons (Fig. 2b). No other elements
were detected within the sensitivity of the EDX measurements.

The solubility of holmium ions in Y503-MgO nanocomposite is of
great importance, since doping of only yttria constituent will provide
required functional response. While preferred solubility of holmium ions
in yttria matrix is expected [24], formation of Ho®*:MgO solid solution
cannot be completely excluded taking into account the results reported
in Ref. [1] and non-equilibrium synthesis conditions. The effect of Ho®"
doping on lattice parameters of Y203-MgO ceramics was studied by XRD
method (Fig. 3). A typical diffraction pattern of 6 at.% Ho>:Y,03-MgO
is given in Fig. 3a. All the samples represent a mixture of cubic yttrium
oxide (space group Ia3, JCPDS No. 41-1105) and cubic magnesium
oxide (space group Fm3m, JCPDS No. 45-0946). The content of the main
phases is Y203 — 57.7 wt%, MgO — 42.3 wt%, which agrees well with the
stoichiometric values for the 50:50 vol ratio (Y203 — 58.2 wt%, MgO —
41.8 wt%). No impurity phases were detected within the method
sensitivity. This suggests that the amount of the impurity
holmium-containing phase revealed by FESEM is less than 1 wt%
(Fig. 1b).

The lattice parameter a of yttrium oxide negligibly increases from
10.58903 (10)A to 10.59105 (9)A with the growth of Ho>* ions con-
centration in the 3-12 at.% range (Fig. 3b). This is due to the partial
replacement of Y3+ ions by Ho®" ions with a slightly larger ionic radius
(104 pm and 104.1 pm, correspondingly) [26]. The linear dependence of
the lattice parameter on the holmium concentration indicates the for-
mation of (Y;xHox)203 substitutional solid solutions in the range of
studied concentrations, according to the Vegard’s rule. The lattice
parameter of magnesium oxide decreases while the concentration of
Ho®" ions increases. Such behavior suggests that Ho>" ions do not
substitute Mg?" ions (ionic radius of Mg>" = 86 pm) in the MgO
structure. The shrinkage of MgO lattice is connected with the loss of
some oxygen in the reducing environment (vacuum) at high tempera-
tures [27].

Microhardness is known to be one of the main parameters deter-
mining stability to thermal shock, which is particularly important for
lasers, IR-windows and domes [11]. Y203-MgO composite is known to
have improved mechanical hardness compared to Y203 and MgO
single-phase ceramics [11]. The mechanical properties of Ho®':
Y203-MgO sintered ceramics have been analyzed by the micro-
indentation test. The highest Vickers hardness of 10.7 MPa was achieved
with 12 at.% Ho>*:Y,03-MgO sample. This value is comparable to that
of undoped Y203-MgO nanocomposite [22] and slightly exceeds the
hardness of Er3+:Y203—MgO ceramics (~10 MPa regardless of the
doping concentration) [15]. This fact is unexpected, since Erdt:
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Y203-MgO ceramics are characterized by much smaller grains size than
those obtained in our experiments, of about 70 nm [15]. The increase in
the hardness of Ho®":Y,03-MgO most likely occurs due to the accu-
mulation of dislocations during the preparation of the composites by the
SPS method, which is considered to be more nonequilibrium in com-
parison with hot pressing used by Ma et al. [15].

The optical properties of transparent ceramics greatly depend on
their structural and compositional homogeneity. For example, to ach-
ieve excellent transparency the pore concentration must be below 1073
vol%, and the absence of secondary phases and clean grain boundaries
with a typical width of about 1 nm are required. The IR transmittance
spectra of H03+:Y203—Mg0 composite ceramics are shown in Fig. 4a. Itis
worth noting that the optical properties of Ho>':Y,03-MgO nano-
composite are limited in the visible range due to the light scattering at
the grain boundaries of Y203 and MgO phases having different refractive
indexes. The measured transmittance is slightly lower than the theo-
retical value due to scattering by the secondary phase, as well as by the
nano- and micropores not revealed by the FESEM method. Wide peaks at
2800-4000 nm and 7000 nm detected in the spectra of sintered ceramics
were attributed to the absorption of hydroxyl and carboxylate groups,
respectively [22]. The highest in-line transmittance of 75%@6000 nm
was obtained for ceramics doped with 3 at.% of Ho" ions (Fig. 4a),
which is 5% higher compared to undoped Y203-MgO [22]. Since the
Ho-O bond is weaker than the Y-O bond (bond dissociation energy Dagg
= 606 kJ mol~! and Dogg = 714 kJ mol !, correspondingly [28]), the
ionicity degree of Ho-O bonds is smaller compared to that of Y-O.
Therefore, the substitution of a certain amount of Y>* ions by Ho®" ions
leads to a decrease in the electron density of oxygen atoms around
holmium ions [29]. This will enhance diffusion of yttrium ions, increase
sinterability that results in better optical transmittance of doped ce-
ramics compared to undoped one. Further, an increase in the activator
concentration up to 12 at.% results in a degradation of the optical
transmittance down to 55%. Apparently, the concentration of
holmium-containing inclusions located at grain boundaries vary for
different Ho®" content, leading to transmittance decrease (Fig. 4a).
Further optimization of processing conditions is underway in order to
increase in-line transmittance of nanocomposite. There are several ways
to improve transmittance in both NIR and even visible wavelength
range. The first one is more precise control of the particle size of starting
nanopowders during glycine-nitrate process. Assuming that the grain
growth factor remains the same for SPS of nanopowders having different
particle size, utilization of powders consisting from smaller particles
(20-40 nm) will result in ceramics with lower average grain size. This
will allow to increase optical transmittance of nanocomposite due to
lower scattering at interphase grain boundaries. The second way is using
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Fig. 2. Elemental mapping of Mg and Y in 6 at.% Ho3+:Y203—MgO ceramics (a); EDX spectra of Ho3+:Y203—MgO ceramics doped by 0, 3, 6, and 12 at.% of Ho®*
ions (b).
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Fig. 3. X-ray diffraction pattern of 6 at.% Ho®":Y,03-MgO composite ceramic (a); lattice parameters of Y505 and MgO vs. concentration of Ho®>" ions (b).
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Fig. 4. IR transmittance of x at.% Ho-doped in Y,03-MgO, x=(0, 3, 6, 12), nanocomposites (the thickness of the samples is 1 mm) (a); the absorption spectra of x at.
% Ho-doped Y,03-MgO nanocomposites corresponding to the Ho>* ®Ig—°I, transitions (b).

of sinter-HIP approach, which permits to suppress the diffusion pro-
cesses significantly and keep the grain size at the 0.1 pm scale. Using this
concept, authors [15] achieved in-line transmittance of Er:Y,03-MgO
composite as high as 80%@2100 nm while retaining the average grain
size in the 110-120 nm range.

The room temperature absorption spectra of x at.% Ho-doped
Y203-MgO nanocomposites, where x=(3, 6, 12), corresponding to the
51g—°I transitions of Ho®' ions, were measured in the 1800-2000 nm
wavelength range (Fig. 4b). It can be observed that the absorption lines
are narrow, and the peak positions do not vary with x (Ho®>" content),
but the absorption coefficients scale linearly with x. Based on the
measured absorption coefficients, the absorption cross-sections values
were determined using the effective dopant ion number density of Ho>*
ions that contribute to the electric dipole transitions observed, attrib-
uted to Ho®>" ions located in Y sites with Cy symmetry (3/4 from the
Ho®" ions content) in the Y503 lattice [30]. The effective dopant ion
number densities were calculated to be Negs = 6.04 x 10%° cm’3, 12.09
x 10%° cm™3, and 24.18 x 10%° cm™3, for 3 at.%, 6. at%, and 12 at.%,
respectively, Ho-doped Y503-MgO nanocomposites. Thus, the most
intense peak of the °Ig—>I; transitions is situated at 1931 nm and has an
absorption cross-section 6,ps = 0.51 x 102 cm?, which is about half of
to the value obtained for Ho:Y503 ceramic (6,ps = 1 X 10720 ¢m? at
1930 nm wavelength) [16].

The room temperature emission spectra of x at.% Ho-doped
Y203-MgO nanocomposites under Xe-Hg (300 W) lamp excitation
were also recorded. The luminescence spectra reveal multiple and
intense emission bands of Ho>" ions in the visible (Fig. 5a) and infrared
domains (Fig. 5b). In the visible range (Fig. 5a), the emission spectra
consist of an intense group of lines in the wavelength range of 535-565
nm, which can be attributed to the electric-dipole transitions of Ho®>"
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ions from the °S,, °F, thermalized levels to the °Ig ground state. The
group of lines at ~660 nm, attributed to 5F5— "I, transitions of Ho®" ion,
have a much lower intensity. The positions of the main group of lines are
similar to those observed in the luminescence spectra of Ho>*:Y,05
ceramics, films, and nanopowders [31-33]. As can be observed, in the
visible domain the luminescence intensity of Ho>":Y»03-MgO compos-
ite ceramics decreases with the increasing of holmium ions concentra-
tion in the range 3-12 at.%. It should be noted that no shifting or
broadening of the emission peaks is observed for the samples, which
indicates that the dopant concentration does not induce radiation
trapping effects or collateral emission bands.

Fig. 5b shows the infrared emission spectra around ~760 nm, cor-
responding to the 584, 5F4—°I; transitions with low-intensity lines, and
around ~1210 nm corresponding to the °Is—°Ig transitions with much
higher intensity lines, indicating a standard picture of Ho>" ions lumi-
nescence. The emission spectra were found to be in a good agreement
with previous reports on H03+:Y203 ceramics [32,34]. The emission
cross-section at 1200 nm was calculated by Fiichtbauer-Ladenburg (FL)
formula [35], and the obtained value is Gep = 2.3 x 1072 em?, which is
slightly higher than half of the value obtained for Ho:Y0s3 crystal (Gaps
— 4.1 x 102! ¢cm? at 1216 nm) [36]. It can be observed that the in-
tensity of the emission lines around ~1210 nm increases with the
increasing holmium concentration in the range of 3-6 at.%, and
decrease for 12 at.% indicating a significant deterioration of the lumi-
nescence intensity, most probably due to the luminescence quenching.

The most important lasing channel of Ho>™ in the yttria matrix lies at
~2.12 pm being attributed to the °I;—°I3 transitions with a significant
magnetic dipole contribution. Therefore, the study of the luminescent
properties of Ho-doped composite ceramics in the NIR spectral range is a
very important task. The room temperature luminescence spectra
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Fig. 5. Room temperature luminescence spectra of x at.% Ho-doped in Y,03-MgO, x=(3, 6, 12), nanocomposites in visible (a) and infrared (b) domains.

corresponding to the °I;—°I transitions of Ho®>" ions doped in
Y203-MgO nanocomposites are shown in Fig. 6a. The spectra exhibit
intense emission bands of Ho®>" ions in the 1900-2150 nm wavelength
range similar to those obtained for Ho3+:Y203 ceramics [16].

The emission cross-section corresponding to the 5I,—°Ig transitions
(Fig. 6b) was also calculated by Fiichtbauer-Ladenburg (FL) formula
[35], and the obtained values are 6¢y, = 0.57 X 1072 ¢m? at 2000 nm,
Gem = 0.35 x 1072° cm? at 2088 nm, and Gem = 0.29 x 1072° cm? at
2118 nm, for all the samples. The obtained emission cross-section values
around 2110 nm are close to those previously reported for 0.4 at.% Ho:
Y505 crystal (Gem = 0.4 x 1072° cm? at 2111 nm) [37], 0.92 at.% Ho:
Y203 crystal (6em = 0.54 X 1072 cm? at 2116 nm) [36], and 1 at.% Ho:
Y,03 transparent ceramics (Gem = 0.45 x 102 ¢m? at 2119 nm) [16],
proving that Ho>*:Y,03-MgO nanocomposite could be a promising
material for high-power eye-safe lasers operating at wavelengths ~2 pm.

As in the case of the emission spectra around 1200 nm, the intensities
of the emission lines corresponding to the 5I,—°I transitions increases
with the increasing of holmium concentration in the range of 3-6 at.%.
For 12 at.%, the emission intensity decrease due to the concentration
quenching. The evolution of the emission intensities of these two 51e—5Ig
and °I,—°Ig transitions can be explained by the existence of many and
very efficient cross-relaxation processes. In general, the radiative life-
times of the °Is and °I; manifolds of Ho®>' ions are very long, and
therefore these manifolds act as energy reservoirs for cross-relaxation
and excited-state absorption (ESA) processes [38]. In the case of Ho*:
Y203 nanocrystals, these radiative lifetimes were found to be 6.8 ms and
12.3 ms, respectively [39].

The nonradiative energy transfer via dipole-dipole interaction be-
tween holmium ions excited to °Fs, >S5 levels and unexcited, leads to the
relaxation of the first ion and the excitation of the second, resulting thus
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in the transition of both ions on the °I and °I, levels. Since the lumi-
nescence in the 535-565 nm spectral range is caused by the 5F,, 385515
transitions, it is easy to see that the cross-relaxation processes will lead
to a decrease in the number of photons emitted in the visible range and
to an increase in the near IR domain. For example, different cross-
relaxation processes involved in the depopulation of the S, manifold,
such as (°Sy, °I)-Cls, °L), CF3, °Fs)-Clg, °), (S, *IN-Cls, °Iy, *Ie),
and (°Sy, °I;)~(°Fs, °I5), contribute to the population of 5T¢ and °I; levels
[38]. Furthermore, the probability of cross-relaxation is inversely pro-
portional to the sixth power of the distance between the Ho>* ions; thus,
it will increase with increasing doping concentration [40].

4. Conclusions

50:50 vol% 3, 6, and 12 at.% Ho3+:Y203—MgO nanocomposite ce-
ramics were prepared by means of GNP and SPS techniques. The ob-
tained ceramics are characterized by a biphasic structure with a uniform
grain distribution of both phases in the sample, which allow effectively
stabilize the average grain size of ceramics of about 200 nm. Holmium-
containing secondary phases with dimension of 1-15 nm were revealed
at the grain boundaries of nanocomposite due to the sintering features of
ceramics by the SPS in graphite tooling. XRD shows that holmium ions
enter only Y503 structure with the formation of (Y;.xHoy)203 substitu-
tional solid solutions in the whole concentration range of Ho®" ions
studied. The maximum value of Vickers hardness of 10.7 GPa was ach-
ieved for 12% Ho>':Y,05-MgO ceramics. The highest in-line trans-
mittance of 75%@6000 nm was obtained for ceramics doped with 3 at.%
of Ho3* ions, which is 5% higher compared to undoped Y,03-MgO. This
fact is connected with smaller ionicity degree of Ho—O bonds compared
to that of Y-O, leading to enhanced diffusion in yttrium sublattice.

x at.% Ho:Y,0;-MgO
300K

1,2x1020

9,0x10%'
6,0x10%'

o

3,0x10°%'

0,0

A (nm)

(b)

Fig. 6. Room temperature luminescence spectra (a) and emission cross-sections (b) corresponding to the °I,—°Ig transitions of x at.% Ho-doped in Y,05-MgO, x=(3,

6, 12), nanocomposites.
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All nanocomposite ceramics show dominant luminescence in the
green and infrared domains, as well as a weak emission in the red
domain. The 6% Ho>":Y,03-MgO nanocomposite demonstrates the
strongest emission intensity in the 1925-1975 nm wavelength range. It
has been shown that increase of holmium concentration decreases the
luminescence intensity at 550 nm (°F4, °S2—>I5) and increases those at
1200 nm (°Ig—>Ig) and 2000 nm (°I;—°Ig) due to the cross-relaxation
processes. The absorption cross-section at 1931 nm and the emission
cross-section at 2118 nm were determined to be 6,ps = 0.51 x 10720 cm?
and 6em = 0.29 x 1072° em?, respectively, proving that Ho>*:Y,03-MgO
nanocomposite could be a promising material for high-power eye-safe
lasers operating at wavelengths ~2 pm.
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