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The continuous wave laser performance of Yb-doped Caz(NbGa)sO1,-CNGG-type disordered single crystal
cubic garnets has been analyzed on the statistical basis of 26 crystals grown by the Czochralski method
under different conditions. The low purity of the CaCOs chemical used for phase synthesis is the major
source of colour induced by non-correlated visible and red-near infrared optical absorptions, but the centres
responsible for this colouration have a very minor impact on Yb>* laser performance. The use of high purity
(>99.99%) Yb,Os is essential to preserve the radiative properties of the Yb®' laser. The Yb segregation
coefficient in CNGG amounts to Sy, = 1.12 £+ 0.11. Up to 20% of Ca* in the dodecahedral garnet site can be
substituted by Na* and Yb®* with Sy, = 0.39 + 0.05 and Sy, = 1.34 + 0.09, respectively, ie. Na promotes Yb
incorporation. In contrast, tetrahedral Li* reduces Yb incorporation to Sy, = 0.88 4+ 0.07. The Yb®' peak
absorption cross section in CNGG amounts to aags(Z = 971.7nm) = 1.97 + 0.32 x 1072° cm?. o ags is sensitive
to Na and Li incorporation but no evidence of significant emission or gain cross section changes is found
indicating that the majority Yb*" centre is responsible for the observed fluorescence. Correspondingly, laser
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1. Introduction

In the past years there has been very intense and prolific
research into the development of mode-locked ultrashort (fs)
laser pulses both in oscillators and amplifiers.' ™ Different gain
media, including dyes dispersed in liquids, semiconductors,
optical fibers and solid state technologies, have been used for
this purpose. Even nowadays, the latter is the only option for
high peak/average (>1 MW/>100 GW) laser powers.” In turn,
high power solid state lasers comprise glass, single crystal and
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i Electronic supplementary information (ESI) available: (i) Laser setup. (ii) Sum-
mary of previous laser achievements. (iii) Crystal growth, analysis of phases present
in solid state synthesized precursors and crystal melting. (iv) Inventory of crystals.
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ceramics optical gain media. In chronological order, single crystals
replaced glass due to the low thermal conductivity of the latter,
and ceramics are gaining use due to their better mechanical pro-
perties and superior processing versatility than single crystals.

Although the technology of Ti-sapphire (Ti-sa) laser systems
is very well established and presently it is the single crystal of
reference for production of fs laser pulses, more recently Yb**
lasers have attracted a lot of attention because they are in-band
pumped with InGaAs diode lasers (DL), the quantum defect of
Yb*" is very small alleviating the thermal problems generally
encountered in most solid state lasers, and Yb*" has no excited
state optical absorption losses. These are large advantages for
the power scalability of the laser systems.

Ultrashort laser pulses require optical gain media with a
large fluorescence bandwidth. Most trivalent lanthanides (Ln*")
do not fulfil this requirement due to the inner character of the
4f" orbital, but the situation is more favourable for Tm** (4f'?)
and Yb** (4f"%). The near to full filling of the 4f orbitals for these
latter ions favours electron interactions with lattice vibrations
and their f-f spectroscopic bands are much broader than those
observed for the rest of the Ln". In spite of this fact conventional

This journal is © The Royal Society of Chemistry 2021


http://orcid.org/0000-0001-9394-0525
http://orcid.org/0000-0003-4029-3007
http://orcid.org/0000-0001-7754-0417
http://orcid.org/0000-0003-2513-5887
http://orcid.org/0000-0001-9586-7771
http://crossmark.crossref.org/dialog/?doi=10.1039/d0tc05718e&domain=pdf&date_stamp=2021-03-22
http://rsc.li/materials-c
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0tc05718e
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC009013

Open Access Article. Published on 22 March 2021. Downloaded on 5/25/2026 11:44:56 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Yb-doped single crystals and ceramics, such as Yb:YAG in which
Yb (and other Ln**) has a unique crystallographic position and
environment, show time-bandwidth limited laser pulses with a
duration longer than 100 fs.° Only when the spontaneous
wavelength emission was hindered could Yb:YAG break down
the 100 fs barrier,” but at the cost of reduced efficiency.

Solid state lasers have been demonstrated for years using
either glass or single crystal doped hosts. Although the newer
transparent ceramics technology®'° is gradually replacing the
above hosts, there are still many applications which benefit
from the use of single crystals, for instance in TW-PW short
pulsed lasers the depolarization losses are minimized by crystal
orientation’>'? which cannot be achieved in ceramics, when
UV Xe lamp pumping is required permanent solarisation of the
presently developed YAG ceramics may appear,'® or the larger
Rayleigh light scattering of ceramics in the visible region may
limit laser implementation in this spectral range. Furthermore,
despite grain-oriented anisotropic fluorapatite ceramics being
produced with limited optical transmittance for laser applica-
tions,'*** large cross section laser ceramics are basically restricted
to optically isotropic media, i.e. cubic materials, which limits host
options for optical bandwidth engineering.

The so called ““disordered’ crystals are presently being actively
investigated as an alternative to enlarge the fluorescence band-
width of Yb** and other Ln®*, with the aim of achieving shorter
laser pulses. In disordered crystals a variety of crystalline environ-
ments around the Ln** induces further inhomogeneous broadening
with regard to conventional ordered crystals. In fact, this goal has
been pursued first in single crystal and later in ceramic garnet hosts
by isovalent substitutions, for instance in Yb:(YGd,)Sc,(GaAl,)O;,
media reaching 112 fs pulses.'®

The {Ca¢};[NbGald],(GaNb&});0;, cubic garnet (hereafter
shortened as CNGG. ¢, [, and & are cationic vacancies at the
corresponding sites) is an outstanding disordered crystal since
laser pulses as short as 45 fs have been demonstrated in a 10
at% Yb-doped crystal of this class,'” and it has the potential to
be developed as transparent ceramics, although the attempt so
far reported was not successful.'® Room temperature thermal
conductivity of CNGG is intermediate, reaching 4.4 W m™" K"
in undoped CNGG and 3.63 W m~' K~ for Li-modified 7.57 at%
Yb:CLNGG." Although a minor (<5 x 10"® em™®) amount of
Yb>* can be found in the octahedral [164] site of this garnet*® the
majority of YD sits at the dodecahedral {24c} site, which is also
occupied by Ca** and eventually with a small amount (1.5%) of
{0} vacancies, being surrounded by several oxygen polyhedra:
four other nearest dodecahedra {24c}, four corner-sharing octa-
hedra [16a] and six tetrahedra (24d), four of the latter sharing
corners and the two others, at the shortest distance, sharing
edges. In undoped CNGG the octahedral site is mostly filled by
Nb*" (x62%) with a minor amount of Ga®" (~37%) and [[]
vacancies (x0.3%), while the tetrahedral site is mostly filled by
Ga*" (x~82%) with minor occupancy of Nb>* (x~10%) and (&)
vacancies (~8%). These occupancies are further sensitive to the Yb
doping and to the incorporation of crystal modifiers (non-optically
active dopants, such as Na" or Li'). The crystalline complexity
provides a large number of oxygen and cationic environments
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around Yb*" with a large impact on its optical band broadening.
Furthermore, Na*' and Li**** CNGG modifications (hereafter
CNNGG and CLNGG crystals, respectively) have been also
developed. Na* enters in the dodecahedral site, potentially
helping in the charge compensation of Ca®" substitution by
Yb**** while Li* exclusively sits at the tetrahedral sites, removing
tetrahedral cationic vacancies.™

Laser characterization of Yb:CNGG-type crystals has been
demonstrated in continuous wave (cw), Q-switched and mode-
locked operation regimes. For a comprehensive description of
the work so far reported see the ESI,f Table S1. In particular,
rather high laser output powers, 5-10 W, have been obtained in
cw operation, as well as short (45 fs) laser pulses in mode-
locked operation under DL pumping. However, the activity and
conclusions are limited by the scarce variety of available
crystals, most often limited to only 5 at% Yb nominal doping.
On the other hand, the spectroscopic results so far reported are
to some extent contradictory, for instance the Yb** 0 — 0
maximum absorption cross section (at 4 ~ 972 nm) varies in
the 0,55 = 1.4-3.8 x 10~ 2% cm” range while its full width at half
maximum (FWHM) has been reported in the 2.6-15 nm range
and the reported ratio between absorption cross sections at A =
972 and 4 = 933 nm varies in the 1-2.8 range. Furthermore, the
average output power achieved for the shortest pulses is
modest, 30 mW. In some cases improvements in the laser
performance associated with Li or Na modifications have been
claimed,'”** but some of these conclusions are doubtful since
we shall show that the actual crystal concentration of Na is
much lower than previously assumed. Other aspects, such as the
influence of crystal colouration, purity of chemical reagents, or
the Yb concentration and associated pump absorption on laser
performance, have been mostly ignored.

In the present work by using 26 crystals (24 of them doped
with Yb) with different compositions and growth procedures we
extend the knowledge about optimal material and experimental
conditions for cw Yb** laser operation, which is a required first
step for scaling power in mode-locked laser operation. Also, the
improvement of the knowledge of the physicochemical properties
of the material may help in successful ceramics development in
the future. We carefully monitor Na incorporation into Yb:CNNGG
crystals and the Yb concentration for unmodified and Li- or
Na-modified crystals. We probe that laser operation occurs up to
~15 at% of Yb doping of the dodecahedral {24c} site, opening the
possibility of thin-disk laser designs.”>*® Among the different
material and growth variables considered, the most relevant ones
are the CaCO; reagent purity which determines crystal colouration,
the Yb concentration and Yb,Oj; reagent purity which determines
pump absorption and Yb** fluorescence quantum yield, the crystal
mosaicity which is found to be similar to that of the commercial
YDb:YAG crystal, as well as the presence of crystal modifiers. The
impact of these variables on the Yb*" laser performance is
analysed in detail. Finally, we show that the oxygen content in
the CNGG-type Czochralski grown crystals is virtually the same
as that of the stoichiometric formula and apparently it cannot be
modified by after growth oxidation annealing near the melting
point, but vacuum thermal annealing even at moderate temperature
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(/800 °C) leads to generalized Ga loss which could be the origin of
the failure in previous ceramic processing.

2. Experimental techniques

CNGG-type single crystals were grown from melts of precursor
ceramic powders synthesized by solid state reaction. Differential
scanning calorimetry (DSC) measurements of these precursor
powders and grown crystals were made with Setaram equipment,
model SETSYS Evolution. Two consecutive 10 °C x min "
heating/cooling cycles in air were carried out in all cases. These
precursor powders were further characterized by powder X-ray
diffraction (XRD) 6-26 scans using a Bruker D8 Advance dif-
fractometer operated with a Cu Ko source and a Lynxeye position
sensitive detector.

An oxidative atmosphere, either air or O,, and Pt crucibles
were used for the Czochralski growth. Crystal growth details
can be found in our previous works.'®?! Rocking curves of the
100 XRD of CNGG-type crystals were recorded at room tempera-
ture in a Texture Analysis Diffractometer Bruker D8 Advance
with Cu Ko radiation.

The incorporation of Yb and Na into the crystal was determined
by X-ray fluorescence analyses in a JEOL Superprobe JXA-8900
Electron Probe Micro Analyzer (EPMA). The ZAF method®” and
CaO, Nb,Os;, Ga,0;, Yb,O; and Na,O standards were used. Na
concentration was also evaluated by Wavelength Dispersive X-Ray
Fluorescence (WDXRF) using a MagiX sequential spectrometer
and methods described in a previous work.?® For the latter purpose
specific Na standards were developed for calibration as explained
in the ESL} see Fig. S5, and the interference between Ga and
Na X-ray emissions was explicitly considered, see Fig. S6 (ESIt).
Furthermore, single crystal X-ray diffraction (scXRD) refinements
of the crystallographic structure, at least in crystals having the
largest Yb concentration for each CNGG, CNNGG and CLNGG
crystal series, were performed. Details of the scXRD equipment
and procedures used can be found in the ESIt and in our previous
1921 When required, Yb concentrations were also calculated
from the integrated optical absorption of Yb** taken as reference
EPMA measurements. Table S3 (ESIf) summarizes the growth
conditions, composition and other physical properties of the
26 used crystals.

Optical absorption (OA) was recorded in a Varian 5E spectro-
photometer with a spectral resolution of 0.15 nm for 4 ~ 900-
1150 nm and 0.2 nm for 2 &~ 300-850 nm. The spectra were
acquired with a wavelength scanning step of 0.05-0.1 nm and
1-5 s of integration time. To decrease acquisition noise, each
near infrared (NIR) spectrum was the average of ten acquisi-
tions. Furthermore, for each crystal composition several sample
thicknesses were compared to assure the linear response of the
equipment, and thick samples (>10 mm) were used to record
the weak Yb** OA in the 1 = 980-1150 nm spectral region.
Photoluminescence (PL) was excited with a Ti-sa laser, dispersed
using a Czerny-Turner SPEX monochromator (f = 34 cm) and
detected with a 77 K cooled Ge photodiode. All NIR PL measure-
ments were corrected by the spectral response of the equipment.

works.
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The YD lifetime was determined from the intensity decay of the
A =1021 or 1035 nm PL excited with a MOPO laser system tuned
at 4 = 971 or 972 nm, this PL was dispersed using the above-
described monochromator, detected with a Peltier-cooled Hama-
matsu photomultiplier model H10330A-75, and recorded with
Lecroy 200 MHz or Tektronix 500 MHz oscilloscopes. For all
these spectroscopic measurements the sample temperature was
set in the 6-300 K range by using a closed-cycle He cryostat
equipped with a Lake Shore temperature controller.

Laser properties of the crystals were assessed in a z-shaped
optical resonator sketched in the ESL, Fig. S1. A lens (f= 80 mm)
focuses onto the sample the TEM00 mode of a cw Ti-sa laser.
It generates a focus with a diameter of 62 um and a depth of focus
22y & 4 mm. Toc = 1, 2.5, 5 and 10% output coupler transmis-
sions were used. Laser spectral distribution was assessed with an
APE laser spectrometer, model WaveScan. Uncoated samples were
glued with silver paste to a water-cooled (16 °C) copper holder.
Samples were set perpendicularly to the pumping beam and the
sample Fresnel reflection was evaluated from the refractive index
of the crystal.'® Laser tuning was obtained by inserting a SF10
prism in the cavity.

3. Results

3a. Crystal growth, composition and crystallography

As a preliminary step for crystal growth, the melting nature of
(Cay_5,Yb,Na,)3(Nby 3375Ga0 6375)5012 precursor powders synthe-
sized by solid state reaction (two steps of heating to 1330 °C for
6 h with intermediate grinding) was studied by DSC. Results are
shown and discussed in detail in the ESI.f For undoped CNGG
only a single endo/exothermic peak was observed upon two
consecutive heating/cooling cycles, see Fig S2a (ESIf). This
situation is maintained up to <20 at% of total Yb + Na
cooperative substitution in the garnet formula. For >20 at% of
Ca substitution new peaks at a temperature lower than that
corresponding to the garnet melting are observed in the first and
second DSC cycles, see Fig. S2b (ESIT). Thus, it can be anticipated
that the total Na + Yb limit for melt stability occurs for Ca substi-
tution in the garnet dodecahedral position of ~20 at%, even
lower for non-modified Yb:CNGG precursor powders.
Correspondingly, Yb:CNGG crystals were obtained with good
optical quality up to 15 at% of Yb concentration in the melt.
Likewise, up to 30 at% of Na in the melt (8.78 at% of Na in the
crystal) could be used to grow Na-modified 9.4 at%
Yb:CNNGG crystals. Furthermore, Li - and Li + Na-modified
8 at% (in the melt) Yb:CLNGG and Yb:CLNNGG crystals were
also grown. These crystals have been grown using Yb,O; of
99.9%, 99.99% or >99.998% purity. CaCO; with 99.5% or
99.99% of purity was used. Other used reagent purities were
99.5% and 99.997% for Na,CO;, 99% and 99.997% for Li,CO3,
99.9% or 99.99% for Nb,Os and 99.99% for Ga,0;. Some crystals
were grown in a pure oxygen (O,) atmosphere and others in air.
Further DSC analyses of the grown single crystals show that Yb
and Li incorporations increase the melting temperature while Na
modification significantly decreases it, see the ESI{ Table S2.

This journal is © The Royal Society of Chemistry 2021
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In our previous scXRD analyses®' of CNGG-type crystals,
combined with high resolution powder neutron diffraction data
for Li-modified CLNGG crystals,’® an oxygen stoichiometric
composition was assumed for the analysis. Taking into account
that some oxide single crystals may be oxygen deficient, as estab-
lished by careful scXRD refinements in alternative materials,>*>%>"
the oxygen occupancy factor (OF) is now refined for undoped CNGG
and selected Yb:CNGG-type (either non-modified or modified with
Na) crystals to assess its influence on crystal stoichiometry. Structure
refinements have been performed in the cubic space group Ia3d
(No. 230), and they include atomic coordinates, the evaluation of
cationic and vacancy distributions over dodecahedral {24c}, octahe-
dral [164], and tetrahedral (24d) garnet crystal sites, and anisotropic
thermal displacements. These analyses provide an alternative esti-
mation of crystal compositions, as well as unit cell parameter and
interionic distances. A selection of the obtained results is
included in Table 1. These results indicate that the studied
CNGG-type crystals do not present oxygen deficiency, moreover
their comparison with previous data from structure analyses that
did not include oxygen OF refinements reveals differences only
within the estimated precision in cationic and vacancy distribu-
tions. Further details of scXRD refinements as well as crystal
data are included in the ESI,{ Tables S4-S7.

With reference to undoped CNGG crystal the substitution of
Ca** by Yb*" induces a reduction of the cell volume. This is
compensated when Na' is simultaneously incorporated in the
dodecahedral site. Cationic vacancies over the dodecahedral and
octahedral sites are virtually eliminated by the Yb and Na incor-
poration, but vacancies on the tetrahedral site are reduced to a
lesser extent. These are only largely eliminated by Li modification.

Fig. 1a and b show the relationship between in-the-melt and
in-the-crystal Yb and Na concentrations, respectively. Consider-
ing all techniques used, the Yb segregation coefficient in CNGG
is Syp = 1.12 £ 0.11. When Na is added to the melt in the same
amount as Yb, the segregation coefficient of the latter increases
slightly up to Sy, = 1.34 £ 0.09, while it reduces to Sy, = 0.88 &+
0.07 for Yb:CLNGG crystals, which shows the benefit of Na co-
doping for Yb incorporation. These results agree qualitatively
with those obtained in ref. 32, Syp, = 1.19 for 10 at% Na: 10 at%
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Fig. 1 (a) Yb and (b) Na segregation coefficients (S) in CNGG-type single
crystals. Circles are EPMA results, stars WDXRF results and squares those of
scXRD refinements. Crossed black symbols are for Yb:CNGG, red symbols
are for Yb:CNNGG and blue symbols are for Yb:CLNGG crystals. Lines are
best fits of the experimental results.

Yb:CNNGG and Sy, = 1.07 for 10 at% Na: 10 at% Yb:CLNNGG,
which confirms that Li modification reduces Yb incorporation.
On the other hand, the segregation coefficient for Na is Sy, =
0.39 + 0.05. The difficult incorporation of Na is the likely
reason for there only being a small difference between Sy, of
Yb:CNGG and Yb:CNNGG crystals and it induces a Na-rich melt
as the crystal growth proceeds, which at some point degrades
the melt composition and produces growth instabilities.
Although single crystals appear macroscopically free of defects,
at the microscopic scale they have a mosaicity characterized by the
angular width of a selected X-ray reflection in rocking curve
experiments. We first analysed the 100 reflection of a 10 at%
Yb:YAG acquired from a commercial laser crystal manufacturer.
The full width at half maximum (FWHM) of the reflection was
Af = 0.0153 deg. This was clearly larger than the instrumental
resolution that was determined with a 111 Si standard as 0.0071 deg.
Fig. 2 shows selected 100 rocking curves obtained for analyzed
CNGG-type crystals, including Nd, Er and Yb dopants as well as Li
and Na modifiers. The width of the X-ray reflection falls within the

Table 1 Summary of crystallographic results from scXRD refinements of CNGG-type cubic (la3d, Z = 8) garnets. a = lattice parameter. OF = occupancy
factors. Na/Yb and Li atomic melt compositions (at%) are referenced to the octahedral and tetrahedral sites, respectively. *Previously available data

without oxygen OF refinement

OF

{24c¢ dodecahedral site} [16a octahedral site] (244 tetrahedral site) 96h
Melt composition (at%) a (A) Ca** Yb** Na* o Nb®>* Ga™ O Ga™ Nb** Li" o] o>
CNGG 12.4969(1) 0.987(6) — — 0.013 0.623(4) 0.374(4) 0.003 0.82(4) 0.10(4) — 0.08 0.994(8)
11.6Yb: CNGG 12.4548(3) 0.868(2) 0.102(2) — 0.03 0.63(2) 0.34(2) 0.03 0.922(4) 0.003(4) — 0.075 0.999(6)
Li-Modified
CLNGG* 12.50657(2) 0.998(5) — — 0.002 0.66(3) 0.34(3) 0 0.842(4) 0.052(4) 0.079(14) 0.027 1
9.2Li:8Yb:CLNGG* 12.48228(2) 0.931(4) 0.069(4) — 0 0.67(3) 0.33(3) 0 0.810(3) 0.069(3) 0.111(15) 0.01 1
Na-Modified
30Na:8Yb: CNNGG 12.4883(1) 0.814(4) 0.051(1) 0.135(4) 0 0.550(4) 0.450(4) 0 0.825(4) 0.085(4) — 0.090 0.999(6)
16Na:8Yb:CNNGG 12.4842(1) 0.791(4) 0.093(1) 0.116(4) 0 0.661(4) 0.339(4) 0 0.93(4) 0.01(3) — 0.06  0.997(7)
12Na:12Yb:CNNGG 12.4611(1) 0.783(4) 0.161(2) 0.056(4) 0 0.773(4) 0.227(4) 0 0.94(4) 0.02(4) — 0.04 0.993(8)
10Na:10Yb:CNNGG 12.4618(1) 0.783(4) 0.117(2) 0.059(4) 0.041 0.659(4) 0.341(4) 0 0.918(4) 0.022(4) — 0.060 1.01(1)
This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. C, 2021, 9, 4628-4642 | 4631
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Fig. 2 (a) 100 rocking curves of undoped CNGG (black solid line), Li-modified
CLNGG (dashed red line) and 2.3 at% Na: 9.6 at% Yb:CNNGG (dotted blue
line) crystals. (b) Summary of mosaicity (A6 is the FWHM of the rocking curve)
degree of CNGG-type crystals for different lanthanide concentrations.
Undoped crystals, empty symbols; Nd-doped crystals, full red squares;
Er-doped crystals, full green triangles; and Yb-doped crystals, full black
circles. The crystals were either spontaneously nucleated on a platinum wire
(no arrow label), nucleated on 111 YAG crystalline seeds (blue arrow labels)
or on undoped 111 CLNGG crystal (red arrow label).

A0 =0.0065-0.06 deg range depending on the incorporated cations
and growth conditions. Undoped CNGG has A0 = 0.0123 deg. The
smallest mosaicity was found for undoped Li-modified CLNGG,
AB = 0.0065 deg, ie. in the limit of our instrumental resolution.
The incorporation of Yb supposes in all cases a moderate increase
of the crystal mosaicity with regards to the corresponding undoped
host, which was most evident in Na-modified Yb:CNNGG crystals,
see Fig. 2a. However, significant differences are found if the seed
used for growth is taken in consideration. Crystals grown using
111 YAG seeds generally have smaller Af mosaicity values than
those spontaneously nucleated on platinum wires.

Li-modified Yb:CLNGG crystals exhibit a mosaicity similar
to that of commercial Yb:YAG with similar Yb content, even
when these crystals were spontaneously nucleated on Pt wire.
The incorporation of Nd** (larger ionic radii than Yb**) in
CLNGG leads to a rapid increase of the mosaicity even for low
Nd concentrations, <1.5 at% in the melt, but also in this case
the use of a CLNGG crystalline seed reduced significantly the
mosaicity, see Fig. 2b.

3b. Crystal colouration

Grown CNGG-type crystals show different colours from intense
green to pale yellow, and exceptionally they appear colourless,
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see Fig. 3a insets for two extreme examples of the crystal coloura-
tion obtained. This colouration is commonly reported in the
literature for CNGG-type crystals grown by the Czochralski
method.*"**?* Two different OA features determine the
observed crystal colour, see Fig. 3a. On one hand a complex
but relatively weak OA is present in the 4 = 580-800 nm Red-NIR
region and on the other hand a pre-edge visible (VIS) OA over-
lapping the band gap optical transition is observed for 2 < 500 nm.
The difference between the VIS OA observed in highly and lowly
coloured crystals is a band with maximum at 4 = 350 nm, see
dashed line in Fig. 3a.

Fig. 3b shows a plot of the OA in the VIS versus that in the
Red-NIR region for the different CNGG-type grown crystals. It is
obvious that VIS and Red-NIR OA are not correlated, i.e. they
correspond to different optical centres. Crystals grown in a pure
oxygen atmosphere, labelled as O, in Fig. 3b, do not show lesser
colouration than those grown in air, which in accord with the
above presented crystallographic study (oxygen OF = 1) sug-
gests that oxygen deficiency is not the origin of the observed
colouration. A similar conclusion is reached from thermal
annealing in air or in vacuum of CNGG-type crystals, see the
ESL ¥ Fig. S7 and S8. Crystals annealed to 1340 °C (i.e. only

(a)

CaCo,

~ 40}
™ [ \_99.5%
\g/ 30r difference

S 20F
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0 1 7/~ -
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S5t °, .
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g 10 3 ¢ ¢ GREEN
o r GREEN-YELLOW
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800nma

Fig. 3 (a) Comparison of the room temperature optical absorption of
undoped CNGG (continuous black line, scaled by x20 in the Red-NIR
region) and 0.08 at% Yb:CNGG (continuous red line) single crystals grown
using 99.5% (green crystal in the right inset) and 99.99% (pale yellow crystal
in the left inset) CaCOs, respectively. The dashed line shows the difference
in VIS OA between both crystals. (b) Plot of the OA coefficient, o, at 1 =
400 nm versus the Red-NIR integrated (from A = 550 to 800 nm) OA
coefficient for the different CNGG-type crystals studied. The symbol
colour mimics the crystal colour. Crystals were grown in an air atmosphere
(not labelled) or in flowing pure oxygen (blue arrows and O, labels).
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7100 °C below the melting temperature) for 48 h do not show
any significant modification of the OA associated to the col-
ouration, and crystals reduced for 50 h in vacuum (2.5 x 10>
mbar) up to 900 °C don’t show significant changes of the bulk
colour, although in this case the crystal surface degrades with
evident Ga loss, see Fig. S9 (ESIf).

Furthermore, crystal colouration is not exclusive to Yb-
doped crystals, it also appears in undoped/unmodified CNGG
crystals, so it is not directly related to the purity of used Yb,Os3.
Although low purity reagents (99.5% Na,CO; and 99% Li,CO;)
were used to grow some crystals, see Table S3,1 their small
required amount makes it unlikely that they were the main
source of colouration. The use of low purity 99.5% CaCOj;
precursor is the main cause of the observed crystal colouration.
According to the Analysis Certificate of the 99.5% CaCO; Alfa
Aesar supplier, traces of transition metals are present: Fe,
0.0003%; Ba, 0.0008%; Sr, 0.003%; and Mg, 0.0012%. The
presence of these contaminants in our crystal was tested by
EPMA but, if present, their concentration is below the detection
limit of the technique. Nevertheless, Fe garnets have intense OA
bands in the VIS region,*® thus it seems to us likely that the VIS
pre-edge absorption could be related to residual Fe impurities,
as also suggested for YAG.>” The Red-NIR bands are maybe
ascribed to localized electric charge trapped near cationic
vacancies present in the structure,*® thus they decrease as
vacancies are removed, for instance by doping with Li.

3c. Yb*' optical cross sections

The Yb*' absorption cross section, defined as oaps = a/[YDb]
(where « is the Yb®" absorption coefficient and [Yb] is the Yb**
density in the crystal) describes the crystal efficiency for absorp-
tion of the optical pumping. In the case of cubic garnet crystals
the OA is isotropic. A correct evaluation of g,ps is essential in
the assessment of laser performance since the emission and
gain cross sections (the latter characterizing the efficiency of
three level lasers) are obtained from it. For Yb:CNGG we have
used seven crystals with different Yb concentrations to average
the results, while for Na-modified Yb:CNNGG only the crystal
with maximum Na concentration (12.23 at% Na and 7.13 at%
Yb in the crystal) is used, and two different crystals with 7.57
and 7.28 at% Yb in the crystal were averaged for the Li-modified
Yb:CLNGG case. The Yb incorporation to the CNGG lattice
shrinks the garnet cell volume (see Table 1) increasing the Yb
density. This effect has been taken into account explicitly in our
o aps calculations by using actual cell volumes obtained by XRD
analyses for each used crystal. The same procedure has been
also used for Yb:CLNGG crystals, however for the Na-modified
Yb:CNNGG the cell size reduction induced by Yb*" is largely
compensated by the increase induced by the bigger ionic size of
Na', thus the volume cell of CNGG was used. Fig. 4 shows the
Oaps Tesults obtained at room temperature.

The Yb*" electronic configuration consists only of the
ground *F,, and one excited *Fs,, multiplets whose degeneracy
is lifted by the lattice crystal field into four (m; =0, 1, 2, 3) and
three (m; = 0’, 1/, 2') Stark levels, respectively. Consequently, its
OA spectrum is composed of a prominent Yb** 0 — 0’ band
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Fig. 4 Room temperature Yb®* absorption cross sections, oags Of
CNGG-type garnet crystals. Average of seven Yb:CNGG crystals, solid
black line. 12.23 at% Na-modified 7.13 at% Yb:CNNGG, green triangles.
Average of two Li-modified Yb:CLNGG crystals, dashed red line. (a) Long
spectral range. (b) Detail of the Yb>* gags corresponding to the 0 — 0’
transition.

near to A = 971.7 nm and of Yb** 0 — 1/,2’ related bands at
A=944.2,933 and 922 nm. The observation of more bands than
expected should be related to the coexistence of several differ-
ent crystalline environments around Yb and/or phonon cou-
pling effects. Furthermore, at 300 K other replica bands with
minor intensity are observed at the low energy side of these and
ascribed to thermally assisted Yb*" 1,2,3 — 0,1/,2/ transitions.
The most significant differences between Yb:CNGG and Na- or
Li-modified crystals are: (a) The ops ratio between 4 =971.7 nm
and A = 933 nm evolves from Yb:CNGG, 0,p5(971.7 nm)/
0aps(932.7 nm) = 3.19, to 0aps(971.8 nm)/oxps(933 nm) = 2.85
in Yb:CNNGG, and to g,ps5(972.1 nm)/oaps(933 nm) = 2.86 for
Yb:CLNGG. In the case of Na-modified Yb:CNNGG crystals the
decrease is due to the appearance of a new Yb*" 0 — 0
absorbance at 4 = 973.5 nm, see Fig. 4b and Fig. S10.{ In
contrast, the decrease observed for the Yb:CLNGG crystal is
mainly due to an enhancement of the Yb®>* 0 — 1/,2 bands at 4
=944 and 933 nm. (b) The shape of the Yb®>" 0 — 0’ band in
CNGG crystals at room temperature is observed to be rather
symmetric with a FWHM = 2.23 nm, but this changes with
crystal modifications. For Na modification the aforementioned
band at 4 = 973.5 nm appears, and the FWHM of the overlapped
bands increases to 3.65 nm, while for Li modification the
maximum of the Yb** 0 — 0’ band in CLNGG shifts to longer
wavelengths, A = 972.1 nm, and its FWHM increases (with
regard to Yb:CNGG) to 3.1 nm. This peak shift is confirmed
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by the excitation of laser experiments described in later laser
results section. (c) The maximum Yb®** g,p5 of Yb:CNGG amounts
to 1.97 + 0.32 x 10 *° ecm® In the 12.23 at% Na-modified
Yb:CNNGG peak o455 decreases to 1.65 x 10~ 2° em?, while in
Li-modified CLNGG it increases to gapg = 2.12 & 0.34 x 102° cm?.
The measured g,ps peak value of the narrow band at 4 ~ 972 nm
greatly depends on the spectral resolution of the measurements.
A large interval of values has been reported in the literature, thus
the comparison with previous results based on oags value at
933 nm is more reliable. On this basis, our results agree (within
50% of deviation) with the conclusions of ref. 21, 32, 39 and 40
and refute those of ref. 24, 41 and 42. It is also worth noting that
despite the disordered nature of CNGG single crystals, the Yb**
peak oaps in it is at least twice larger than that found in Yb:YAG,
oaps(300 K) = 0.8 x 10 *° cm>.®®

The emission cross section, ogy, describes the fluorescence
efficiency of the Yb*" ion. Here, we have used the reciprocity
method** for its calculation as opyvy = Gaps(Z1/Zu)exp[(Ea—hv)/
kpT]. The partition functions Z, and Z,, Z = Xyexp(—E/kgT), for
the ground (*F;,,) and excited (*Fs;,) Yb®" multiplets, respec-
tively, have been calculated from the Stark level (E,) energies
obtained from 6 K OA and PL spectroscopies, see the ESIL¥
Fig. S11 and S12. Due to the uncertainties for the band to Yb
energy level assignment, associated with the multisite character
of these crystals, a unique Z/Z, = 1.45 value was used in all
cases. E, is the energy of the Yb*" 0 — 0’ transition, hv is the
photon energy and kg is the Boltzmann constant. Even though
thick (>1 cm) samples were used to reduce OA measurement
uncertainty for 4 > 1040 nm, measurements beyond 4 >
1060 nm were not reliable. Therefore, the 300 K Yb*" fluores-
cence normalized at 4 = 1027.6 nm was used for the alternative
quantification of ogyy at these long wavelengths. Fig. 5a shows
the ogwmi(4) distribution obtained for Yb:CNGG and its change
in Na- or Li-modified crystals. In all cases ogyy peaks at 4 =
1027.6 nm. Although Yb:CLNGG has a slightly larger peak gy =
1.87 x 10%*° cm? than Yb:CNGG, gy = 1.56 x 10%° em?, or
Yb:CNNGG, oy = 1.62 x 10%° ecm?, for 4 > 1045 nm all three
curves collapse into a single one. Taking into account that
spontaneous cw laser operation takes place at 4 = 1030-
1060 nm, see later sections, Yb:CLNGG may have slightly better
cw laser efficiency, but for mode-locked laser operation, typically
operated with low transmission output couplers (Toc < 1%), the
laser emission shifts to larger wavelength values (1 = 1047-1061 nm)
and laser performance differences for the three Yb:CNGG crystal
types here considered are not anticipated.

An independent assessment of the certainty of the calculated
oevi can be inferred from the comparison of the experimental
and calculated Yb®* radiative lifetime, Tgap. Its value can be experi-
mentally evaluated at low temperature by using a thin crystal with
very low Yb concentration, which fully prevents fluorescence
reabsorption and Yb-Yb energy diffusion losses. Thus we have
used a 0.08 at% (1 x 10" at Yb ecm %) Yb:CNGG crystal, obtaining
Trap = 816 ps, see the ESIT Fig. S14. This value is slightly larger
than (and consistent with) fluorescence lifetimes previously
reported for crystals with larger Yb concentration, 791 ps*?
for 5.77 at% Yb (2.3 x 10*° em™?) and 780 ps* for 2.8 at% Yb
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Fig. 5 (a) Emission cross section, agm, of Yb:CNGG-type crystals. (b) Gain
cross sections of Yb:CNGG-type crystals. Circles are for Yo:CNGG, 8 = 0.05.
Triangles are for Ybo:CNNGG, = 0.05. The lines correspond to Yb:CLNGG
for different f§ values.

(1.1 x 10*° em™®) doping. On the other hand tgsp may be
calculated from the ogyy(4) by the Fiichtbauer-Ladenburg
method*® as trap ! = 8mn?c x [(opmi/2%)d4, where n is the
refractive index, n(/ = 980 nm) = 1.96," and c is the speed of
light in the vacuum. The calculated trap values using the above
emission cross sections are tgap = 440 us for Yb:CNGG, Tgap =
464 ps for 12.23 at% Na-modified 7.13 at% Yb:CNNGG, and
Trap = 419 ps for Li-modified Yb:CLNGG. Taking into account
the large number of parameters involved in these methodolo-
gies and the multisite character of the crystals, we consider that
that experimental and calculated trap values agree, giving
confidence to the present spectroscopic results.

Since the ground °F,, laser level of Yb*" is electronically
populated at room temperature, the laser efficiency is determined
by the competition between absorption and emission cross sec-
tions. The gain cross section, can = foemr — (1 — B)oass (f denotes
the ratio of inverted ions to the total Yb density), describes this fact.
Fig. 5b shows ggamn(4) for Yb:CLNGG crystals. Very similar ogamn
distributions have been also found for Yb:CNGG and Yb:CNNGG,
see Fig. 5b.

3d. Laser results

Along with laser experiments the sample pump absorption (either
under laser operation or not) was evaluated from the beam passing
through one of the cavity folding mirrors (a pumping mirror was
used for this purpose). Systematic measurements were performed
either under true continuous wave (cw) pumping or by 50%

This journal is © The Royal Society of Chemistry 2021
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modulation of the pump beam with a chopper, quasi continuous
(qew) pumping.

For low Yb concentration, pump absorption limits laser
operation, but crystals with 1.74 at% Yb already showed laser
action. While for high Yb concentration the radiative losses are
the limit, consistently a 18.8 at% Yb:CNGG crystal grown using
low purity precursors, i.e. 99.9% Yb,0;, 99.9% Nb,Os and 99.5%
CaCoO; did not show laser action. In between these limits, laser
operation was achieved independently of the growth conditions.
Fig. 6a shows an example of the linear relation between the laser
output power and the absorbed pump power obtained using
different output coupler transmissions (Toc). Laser performance
is characterized by the slope of this relationship (1) and by the
pump power laser threshold (Py,). Under these conditions laser
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Fig. 6 Laser properties of Yb:CLNGG crystals for different output coupler
transmissions, Toc. (a) Input—output laser characteristics of the 7.28 at%
Yb:CLNGG sample with thickness d = 2.05 mm. Apymp = 972 nm. Open
symbols, gcw, and full symbols, cw, laser operation. (b) Spontaneous laser
emissions of the above crystal. (c) Laser tunability of 7.28 at% Yb:CLNGG
crystals with thickness d = 0.824 (cyan, Toc = 1%) and 2.05 mm (blue and
black, Toc = 1and 10% respectively) and 12.56 at% Na: 9.45 at% Yb:CLNNGG
crystal with thickness d = 1.37 mm. The lines are only a visual help.
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output was unpolarized. For all tested crystals only minor
differences were found between cw and qcw operation regimes,
thus at the considered power levels, the sample heating was not
a relevant factor. The laser slope efficiency increases with T up
to rather large values (n = 80% for the 7.28 at% Yb:CLNGG
monitored crystal with Toc = 10%) and the laser emission spec-
trum shifts to shorter wavelengths with Toc increase, see Fig. 6b.
This latter effect is consistent with the shift observed for oG with
increasing f, see Fig. 5b, and it is characteristic of three level
lasers.

A broad laser tuning range is a prerequisite for short laser
pulses by mode-locking. Laser tuning of the crystals was
studied by inserting at the Brewster angle a dispersive prism
near to the rear mirror that forces a horizontally polarized laser
output. In this case a high reflectance folding mirror was used
opposite to the pumping mirror that recycled some of the
transmitted pump, leading to slightly higher laser output
powers. Fig. 6¢ shows the tuning range obtained for Yb-doped
CLNGG and CLNNGG crystals using different output couplers.

It must be noted that at the peak of the tuning curves the
emission is quite stable around a single wavelength (FWHM <
1.5 nm), but at the wings of the curves most typically several
laser wavelengths with differences of up to A4 &~ 10 nm coexist.
This difference is represented in Fig. 6¢ by horizontal error
bars. Consistently with the wavelength shift described above,
tuning with Toc = 1% extends more in the NIR (increasing 7) in
comparison to the curves obtained with Toc = 10%. With the
7.28 at% Yb:CLNGG crystal tuning ranges from 4 = 1000 to
1075 nm thanks to the contribution of a secondary regime for
A < 1020 nm. It must be noted that lasing for 2 < 1010 nm is
limited by the coating design of the used optics with a cutoff at
this wavelength. In the 12.56 at% Na: 9.45 at% Yb:CLNNGG
crystal this secondary regime was not observed and laser
emission started at A = 1025 nm but by using Toc = 1% it
extends to 4 > 1080 nm. These laser tuning spectral ranges
widely exceed the 45 nm range (1 = 1030-1075 nm) previously
reported with a Na-modified Yb:CNNGG crystal,'” even though
in this latter work a Toc = 0.8% was used.

Since laser performance depends on many different material
and instrumental parameters, in the following we study the
relevance of some of them, such as crystal colouration, purity of
used precursors, pump absorption and the effect of crystal
modifications with Li or Na.

3d.i. Influence of CaCO; purity and crystal colouration on
laser performance. The presence of point defects may affect the
laser performance,*®*” thus we have first compared the laser
performance of Yb:CNGG-type crystals with different VIS and
Red-NIR OAs. Fig. 7a and b show the laser slope efficiency and
pump power laser threshold results, respectively, as a function
of the Red-NIR OA (integral of the OA coefficient « from A = 580
to 800 nm). Fig. 7c and d show similar results as a function of
the VIS OA (x at A = 400 nm). Although the scattering in the
observed data could compromise conclusions, apparently the
presence of the Red-NIR OA associated to the deep green colour
seems to produce only a slight reduction of # and has no clear
effect on Py,. On the other hand, the presence of some amount
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of pre-edge OA in the visible region, associated to a yellow
crystal colour, seems not to be harmful for laser performance
and it seems to be even good in terms of maximizing # and
minimizing Py,.

Since laser colouration is mostly related to the purity of the
used CaCOj;, Fig. 8 shows a comparison of the laser perfor-
mance for ~9 at% Yb:CNGG crystals grown using 99.99% or
99.5% CaCO;. No laser performance difference is found despite
the fact that the integrated OA of the Red-NIR bands changes
from 7.8 to 31 ecm ' x nm and that the pre-edge OA of
both crystals was «(400 nm) = 7.9 and 12.1 cm ™', respectively.
A similar conclusion was also obtained for Na-modified ~9 at%

Yb:CNNGG, and for Li-modified ~7.5 at% Yb:CLNGG,
—~ 400 99.99%CaCo,
= n=77% \ )
E P=76mw WX ¥
5 300 o €\
e
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S 200- n=T72%
a | P,=82mW
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Fig. 8 Input—output cw laser characteristics of Ybo:CNGG crystals grown

by using CaCOs reagents with different purity: 9.01 at% Yb:CNGG grown
with 99.99% CaCO3 and 99.99% Nb,Os (black stars), thickness d = 0.853 mm,
Apump = 971.9 nm, versus 9.08 at% Yb:CNGG grown with 99.5% CaCO3z and
99.95% Nb,Os (blue squares), thickness d = 0.887 mm, Jpymp = 971.6 nm.
99.99% Yb,Os purity was used in both cases. Toc = 10%. The lines are linear
fits of the experimental results.
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see the ESI,{ Fig. S16. It can be concluded that, different to
other laser crystal hosts, the defects responsible for the CNGG
crystal colouration do not have much influence on the Yb**
laser performance.

3d.ii. Influence of Yb,O; purity on laser performance.
Although Yb** has no optical emission losses due to excited
state absorption, trace amounts of Er and Tm (the two lantha-
nides with closest atomic numbers to Yb) are present even in
the purest 99.998% Yb,O; used. Because the excitation diffuses
in the crystal by resonant energy transfer migration, these two
impurities and other present point defects may reduce the Yb**
radiative yield. This effect is expected to be more important as
the Yb concentration increases.

In order to test the influence of Yb,O; purity on the cw laser
performance, two CNNG crystals with Yb concentration near
9.5 at% have been compared under as close as possible
experimental conditions. The sample thickness was calculated
to compensate the slight variation of the Yb concentration of
the two samples in such a way that the pump absorption of the
crystals under laser operation was close to each other and
always in the 63-78% range. Fig. 9 shows the obtained results.
For the crystal grown using 99.9% Yb,O; reagent the slope
efficiency was 5cw = 46% and 1qcw = 57% for the cw and qew
operation regimes, respectively. These magnitudes increase up
to ew = 77% and nqcw = 75% when 99.99% Yb,O; reagent was
used. In parallel, Py, decreases with increasing Yb,O; purity, i.e.
Py, = 167 mW and 75 mW for 99.9% and 99.99% Yb,O; purity,
respectively.

Another clue to understanding the influence of the Yb,0O;
purity on laser operation is monitoring the Yb*' lifetime.
Generally, the high purity of Yb,0; preserves the Yb*" fluore-
scence yield,***° which is beneficial for laser performance, how-
ever a decrease of the Yb*" lifetime is expected with increasing Yb

This journal is © The Royal Society of Chemistry 2021
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as a function of the Yb,Oz reagent purity under gcw pumping. Symbols are
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and power pump laser thresholds, Py, are annotated in the figure inset.
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Red circles, 99.99% (4N) Yb,O3, 9.01 at% Yb:CNNGG, sample thickness
d = 0.853 mm, pump absorption 78-71%.

concentration due to Yb-Yb energy migration. This general trend
is shown in the ESIL{ Fig. S15. Thus it is important to compare
only crystals with similar Yb concentration. The Yb*" lifetime
measured for a 9.65 at% Yb:CNGG crystal grown with 99.9%
Yb,0; was 7 = 484 s, but this value recovers to 7 = 547 ps in 9.08
at% Yb:CNGG grown with 99.99% Yb,O; purity. Similarly, the
lifetime of a 12.07 at% Yb:CNGG crystal grown with 99.9% Yb,O;
was T = 406 s while that for a 12.6 at % Yb:CNNGG crystal grown
with 99.99% Yb,0; amounted to 7 = 432 ps. Both, direct laser
characterization and spectroscopic Yb*" lifetimes indicate that as
high as possible (at least 99.99%) Yb,0; purity must be used to
optimize laser operation of Yb:CNGG-type crystals.

3d.iii. Influence of pump absorption on laser performance.
Efficient absorption of the pump beam is required for laser
operation. This may be achieved by an appropriate combination
of Yb concentration and sample thickness. Most Yb:CNGG lasers
reported up to now used 5 at% Yb-doped crystals with 3 mm of
thickness, see Table S1 (ESIT). However some laser designs, like
the thin-disk lasers,>*® need thinner samples and therefore
higher Yb concentrations. On the other hand, too thick samples
would induce reabsorption of the laser emission and usually
exceed the Rayleigh length of the focused pump beam, leading to
poor coupling with the fundamental TEMO0O cavity mode. Here
we examine the combination of Yb concentration and sample
thickness determining pump absorption.

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 Input—output cw laser characteristics of 7.3 at% Yb:CLNGG
crystals with different sample thickness, d. Zpump = 972.2 nm, Toc = 10%.
Abs = pump absorption under laser operation.

Fig. 10 shows the input-output laser characteristics of a
7.3 at% Yb-doped CLNGG crystal with several sample thick-
nesses from d = 0.66 mm to 3.09 mm for Toc = 10%. In all cases
the emission was around 4 = 1030 nm with a FWHM = 2 nm.
The largest slope efficiency (1 ~ 94%) was obtained for the
thinnest used crystal, but the total output obtained in this case
was limited to about 340 mW due to the low sample absorption
(55-70% depending on pump power). For increasing crystal
thickness the most evident trend is the increase of the pump
power laser threshold. Maximum output power of 555 mW was
achieved with a 2.05 mm crystal thickness with = 79% and
Py, =123 mW for the 4 = 972.2 nm pump beam, the absorption
of this sample was 95-97%. A larger sample thickness tested, i.e.
d = 3.09 mm, absorbs even more the laser pump power (98-99%)
but the slope efficiency did not improve and the maximum
output power was slightly lower, ~500 mW. Therefore under the
instrumental approach here used, pump absorption during
laser operation in the 95-98% range seems optimal, which
corresponds to 98% of absorption under low pump irradiation
conditions.

An alternative way to increase laser pump absorption is by
using larger Yb density in the crystal, and this is particularly
desired if a small crystal thickness is required, however at some
point the radiative yield of Yb®" degrades with increasing Yb
concentration, see Fig. S15 (ESIT). Fig. 11a and b show the effect
of the Yb concentration on the laser slope efficiency and laser
emission wavelength, respectively, for a near to constant pump
absorption of 70-80% under laser operation, obtained by thick-
ness selection. All crystals used for this comparison were grown
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Fig. 11 Evolution of the laser performance of Yb:CNGG-type crystals with
Yb concentration for a nearly constant pump absorption in the 70-80%
range. Yb:CNGG (squares, Zpump = 971.6 nm), Yb:CNNGG (diamonds,
;VPUMP = 971.9 nm) and Yb:CLNGG (stars, ;,pUMp = 972.2 nm). Toc = 10%.
Black and red symbols correspond to crystals grown with 99.99% and
99.995% Yb,Os purity, respectively. (a) Laser slope efficiency, n. Open and
full symbols correspond to gcw and cw operation, respectively. (b) Laser
wavelength, 4. Open and full symbols correspond to near threshold and
maximum pump absorption operation, respectively.

with >99.99% of Yb,O; precursor purity. The laser slope
efficiency increases from n = 47% in 1.74 at% Yb:CNNGG
crystal to about n = 75% in crystals with 7-8 at% Yb. For larger
Yb concentrations, up to about 15.4 at% of Yb doping, the laser
slope efficiency decreases but still values around # = 60% were
obtained. For all these crystals the laser threshold pump power
remains in the Py, = 60-135 mW range, quite independent of
the Yb concentration.

The increase of the Yb concentration also has a notable effect
on the laser emission wavelength, see Fig. 11b. Although in fact
the laser wavelength shifts for ~1 nm to larger values as the
pumping power increases from the threshold to the maximum
pumping power available ~1 W, the increase of the Yb concen-
tration has a more notable effect shifting the spontaneous laser
emission from /; = 1028 nm up to about Ay = 1035 nm (for Toc =
10%) as the Yb concentration changes from 1.7 at% to ~15 at%.

3d.iv. Influence of Li or/and Na CNGG modifications on
laser performance. Apart from the crystallographic and spectro-
scopic changes described in previous sections, here we aim to
determine whether the different known modifications of the
CNGG crystal, namely Li or Na modifications, have any impact
on the laser performance of Yb:CNGG-type crystals. For this
purpose we have compared four different Yb:CNGG-type crystals
under as close as possible experimental conditions. These crys-
tals are either unmodified Yb:CNGG, Na-modified Yb:CNNGG,
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Fig. 12 Comparison of the laser performance of Yb:CNGG-type crystals
with different modifiers under cw (full symbols and lines) and qcw (open
symbols and dashed lines) operation regimes. Toc = 10%. (a) Unmodified
9.01 at% Yb:CNGG, sample thickness d = 0.853 mm, Apymp = 971.9 nm.
(b) Na-modified 0.93 at% Na:7.96 at% Yb:CNNGG, sample thickness d =
1.371 mm, Zpump = 971.6 nm. (c) Li-modified 7.28 at% Yb:CLNGG, sample
thickness d = 2.05 mm, Apymp = 972.2 nm. (d) Na and Li co-modified
12.56 at% Na: 9.45 at% Yb:CLNNGG, sample thickness d = 1.370 mm,
Apump = 972.2 nm.

Li-modified Yb:CLNGG, or Li and Na co-modified Yb:CLNNGG
crystals. Although all these crystals were equally doped with
8 at% of Yb in the melt, the composition in the crystal varies
according to that described previously ranging from minimum
7.28 at% Yb:CLNGG to maximum 9.45 at% Yb:CLNNGG (with
12.56 at% of Na). To achieve nearly constant pump absorption in
the samples, different thicknesses were prepared for compensa-
tion of the different Yb densities. Despite this care, lower pump
absorption was determined for the Yb:CNGG and Yb:CNNGG
tested crystals which, accordingly to section 3d.iii, leads to the
lower pump power laser thresholds and output powers.

Fig. 12 shows the laser performance of these four crystals.
The slope efficiencies observed are in all cases in the n = 70-
80% range, with very little difference between the qcw or cw
operation regimens, i.e the effect of CNGG modifications on cw
laser performance is weak, although still the largest slope
efficiency is generally found for crystals modified with Li.

4. Discussion

CNGG-type single crystals are without doubt one of the crystalline
laser media with largest emission bandwidths for lanthanides and
in fact it is one of the few Yb-doped media that have produced sub

This journal is © The Royal Society of Chemistry 2021
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50 fs laser pulses, along with Yb:Ca(Y/Gd)AlO, (CALGO),>*
Yb:Ca,YO(BO;); (YCOB),>® Yb:NaY(WO,),,>* and Yb:CaF,,”* thus
knowledge about the preparation and characterization of these
garnets is relevant both from fundamental and technological
view-points. Different to CALGO and YCOB, CNGG is optically
isotropic, which is a significant advantage for crystal production
and enables ceramic processing. In comparison to the present
garnet, laser operation of Yb:NaY(WO,), is limited by lower
thermal conductivity, x < 1.8 W m~' K~".® Although the laser
capability of the CNGG crystal has been known for more than
30 years,” the information so far available on preparation, growth
and characterization is still scarce due to the complexity of the
crystal site filling and in particular, laser results obtained with
different crystal compositions and experimental setups are diftfi-
cult to compare, thus the real influence of the differences found
in tested crystals on laser performance is not conclusive.

The incorporation of Li' is the classical crystal modifier.
The incorporation of Na" is a more recent and apparently
successful proposal;*! note that the shortest Yb laser pulses
reported for these garnets were achieved with a Na-modified
Yb:CNNGG crystal."” Both alkaline metals play an utterly different
role in the crystalline structure and thus in the physical properties.
Complementary MAS-NMR and neutron diffraction studies'®
showed that Li" incorporates exclusively in the tetrahedral site
(not shared with the octahedral position as usually speculated
without experimental evidence), while as determined by scXRD
measurements Na' incorporates exclusively in dodecahedral
sites, see Table 1 and ref. 21. Na" and Yb*" codoping in equal
amounts in substitution of two Ca** ions was thought to be a
charge and elastic stress self-compensation method since the
three ions sit on the same crystal site, but Fig. 1 shows that Na
and Yb have quite different segregation coefficients, Sx, & 0.39
and Sy > 1, respectively. Therefore, the appropriate self-compen-
sation cannot be obtained by using equal amounts of Na and Yb
in the melt, as so far tried. Results shown in section 3a indicate
that by using a ~3Na:1Yb molar ratio in the melt, Na and Yb
concentrations equalize in the crystal, leading to true self-
compensation and this procedure indeed enhances the Yb incor-
poration to the crystal by slightly increasing the Yb segregation
coefficient from Sy, = 1.12 in Yb:CNGG crystals to Sy, = 1.34 in
Yb:CNNGG ones, in both cases larger than the Yb segregation
coefficient in YAG, Syp(YAG) = 1.08.>° On the contrary the segrega-
tion of Yb in Li-modified CLNGG reduces to Sy, = 0.88, which is
not so surprising because both Yb*" and Li* incorporations
suppose extra electric charge with regards to the substituted ions,
Ca®" and neutral tetrahedral vacancies, respectively.

One important consideration in the development of laser
crystals is the cost of growth production and manufacturing.
In this respect the purity of the required chemicals plays a key
role. In Section 3b it was shown that the use of 99.5% CaCO;
purity induces crystal colouration thus the more expensive
99.99% purity is required to minimize it. Other crystal growth
procedures, particularly the growth in non-oxidative atmosphere
required by the use of iridium crucibles, may also contribute
with additional crystal colouration.”> In our experience the
colouration described here in Section 3b, Fig. 3, is permanent

22,23,58
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as it was not removed by after growth crystal annealing in air
upon cooling, or by subsequent 1340 °C annealing in air (see the
ESL} Fig. S7). We have even observed that 1150 °C air annealing
of Yb:CNGG-type ground crystals leads systematically to a
decrease of the Yb®" fluorescence lifetime, see the ESIT Fig. S17.
However, in light of the results presented in Fig. 7 and 8 for the
Yb:CNGG-type crystals the impact of this colouration in the Yb
laser performance is minor. This can be attributed to several facts:
Firstly, neither the pump (Apume &~ 972 nm) nor laser emission
(A1 = 1030-1080 nm) wavelengths characteristic of Yb®* lasers
overlap the defect-related VIS (4 = 300-500 nm) or Red-NIR
(4=580-800 nm) OA bands responsible for the crystal colouration.
This conclusion must be taken with care when considering other
laser lanthanides, such as NIR Tm*" and Nd*" lasers (pumped at
2 ~ 800 nm),*>®" or VIS lasers based in Pr’* (Jgxc = 485 nm and
Jemi = 595 and 640 nm), Tb** (Jgxc = 488 nm and Agyy = 542 and
587 nm) or Dy’' (lgxc = 425-475 nm and Agpg~ 580nm).%>
Secondly, the Yb*" lifetime reduction observed with increasing
crystal colouration is smaller than 10%," thus it likely has a
minor effect on the Yb** fluorescence yield and on laser perfor-
mance. Thirdly, the cubic centrosymmetric garnet structure lacks
the electro-optic Pockels effect thus any microscopic electric field
caused by electron photo-excitation and diffusion has virtually no
effect on the beam propagation controlled by a single refractive
index value, only the very weak Kerr effect would contribute to
refractive index changes. Fourthly, any thermal gradient induced
by light absorption in these colour centres is symmetric, thus it
must be easier to handle than for highly anisotropic crystals, e.g.
monoclinic Yb:KLn(WO,), lasers.*®

Undoped CNGG-type crystals can be grown with a micro-
scopic crystallographic quality as good as that of commercial
YAG crystals, see Fig. 2b. However, while full Yb solubility is
found in the YAG case, i.e. Y can be completely substituted by
Yb leading to YbAG crystals, in the CNGG case DSC and XRD
results presented in section 3a have shown that the maximum
substitution of Ca is about 20% of the atomic content of the
dodecahedral position. This limit could be maybe enhanced by
incorporation in the dodecahedral site of other divalent cations
with ionic radius smaller than Ca®", but at present 15 at% Yb
incorporation is a real limit for Yb:CNGG-type crystals with laser
quality. Furthermore, Yb incorporation generally increases crystal
mosaicity (see Fig. 3b), enhances fluorescence reabsorption and
reduces the Yb** fluorescence quantum efficiency (fluorescence
lifetime reduction with increasing Yb concentration, see Fig. S15,
ESIY). Thus specific care must be paid to Yb incorporation in
CNGG grown for laser purposes.

What makes a significant difference in laser performance is
the Yb,O; purity used for crystal growth. Fig. 9 shows the
reduced laser slope efficiency found for 9.65 at% Yb:CNGG
crystals grown with 99.5% Yb,O; purity and, as mentioned
previously, the only crystal which did not operate as a laser was
a18.8 at% Yb:CNGG crystal grown with 99.5% Yb,O; purity. For
such high Yb concentrations the fluorescence lifetime reduces
to less than half of the radiative value, see Fig. S14 and S15 (ESIf).
Care must be taken with some lifetime values reported in the
Yb:CNGG literature®® because despite the large Yb concentration
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of the used crystals and the use of pin hole methods they exceed
the radiative value most likely due to fluorescence reabsorption.

The impact of the crystal modifications on qcw/cw laser
performance of 7.28-9.45 at% Yb:CNGG-type crystals here
examined is rather small. The observed differences could be
attributed to difficulty in controlling day-to-day fluctuations in
the experimental conditions or in sample preparation, for
instance perfection of the cavity alignment, fluctuations of
the Ti-sa beam quality, accuracy of sample face flatness and
parallelism or quality of the sample face polishing. Nevertheless,
the comprehensive analysis of all the results here presented
suggests that under similar conditions Li-modified Yb:CLNGG
crystals have slightly better laser performances than the others,
see Fig. 11a and Fig. 12, which agrees with the conclusion of
ref. 24. This prevalence has not an optical spectroscopic support
since emission and gain cross sections have been found indepen-
dent of the Yb:CNGG Li or Na modifiers, see Fig. 5a and b, which
points to the fact that the 300 K Yb** fluorescence is controlled by
the main Yb®" centre, in all cases a dodecahedral Yb** surrounded
by six GaO, tetrahedra. A better crystalline quality could be the
likely reason for the slightly improved Yb:CLNGG laser perfor-
mance. It must be noted that despite its spontaneous nucleation
on Pt wires, Li-modified Yb:CLNGG crystals exhibit a mosaicity
lower than that observed in other Yb:CNGG-type compositions
with similar Yb concentration, see Fig. 2b.

Mode-locking laser experiments using semiconductor satur-
able absorption mirrors (SESAM) as rear high reflectors benefit
from low transmission output couplers (Toc < 1%) to increase
the optical fluence onto the SESAM. Fig. 6b shows that this
shifts the spontaneous emission laser wavelength towards
larger values. Accordingly, previous Yb:CNGG-type crystals have
shown mode-locking pulses in the 4 = 1047.5-1061 nm region,
see Table S1 (ESIt). Fig. 6¢ shows an unprecedented large cw
laser tuning range for 12.56 at% Na:9.45 at% Yb:CLNNGG
crystals, extending beyond 4 > 1080 nm with a smooth variation
of the output power in the long wavelength wing. The shortest
pulses (t =45 fs) so far reported for Yb:CNGG-type crystals'” were
achieved with a Toc = 0.8% and a Yb:CNNGG crystal doped in
the melt with 10 at% Na (x4 at% Na in the crystal in light of our
results) and 10 at% Yb, they were centred at 1061 nm with a
FWHM of 26.8 nm, i.e. near to the long wavelength limit of the
tuning curves shown in Fig. 6¢ for Toc = 1%, however the average
laser output was only 30 mW. While ggan > 0 is still found for
A = 1100 nm, see Fig. 5b, for A > 1040 nm its spectral
distribution is not modified by Li or Na incorporations, thus
further improvements (shorter pulses and larger average output
power) should be still expected by optimizing the crystal laser
properties along the lines here described, i.e. maximizing laser
performance by selecting Yb concentration in the 7-8 at% range,
pump absorption to x95%, and reducing crystal mosaicity by
the use of high crystalline quality seeds for growth and Li
incorporation. Also, common Ti-sa laboratory lasers are limited
to <2 W for 4 = 972 nm, thus the use of Distributed Bragg
Reflector DL (DBR-DL) with stabilized emission near the 972 nm
would benefit the slightly larger peak g,ps shown in Fig. 5a while
providing the high fluence needed by the used SESAM.
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Thin-disk lasers*>*® use crystal wafer thickness in the order
of d =100 pm for efficient cooling. One important aspect in this
respect is the efficient absorption of the pumping without the
need to increase the sample thickness. According to the results
shown in Fig. 11a this seems possible in CNGG by using Yb
doping levels between 10 and 15 at%, but direct Yb incorporation
increases crystal mosaicity, Fig. 2b. This mosaicity can be reduced
by Li modification, but this in turn reduces Yb incorporation.
Although Na incorporation also increases the crystal mosaicity it
is still a useful strategy to promote Yb incorporation to high levels,
15 at%, thus Li and Na co-modified Yb:CLNNGG crystals seem
a promising direction for future improvements of the efficiency of
these lasers.

Transparent ceramic processing of CNGG garnets remains
challenging,'® but in light of the results presented in Fig. S9
(ESIt), vacuum annealing at high temperature should be avoided
in order to minimize Ga loss that presumably gives rise to
foreign crystallographic phases at the grain boundaries.

5. Conclusions

CNGG single crystals can be grown by the Czochralski method
up to ~20 at% of Ca substitution by Yb and Na. The segrega-
tion coefficients for Yb and Na are rather different, namely Sy, =
1.12 + 0.11 for Yb (Syp = 1.34 £ 0.09 in Yb and Na codoped
crystals) and Sy, = 0.39 £ 0.05 for Na. Li reduces the Yb
segregation coefficient below one, Sy, = 0.88 £ 0.07. Similar
Na and Yb densities in the crystal require a 3Na:1Yb atomic
ratio in the melt. The incorporation of Yb and Na into the
garnet structure of CNGG crystals leads to a slight increase of
the crystalline mosaicity, which can be compensated by Li
incorporation as well as by the use of seeds with high crystal-
line quality, for instance YAG. Li and Na are complementary
modifications of the garnet CNGG structure that help to
simultaneously control the Yb incorporation and crystalline
quality. Slightly better cw laser performance has been found in
Li-modified Yb:CLNGG crystals while NIR extended laser tuning
was observed in Li and Na co-modified Yb:CLNNGG crystals.

The purity of chemical precursors, in particular CaCOj3, is
crucial to reduce the sample colouration associated with broad
optical absorption bands appearing in the 1 = 580-800 nm
spectral range and with a band in the pre-edge (4 = 300-500 nm,
peaking at A = 350 nm) of the band gap transition. These two
optical absorptions correspond to different optical centres
apparently not related to oxygen deficiency, but their presence
does not have a great influence on the cw laser performance of
Yb** in the studied garnet host. However, the use of high purity
Yb,O; chemical is critical to preserve the radiative properties of
Yb*" thus to maximize the cw laser slope efficiency and to
reduce the pump power laser threshold.

A statistical assessment of the Yb** absorption cross section
provides peak values of gaps(/ = 971.7 nm) = 1.97 & 0.32 x 10~ %° cm?®
for Yb:CNGG, o aps(4 = 971.8 nm) = 1.65 x 10>° cm” for 12.23 at%
Na-modified Yb:CNNGG and gaps(4 = 972.1 nm) = 2.12 £ 0.34 X
107" em? for Li-modified Yb:CLNGG. No evidence of significant
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emission or gain cross section changes with the incorporation of
Li or Na modifiers is found. ogain > 0 is found even for 4 >
1100 nm. By using different output coupler transmissions and
crystal compositions, laser tuning was possible in a very broad
spectral range, from A = 1000 nm to beyond A = 1080 nm,
suggesting that the full capability of these crystals for the
production of ultrashort laser pulses has not yet been completely
exploited.
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