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Abstract: A series of optical-quality Er**-doped calcium lithium niobium gallium garnet (CLNGG)
single crystals with different Er®* ion concentration (10, 15 and 30 at.%) has been grown by the
Czochralski method. A comparative study of their structure, thermal, and spectroscopic properties is
performed. Crystal structure was analyzed with X-ray powder diffraction (XRPD) and refined by
the Rietveld method, results showing that the Er:CLNGG crystal possesses a cubic structure with
space group [a3d, and the lattice constants decrease linearly as the Er** concentration increase. The
complete set of thermal properties were systematically studied for the first time. It has been found
that all the thermal conductivities increase with temperature, indicating a glass-like behavior. Effect
of Er®* concentration on spectroscopic properties of Er:CLNGG crystals was studied. Results show
that with the Er3* concentration increase, the NIR fluorescence around 1600 nm weakens, while the
Mid-IR fluorescence intensity around 2700 nm strengthens. Fluorescence lifetime of 45 /2 decreased
faster than that of 41 /2 with the Er?* concentration increase, which is beneficial for surmounting the
“bottleneck” effect to achieve 2.7 um laser. All the results show that CLNGG crystal with high Er’*
concentration is a potential candidate for the 2.7 pm laser.

Keywords: Er:CLNGG crystal; thermal properties; spectroscopic properties; 2.7 pm laser

1. Introduction

Mid-infrared (MIR) laser sources in the 2.7 um spectral range activated by Er>* ions
G /2 —45 /2) are under rapid development nowadays due to their potential in various
applications, e.g., medical technology, environmental protection and detection due to the
strong absorption by water [1,2]. Besides, lasers in this region are also an ideal pump
source for 3-15 pum optical parametric oscillation (OPO) lasers [3,4].

By far, various Er**-doped gain materials had been reported, such as the garnet (crystals
and ceramics) YAG [5], GGG [6], LuGG [7], YGG [8], YSGG [9-12], GSGG [13,14], the sesquiox-
ide (crystals and ceramics) Y05 [15,16], Luy,O;5 [17], and the fluoride (crystals, ceramics, and
fibers) CaF, [18,19], SrF, [20], LiYF,4 [21], ZBLAN [22]. However, the fluorescence lifetime of
the upper laser level 41y /2 is much shorter than that of the lower laser level s /2, which is
considered to be self-terminating, making the population inversion difficult and impeding laser
oscillations. Generally, to overcome such self-terminating bottleneck effect, codoping of proper
ions, such as Pr* or Tm3*, can effectively shorten the fluorescence lifetime of the lower laser
level “I;5 /2 owing to the energy transfer between electrons on 4 /2 and 13 /2 states [1,23].
Doping with high Er®* concentration is another effective option, which can promote the energy
transition among active ions for reducing the fluorescence lifetime of the lower laser level *I;3 5
and suppress the self-terminating effect.

In this work, we selected disordered calcium lithium niobium gallium garnet (shortly
CLNGG) as the host matrix, which belongs to the cubic crystal class (sp. gr. [a3d). Com-
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pared with the conventional ordered garnet crystal, such as YAG, CLNGG has at least two
advantages due to its excellent physical and chemical characteristics. Firstly, the much
lower melt point (~1450 °C) makes it easy to obtain high quality and large-sized crystal by
using the conventional Czochralski (Cz) method. Besides, due to a random distribution
of the Ga®* and Nb®* cations over the same lattice sites (octahedral and tetrahedral), it
has a disordered structure, which can lead to splitting and inhomogeneous broadening of
the spectral bands of the Re>* dopants, making it very suitable for ultra-short pulse gen-
eration [24]. However, to our knowledge, there is almost no report about the Er®*-doped
CLNGG. Thus, a series of optical-quality Er**-doped CLNGG single crystals was grown
by the Cz method. A comparative study of their structure, thermal, and spectroscopic
properties is performed to evaluate its application in 2.7 pm laser.

2. Experimental Section
2.1. Crystal Growth

A series of Er:CLNGG crystals was grown by the conventional Cz method. High-
purity CaCOjs (purity: 4N), Nb,Os (4N), Ga;O3 (5N), Er,O3 (5N) and Li;CO3 (5N) powder
were used and exactly weighed. For the preparation of polycrystalline Er:CLNGG, a certain
amount of Er,O; with Er3* concentration equal to 10, 15, and 30 at.% was introduced
according to the following solid-state reaction:

XCaCO; + 225X LiyCO; + LZ%Nb,05 + 2-2%%Gay 03 + 21 Er, 05

— (CasLip275Nby 775Ga2.95012) (ErsGasOnn ),y + 282XCO,

In order to compensate the volatilization of Ga;O3, during the experiment, an excess of
1.5 wt.% Ga,O3 was added. Besides, to further avoid the volatilization of Ga,O3 and Li,O,
the crystals were grown under 10% CO, + 90% Ar atmosphere. The raw materials were
mixed for 24 h and heated at 920 °C for 10 h in a platinum crucible to decompose CaCOs.
When the materials were cooled down to room temperature (293.15 K), the mixture was
again grounded, mixed, and pressed into tablets under high pressure. Then the materials
were sintered at 1200 °C for 20 h to synthesis polycrystalline materials. The polycrystalline
materials were heated by an intermediate-frequency heater. An oriented CLNGG seed
with [111] direction was used for crystal growth. During the crystal growth, the puling
rate and rotation speed were 0.6-2 mm/h and 11 rpm, respectively. When crystal growth
process was completed, the single crystal was cooled down to room temperature at the
speed of 10-20 °C/h.

The photograph of crystal was shown in Figure 1a—f, it was clear that the as-grown
crystals have almost no macroscopic defects. The as-grown crystals were pink owing to
the introduction of Er®* ions and annealing would make crystal more transparent. It was
worth noting that the 15 at.% Er:CLNGG crystal was darker than other crystals, which
might attribute to uncertain atmosphere and evaporation of Ga,O3 during the experiment.
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Figure 1. Images of crystal for (a) 10 at.% Er:CLNGG before annealing (b) 10 at.% Er:CLNGG after
annealing (c) 15 at.% Er:CLNGG before annealing (d) 15 at.% Er:CLNGG after annealing (e) 30 at.%
Er:CLNGG before annealing (f) 30 at.% Er:CLNGG after annealing.

2.2. Measurement

The structure and crystallographic data of Er:CLNGG crystal was studied by X-ray
powder diffraction (Bruker D2 Phaser diffractometer, Karlsruhe, Germany) with Cu-K«1
radiation (A = 1.5418 A). The XRD pattern was measured in the 26 range from 10 to 90°
with a step size of 0.02°-s7 1.,

Effective segregation coefficient of Er3* ions was confirmed by inductively coupled
plasma-optical emission spectroscopy (ICP-OES). Effective segregation coefficient K,y can
be calculated by the following equation:

C
kip = ¢ (1)

In the equation, Cs and C; were the concentrations of Er’* in the crystal and melt, respec-
tively. The C; of raw material was 10 at.%, 15 at.%, and 30 at.%, while the concentrations of
Er** in the crystal were measured to be 14.72 at.%, 23.68 at.%, and 41.36 at.%, respectively.
Thus the k, ff of the Er¥* in the as-grown crystal was 1.472, 1.579 and 1.378 for 10 at.%, 15 at.%,
and 30 at.%, respectively. Furthermore, by using the calculated unit-cell parameters and the
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following equation, the Er** ion concentration N, for the as-grown crystals can be determined
tobe 1.92 x 10%!,2.29 x 10?!, and 6.21 x 10?! ions/cm?, respectively.

_ Z X Cl x K, ff
Ner = 0w @

Here a, b, and c are the unit-cell parameters, Z is the number of the formula units.

The specific heat was studied by simultaneous thermal analyzer (Perkin Elmer Dia-
mond: DSC, Waltham, MA, USA). The thermal diffusivity coefficient was measured by
the laser flash method using a laser flash apparatus (NETZSCH LFA457, Selb, Germany).
The sample used for the measurement was made into crystal plate with the dimensions of
4 x 4 x 1 mm?3, and both sides of each sample were coated with graphite.

For the spectroscopic study, all the samples were cut to the cube with the dimensions of
3 x 3 x 3mm? and the 3 x 3 mm? faces that perpendicular to [111] direction were polished.
The absorption spectra were recorded by UH4150 spectrophotometer (Direct Light Detector,
Hitachi, Ltd, Tokyo, Japan) at room temperature. The scan speed was 120 mm/min and
the sampling interval was 1.00 nm. The emission spectra and fluorescence lifetimes were
measured by an Edinburgh Instruments spectrophotometer (FSP920c, Livingston, UK),
under 987 nm pumping with a 5 ns pulse of an optical parametric oscillator. The ratio
of signal to noise (SNR) is about 6000:1 and the resolution ratio of this equipment for
the measurement of emission spectra is less than 0.05 nm, while for the measurement of
fluorescence lifetimes, the minimum time resolution is less than 610 fs.

3. Results and Discussion
3.1. Structure Refinement

For the confirmation of the composition and phase purity of the as-grown 10, 15, and
30 at.% Er:CLNGG crystals, Figure 2a displays the XRD patterns of the Er:CLNGG samples.
All the diffraction peaks are well indexed with the garnet calcium tin silicon gallium oxide
(PDF card #96-100-1563) having a cubic structure. The diffraction peaks corresponding to
any other impurities were not observed which verifies the successful incorporation of Er®*
ions into the host structure without significant lattice distortion.
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Figure 2. (a) Room-temperature X-ray powder diffraction (XRD) pattern of Er:CLNGG crystal and
the reference pattern of calcium tin silicon gallium oxide: garnet phase with Ia3d space group (PDF
card #96-210-1676) (b) the magnified XRD patterns with the selected diffraction peaks from 28 to 29°
for 10, 15 and 30 at.% Er:CLNGG crystals.
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According to the effective ionic radii of cations with the corresponding coordination
number (CN), we suggest that the activator Er>* is expected to occupy the Ca?* sites
randomly in the CLNGG host, because the effective ionic radii of Er3+ (Ri = 1.004 A for
CN = 8) is closest to that of Ca?* (Ri = 1.120 A for CN = 8) [25]. The substitution of Ca?*
by Er3* will have a change in the lattice parameters. Indeed, the representative diffraction
peak of 10, 15, and 30 at.% Er:CLNGG appeared in the diffraction angle range from 28 to
30° is shown in Figure 2a. Clearly, the characteristic peak (400) shifts gradually to higher
angles with the Er®* content increase. Thus, with referring to the relation between the
interplanar spacing dpyj and the parameter “a” (2), this behavior derived from the decrease
of the lattice volume and to express it clearly, the lattice parameters were calculated and
listed in Table 1, with the increase of Er** doping concentration, the cell dimension a is
gradually decreased.

2,12 12
1 _htle+l 3)

2 2
hkl a

Table 1. Crystallographic data and refinement parameters for 10, 15 and 30 at.% Er:CLNGG.

Data 10 at.% Er:CLNGG 15 at.% Er:CLNGG 30 at.% Er:CLNGG
Crystal System Cubic
Space group Ia3d
Laue Class m-3m
General multiplicity 96
Calculated density (g/cm?) 4.501 5.312 5.988
Lattice constant a (A) 12.4929(2) 12.4767(8) 12.4485(8)
o (deg.) 90
Volume (A%) 1949.808 1942.260 1929.120
20 range (deg.) 10-90
20 step 0.02
Radiations Cu-Kal (A = 1.5418 A)
No. of reflections 151 148 166
Refinement software Match3! (crystal impact) software
Relabily factors Rep =247 andx? 2390 Roxp259anda 331 Repo23andad 2268

To obtain the detailed structural information of Er:CLNGG crystals, the Rietveld
refinement is implemented using the match3! software. Figure 3a—c exhibits the refined
XRD profiles of 10, 15 and 30 at.% Er:CLNGG. The crystal data CNGG was adopted as
an initial refinement model [26]. The refinement is utilized to determine the possible
sites of constituents Ca | Er, Nb | Ga, and Nb | Ga | Li cations occupy the dodecahedron,
octahedron, and tetrahedron sites, respectively. Detailed crystallographic data extracted
from the refinement and fitting parameters, such as expected R factor (Rexp), weighted-
profile R factor (Rwp), and goodness of fittings (GOF (x) = Rwp/Rexp), are summarized
in Table 1, and the refined structural parameters and atomic positions are summarized in
Table 2. The value of x? is smaller than 4 for the three different doping concentrations, in-
dicating the reliable fitting of the experimental and computed data. The crystal structure
of the Er:CLNGG crystals was identified as the cubic garnet with the centrosymmetric
space group Ia3d. The lattice parameter increased linearly with the incorporation of the
Er®*, which is described by the Vegard’s law [27]. This finding suggested that the doped
Er®* ions were efficiently incorporated on the Ca®* sites in the host lattice.
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Figure 3. Rietveld structure refinement plots for: (a) 10 at.% Er: CLNGG (b) 15 at.% Er: CLNGG
(c) 30 at.% Er: CLNGG.
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Table 2. Atomic coordinates, sites, occupancy factors (O.F) and isotropic displacement parameters
Biso (AZ) for 10, 15, and 30 at.% Er:CLNGG crystals.

10 at.% Er:CLNGG

Atoms Site

x/a y/b zlc O.F Biso(A2)
CalEr 24c 0.1250 0 1/4 0.910.1 0.925(1)
Nb1 16a 0 0 0 0.660 1.011(2)
Gal 16a 0 0 0 0340 1.011(2)
Ga2 24d 0.3750 0 1/4 0.820 1.102(3)
Nb2 24d 0.3750 0 1/4 0.069 1.102(3)
Li 24d 0.3750 0 1/4 0.099 1.102(3)
0 96h 05393(7)  0.1507(5)  0.9754(4) 1 1.295(5)
15 at.% Er:CLNGG
Atoms Site x/a y/b zlc O.F Biso(A?)
CalEr 24c 0.1250 0 1/4 0.8510.15 0.971(2)
Nb1 16a 0 0 0 0.66 1.092(1)
Gal 16a 0 0 0 0.34 1.092(1)
Ga2 24d 0.3750 0 1/4 0.762 1.221(3)
Nb2 24d 0.3750 0 1/4 0.069 1.221(3)
Li 24d 0.3750 0 1/4 0.138 1.221(3)
o) 96h 05461(6)  0.1516(5)  0.9672(5) 1 1.531(7)
30 at.% Er:CLNGG
Atoms Site x/a y/b zlc O.F Biso(A2)
CalEr 24c 0.1250 0 1/4 0.710.3 0.997(1)
Nb1 16a 0 0 0 0.660 1.056(1)
Gal 16a 0 0 0 034 1.056(1)
Ga2 24d 0.3750 0 1/4 0.736 1.112(5)
Nb2 24d 0.3750 0 1/4 0.069 1.112(5)
Li 24d 0.3750 0 1/4 0.170 1.112(5)
O 96h 0.5573(5) 0.1565(4) 0.9602(7) 1 1.613(1)

Figure 4 shows the unit cell of the cubic structure, projected on the (110) crystal-
lographic plan of Er:CLNGG oxide garnet, the structure had been generated from the
computed atomic coordinates. CLNGG belongs to the family of cubic multicomponent
garnets with a general formula {A}3[B]»(C)3012, where {A} represented a cation in the
dodecahedral (8-fold) site, which was represented by 24c as Wyckoff position. [B] and
(C) represent cations in octahedral (6-fold) site (16a) and in the tetrahedral (4-fold) site
(24d), respectively. All the oxygen anions occupy tetrahedral sites (96h). The Ca®* ions
were located in dodecahedral sites. The Er®* ions replace for the Ca?* ones in these sites,
their corresponding occupancy rate converged well with the Rietveld calculation. The
interatomic distances Ca | Er—O were calculated and collected in the Table 3. The 16a
positions are fully occupied by Nb>* and Ga®* in a ratio of about ~2:1. The corresponding
Nb1 | Gal—O bond lengths is 1.970(2) A for 10 at.% Er®* then it increased to 2.133(0) A for
30 at.% Er®*. While, the 24d sites were occupied by the other fraction of Ga>* (predomi-
nantly) and Nb>* (a very small amount), Li* incorporation was this garnet host takes place
only at 24d site (=10%), as previously reported from similar structure study with powder
neutron diffraction (pND) [28]. The random distribution of the Ga®* and Nb>* cations
over the octahedral and tetrahedral sites determines the disordered crystal structure. The
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shortest intermetallic distances Ca | Er—Ca | Er 3.825(1) A 10 at.% Er3* then it decreased
slightly to 3.811(5) A for 30 at.% Er>*.

\ CalEr

,* Nb1|Gal
A V2ica2Li

Figure 4. Unit-cell representation of Er:CLNGG crystal in the (110) crystallographic plan.

Table 3. Bond lengths and intermetallic distances (A) in 10, 15 and 30 at % Er:CLNGG crystals.

Distances(A) 10 at.% Er:CLNGG 15 at.% Er:CLNGG 30 at.% Er:CLNGG
1.831(1) x 4 1.778(1) x 4 1.728(7) x 4
CalEr—O 3.641(4) x 4 3.731(7) x 4 3.660(3) x 4
Nb1|Gal—O 1.970(2) x 6 2.018(8) x 6 2.133(0) x 6
Nb2|Ga2 | Li—O 2.295(5) x 4 2390(3) x 4 2.464(1) x 4
3.825(1) x 4 3.820(1) x 4 3.811(5) x 4
CalEr—CalEr 5.843(0) x 4 5.820(3) x 4 5.822(2) x 4
CalEr—Nb1 | Gal 3.491(8) x 4 3.487(3) x 4 3.479(4) x 4
3.123(2) x 2 3.119(1) x 2 3.112(1) x 2

CalEr—Nb1|Gal | Li 3.491(8) x 4 3.487(3) x 4 3.479(4) x 2

3.2. Thermal Properties
3.2.1. Specific Heat

Figure 5 shows the relationship between the temperature and specific heat of Er:CLNGG.
It could be found that the specific heat varies almost linearly, increasing with the increasing
temperature. At 298.15 K, the specific heat of 10 at.% Er:CLNGG was 0.64] g~ K1, 15 at.%
Er:CLNGG and 30 at.% Er:CLNGG was 0.77 ] g~! K~! and 0.60 ] g~! K~ respectively.
The specific heat of Er:CLNGG was slightly larger in contrast to Nd:YAG (0.59] g~! K~1)
and Nd:YVOy (0.51 ] g~! K~1) [29,30], indicating that the Er:CLNGG should have high
damage threshold.



Crystals 2021, 11, 126 9of 16

1.2

—&— 10at% Er:.CLNGG
—@— 15at% Er:CLNGG

119 —A— 30at% Er:CLNGG

1.0
0.9 1
0.8 1

0.7 +

Specific heat(Jg 'k ")

0.6 +

0.5 1

0.4 T T T T T T T T T T T T T
250 300 350 400 450 500 550 600

Temperature(K)

Figure 5. Specific heat of Er:CLNGG crystal as a function of temperature.

3.2.2. Thermal Diffusion Coefficient

The thermal diffusion coefficient, which is symmetric second-rank tensor, is a physical
quantity to explain the ability of the heat to diffuse inside the crystal. The dependence
of thermal diffusion coefficient of crystal on temperature was shown in the Figure 6. It
could be seen that the thermal diffusion coefficient of Er:CLNGG crystal decrease with
increasing temperature. At 298.15 K, the thermal diffusion coefficient is 1.027 mm? /s for
10 at.% Er:CLNGG, 0.997 mm?/s for 15 at.% Er:CLNGG and 0.821 mm?/s for 30 at.%
Er:CLNGG, respectively.

11

—— 10at% Er:CLNGG
—0— 20at% Er:CLNGG
1.0 —&— 30at% Er:CLNGG

0.9 +

0.8 +

0.7 S

0.6

Thermal diffusion coefficient(mmzls)

0.5 T T T T T T T T T T T T T
250 300 350 400 450 500 550 600
Temperature(K)

Figure 6. Thermal diffusion coefficient of Er:CLNGG crystal as a function of temperature.

3.2.3. Thermal Conductivity

The thermal conductivity of Er:=CLNGG versus the temperature in 298.15-571.15 K was
shown in Figure 7. The thermal conductivity was determined by using the followed equation:

k = AxpxCy 4)
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where the A is thermal diffusivity coefficient, p is the density of crystal and C, is the
specific heat. It can be seen that the thermal conductivity of Er:CLNGG increases with
increasing temperature, indicating a typical glass-like behavior, which is possibly related
to the disordered structure of the crystal [24]. At room temperature (RT, 300 K), the thermal
conductivities are 3.26, 3.68, and 3.01 W m~! K~! for the 10 at.% Er:CLNGG, 15 at.%
Er:CLNGG, and 30 at.% Er:CLNGG crystals, respectively.

4.5
—— 10at% Er:CLNGG
—@— 20at% Er:CLNGG
— —A— 30at% Er:CLNGG
‘_z
- 4.0
1S
=3
>
=
B 3.5+
=}
©
[ am
q
[$)
©
E  3.04
)
N ol
}_
25 T T T T T T T T T T T T T
250 300 350 400 450 500 550 600
Temperature(K)

Figure 7. Thermal conductivity of Er:CLNGG crystal as a function of temperature.

3.3. Spectroscopic Characteristics
3.3.1. Absorption Spectra

Figure 8 presents the room temperature absorption spectra of Er** doped CLNGG crys-
tals with different erbium concentration. Several typical absorption bands of Er:CLNGG
can be obviously observed, corresponding to the transition of Er** ion from 41;5,, ground
state to the excited states. For clear comparisons, the enlarged 970 nm absorption bands
of Er’* ions with different concentration were shown in the inset of Figure 8. In can be
seen that the full widths at half-maximum (FWHM) at ~970 nm of these samples were
similar, which were about 40 nm, much wider than other ordered garnet crystal, such as
Er:LuSGG (FWHM = 11 nm) [31]. This phenomenon is beneficial to reduce the temperature
dependence of laser diode and improve the laser efficiency. The absorption cross-section
can be calculated by the following equation:

_ (Y
= (5)

Oabs

In this equation, where (A7) is absorption coefficient, Ny is concentration of Er** ions
in the CLNGG. Then the absorption cross-section with peak at ~970 nm are calculated
to be 1.93 x 107! em? for 10 at.% Er:CLNGG, 2.07 x 10~?! ecm? for 15 at.% Er:CLNGG,
0.87 x 102! cm? for 30 at.% Er:CLNGG, respectively.

The standard Judd-Ofelt (J-O) theory was applied to analyze the absorption spectra.
More details for the case of Er**-doped crystals can be found elsewhere [32]. Here the
intensity (J-O) parameters are as follows: (), =2.44, () =2.23 and )y = 0.44 [10720 cm?] for
10 at.% Er:CLNGG, Q, = 2.92, Q4 = 3.60 and Q¢ = 1.02 [102° ecm?] for 20 at.% Er:CLNGG
and ), = 1.57, Q4 = 1.97, and Q¢ = 0.33 [10~2° cm?] for 30 at.% Er:CLNGG, respectively.
On the basis of the J-O modelling, the radiative lifetimes of the excited states 7,44 can be
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calculated. The radiative lifetime T,,q of the 4I;; /2 upper laser level was calculated to be
3.89, 3.41, and 8.55 ms for the mentioned Er:CLNGG crystals, respectively.

~ 035
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Figure 8. Absorption spectrum of (a) 10 at.% Er: CLNGG (b) 15 at.% Er: CLNGG (c) 30 at.%
Er:CLNGG from 350 nm to 1650 nm.
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3.3.2. Emission Spectra

The near-infrared (NIR) fluorescence spectra (Figure 9a) of Er:CLNGG in the region of
1400-1800 nm were measured under excitation at 987 nm. Results show that the intense
fluorescence bands are centered at around 1630 nm, corresponding to the transition of
Er¥*:413,,—4115/,. With the increasing of Er3* ions concentration, the intensity of the
fluorescence bands around 1630 nm become weaker and weaker.

a .
) 10at% Er:CLNGG ey —987nm
15at% Er.CLNGG 132 152

= 30at% Er.CLNGG

80,000

60,000

40,000

Intensity(a.u.)

20,000

' T T 1
1400 1500 1600 1700 1800

Wavelength(nm)

10at% Er:CLNGG
15at% Er:CLNGG
30at% Er:CLNGG

1200 + |11rz- |13/2 2=987nm

600

Intensity(a.u.)

400

200

T T T T v T T T " 1
2500 2600 2700 2800 2900 3000
Wavelength(nm)

Figure 9. Emission spectra of Er:CLNGG ranging from (a) 1400-1800 nm (b) 2500-3000 nm under the
excitation of 987 nm.

The mid-infrared emission (MIR) spectra of Er:CLNGG in the region of 2500-3000 nm
are shown in Figure 9b, which were excited by an optical parametric oscillator (OPO) laser
at 987 nm. The strongest emission band are centered at around 2650 nm, corresponding
to the Er’*:41y, /2—>4113 /2 transition. It can also be seen that the emission band around
2700 nm were very broad, ranging from 2500 to 3000 nm, which is very suitable for the
ultra-short pulse laser generation. In addition, with the Er** ions concentration increases
to 30 at.%, the emission intensity shows a relatively obvious enhancement.
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According to the emission spectra, the RT stimulated-emission (SE) cross-sections, osg,
for the *1;; /,—*1'3/2 transition of Er3* ions were calculated by the Fiichtbauer-Ladenburg

(F-L) formula and illustrated in Figure 10.

where A is the wavelength, 7,4 is the radiative lifetimes of the excited states, I(A) is the
emission spectrum, c is the light speed, and # is the refractive index. It could be seen
that the maximum emission cross-sections of Er:CLNGG with different Er** concentration
are estimated to be 2.11 x 1072, 1.29 x 102°, and 0.98 x 10~29 cm? at around 2650 nm,
respectively. Besides, the obtained spectral parameters of Er:CLNGG as well as the other

Osg =

1 AST(A)

several crystals are also listed in Table 4.

Emission Cross-section (10 *’cm?)

87t cTyaq J AM(A)dA

2.5 — 10at% Er:CLNGG
— 15at% Er:CLNGG
30at% Er:CLNGG
2.0 -
1.5 4
1.0 4
0.5 -
OO Sl T L T I T T 1
2500 2600 2700 2800 2900 3000
Wavelength(nm)

Figure 10. Emission cross-sections for the 1 /2 —>4113 /2 transition.

Table 4. Spectral parameters of several erbium doped crystals.

Oabs OES 4111 Y] Lifetime 411 2 Lifetlme 4111 2 (0/0)
Crystal (20-21 ¢cm?) (20-19 cm?) : (ms) ¥ (ms) Quantun{ Efficiency Ref.
Er:YSGG 1.56@790 nm 1.02@2640 nm 0.57 2.06 - [33,34]
Er:CaLaGazOy 1.91@969 nm 1.79@2702 nm 0.77 8.41 19.8 [32]
50at%Er:YAG - 0.3@2936 nm 0.12 7.25 - [35,36]
20 at.%Er:LuGG 4.33@967 nm 0.43@2705 nm 0.7 10 - [71
10at%Er:CLNGG  1.93@968 nm 0.21@2664 nm 0.57 4.06 14.0 .
15at%Er:CLNGG  2.07@966 nm 0.13@2660 nm 0.56 3.56 15.7 This
30at%Er:CLNGG  0.87@970 nm 0.08@2664 nm 0.45 1.58 285 work

3.3.3. Fluorescence Lifetime

For the laser crystal, the fluorescence lifetime is a significant parameter to judge

the 3-um laser performance. Here, the fluorescence decay curves measured upon direct
excitation of #I; /2 are shown in Figure 11. It can be found that the fluorescence lifetimes of



Crystals 2021, 11, 126

14 of 16

Er:CLNGG crystal are well fitted to the exponential decaying behavior, which would be

defined by the following formula:

I(t) = A+Ber

@)

13 - .
Lifetime of IH/2

10at% 0.57ms
15at% 0.56ms
— 30at% 0.45ms

12 1

11 1

Ln I(t) (a.u.)

8 T T T T T T

0.0 0.5 1.0 1.5
Time(ms)

13 {2)

12 1

114

Ln I(t) (a.u.)
=

Lifetime of “I
1372

9 10at% 4.06ms
15at% 3.56ms
—30at% 1.58ms

Time(ms)

Figure 11. Fluorescence decay time of (a) *I;; /, and (b) *I;3,, with different concentration of Er

ions at room temperature.

@)

3+

As shown in the Figure 11a,b, the fluorescence lifetimes of Er:ly5 /2 and 4, /2 levels in
CLNGG are all decreased with incensement of Er** ions concentration. What is noteworthy
is that the lifetime of I3, decreased much faster than that of lifetime of *I;; , when the
concentration of Er®* ions increases from 10 at.% to 30 at.%. This phenomenon is beneficial
to surmount the “bottleneck” effect. The difference of lifetime between I3 /2 and 4 /2 s
decreased from 3.5 ms (10 at.% Er:CLNGG) to 1.13 ms (30 at.% Er:CLNGG). Taking into
account the trends of the fluorescence lifetimes, we can infer that the 30 at.% Er:CLNGG

crystal is a more suitable candidate for 3-um laser.
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4. Conclusions

To conclude, a series of Er:CLNGG crystals with different Erd* ion concentrations
(10, 15 and 30 at.%) was successfully grown by the Cz method. Its structure and thermal
performance were investigated. Structure results reveal that the random distribution of the
Ga®* and Nb>* cations over the octahedral and tetrahedral sites determines the disordered
crystal structure. The thermal conductivities of Er:CLNGG (10 at.%, 15 at.%, and 30 at.%) at
RT are 3.26,3.68, and 3.01 W m ! K1, respectively. Additionally, properties of absorption,
emission and fluorescence lifetime were also investigated. Three highest absorption cross-
section at 978 nm were obtained for the 10 at.%, 15 at.%, and 30 at.% Er:CLNGG crystals
with the value of 1.93 x 1072! cm?, 2.07 x 1072! cm? and 0.87 x 102! cm?, respectively.
Effect of Er** concentration on emission and fluorescence lifetime of Er:=CLNGG crystals
was studied. Results show that with the Er®* concentration increase, the emission of the
Er3*:41;5 /2—>4115 /2 transitions weakened, while the Erd+41y, /2—>4113 /2 strengthened. Fluo-
rescence lifetime of 413 /2 decreased faster than that of 444 /2 with the Er3* concentration
increase, which is beneficial for overcoming the “bottleneck” effect to achieve 2.7 pm laser.
All the results suggest that Er:CLNGG crystal can be a potential candidate for the 2.7 um
laser, especially with the high Er®* ions concentration.
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