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Abstract: Rare-earth-doped transparent sesquioxide laser ceramics enable engineering of
their gain bandwidths via solid-solution (“mixed”) compositions exhibiting a strong
inhomogeneous spectral line broadening. We report on a detailed spectroscopic study and
the first mid-infrared laser operation of Erbium-doped yttria-scandia, (ScxY1-x)203,
ceramics fabricated by vacuum sintering at 1750 °C from laser-ablated nanoparticles. The
effect of the Sc fraction on the spectral and kinetic properties of Er** emission around 2.8
um owing to the *Iii2 — “li32 is revealed. The inhomogeneous spectral line broadening
leading to merging of individual Stark sub-levels of Er*" multiplets is evidenced by low-
temperature spectroscopy. An original method of quantifying the distribution of dopant
Er’* ions over C> and Cs symmetry sites in the cubic bixbyite structure is suggested based
on the transition probabilities derived by the Judd-Ofelt theory. In the parent Er:Y203
ceramic, the Er’" ions nearly follow the ideal distribution with 3/4 of ions residing in C>
sites, and Sc addition skews it in favor of Cs: sites. A continuous-wave Er:(Sc,Y)203
ceramic laser generated 312 mW at 2716 nm with a slope efficiency of 18.6% and a laser
threshold of 128 mW.

Keywords: transparent ceramics; sesquioxides; erbium ions; luminescence; mid-infrared
lasers.



1. Introduction

Transparent ceramics are polycrystalline materials composed of randomly oriented closely
packed single-crystalline grains featuring weak light scattering [1-3]. The latter can originate
from pores, grain boundaries, impurities and birefringence effects [1]. When doped with trivalent
rare-earth ions (RE®"), transparent ceramics appear as appealing laser materials [3-5]. As
compared to the corresponding single crystals, laser ceramics offer a number of advantages such
as i) reduced synthesis temperatures [6,7], ii) easier control of RE*" doping [8] and access to
“mixed” (solid-solution) compositions Ai—xBx [9-11], iii) fabrication of composite elements
[12,13] and iv) size-scalable production [14,15]. The advantageous spectroscopic and thermo-
mechanical properties of crystalline materials are often well preserved for laser ceramics [16,17].
Usually, cubic materials are employed for fabricating transparent laser ceramics, notably garnets
[18-20] and sesquioxides [21-23] (oxide matrices), as well as alkaline earth metal fluorides
[24,25].

Cubic rare-earth sesquioxides with a chemical formula A203 (where A stands for Y, Lu, Sc,
or their mixture), are attractive laser host crystals for RE*" doping targeting the development of
short-wave infrared lasers [26]. As host matrices, they feature good thermal and thermo-optical
properties (namely, high thermal conductivity, 15.94 Wm™'K™! for undoped Y203 determined by
the laser flash method [27]), broadband transparency (0.22 — 8 um for Y20s3), and low phonon
energies (among oxide materials, 592 cm™' for Y203). Cubic sesquioxides can accommodate
RE*" dopants in high concentrations [28] reaching the stoichiometric compositions [29]. The
RE*" ions in sesquioxide crystals experience very strong crystal fields leading to large Stark
splitting of their manifolds [30]. The main drawback of A203 compounds is their high melting
points (2430 °C for Y203 [31]) making the melt growth of large-sized and internal stress-free
single crystals challenging [32,33]. As mentioned above, sesquioxides are well suited for
transparent ceramic technology which can leverage the synthesis temperatures down to ~1400 °C
[34]. RE**-doped transparent sesquioxide laser ceramics are widely known [21].

One of the advantages of ceramic technology is its flexibility for material engineering relying
on compositionally “mixed” compounds [9,10,22]. It can be exploited for cubic sesquioxides due
to a combination of two factors, namely 1) the existence of substitution solid-solutions in the
xY203 — yLu2O3 — zSc203 ternary system for the entire range of x +y+ z=1 [35], and 1ii) a
strong sensitivity of the crystal-field strength to the nature of the host-forming cation [30]. The
latter helps to induce a strong compositional disorder leading to a notable inhomogeneous
spectral line broadening. Such a route towards engineering the gain bandwidth for laser-active
RE?" ions enables the development of “mixed” laser gain media supporting broadband tuning of
laser emission and generation of femtosecond pulses from mode-locked lasers, as demonstrated
for Tm>*-doped “mixed” sesquioxide ceramics at ~2 um [36-38].

Trivalent erbium ions (Er*") are known for their short-wave infrared (SWIR) emission at ~2.8
um originating from the *I112 — “l1312 electronic transition [39]. Due to the strong absorption of
such radiation by water in biological tissues, ~2.8 um lasers are relevant for applications in



medicine (laser surgery) enabling precise control of incisions. 2.8-um lasers can also be used for
frequency down-conversion in mid-infrared coherent sources, such as Fe*"-based lasers, optical
parametric oscillators and supercontinuum sources. Cubic sesquioxide crystals and transparent
polycrystalline ceramics are attractive for Er** doping, with the aim of 2.8-um laser development
[39-41]. First, due to the low phonon energy spectrum of A203 compounds, the rate of
multiphoton non-radiative relaxation from the upper laser level (*Ii1/2) is reduced [42]. Second,
high rare-earth ion densities inherent to cubic sesquioxides boost the energy-transfer
upconversion (ETU) between Er’* ions (132 + *l132 — *Ion2 + *11512) recirculating the electronic
population in favor of the upper laser level, which is of primary importance for avoiding the
bottleneck effect for 2.8-um Er-lasers [43]. Efficient and power scalable 2.8-um lasers
employing both single-crystals and ceramic Er’*’-doped sesquioxide gain media have been
reported [39-41].

In the present work, we aimed to perform a systematic spectroscopic study of Er** ions in
solid-solution yttria-scandia, (ScxY1-x)203, transparent ceramics, focusing on the effect of the
Sc** content on inhomogeneous spectral line broadening and site distribution for the dopant ions,
as well as to demonstrate low-threshold laser operation of such “mixed” ceramic gain media at
2.8 um. Er’**-doped solid-solution ceramic gain media are envisioned as promising laser
materials for mode-locked lasers around 2.8 pm.

Note that A203 compounds exhibit two non-equivalent rare-earth sites with symmetries C:
(about 3/4 of species) and Csi (1/4 of species). The difficulty in quantifying the spectroscopic
properties and the distribution of dopant ions residing in C3; sites lies in the fact that they are
“silent” as the electric-dipole transitions are forbidden due to the presence of a center of
inversion [44]. Because of this, the Cs RE*' species in cubic sesquioxides remain in the
shadows. Here, we propose an original method of their quantification based on the transition
probabilities of Er’* ions.

2. Materials and methods

2.1 Fabrication of ceramics

In the present work, transparent ceramics based on Er**-doped yttria-scandia (ScxY1-x)203 solid-
solutions were fabricated by solid-state vacuum sintering of nanopowders having a complex
chemical composition synthesized by the laser ablation method [45]. In brief, the radiation from
an ytterbium fiber laser (LS-1, IPG Photonics) was used for ablation of a solid target material
made by uniaxial pressing and sintering of commercial oxide powders dry-mixed in the
proportion of Ero.14(ScxY1-+)1.8603, where x = 0, 0.125, 0.25, and 0.5. The vapor phase formed
under the laser action was cooled by an air flow to condense and crystallize in the form of nano-
sized particles, which were then carried and collected into a bag filter. A minor fraction of the
larger particles, such as melt droplets and coarse fragments of the target material was extracted
from the nanopowder via sedimentation in ethyl alcohol. From Inductively Coupled Plasma
Mass Spectrometry (ICP-MS) analysis (Optima 2100 DV, Perkin Elmer), we determined the



chemical composition of the obtained nanoparticles as follows: (Ero.075Y0.925)203,
(Er0.074S¢0.114Y 0.812)203, (Er0.073S¢0.227Y0.700)203, and (Ero.072Sco0.445Y0.483)203, for x = 0, 0.125,
0.25, and 0.5, respectively. The resulted batches of nanopowders after sedimentation were
calcined in air at 600 °C for 3 h for removing residual organics and then compacted at a pressure
of 200 MPa into cylindrical-shaped green bodies with a diameter of 14 mm. Vacuum sintering of
powder compacts was conducted at 1750 °C for 5 h, followed by annealing in air at 1400 °C for
2 h. The thickness of the fabricated ceramic samples was 1.8 mm after grinding and polishing.

The Er** ion density in the fabricated ceramics Ner was 4.01x10%! at/cm?, 4.04x10?! at/cm?,
4.07x10%!" at/cm’®, and 4.21x10?! at/cm?, for x = 0, 0.125, 0.25, and 0.5, respectively.

2.2 Characterization methods
The absorption spectra of the ceramics were measured using a Perkin-Elmer LAMBDA 1050
spectrophotometer with a resolution of 0.75 nm.

The mid-infrared luminescence was excited using a Ti:sapphire laser (Coherent, Mira) tuned
to 981 nm, collected using a large mode area ZrF4 fiber and detected with an optical spectrum
analyzer (OSA, Yokogawa AQ6376) purged with N2 gas to eliminate the structured water vapor
absorption in the air. The effect of the residual water absorption was further removed by
calibrating the OSA spectral response with a 20 W quartz lamp.

The luminescence decay was studied under excitation by a ns optical parametric oscillator
(Horizon, Continuum) tuned to 966 nm and 1460 nm, and the decay curves were measured
employing a 1/4 m monochromator (Oriel 77200), an InGaAs detector with a preamplifier
(DPCHA-100, Femto) and an 8 GHz oscilloscope (DSA70804B, Tektronix).

The low-temperature (LT, 12 K) spectroscopy studies were performed by cooling down the
ceramic samples by means of an APD DE-202 closed-cycle cryo-cooler equipped with an APD
HC 2 Helium vacuum cryo-compressor and a Lakeshore 330 temperature controller. The LT
absorption spectroscopy was performed with a quartz lamp with a calibrated spectrum, collecting
the light transmitted through the samples with OSAs (Ando AQ6315A, Yokogawa AQ6370D).
For measuring the LT emission spectra, the three above-mentioned OSAs were also employed.

3. Optical spectroscopy

3.1 Optical absorption

There exist three common pump transitions for mid-infrared Erbium lasers related to excitation
into the “lon, “li1z, and “liz2 manifolds. The corresponding absorption spectra for the
Er:(ScxY1-x)203 ceramics are shown in Fig. 1. The spectral peaks broaden and are reduced in
intensity with the gradual increase of the Sc content in the ceramics owing to a significant
inhomogeneous spectral line broadening induced by the compositional disorder. It is related to
the substantial difference in the ionic radii of Er** (0.89 A), Y** (0.9 A) and Sc3* (0.745 A) for
VI-fold oxygen coordination [46].



In particular, the *Iis2 — *l112 absorption band can be addressed by commercial spatially
multimode high-power InGaAs laser diodes [41], as well as high-brightness Yb fiber lasers
(YFL) [47] both emitting at ~0.98 um. For the parent (Er0.075Y0.925)203 ceramic, the maximum
absorption cross-section gabs is 2.55x107! cm? at 981.1 nm corresponding to an absorption
bandwidth (FWHM) of only 1 nm. For the (Er0.073Sc0.227Y0.700)203 “mixed” ceramic, the
maximum oabs is slightly smaller, 2.50x107! ¢cm? at 981.1 nm, while the absorption bandwidth
increases to 3.2 nm. At shorter wavelengths, the broadening effect is even more pronounced and
another intense structureless peak appears at 970.2 nm (gabs = 1.58x107%! cm?) looking more
attractive for diode-pumping.
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Figure 1. Absorption cross-section, aaps, spectra of Er’* ions in (Sc,Y-,),0; ceramics for
(a) the *“I;sp — *lop transition, (b) the *I;s» — *I11 transition, and (c) the “Iisp — *Lisn
transition.

The full absorption spectrum of the parent (Ero.075Y0.925)203 ceramic was used to determine
the absorption and emission transition probabilities of Er’* ions within the parametrization
scheme known as the intermediate configuration interaction (ICI) model [48,49]. The
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contribution of magnetic dipole (MD) transitions was calculated separately within the Russell-
Saunders approximation on Er’* wave functions under a free-ion assumption. The refractive
index of Y203 was calculated from the dispersion formula reported by Zelmon et al. [50]. The set
of reduced squared matrix elements U®), k=2, 4, 6, was calculated in this work using the free-
ion parameters provided by Yeung and Tanner [51].

In the ICI model, the electric dipole (ED) line strengths SEP(JJ') for J — J' transitions are
determined as:

sOn= ¥ 0va, 19
k=2,4,6
O, =, [1+2R (E, + E;, —2ED)], (1b)

where the intensity parameters €, are linear functions of the energies £ and £ of the multiplets
involved in the transition J — J', Ef’ is the average energy of the 4f" configuration, and Rk
(k=2,4,6) are the parameters of interaction with excited configurations. There are six free
parameters, Q« and Rx for k=2, 4, and 6, each. In the case of Rx — 0, Equation (1) turns into the
formula for the standard J-O model.

Table 1 lists the experimental and calculated (ED + MD) absorption oscillator strengths for
Er** ions. The root-mean-square deviation between them, fexp and fealc, respectively, is relatively
low, orms =0.163. The best-fit intensity parameters are Q2 =4.478, Q4s=1.511, Q6=10.479
[10%° cm?] and R2 = —0.048, R4 = 0.092, Rs = 0.002 [10~* cm].

Table 1. Absorption oscillator strengths® of Er’" ions in the parent (Ero.75Y0.925)203 ceramic.

Tisp — 5L E), I, Jexps feale, 107
cm! 10 ®cm’nm = 10° (ICI)
iz 6626  29.052 1429  0.782%° +
0.608MP
T 10139  3.680 0.433  0.430FP
Ton 12383  1.648 0.288  0.325%P
*Fop 15198  7.885 2.049  2.012FP
*S3n + 2Hiin 18986  23.223 9.552  9.552FP
*Fin 20334 2.759 1.298  1.442FP
*Fspn + “Fan 22121  0.866 0.480  0.512FP
Gop 24433 1.174 0.794  0.511%P
YGrp+Kisp + 26466 27.433 21.714 21.640%° +
*Gon +°Grn 0.072MP
ORMS 0.163

“Ey — mean transition energy; /I” — integrated absorption cross-section; fexp, feale — €xperimental and
calculated oscillator strengths, respectively; ED — electric dipole; MD — magnetic dipole; orms — room
mean square deviation.



The probabilities of spontaneous radiative transitions 4(JJ') (ED + MD), the luminescence
branching ratios B(JJ') and the radiative lifetimes of the excited states zrad are listed in Table 2.
For the *I112 multiplet, 7rad = 5.39 ms and the luminescence branching ratio for the *Ii12 — *li322
transition B(JJ') is 18.3%.

Table 2. Probabilities’ of spontaneous radiative transitions of Er’" ions in the parent

(Er0.075Y 0.925)203 ceramic calculated within the ICI model.

PN

ZS'_HL'J'

Jemynm BT, % AT, s Aoty S Trag, mS
N3 — Tisn 1509 100 97.19%P + 75.65MP 172.84 5.79
MTip — Mizn 2847 18.3 18.21FP + 15.78MP 185.34 539
Tisn  986.3 81.7 151.35%P
o — T 4456 1.4 1.115P +2.41MP 24831 4.03
Man 1737 14.7 36.56"P
s 807.6 83.9 208.23EP
“Fop — Ton 3552 0.5 5.71EP + 4.65MP 2165.7 0.46
Tne 1977 3.4 61.92ED + 11.44MP
Man 1167 5.2 113.665P
Tisn  658.0 90.9 1968.3EP
*S3ptHin —  “Fon 2640 0.3 36.66"P + 0.30MP 14120 0.07
“Ton 1515 1.5 209.54FP +1.36MP
Tz 1130 1.2 158.195P + 16.44MP
Tizn  809.1 5.0 564.47%P + 135.85MP
Tisn  526.7 92.0 12998EP

“Aem — mean emission wavelength; B(JJ') — luminescence branching ratio; A(JJ') — probability
of spontaneous radiative transition; ED — electric dipole; MD — magnetic dipole; 4 — total
radiative transition probability from a *>"'L; manifold, 7,4 — its radiative lifetime.

3.2 Emission (spectra and lifetimes)
The stimulated-emission (SE) cross-sections, osg, for the *I112 — “I132 transition of Er** ions in
the studied ceramics were calculated using the Fiichtbauer-Ladenburg (F-L) equation [52]:

_ A5 B(Jj")wrd)
ose(4) = 81 ()2 Trag ¢ [AW'(A) dA’ (2)

where /4 is the light wavelength, <#> is the refractive index at the mean emission wavelength, zrad

is the radiative lifetime of the emitting state (the *I112 manifold of Er*"), ¢ is the speed of light,
B(JT") is the luminescence branching ratio, and W'(1) is the measured luminescence spectrum
corrected for the effect of the water vapor absorption and the apparatus response of the set-up.
The rad and B(JJ') values calculated by the ICI theory for Er** ions in yttria, Y203, were used.
The refractive indices were calculated based on the dispersion curves reported in [50]. For Y203
at 2.8 um, n=1.877.

The osk spectra for the Er:(ScxY1-x)203 (x = 0 — 0.445) ceramics are given in Fig. 2(a). For the
parent (Ero.075Y0925)203 ceramic, the maximum SE cross-section is 1.11x1072° ¢m? at 2717 nm



(the zero-phonon line (ZPL) in emission at room temperature) with an emission bandwidth
(FWHM) of 5 nm and at longer wavelengths, a weaker (ose = 0.62x1072° ¢m?) and broader
(emission bandwidth: 22 nm) peak appears at 2842 nm. On increasing the Sc*" content in the
ceramics, the emission spectra become less structured, and the emission peaks experience a
progressive red shift. This is due to the inhomogeneous spectral line broadening induced by the
compositional disorder (a partial substitution of Y** by Sc**), and an increase of the crystal-field
strength for Er:Sc203 as compared to Er:Y20s. For the “mixed” ceramic with a composition of
(Er0.0738¢0.227Y0.700)203, the maximum ose is reduced to 0.84x1072° cm? at 2717 nm (ZPL in
emission) and 0.38x1072°

emission linewidths are broadened to 27 nm (several peaks are merged) and 34 nm, respectively.

cm? at 2845 nm (the long-wave emission peak) and the corresponding

The “liiz — *li32 transition represents a quasi-three-level laser scheme due to a non-
negligible reabsorption from the terminal laser level. Indeed, as the latter constitutes a long-
living (metastable) state, the resonant excited-state absorption (ESA) “Iiz2 — “l112 has to be
taken into account. The ESA cross-sections, oesa, of Er*" ions in the (ScxY1-x)203 ceramics were
calculated using the reciprocity method [53]:

h
s = s 22+ exp (k—) 3
where 4 is the Planck constant (4c/A is the photon energy), EzpL is the ZPL energy (the energy of
transition between the lowest-lying crystal-field sub-levels of the two involved multiplets), ks is
the Boltzmann constant, 7" is the temperature (RT), and Zy) are the partition functions for the
upper («) and lower (/) multiplets:

Ei,u
Zuwy = XiJiu@) €XP (— ?(TD) (4)

where Ei is the energy of the i-th sub-level measured from the lower-lying one and g: is the
degeneracy of this sub-level. For calculations, we used the data on the crystal-field splitting for
Er’" ions in C2 symmetry sites in the (Ero.075Y0925)203 ceramic determined in the present work.
The ESA cross-section spectra are plotted in Fig. 2(b). For the (Ero.075Y0.925)203 ceramic, the
maximum oesa is 1.16x1072° ¢m? at 2717 nm (the ZPL transition) and 0.22x1072° cm? at 2842
nm (the long-wave emission peak).

According to the determined SE and ESA spectra, we calculated the gain cross-sections,
ogin=pf- ose— (1 — p) - oesa, where f is the population inversion ratio,
B =NC112)/(N(*11i12) + N(*1132)) representing the upper-laser-level population relative to the
total population of the *I132 and *I112 manifolds. For the sake of brevity, we only show the gain
profiles for the (Ero.074S¢0.227Y0.700)203 “mixed” ceramic, see Fig. 2(c). For £ < 0.65, due to the
reabsorption induced by ESA from the terminal laser level, the band centered at ~2845 nm
dominates in the gain spectra, while for higher inversion ratios, laser emission at the ZPL at 2717
nm is also expected.
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Figure 2. Stimulated emission (SE) and excited-state absorption (ESA) of Er*" ions in
(ScrY1-1)203 ceramics: (a) SE cross-sections, osg, for the *Ij;, — *I13,, transition; (b) ESA
cross-sections, ogsa, for the *I132 — 1112 transition; (c) gain cross-section, Ogain, Spectra
for the (Er0.0745¢0227Y0.700)203 ceramic for different population inversion ratios 5. Gray
lines — structured water absorption (HITRAN spectroscopic database); arrows — observed
laser emission lines.

The luminescence decay curves from the upper (*li12) and lower (*I132) levels for the mid-
infrared laser transition of Er** ions in the Er:(ScxY1-x)203 (x = 0 — 0.445) ceramics are plotted in
Fig. 3(a—d) in the semi-log scale. The decay was studied under resonant excitation to the emitting
state (*T112: Aexe = 966 nm, Aum = 1020 nm and “Ii32: Aexe = 1460 nm, Awm = 1560 nm). The
ceramic samples were finely powdered to avoid the detrimental effect of radiation trapping
(reabsorption) on the measured lifetimes. The decay from both the “Ii32 and *Ii12 manifolds
clearly deviates from the single-exponential law which is ascribed to strong energy-transfer
upconversion (ETU) processes from these levels, “liso+ *li32 — “Lisp + *lop (ETU1) and
Tue + e — *Lise + *Fr2 (ETU), with the first process being more efficient. The ETU;



process favors laser emission at 2.8 um as it recycles the populations in favor of the upper laser
level (*Li112).

For the parent (Ero.075Y0.925)203 ceramic, the mean luminescence lifetimes <rum> of the *I112
and *I132 states amount to 1.42 ms and 1.26 ms, respectively. The “I112 Er** manifold is subject
to multiphonon non-radiative relaxation especially for oxide host materials due to the relatively
small energy-gap to the lower-lying state, AE, of about 3300 cm™'. Indeed, the “energy-gap” law
states that the non-radiative relaxation becomes nearly negligible if the condition
AE/hvphmax >> 5 1s satisfied. For the parent ceramic, the maximum phonon energy /vphmax is 592
cm!' (being relatively low for oxide matrices), so the “energy-gap” law indicates a non-
negligible non-radiative path. By adding Sc*" to the ceramic composition, the phonon spectrum
is shifted to higher energies, so that shorter luminescence lifetimes of the “li12 level are
expected. Indeed, <rum> is reduced from 1.42 ms (no Sc**) to 0.84 ms (44.5 at.% Sc**).

Both the positive effect of the Sc** addition on the inhomogeneous spectral broadening and its
negative effect on the upper laser level (*li1/2) lifetime shortening should be considered when
selecting the optimum ceramic composition. An additional selection criterion is the presence of
pores in the “mixed” ceramics deteriorating their optical quality, as well as the drop in the
thermal conductivity of ceramics upon Sc** addition. Based on these considerations, we have
selected the (Ero.074Sc0.227Y0.700)203 “mixed” ceramic for laser experiments. For this ceramic,
<tlum> of the *I11/2 and *I1372 states is 1.37 ms and 1.73 ms, respectively.
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Figure 3. Luminescence decay curves from the *I;1» and “I;3» manifolds of Er’* ions in
(ScxY14)203 ceramics measured under resonant excitation, <zym> — mean luminescence
lifetime, 7iong — lifetime achieved by fitting the exponential tail of the decay curve.
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3.3 Low-temperature spectroscopy

Er** ions in cubic sesquioxides A20; reside in two non-equivalent crystallographic sites with the
symmetries C2 (Wyckoff: 24d) and Csi (Wyckoff: 8b). In an ideal undistorted sesquioxide lattice,
the A®" cations are distributed over these sites in the proportions of 3/4 and 1/4, respectively. For
both sites, the A*" cations are VI-fold coordinated by oxygen. For dopant ions residing in Ci
symmetry sites, the electric dipole (ED) transitions are strictly forbidden due to the presence of a
center of inversion (i) and only magnetic dipole (MD) transitions following the selection rules
AJ =0, £1 are allowed. Thus, ions occupying C3; sites will reveal themselves only for a small
number of optical transitions with a MD component and will be silent for purely ED transitions.
For ions residing in C: sites, both ED and MD are allowed.

In the present work, the LT spectroscopy was used as a tool to i) observe the experimental
crystal-field splitting of three Er** multiplets relevant for mid-infrared laser emission, namely
“T112 (upper laser level), “I132 (lower laser level) and “Iis;2 (ground-state), ii) to reveal the effect
of Sc** addition on the inhomogeneous spectral broadening in “mixed” ceramics and iii) to
evidence the presence of Er'* ions in Cs; sites and to quantify their relative fraction.

Both LT absorption and emission spectra were measured to access the crystal-field splitting of
the excited and ground states. In the C> symmetry crystal field, each 2"'L; multiplet with a half-
integer J will be split into a total of J + 1/2 Stark sub-levels, i.e., 6, 7 and 8 for *I11/2, “I132, and
11512, respectively. Following Gruber et al. [54], these sub-levels are labelled as Am, Yk and Zi
(m, k,i=1,2,..J+ 1/2 in increasing energy order). For the assignment of electronic transitions,
it was assumed that at 10 K, only the lowest-lying Stark sub-level is populated.

Two transitions in absorption were considered, “Iis2 — *li12 (Z1 — Ax, ED, at ~1 pm) and
Tisz — “lizz (Z1 — Ym, ED + MD, at ~1.5 um), Fig. 4. The LT absorption spectra were plotted
versus the photon energy expressed in cm™! giving access to the splitting of the *I112 and *Ti372
excited-states, respectively.

Three transitions in emission were observed, *liiz — “lisp (A1 — Zi, ED, at ~1 um),
Tizn — s (Y1 — Zi, ED + MD, at ~1.5 um), “li12 — *Ii32 (A1 — Ym, ED + MD, at ~2.8 pm),
as depicted in Fig. 5. This set of optical transition was selected for the following reasons: 1) to
access the Stark splitting of the ground-state, and ii) by observing at least two transitions
terminating at the same multiplet (with one of them of purely ED nature and one — of ED + MD
nature), to separate the lines related to Er’" ions residing in C2 and Cj; sites. The LT emission
spectra were plotted vs. EzpL — photon energy (in cm™'), where Ezpr is the ZPL energy of
transition for ions in (? sites.
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Figure 4. LT (12 K) absorption spectra of Er’* ions in the (Sc,Y-x)03 ceramics: (a) the
115, — *T132 transition (ED + MD) and (b) the *I;sn — *I112 transition (ED). + and V
mark the electronic transitions of Er’* ions in the C; and Cj; sites, respectively.

Crystal-field splitting. First, we consider the parent ceramic (Ero.075Y0.925)203. Even though it
does not present inhomogeneous spectral line broadening due to the Sc** admixture, the LT
spectra can be broadened due to the effect of heavy Er’" doping and the ceramic nature of the
host matrix. The LT absorption and emission spectra of this ceramic reveal a number of well-
resolved intense lines related to electronic transitions of Er’" ions. By excluding the lines
assigned to C3 sites (see below), one arrives at the full set of Stark components for the “I11.2,
“T132, and *I1s2 multiplets of C> species, see Table 3. For the 2.8-um transition of Er** ions, the
calculated partition functions at RT amount to Zu (*Ii12) = 0.704 and Zi (*Ii32) = 0.569, so that
Zuw/Z1=1.238 and the ZPL energy Ezpr is 3684 cm™'. The total Stark splitting of the *Ii32 and
“Tis states is relatively large, namely 358 cm™' and 504 cm™!, respectively, owing to the high
crystal-field strength inherent to cubic sesquioxides.

Inhomogeneous spectral broadening. The LT absorption and emission spectra of “mixed”
ceramics show a similar behavior upon increasing the Sc** content in the ceramics: i) the spectra
progressively broaden, and individual electronic transitions become non-resolved and ii) a
notable shift to higher wavenumbers occurs. It is remarkable that the first effect is clear even for
a relatively small Sc** content of 11.4 at.%. The first effect is related to the compositional
disorder promoted by the large difference in ionic radii of Y** and Sc*". The spectral shifts are
due to the increased crystal-field strength for Sc2O3 as compared to Y203. Assessing the spectral
linewidths (FWHM) of LT absorption peaks allowed us to trace the energy diagram of crystal-
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field split *I112 and “1132 manifolds of Er** ions residing in C: sites in (ScxY1-+)203 ceramics.
Figure 6 illustrates the dependence of the sub-level positions and widths as a function of Sc**
content: it is noticeable that even at low Sc** concentrations, some of the sublevels broaden
enough to overlap, while the overall barycenter of the multiplet gradually shifts to higher
energies and so does the total Stark splitting. For example, for transitions from the lower-lying
Stark sub-level of the ground-state *Iis2 (Z1) to the pair of higher lying sub-levels of the *I132
excited manifold (Ys and Y7), the peak linewidths Avo are relatively narrow at 12 K, 9.5 cm™
and 10.7 cm™!, respectively, for the parent (Ero.075Y0.925)203 ceramic. Even for 11.4 at.% Sc**,
these two separate electronic transitions become undistinguishable and the combined linewidth
Av progressively increases with the Sc** content, from 60.7 cm™' for (Ero.074Sco.114Y0.812)203, to
77.1 em™! for (Er0.074S¢0.227Y0.700)203, and further to 89.7 cm™! for (Er0.073Sc0.445Y0.482)203, thus
representing an enhancement factor for inhomogeneous spectral line broadening (Av/Avo) of
about 9 in the energy scale.

Csi sites. Among the considered transitions in absorption and emission, three were of both ED
and MD origin. Below we list these transitions together with the corresponding probabilities
calculated by the ICI theory, cf. Table 2: *lis2 <> *“li32 (both absorption and emission,
A(JI) =97.19EP + 75.65MP s1)and *1112 — *1132 (emission, A(JJ") = 18.21EP + 15.78MP s°1). The
relative contribution of MD probability to the total (ED + MD) one is relatively big in all cases,
about 45%. Thus, one can expect a non-negligible contribution of Cs Er’" species to the
measured absorption and luminescence spectra even despite the lower fraction of dopant ions
residing in these sites (see below).

The extra lines assigned to Cjs: sites could be unambiguously deduced only for the parent
ceramic, as in the presence of a strong inhomogeneous spectral line broadening (for “mixed”
ceramics), they are hidden within the broad envelopes combining several electronic lines. For LT
absorption spectra, the x-axis scale is identical for both C2 and Cs; sites. For LT emission spectra,
two different x-axis scales are presented (one for C: sites, and another one for Cs; sites), as ZPLs
for both sites are not necessarily the same.

The first attempt to assign the Cs crystal-field energy levels of Er’" ions in yttria was
performed in 1972 by Bloor and Dean [55] and it evidences significant challenges. In 1985,
Gruber et al. performed an extended analysis for two multiplets, “I1s2 and *I112, supported by
crystal-field calculations [54] and it was refined in 2008 by the same group [44]. In our
assignment of the LT absorption spectra, see Fig. 4(a), and emission spectra, cf. Fig. 5(b,c), we
followed the interpretation from the latest work by Gruber et al. [44] which well matched our
spectral data considering small energy shifts in the energy-level position between crystals and
ceramics.

All the deduced experimental crystal-field sub-levels of the *Iis2, *Ti32, and 1112 multiplets of
Er** ions in C; sites in the parent (Ero.075Y0.925)203 ceramic are reported in Table 3.
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Figure 5. LT (12 K) luminescence spectra of Er*" ions in the (Sc,Y1-,),03 ceramics: (a)
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12 — *113p» transition (ED + MD). + and V mark the electronic transitions of Er’" ions in

the C; and Cj; sites, respectively.

Table 3. Crystal-field splitting of selected Er’* multiplets in (Er.75Y0925)205.
Er** "Ly Sub-level energy (cm ™)

Tisn 0, 39, 78, 90, 163, 264, 482, 504 (C>)
0,47,78, 322,329, 399, 439, 484 (Cs;)
Tian 6514, 6547, 6592, 6599, 6690, 6845, 6872 (C>)
6462, 6472, 6536, 6572, 6673, 6816, 6853 (C3:)
Tin 10198, 10219, 10249, 10269, 10366, 10385 (C>)

10168 (Csi), 5 missing
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Fraction of ions in Cs sites. One of the intriguing questions about sesquioxides is the
preservation of the ideal 3/4 to 1/4 rare-earth ion distribution over C2 and C3;, respectively, when
the host composition is changed either via doping or solid-solution formation. There exist studies
on the evaluation of the rare-earth ion distribution over these sites for parent yttria compounds.
Blanusa et al. derived a nearly random cationic distribution for Tm** ions in Y203 using the
Rietveld structure refinement [56] and a similar conclusion was reached by Mitric et al. for Yb**
ions [57]. In the present work, we combined the LT absorption spectroscopy and the theory of
transition intensities to address this question.

The “Iis2 — *L13/2 transition in absorption (Z1 — Ym, m = 1 — 7, ED + MD) was selected for
the analysis. The parent (Ero.075Y0.925)203 ceramic was first considered. A deconvolution of the
LT absorption spectrum via a series of Gaussian peaks was performed, allowing us to estimate
the position, the spectral linewidth and the area of every peak related to a single electronic
transition for both C> and Cs; sites individually, as depicted in Fig. 7(a). Here, the sub-levels of
Er** ions in Cj; sites are labelled with a prime, Y'm. Figure 7(b) shows the corresponding energy-
level diagram of the “I13» multiplet. Note the differences in both the position of the ZPL and the
total Stark splitting of this multiplet for the two considered sites. The total areas S of all Zi — Ym
(C2) and Z1 — Y'm (C3i) transitions are proportional to the total transition probabilities,
SN2 = 0.782EP + 0.608MP [107°] and AJJ")c3i = 0.608MP [107¢], respectively, multiplied by the
corresponding site occupancies Xc2 and Xcsi, respectively (Xc2+ Xcsi=1), so that
Sca ~ f(J1)c2 x Xc2 and Scsi ~ f(J1")c3i x Xcesi. This enabled us to calculate the Xc2 and Xcsi values,
according to the following equations:

Xca/Xcsi = (Sc2/Scsi) x (fI)csilf(I)")c2), (5a)
Xco2 + Xasi = 1. (5b)
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For the parent ceramic, one arrives to Sc2/Scszi = 7.08 and Xcsi of 0.243, i.e., being very close to
the ideal ratio of 1/4. This confirms that doping with Er** ions, even despite the relatively high
substitution level of 7.5 at.%, does not move the 3/4 (C2) and 1/4 (Cs;) distribution. This can be
mainly explained by the closeness of ionic radii of Er** and Y**.

To accurately estimate the dependence of Xcsi on the content of scandium in “mixed”
ceramics, it was necessary to study a pair of well-resolved LT absorption peaks associated with
(2 and Cs; sites and to determine the ratio of their integral areas (Spear.c2/Speak.c3i) for all the
studied samples. The Z1 — Y2 (C2) and Z'1 — Y's (C3i) pair of peaks was chosen, as they are
relatively close to each other and well resolved even for high Sc** contents, as depicted in
Fig. 7(c). By normalizing the Speak.c2/Speak.c3i ratios to the total Sc2/Scsi integral for the parent
ceramic, the Sc2/Sc3i ratio was determined as a function of Sc** concentration. Finally, the Xc3i
values were deduced for each ceramic, and are shown in Fig. 7(d). Here, one can see the clear
increase in the C3; site fraction as a function of scandium content, a change which is ascribed to
the difference in ionic radius between Sc** and Y**, and therefore the larger mismatch with the
ionic radius of the dopant Er** ions.
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Figure 7. Distribution of Er*" ions over C; and Cs; symmetry sites in Er:(Sc,Y1-,)205
ceramics: (a,b) parent (Eroo75Y0.925)203 ceramic: (a) deconvolution of the LT (12 K)
absorption spectrum using a series of Gaussian peaks, the “I;s» — ‘113 transition; (b)
experimental crystal-field splitting of the *I;3» multiplet for with C, and C; sites
accounting for the inhomogeneous spectral linewidths estimated from the fit; (c) a close
look at the Z1 — Y» (C>) and Z'1 — Y'3 (Cs;) electronic transitions for all studied ceramic
compositions, the asterisks mark hot peaks assigned to the Z, level absorption; (d) the
site occupancy Xcsi for Cs; sites as a function of scandium content.
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4. Mid-infrared laser operation

4.1 Laser setup

The laser experiments were carried out with the (Er0.073S¢0.227Y0.700)203 “mixed” ceramic sample.
The uncoated ceramic element (®12 mm, thickness: 1.8 mm) was mounted on a passively cooled
Cu holder using a thermal conductive silver paint. The hemispherical cavity was formed by a
plane pump mirror (PM) coated for high transmission (HT) at 0.92 — 1.06 um and high reflection
(HR) at 2.6 — 3.0 um, and a set of concave output couplers (OCs) having a radius of curvature
(RoC) of =100 mm and a transmission at the laser wavelength Toc in the range of 0.33% — 4.0%.
The ceramic was placed near the PM with a small air gap of less than 1 mm. The total cavity
length was ~99 mm. The pump source was a Ti:Sapphire laser (3900S, Spectra Physics)
delivering up to 3.5 W at 981.1 nm thus addressing the *Iis2 — *l112 Er*" transition. The near
diffraction limited (M? = 1) pump beam was focused into the ceramic element through the PM by
an antireflection coated achromatic lens (focal length: /=75 mm). The measured single-pass
pump absorption under lasing conditions was weakly dependent on the output coupling and
amounted to 53.2%. The residual pump was filtered out using a long-pass filter (LP1400,
Spectrogon). The laser spectra were measured using an optical spectrum analyzer (Yokogawa
AQ6376) and a ZrF4 fiber. The setup is depicted in Fig. 8.

L (=75 mm)P

Figure 8. Schematic of the laser setup: L — aspherical focusing lens; PM — flat pump
mirror; OC — curved output coupler.

4.2 Mid-infrared ceramic laser

In the continuous-wave operation regime, the ceramic laser generated a maximum output power
of 312 mW at 2716 nm with a slope efficiency 7 of 18.6% (versus the absorbed pump power,
fitting the input-output dependence well above the laser threshold of 128 mW) when using an
intermediate output coupling of 1.7%, Fig. 9(a). This corresponded to a maximum incident pump
power of 3.48 W. No thermal roll-over was observed for the studied range of pump powers. The
laser threshold gradually increased with the output-coupling, from 37 mW (7oc = 0.33%) up to
237 mW (Toc = 4.0%). The laser operated on the fundamental transverse mode (M? < 1.2).

The laser output was unpolarized. The spectra of laser emission measured well above the laser
threshold are shown in Fig. 9(b). For Toc = 0.77 — 4.0%, the laser operated at 2714 — 2718 nm in
agreement with the maximum of the *I112 — *I132 emission band, cf. Fig. 2(a), while for a small
Toc = 0.33%, longer laser wavelengths of 2841 — 2853 nm were observed. This behavior is due
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to the reabsorption at the laser wavelength induced by the excited-state absorption from the long-
living terminal laser level, *I132 — “I112, Fig. 2(b). For inversion ratios § < 0.65, the long-wave
peak at 2.85 pm dominates in the gain spectra as shown in Fig. 2(c).

The passive losses in the ceramic element were estimated using the Findlay-Clay analysis,
i.e., by plotting the laser threshold Pm as a function of In(1/Roc), where Roc =1 — Toc is the
output coupler reflectivity, Fig. 9(b). The best-fit of experimental points yielded a round-trip
passive loss L of 0.88% corresponding to a loss coefficient § = 0.022 cm ™! at ~2.8 um. This value
gives an estimation for scattering losses in the ceramic related to its residual porosity.
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Figure 9. Laser performance of the (Ero073Sc0227Y0.700)203 ceramic: (a) input-output
dependences, 5 — slope efficiency; (b) typical spectra of laser emission, unpolarized

radiation; (c) Findlay-Clay analysis for the determination of the round-trip passive loss L.

5. Conclusions
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To conclude, Erbium-doped “mixed” sesquioxide ceramics in the binary system of yttria-scandia
are promising gain materials with broadband mid-infrared emission properties around 2.8 um.
The addition of Sc to the ceramics has a complex effect on their microstructure, thermal and
vibronic properties of the host matrix (as evidenced in the previous work), as well as the
spectroscopic behavior of the dopant Er** ions (the results obtained here):

1) Effect on the host properties: The Sc addition increases the porosity of ceramics (and,
accordingly, losses), degrades their thermal conductivity and increases the maximum phonon
energy. Altogether, these changes are unfavorable for laser development;

i1) Effect on the spectroscopic properties: the addition of Sc even as a minority component
(i.e., below the ScYOs3 composition) provides a strong inhomogeneous spectral line broadening
for both the absorption and emission spectra. It is enabled by the compositional disorder (i.e., the
difference in the mass and ionic radius of cations composing the second coordination sphere
around the Er’" ions). The strong sensitivity of the crystal-field strength in cubic sesquioxides to
the nature of the host-forming cation drives this process. As evidenced by low-temperature
spectroscopy, an enhancement of the inhomogeneous spectral linewidth by a factor of 9 could be
achieved for Er**-doped yttria-scandia as compared to yttria. The broadening of absorption bands
is beneficial for mitigating the sensitivity of Er lasers to the drift of the pump wavelength (e.g.,
for laser diodes), and broadening and flattening of the gain bandwidth around 2.8 pum is of
relevance for continuous wavelength tuning and (potentially) ultrashort pulse generation.
However, when approaching the ScYOs composition, the increased phonon energy of the host
matrix plays a negative role in excessive shortening of the luminescence lifetime of the upper
laser level manifold, *I11/2, via the increased non-radiative relaxation.

By considering these two concurrent effects, we conclude that Er**-doped yttria-scandia
ceramics with relatively small (about 1/4) Sc contents appear as ideal candidates for laser
development, as they combine reasonably good optical quality and thermal properties alongside
with the appealing spectroscopic properties. First laser operation of a ceramic with a close
composition is demonstrated in the present work.

Our work also proposes an original approach to address a long-lasting question about the
distribution of dopant rare-earth ions over C2 and C3 symmetry sites in cubic sesquioxides, as
well as the effect of the “mixed” compositions on this distribution. For the parent ceramic, the
distribution is very close to the ideal ratio of 3/4 (C2) and 1/4 (Csi), even despite the relatively
high substitution level of 7.5 at.% Er**. However, we observe a clear increase in the Cs; site
population on increasing the scandium content, a change which is ascribed to the difference in
the ionic radius between Sc** and Y>*. This ion redistribution is seen as an additional negative
factor, as Csi species almost do not contribute to optical transitions.
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