N
N

N

HAL

open science

Growth, spectroscopy and CW laser operation of Ho3+

doped CaY0.9Gd0.1A104 single crystal
Jie Xu, Jian Liu, Jun Guo, Dongzhen Li, Peng Liu, Xiaodan Wang,

Yongguang Zhao, Xiaodong Xu, Jun Xu, Kheirreddine Lebbou

» To cite this version:

Jie Xu, Jian Liu, Jun Guo, Dongzhen Li, Peng Liu, et al..
operation of Ho3+ doped CaY0.9Gd0.1A104 single crystal.

pp.119594. 10.1016/j.jlumin.2022.119594 . hal-04298714

HAL Id: hal-04298714
https://hal.science/hal-04298714v1

Submitted on 21 Nov 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Growth, spectroscopy and CW laser
Journal of Luminescence, 2023, 255,


https://hal.science/hal-04298714v1
https://hal.archives-ouvertes.fr

Growth, spectroscopy and CW laser operation of Ho** doped

CaYoGdg;AlO, single crystal

Jie Xu®®, Jian Liu®, Jun Guo® Dongzhen Li? Peng Liu?, Xiaodan Wang®,
Yongguang Zhao?, Xiaodong Xu®", Jun Xu®" Kheirreddine Lebbou®”

a Jiangsu Key Laboratory of Advanced Laser Materials and Devices, School of Physics and
Electronic Engineering, Jiangsu Normal University, Xuzhou 221116, China

b Institute Lumiere Matiére, UMR5306 Université Lyon1-CNRS, Université de Lyon, Lyon
69622, Villeurbanne Cedex, France

¢ School of Physics Science and Engineering, Institute for Advanced Study, Tongji
University, Shanghai 200092, China

d School of Physics Science and Technology, Suzhou University of Science and Technology,
Suzhou 215009, China

Corresponding author:
Email address: xdxu79@jshu.edu.cn  (X. Xu), xujun@mail.shcnc.ac.cn  (J.  Xu),
kheirreddine.lebbou@univ-lyonl.fr (K. Lebbou)

Abstract

Ho**-doped CaY,sGdy1AlO, single crystal was successfully grown by the Czochralski
technique for the first time. The polarized absorption spectra, polarized emission spectra and
fluorescence decay curve of the crystal were investigated at room temperature. The
spectroscopic parameters are calculated based on Judd—Ofelt theory, the values of Q46 Were
calculated to be 3.16x10% cm? 3.93x10%° cm? 0.91x10% cm? respectively. The
Ho:CaY(9Gdo1AlO, crystal exhibits strong emission at 2013 nm for n- and 2032 nm for o-
polarizations with stimulated emission cross section of 6.64x10%° cm? and 1.90x10% cm?
respectively. The fluorescence lifetime of the °I; level was measured to be 6.60 ms. The
continuous-wave (CW) laser operation of Ho:CaY,4Gdy AlO, crystal around 2 pm was
demonstrated.
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1. Introduction

Solid-state lasers operating in the two microns spectral range are extensively investigated
due to widespread applications in plenty of fields such as monitoring of atmospheric
pollutants, coherent laser radar, medical surgery (strongly absorbed by biological tissues),
pumping sources for mid-infrared optical parametric oscillators (OPOs) and optical
parametric amplifiers (OPAs) [1-5]. Such lasers can be achieved by doping Tm** (*(Fs—>He)
or Ho** (°I;—°lg) as activator ions [6-10]. Compared with Tm**-doped materials, Ho**-doped
materials have advantages of wider and red-shifted emission band that is more attractive for
mode-locked lasers. Additionally, the larger emission cross sections and the longer
fluorescence lifetimes are beneficial to continuous-wave laser operation. In the past few years,
laser operations have been realized in Ho:Lu,0; [11], Ho:CYAIO, [12], Ho:Sc,SiOs [13],
Ho:YAG [14], Ho:CNGG [15]. With the development of powerful Tm** fiber lasers and GaSb
laser diodes, exciting directly to the Ho®* 51, state has attracted much attention.

As a promising laser host material, CaYGd,1AlO, is complex oxides belonging to the
tetragonal ABCD, compounds with the K,NiF, structure. In this crystal, the AlOg octahedrons
formed perovskite-type structure, and Ca®* and Y*' ions distribute randomly in the nine
coordinated sites with disordered microstructure. Compare with CaYAIO, crystal, the
CaYyGdy1AlO, has the same advantages of good mechanical properties, high thermal
conductivity, chemical stability, high infrared transmittance and lower phonon energy.
Furthermore, the smaller AI** ions occupy the position with octahedral symmetry, the Ca®* and
Y3* ions are distributed statistically in the nine coordinated sites [16, 17], Y** and Gd*" ions
are randomly distributed on the same sites, which leads to a considerable inhomogeneous
broadening of the optical spectra. So far, rare earth ions doped CaYAIO, disordered crystals
have been widely investigated by various groups [18-22]. Recently, Ma et al. demonstrated
generation 17 fs pulses with 4.68 optical cycles directly from a Kerr-lens mode-locked Yhb:
CaYAIQ, laser [23]. Unfortunately, there have been no reports on spectral properties and laser
operation of Ho®* doped CaY4Gd,1AlO, crystal.

In this letter, a promising Ho:CaY,Gd,1AlO, crystal was grown by the conventional
Czochralski method. The polarized absorption spectra, emission spectra and fluorescence
lifetime were investigated at room temperature. In addition, the laser operation of
Ho:CaY,4Gdy;AlO, has been investigated for the first time to the best of our knowledge.

2. Experimental
2.1 Crystal growth

Ho:CaY,4Gdy;AlO, crystal was grown by using the Czochralski method [24] with the
following composition:CaHog gos Y 0.8975Gd0.0975A104. H0,03, Y,03, Gd,03, CaCO; and Al,O;
powders with 5N purity were used as raw materials for crystal growth. The crystal was pulled
employing seeds along a [add orientation] direction with dimensions of 3 mmx3 mmx35 mm
cut out from pure CaYAIQ, crystal. The growth process was carried in nitrogen atmosphere to
prevent oxidation of the iridium crucible. The low pulling rate varied from 0.5 to 1.0 mm/h to
prevent inclusions and thermal stress propagation and the rotation speed was 15 rpm. Finally
as shown in Fig.1, transparent Ho3+-doped CaY(oGdy;AlO, crystal of diameter 25mm and
length of 60 mm was obtained, The as-grown crystal was dark brown in color due to the
interstitial oxygen atoms. The coloration was removed to a great extent by annealing under



reducing atmosphere.

2.2 Spectroscopic measurement

The Ho:CaYyGdy1AlO, crystal was cut and polished to dimension of 9 x 9 x 1 mm for
spectral measurements. The absorption spectra from 350 to 2120 nm were measured by a
spectrophotometer (Lambda 900, Perkin-Elmer UV-VIS-NIR). The fluorescence spectra, as
well as the fluorescence lifetime were measured by Edinburgh Instruments FLS1000
spectrophotometer under the excitation 640 nm. All the measurements were performed at
room temperature.

Figure. 1. Photograph of the as-grown 0.5 at.% Ho:CaY¢Gd,1AlO, crystal.

3. Optical spectroscopy

The room temperature absorption spectra of Ho:CaY¢Gd;AlO, crystal in the wavelength
region of 350-2120 nm are shown in Fig. 2. It is clear to see that there are nine typical
absorption bands centered at approximately 362, 388, 420, 456, 488, 540, 644, 1144, 1922 nm
for o- polarization and 362, 388, 420, 454, 487,540, 646, 1145, 1952 nm for z- polarization,
which correspond to the transitions from the ground state °lg to °Gg+*Hg+°Hg, *K:+°Gy,
Gs+3Gs, “F1+°Gg, °Fo+°F3, °S,+°F4, °Fs, °ls and °1;, respectively. The absorption cross-section
of peak at 644 nm of o- and 646 nm of n- polarizations was calculated to be 2.80x10%° cm?
and 1.65x10%° cm?, which match well to the commercially available red laser diode (LD)
lasers. The absorption cross-section of peak at 1922 nm of - and 1952 nm of - polarizations
was calculated to be 0.80x10%° ¢cm?and 0.75x10%° c¢cm?, and full width at half maximum
(FWHM) was calculated to be 15.5 nm and 11.2 nm, respectively. The broad bandwidth
means that Ho:CaY,Gd, 1AlO, crystal is suitable for pumping.
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Figure. 2. The polarized absorption spectra of Ho:CaY4Gd,1AlO, crystal.

Table 1 The calculated absorption cross-section, FWHM, peak wavelength, measured and
calculated line strength of Ho®* in CaY,Gdy AlO,

Peak A o Gabs FWHM Scal Sexp
*lg— (nm) (cm™) (107 cm?) (nm) 10%Pcm?  (10%Pcmd)

9 T 9 T (4 T (9 T (g T (g T

5Gs+®Hs+Hs 362 362 086 097 165 1.86 535 513 123 236 333 280
3K A5G, 388 388 028 013 054 025 867 304 014 040 264 049
5Gs+3Gs 420 420 130 078 249 149 379 586 171 288 264 243

°F1+°Gg 456 454 247 379 473 7.26 893 6.64 6.83 11.05 873 10.74
F+°F; 488 487 056 028 1.07 054 @ 3.07 434 005 138 143 0.70
5S,+°F, 540 540 110 097 211 186 1141 1046 085 3.69 379 311
°Fs 644 646 146 086 280 165 558 8.56 141 376 410 381
*lg 1144 1145 039 031 075 144 18.04 1201 020 201 164 1.28
I, 1922 1952 042 039 080 0.75 1545 11.17 063 474 294 592

Table 2 The Judd—Ofelt intensity parameters of Ho**-doped different crystals.

Crystals 2 2, 2 Q4/Q% References
(10%cm?) (10%cm?) (10%cm?)

Ho:CaY(¢Gdy1AlO, 3.16 3.93 0.91 4.32 This work
Ho:YAIO; 2.89 2.92 1.32 2.21 [25]
Ho:Sc2SiOs 4.44 3.48 6.82 0.51 [13]

Ho: MgWO, 17.57 3.90 1.69 2.31 [26]
Ho:NaYF, 1.65 0.84 1.61 0.52 [27]
Ho:CeF; 0.28 0.58 0.40 1.45 [28]

Ho: LuLiF, 2.44 2.31 1.44 1.60 [29]
Ho:LaF; 1.03 0.98 0.31 3.16 [31]

Table 3 Spontaneous transition rate, branching ratios and radiative lifetimes of



Ho:CaY¢Gdy 1AlO, crystal.

A(nm) FWHM (nm) A[@-I) B(%) i
5|7_) rad
() T (g T (g T (g T (ms)
*lg 2032 2013 173.04 189.92 5441 22149 100 100 13.76

For the Ho:CaY/4Gdo;AlO, crystal, the values of Q, 4 Were calculated to be 3.16 X 10%
cm?, 3.93%X10% cm? 0.91X10% cm?, respectively. The J-O intensity parameters of Ho**
ions doped different crystals are listed in Table 2. From the Judd-Oflet theory, the larger value
of Q, indicates the lower asymmetry as well as the stronger covalent bonding, the parameter
of Q,/Qq determines the spectroscopy quality of the materials. The value of Qu/Qg of
Ho:CaY,¢Gdy;AlO, was calculated to be 4.32, which higher than that of Ho:YAIO; [25],
Ho:Sc,SiOs [13], Ho:MgWO, [26], Ho:NaYF, [27], Ho:CeF; [28], Ho:LuLiF, [29]. The
relatively higher ©Q4/Qsvalue indicates that Ho:CaY,4Gd,AlO, is an excellent material for
laser operation.

The Judd-Ofelt theory can be successfully applied to evaluate the optical characteristics
of lanthanide ions doped host materials, expressing the probability of any transition between
two f" states with three parameters (€, Qa, ) based on absorption spectra. From the
absorption transitions in Fig. 2, merely the °l;—"l; transition of Ho®*" ions is attributed to the
ED and MD transitions. So the value of Sy Of the °l;—"1; transition was calculated to be 1.10
x 10% cm? for n- and o- polarizations, The line strengths of ED transitions Sed can be
obtained by Ses= Smea — Sme- The polarized experimental oscillator strengths, calculated
oscillator strengths and the J-O intensity parameters (Q,, Q4, €¢) are listed Tables 1 and 2.
Based on the J-O intensity parameters, the calculated values of radiative transition rates,
fluorescence branching ration  and radiative lifetime 1.4 are listed in Table 3. The value of
Traq IS larger than that of Ho: YAIO; (1,54=6.3) [25], Ho: MgWO, (t,54=6.18) [26], but is samller
than of Ho:NaYF, (1,,4=19.67) [27], HO:CeF; (1,,=26.88) [28], Ho:LuLiF, (1,,4=15.2) [29].

The emission spectra ranging from 1700 to 2400 nm of Ho:CaY¢Gd,1AlO, crystal were
measured under the excitation of 640 nm are shown in Fig. 3. The emission cross-section can
be obtained according to the Fuchtbauer-Ladenburg formula [30]:

o AAT S IY) 1(A)
O’ .=
e Bzen’ [ A1(4)d2

Where A(J, J*) is the spontaneous transition rate, I(1) is the experimental fluorescent intensity
at the wavelength A, ¢ is the speed of light and n is the refraction index. The
Ho:CaY4Gdg;AlO, crystal exhibits a wide emission band around 2 um, corresponding to
®l,—°lg transition which centered at 2013 nm, 2032 nm with the FWHM of 189.9 nm, 173.0
nm for 7- and o- polarizations, respectively. In additional, the emission cross-sections at 2013
nm and 2032 nm are 6.64x10%° cm? and 1.90x10% cm? for n- and o- polarizations,
respectively, the value of maximum emission cross section (6.64x10% ¢cm? at 2013 nm) is
larger than that of Ho:MgWO, (1.82x10% cm?) [26], Ho:NaYF, (0.69x10% cm?) [27],
Ho:CeF; (0.24x10%° c¢m?) [28], Ho:LuLiF, (1.30x10% cm?) [29], Ho:LaF; (0.39x10% cm?)
[31]. The results indicate the Ho:CaYGd,1AlO, crystal possesses a bigger emission cross
section, which is beneficial to realize high efficiency laser output.
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Figure. 3. The emission cross section of Ho:CaY¢Gdy;AlO, crystal.

The fluorescence decay curve of °l; level at 2050 nm under the excitation of 640 nm is
presented in Fig. 4. The fitted curves were obtained by using single exponential function, the
lifetime of Ho:CaY,4Gdg;AlO, crystal was calculated to be 6.60 ms, which is lower than the
calculated result 13.76 ms. According to the measured fluorescence lifetime and calculated
lifetime, the quantum efficiency () can be calculated by the equation: n=ty/t.. The °l;
fluorescence quantum efficiency of Ho:CaY,4Gd,;AlO, crystal was obtained to be 48.0%.
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Figure. 4. The fluorescence decay curves of Ho:CaYGd, 1AlO, crystal.

4. Laser operation
Figure 5 shows a schematic diagram of Ho:CaYGd,AlO, crystal laser pumped by laser



diode (30 W at 1908 nm, core diameter 400 um, NA=0.22). The pump beam was collimated
and focused by a pair of lenses with focal length of 30 mm and 25 mm, respectively. The laser
cavity consisted of a plane-plane configuration with the output coupler (OC) with a
transmission of 5%, 10%, 20%. The Ho:CaY,¢GdyiAlO, crystals were a-cut with the
dimensions of 4 x 4 x 20 mm?®, polished and uncoated for laser experiments. The laser
samples were wrapped with indium foil and mounted in a water-cooled copper holder for
maintaining at 15°C.

Ho: CaYy3Gd,;AlO, crystal-

DML

Residual pump.

| KeB |

LD 1908 nm =30 mm f=25mm Ml

Laser output.

Figure. 5. Schematic of LD pumped Ho:CaYGd,1AlO, crystal laser.

Fig. 6 shows results of the CW output power as a function of the pump power. Under the
pump power of 27.73 W, the maximum output power of 0.53 W, 0.51 W and 0.18 W were
obtained by the output couplers with transmissions of 5%, 10%, and 20%. The corresponding
optical efficiency was 3.3%, 3.7%, and 2.5%, respectively. The highest power that we
obtained is 0.53 W with the wavelength laser centered at 2088 nm corresponding to the OC
with a transmission of 5%, the laser wavelength is at 2080 nm with the OC=10% and at 2083
nm with OC=20%, respectively, as shown in Fig. 7. The slope efficiency of
Ho:CaY,¢Gdg;AlO, crystal yielded in this work is lower than that of Ho:CaYAIO, [12]. By
mean of the optimization of crystal quality and the cavity design, much higher average power
would be expected. It is important to mention that the laser operation is strongly connected to
the active dopant Ho concentration. The Ho-Ho up conversion phenomenon can be affected
by the pumping power and the sample length [32], therefore it is important to grow additional
crystal using various Ho dopant concentration and different rod length should be tested.
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Figure. 6. Output power versus pump power with different common OCs.
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Figure. 7. Lasing spectrum of the Ho:CaY¢Gdy 1 AlO, crystal.

5. Conclusion

In summary, Ho*-doped CaY,¢Gdy:AlO, crystal has been successfully grown by the
Czochralski method. The polarized absorption spectra, Judd-Ofelt parameters, polarized
emission spectra, fluorescence lifetime were studied. The absorption cross-section of peak at
1922 nm of o- and 1952 nm of =n- polarizations was calculated to be 0.80x10%° cm? and
0.75x10% cm? The Judd-Ofelt intensity parameters were calculated to be 3.24X10% cm?,
4.03X10% cm?, 1.45X 10 cm?, respectively. The peak emission cross-section of the °1;—lg
transition at 2013 nm and 2032 nm are 6.64X10*° cm’ and 1.90X 10’ cm’ for n- and o-
polarizations by Fuchtbauer-Ladenburg equation, respectively. The fluorescent lifetime at
2050 nm were measured to be 6.60 ms and the °l; fluorescence quantum efficiency was
obtained to be 48.0%. The continuous-wave laser operation was demonstrated in the 0.5 at.%
Ho:CaY¢Gdg;AlO, crystal pumped by laser diode at 1908 nm. The maximum output power
of 0.53 W was obtained, corresponding to the slope efficiency of 3.3%. The results show that
Ho:CaY,¢Gdg;AlOcrytstal owes excellent spectroscopic properties and is potential for
generation of ultrashort pulse around 2 um wavelength.
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