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ABSTRACT

Exploration of mid-infrared laser materials with broad emission spectra is crucial for the generation of ultrashort pulses,
particularly in spectroscopic and material processing applications. The incorporation of La*" ions into Er:Y,0s;, a representative
mid-infrared laser material, induces crystal lattice distortion and broadens its emission spectrum. However, the La** doping
concentration is typically limited to approximately 10 at.% owing to the formation of secondary phases. In this study, transparent
(Er.05 Yo.05..La,),0; mixed sesquioxide ceramics with high La3* concentration of x = 0.2 was fabricated together with x = 0, 0.05,
and 0.1 via co-precipitation and low-temperature spark plasma sintering (SPS) to investigate the effects of La*" concentration
on mid-infrared emission properties. Both the emission spectral width and luminescence lifetime at approximately 2700 nm
increased with increasing La*" concentration. For x = 0.2, the values were approximately 17 nm and 3.8 ms, respectively, compared
to approximately 4 nm and 3.3 ms for x = 0. Although the x = 0.2 sample achieved an in-line transmittance above 80% at 2720 nm,
it was still lower than those of samples with lower La** content. Microstructural analysis revealed that La** addition reduced
the average grain size and formed residual pores, likely responsible for increased optical scattering. To eliminate the residual
pores, post-hot isostatic pressing (HIP) treatment was conducted at various temperatures, which resulted in improved optical
transmittance. We believe that optimizing processing conditions could further enhance optical quality at high La** concentrations,

making it a promising candidate for mid-infrared laser applications.

1 | Introduction

The 2.7 um laser emission of Er** ions (*I;;,,—*I;;,, transition)
coincides with strong water and water vapor absorption, making
Er**-doped laser gain media promising candidates for medical
surgery, spectroscopic, and materials processing [1-3]. Among
various host materials, cubic sesquioxide groups, such as Y,0;,
Lu,0;, and Sc,0;, are particularly promising for mid-infrared
laser emission owing to their high thermal conductivity, low
phonon energy, large Stark splitting, and excellent thermo-
mechanical properties [4, 5]. For ultrashort pulse lasers, broad-
band gain media are highly desirable, as smooth and broad

emission bands are essential for achieving shorter pulse durations
[6]. Mixed sesquioxides, such as (Lu,Sc),0; and (Y,Sc),05, have
shown enhanced emission bandwidths and compositional spec-
tral tuning due to intrinsic crystal field disorder arising from the
mismatch in cation radii among trivalent ions (Y**: 0.90 A, Lud*:
0.86 A, Sc3*: 0.75 A) [7, 8].

While Er**-doped mixed sesquioxides exhibit broader emission
bands than single sesquioxide hosts, further spectral broadening
is desirable for ultrashort-pulse mid-infrared lasers [7-12]. In
the (Y,La),0; system, the substantial cation radius difference
between Y** (0.90 A) and La* (1.03 A) [13, 14] is expected to
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induce stronger local lattice distortion and modifications of the
crystal-field environment, subsequently impacting the emission
properties of Er** ions. Moreover, the relatively lower phonon
energy of La,0; (~400 cm™) [15, 16] compared to Y,0; (591
cm™), Lu,0; (612 cm™), and Sc,0; (672 cm™) [17] suggests
that (Y,La),0; mixtures may achieve the relatively lower phonon
energy, potentially reducing non-radiative relaxation and then
enhancing laser efficiency. Nonetheless, the melting point of
sesquioxides, which typically exceeds 2400°C, poses a significant
challenge for single crystal synthesis and consequently impedes
large-scale commercial production [18, 19]. By contrast, ceramic
processing can produce transparent bulk ceramics below their
melting points with more homogeneous doping of laser-active
ions [4, 20].

Sun et al. demonstrated high transparency and strong laser
emission at 2715 and 2727 nm from Er:(Y,,La,,),0; ceramics
fabricated by hot pressing at 1700°C [21]. Balabanov et al. also
fabricated (Er,;Y,5;La0,),0; ceramics with a transmittance
of 80% by vacuum sintering and observed additional spectral
broadening in the mid-infrared absorption and emission bands
compared to Er:Y,0; ceramics [22].

La’* doping effectively enhanced the emission capability of
Er** ions in Er:Y,0, system. However, to the best of our
knowledge, La** concentrations exceeding 10 at.% have rarely
been reported in previous studies. This limitation likely arises
from the formation of secondary phases such as monoclinic
or perovskite phases, when solubility or temperature limits are
exceeded in the Y,0;-La,0; solid solution system [23-27]. Such
phase formation is considered the primary obstacle to fabricating
transparent ceramics. Therefore, investigating fabrication pro-
cesses to achieve optical transparency in Er:(Y,La),0; ceramics
with high La** content and examining the effect of elevated La**
concentrations on luminescence properties are of considerable
interest.

Spark plasma sintering (SPS) is an advanced sintering technique
that enables fabrication of dense ceramics with fine microstruc-
tures at relatively lower sintering temperatures than conventional
pressure-less vacuum sintering [28-32]. By employing SPS, trans-
parent rare earth doped Y,0; ceramics with grain sizes around
several 100 nm have been developed [33-36], and these materials
have been applied to laser materials and a saturable absorber in
the mid-infrared region [36]. This approach is also considered
effective for avoiding secondary phase formation in (Y,La),0,
ceramics that would otherwise occur during high-temperature
heat treatment. Additionally, co-precipitation has been reported
as an effective method for preparing fine powders with high
doping concentrations and has the potential to overcome solid
solubility limitations caused by diffusion constraints in tradi-
tional solid-state reaction methods [37, 38]. Thus, combining SPS
with co-precipitated powders provides an efficient strategy to
suppress secondary phase formation in (Y,La),0; ceramics and
achieve transparent ceramics for laser applications.

In this study, we investigated the fabrication of transparent Er**
doped (Y,La),0; mixed sesquioxide ceramics with high La3* con-
tent via co-precipitation followed by SPS and hot isostatic pressing
(HIP) treatments. We systematically investigated the effects of

high La** content on the microstructure, optical properties, and
emission behavior of these potential mid-infrared laser materials.

2 | Experimental Procedure
2.1 | Material Preparation

Figure 1 shows a schematic of the experimental procedure.
High-purity yttrium nitrate hexahydrate, lanthanum nitrate hex-
ahydrate, and erbium chloride hexahydrate were used as starting
materials and dissolved in deionized water according to the
stoichiometric ratio of (ErgysYyes..La,),0; (x = 0, 0.05, 0.1,
0.2). Analytical-grade ammonium bicarbonate was used as the
precipitant and diluted with deionized water. The precipitant
solution was dripped into the mixed metal ion solution under
stirring. After precipitation, the solution was continuously stirred
and aged for approximately 12 h. The precursor was collected by
centrifugation, washed several times with deionized water, and
dried. Finally, the precursor was calcined at 1200°C for 2 h in air.

After sieving, the powder was subjected to SPS (LABOX-325,
Sinter Land, Japan) under vacuum. The temperature was moni-
tored using a pyrometer. The sintering temperature, heating rate,
and holding time were 1300°C, 5°C/min, and 1 h, respectively.
An applied pressure of 80 MPa was preloaded and maintained
constantly until completion of the sintering process. After SPS,
the sintered ceramics were annealed in air, and both surfaces
were polished for characterization. Three sets of HIP treatments
for SPSed samples were conducted using a HIP furnace (O,-Dr.
HIP, Kobe Steel, Japan) under Ar pressure of 180 MPa at 1200°C,
1300°C, and 1400°C for 2 h, respectively.

2.2 | Characterization

For material characterization, the phase compositions of the
powders and sintered ceramics were measured using an X-ray
diffractometer (Ultima IV, Rigaku Co., Japan). To evaluate the
phonon energies of the host materials, Raman shift spectra were
recorded using a Raman microscope (inVia Reflex, Renishaw Co.,
UK) with a 785 nm laser for undoped Y,0; and (Y,sLa,,),05
calcinated powders to avoid absorption owing to Er** ions. The in-
line optical transmittance of the ceramics was measured using a
UV-VIS-NIR spectrometer (UV-3600i Plus, Shimadzu Co., Japan).
The morphologies of the powders and the microstructures of the
sintered ceramics were observed using a field-emission scanning
electron microscope (S-4800, Hitachi Co., Japan). To examine the
microstructure of the sintered ceramics, the polished surfaces
were thermally etched at 900°C for 1 h.

2.3 | Luminescence Properties

The luminescence spectra and decay curves were obtained using
a 976 nm laser diode as the excitation source. Mid-infrared
luminescence spectra and temporal decay curves were measured
using an optical spectrum analyzer (OSA205C, Thorlabs Co.,
USA) and an InAsSb detector, respectively.
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FIGURE 1 | Experimental procedure for fabricating (Erg os5Yg 0s.cLa,), O3 transparent ceramics.

FIGURE 2 | FE-SEM images of the as-calcined powder for various La** concentrations: (a) x = 0, (b) x = 0.05, (c) x = 0.1, and (d) x = 0.2.

3 | Results and Discussion

Figure 2 shows FE-SEM micrographs of calcined powders with
different La** doping concentrations. All the samples exhibited
a loosely aggregated morphology composed of submicron-sized
particles. The particles displayed irregular polyhedral shapes,
typical of nanoscale powders produced via wet chemical methods.
There was no evident change in morphology or powder dispersion
with respect to La3* concentration; all the powders remained uni-
formly dispersed with particle diameters of approximately 80 nm.

Figures 3 and 4 show the x-ray diffraction (XRD) patterns of the
calcined powders and the sintered ceramics after SPS, respec-
tively. All the diffraction peaks of both the powders and ceramics
matched well with the Y,0; phase (No. 86-1326) [39], indicating
that the powders and ceramics have a cubic structure without
any secondary phases. The XRD peak positions shifted slightly
with increasing La*" content owing to changes in the lattice
constant. Additionally, the full width at half maximum (FWHM)
of the characteristic peak of the powder with 20 at.% La**
showed significant broadening, as Figure 3b shows, reflecting
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FIGURE 3 | (a)X-ray diffraction patterns of the calcined (Erg s Yo.05.xLay),05 powder for various La** concentrations; (b) magnified image of (222)
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FIGURE 4 | (a)X-ray diffraction patterns of the as-sintered (Erg o5 Y 9s.xLa,), O3 ceramics for various La** concentrations; (b) magnified image of
(222) peak.
internal lattice disorder that may contribute to increased emission .
2 dhkl sinf =4 (2)

bandwidth [39].

Using the Miller index (hkl) model and Bragg’s law, the lattice
parameter (a) of the cubic crystal can be calculated as follows:

a

dhkl = (1)
Vh2+k2+ 12

where d,,; is the interplanar spacing, 0 is the diffraction angle,
A is the X-ray wavelength, and (hkl) are the Miller indices of the
diffraction plane. The lattice parameters of powders and ceramics
are plotted as a function of La** content in Figure 5, revealing
a linear increase with La** concentration, signifying successful
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incorporation of La3* ions into the Y, 0, lattice and the formation
of a single-phase solid solution.

Raman spectra of the calcined Y,0; and (Y,5La,,),0; powders
are shown in Figure 6. The spectra of both samples matched
well with the typical nature of cubic sesquioxides, but the
spectrum of (Y, gLa,,),0; broadened and was slightly red shifted.
The maximum phonon energies of the Y,0; and (Y,5La,,),0;
powders were 593 and 579 cm™, indicating that incorporation of
La** ions likely reduces non-radiative relaxation in the ceramic
materials.

Figure 7a,b shows the sample images and in-line transmittance
spectra of the (Er o5 Y ¢s..La,),0; ceramics after SPS with a thick-
ness of 1.2 mm. The in-line transmittance (T) can be expressed as a
function of sample thickness and internal scattering and absorp-
tion losses, namely, T = T, exp[—(a + o)d], where a denotes the

absorption coefficient, o denotes the scattering coefficient, and d
denotes the sample thickness. The theoretical transmittance (T,)
can be obtained from the Fresnel reflectance (R) as follows:

Ty=(1-R)’ ®3)
R= M @
(1+n)

where n denotes the refractive index dispersion of the undoped
Y,0; material [22, 40].

The in-line transmittance of the Er:Y,0; (x = 0) ceramic was
82.1% at 2720 nm, which is comparable to the theoretical value of
82.6%. This corresponds to a loss coefficient of 0.05 cm™!, which is
closer to the laser quality requirements. The transmittance of the
other three ceramics showed a decreasing trend with increasing
La3* content, and the ceramic with x = 0.2 exhibited a minimum
transmittance of 80.8% with a corresponding loss coefficient of
0.18 cm™!. Moreover, the transmittance of the ceramics decreased
more significantly with La** content in the wavelength range
below 1500 nm, notably at the excitation wavelength of 976 nm,
mainly owing to residual pores within the ceramics.

The microstructural images of the polished ceramic surfaces are
shown in Figure 8. No secondary phases were observed for any
La** content, which corresponded to the XRD results shown in
Figure 4. In Figure 8a, the sintered ceramic with 0 at.% La**
concentration consists of extremely fine crystal grains. However,
as shown in Figure 8b-d, the number of residual pores increased
with increasing La*" concentration. The average grain size of
the ceramics decreased from 298 nm for Er:Y,0; ceramic to 247,
187, and 131 nm for those containing 5, 10, and 20 at.% La’*
concentrations, respectively. This indicates that the decrease in
average grain size may be attributed to La** ion acting as a
sintering inhibitor [25, 41], leading to suppressed grain growth
and an increased number of residual pores. One approach to
further improve optical transmittance is to optimize the SPS
sintering conditions, such as sintering temperature or applied
pressure.

The SPSed samples were subjected to subsequent HIP processing
at different temperatures to improve optical quality by removing
residual pores. Figure 9 presents in-line transmittance spectra and
corresponding photographs of the (Erg sY(9s..La,),0; ceramics
after different HIP treatments. Compared with SPSed ceramics,
post-HIP ceramics exhibited improved optical transparency. In
the visible to near-infrared range, the in-line transmittance
generally increased with increasing HIP temperature for x = 0,
0.05, and 0.1, attributed to the effective removal of residual pores.
By contrast, the optical transmittance of the sample with x = 0.2
improved after HIP processing at 1200°C, while further increases
in HIP temperature led to reduced optical transmittance. Notably,
the transmittance of the sample treated by HIP at 1400°C
decreased dramatically and became almost opaque.

Figure 10 illustrates the phase composition of x = 0.2 samples after
varying HIP treatments. In Figure 10a, the SPSed sample treated
at 1200°C remained a single cubic phase. However, increasing
the HIP temperature introduced several new diffraction peaks
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FIGURE 9 |

various La3* concentrations: (a) x = 0, (b) x = 0.05, (¢) x = 0.1, and (d) x = 0.2.

in the XRD patterns. As shown in Figure 10b, these diffraction
peaks were located at intermediate position between those of
monoclinic Y,0; phase (No. 90-4438) and La,0O; phase (No. 76-
7413), suggesting the possible formation of a monoclinic (Y,La),05
phase during high-temperature HIP treatment. This secondary
phase acts as a scattering center, leading to reduced optical trans-
mittance. These results suggest that low-temperature sintering
is essential for fabricating transparent ceramics with high La3*
concentrations.

The measured luminescence spectra in the mid-infrared range
for the SPSed (Er 5 Y 9s..La,),05 ceramics before HIP treatment
are shown in Figure 11a. The broad luminescence spectra span
from 2580 to 3000 nm, corresponding to the *I;,,,—*1;; , transition
of Er** ions. With increasing La*" content, the luminescence
spectra became less structured and exhibited inhomogeneous
broadening. Generally, two possible lasing modes were observed
in the mid-infrared spectral region at 2710 nm and 2850 nm [22,
42]. For the most intense peak centered at around 2720 nm, the
emission bandwidth (FWHM) of the sample with x = 0.2 reached
approximately 17 nm compared with approximately 4 nm for the
sample with x = 0. The incorporation of larger La** ions into
the Y,O; lattice induces local lattice distortion and modifies the
crystal-field environment around the Er** ions. Consequently, the
Stark splitting of the *I,,, manifolds at 2720 nm may vary slightly
among different Er** centers. The overlap of emissions resulting

L] L)
500 1000 1500 2000 2500 3000

Wavelength (nm)

In-line transmittance spectra of the (Er 5Y( 9s.xLay), O3 ceramics with corresponding photographs after different HIP treatments for

from these local crystal-field perturbations leads to enhanced
inhomogeneous broadening of the mid-infrared luminescence
band. For another intense peak band in the range of 2820-
2880 nm shown in Figure 11b, the FWHM of the Er:(Y,5La,,),05
ceramics broadened to approximately 18 nm. These results con-
firm that high La’* incorporation effectively enhances spectral
broadening of the mid-infrared emission, which is advantageous
for developing ultrashort pulse lasers.

The luminescence decay curves from the I, —*I;;,, transition
of Er** in the different samples are shown in Figure 12. These
were fitted using the following function to evaluate the average
lifetime:

I(t)=A, exp <_TLl> + A,exp <—TL> ©)

2

A+ A

= 6
Tave AT+ AT, ©)

where A, + A, = 1 and 7,,. denotes the average luminescence
lifetime.

The average luminescence lifetimes were 3.3, 3.4, 3.6, and 3.8 ms
for ceramics with x = 0, 0.05, 0.1, and 0.2, respectively. Interest-
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image of the XRD patterns for the sample treated at 1400°C.
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FIGURE 11 | Luminescence spectra of the (ErgsY(os.xLay),0; ceramics for various La** concentrations: (a) full spectra; (b) a close look at the
2800-2880 nm wavelength range.
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FIGURE 12 | Mid-infrared luminescence decay curves of the (Er o5Y.95.La,), O3 ceramics for various La** concentrations.
ingly, the average lifetime increased with increasing La** content.
We attribute this to the reduction in maximum phonon energy of
Acknowledgments

ceramics, which suppresses multi-phonon relaxation and conse-
quently enhances radiative efficiency at this wavelength. Notably,
the (EryosYo.sLay,),05 ceramics exhibited a long luminescence
lifetime of 3.8 ms and a broad emission bandwidth exceeding
17 nm, signifying higher luminescence emission capability than
the other samples. These results suggest that increasing the La>*
concentration to 20 at.% can enhance the potential of these
ceramics for ultrashort pulse mid-infrared laser applications.
However, achieving the suppression of secondary phases at
higher La3* concentrations requires careful optimization of the
fabrication process, including suitable powder synthesis, low-
temperature SPS processing, and subsequent HIP treatment.
We believe that further improvements in transmittance can be
realized by optimizing these conditions, ultimately facilitating
efficient laser operation.

4 | Conclusions

The combination of the co-precipitation method and SPS
is an effective strategy for fabricating highly transparent
(Erg05Yo.0s..La,),05 ceramics with x values of 0, 0.05, 0.1, and
0.2. SPS is currently the only practical method available for
producing transparent ceramics with high La** concentrations.
La** ions were incorporated into the Y,O; lattice during the
co-precipitation process, resulting in intrinsic disorder of the
crystal field and a decrease in maximum phonon energy, which
contributed to broadening of the emission spectra and extension
of the luminescence lifetime. For the sample with x = 0.2, the
emission spectral width at 2720 nm broadened to around 17 nm,
while the luminescence lifetime of the *I,;,—*I;, transition
increased to 3.8 ms. However, the in-line transmittance at
2720 nm for the x = 0.2 sample decreased to 80.8% owing to
formation of residual pores. Ultimately, further improvement
in optical transmittance at the pump source wavelength was
achieved by appropriate HIP treatment, which is significant for
exploring more efficient ultrashort lasers in the mid-infrared
region.
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