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Abstract: Nd** doped Lu,O; crystal has been suggested to be potential gain medium for high-power solid-state
lasers due to the high thermal conductivity, low phonon energy and excellent optical properties. Because of the
extremely high melting point of above 2400 °C, great attention has been paid to the Lu,0Os-based transparent
ceramics considering the comparable optical properties and laser performance with single crystal. In this work, we
aimed at fabricating highly transparent Nd:Lu,O; ceramics and investigating the optical properties and laser
performance. 1.0at%Nd:Lu,0; ceramics were fabricated by two-step sintering, namely vacuum sintering along with
hot isostatic pressing (HIP) method, from coprecipitated nano-powders. The microstructures of the as-prepared
powder, green body and ceramics were studied. The average grain size of the HIPed ceramics is 724.2 nm. The final
ceramic sample has the in-line transmittance of 82.4% at 1100 nm (1.0 mm thickness). The absorption cross-section
of 1.0at%Nd:Lu,0; ceramics at 806 nm is 1.50x107%° c¢m’ and the calculated emission cross-section from
fluorescence spectrum at 1080 nm is about 6.5x10*° c¢m’. The mean fluorescence lifetime, 169 ps, of the
*F3,—"1,1» was measured at the two excitation wavelengths of 878.8 and 895.6 nm, respectively. Laser performance
of the annealed ceramic sample was investigated in quasi-continuous wave (QCW) condition. A maximum laser
output power of 0.47 W with a slope efficiency of 8.7% is obtained by using an output coupler with a transmission
of Toc=2.0%. Briefly, laser level Nd:Lu,0O; transparent ceramics with high optical transparency and uniform
microstructure have been fabricated, which are promising gain media for solid-state lasers.
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Considerable attention has been paid to high power
solid-state lasers due to their extensive applications in
many fields, such as military, industry, scientific res-

(151 As an active ion for

earch and medical treatments
laser gain materials, the Nd*" is widely used in high
power solid-state lasers. It has a typical four-level str-
ucture, which is advantageous for reducing the pump
threshold and improving the efficiency as compared to

the three-level system'®”). Moreover, the various f-shell

transitions of Nd*" ion enable these gain media to produce
abundant laser emission lines™”. Generally, the electrons of
Nd* are excited to the level of *Fs;, after absorbing the
pump light and then radiate spontaneously to the level of
*F5,. Subsequently, they can jump to four possible states
from 41:3/2, 4F3/2—>4I9/2, 4I1F1/2, 4113/2, 4115/2,
respectively!'”. Due to the availability of several transitions,
Nd** doped materials can achieve single-wavelength,
dual-wavelength or multi-wavelength laser output by

namely,
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certain design'''",

Yttrium aluminum garnet (YAG) is the most widely
used host for high power solid-state lasers because of the
excellent optical, chemical and mechanical properties
But higher thermal conductivity favors the heat transporting
which is conducive to reduce thermal effects, and allows
using higher pump power densities on gain media for
high power lasers’®™ 2", Therefore, sesquioxides host
materials such as Lu203[22], Sc,05* and Y,0;%* have
aroused extensive attention due to the higher thermal
conductivity. An attractive feature of Nd*"-doped sesqui-
oxides gain media is that they have various emission
lines in the near infrared region“o’zs]. In particular, Lu,04
appears especially promising because of the close ionic
radius and mass match of Lu’* to many lanthanide dopant
ions of interest which support high doping levels with
minimal sacrifice of thermal conductivity!”®. Moreover,
Nd**-doped Lu,O; gain medium has larger emission
cross section ratio between 0.9 and 1.08 pum, and higher
quantum efficiency than those of Nd:YAG?"). Besides,
it is easy for Nd:Lu,O; crystal to operate in the
dual-wavelength regime laser. The Nd:Lu,0; pulsed laser
operation was firstly achieved with the slope efficiency
of 31%**),

However, Lu,0; has extremely high melting point
(>2490 C) which hampers growing high-quality single
crystals. In this respect, polycrystalline transparent cera-
mic materials appear as promising solid-state gain media
especially for materials with high melting tempera-

(29391 1n 2002, laser-level Nd:Lu,O; transparent

tures
ceramics were firstly fabricated by vacuum sintering from
nano-powders, and 10 mW laser output was obtained
with the maximum absorbed power of 185 mWw[!.
Afterwards, various works have shown the fabrication of
Nd:Lu,0Os; transparent ceramics by spark plasma sinter-
ing (SPS) even realizing the maximum laser output to
1.25 W with a slope efficiency of 38%""**7*] However,
using graphite mould usually causes carbon contami-
nation of ceramics in the SPS process. Generally it is
more difficult for SPS to fabricate large-size laser
transparent ceramics with uniform structures compared
with other techniques such as vacuum sintering or HIP.
As to vacuum sintering, it’s almost impossible to remove
all residual pores of transparent ceramics. While two-step
sintering, sintering plus HIP
post-treatment, can reduce the optical

namely  vacuum

efficiently
scattering loss of ceramics!®”’.

In this work, 1.0at%Nd:Lu,0; ceramics were obtained
by two-step sintering from co-precipitated nano-powder.
We also investigated the microstructures, optical prope-
rties and laser performance of Nd:Lu,O; ceramics sys-

tematically.

[16-19]

1 Experimental

Commercial oxide powders of Lu,O; (99.999%,
Zhongkai New Materials Co., Ltd., Jining, China) and
Nd,O5 (99.99%, Alfa Aesar) were utilized as raw
materials. 1.0at%Nd:Lu,O; powder was synthesized by
co-precipitation method with the optimized experimental
results according to the reference [36]. The green bodies
were pre-sintered at 1500 °‘C for 2 h plus HIP post-treatment
at 1550 °C for 3 h under 150 MPa in Ar. Then final ceramics
were annealed at 900 ‘C for 30 h in air, and polished to
1.0 mm thickness for further optical characterizations
and laser test.

The specific surface area (Sggr) of the nano-powder
was measured with the nitrogen adsorption method (BET,
Quadrasorb SI, Micromeritics, USA). The phases of the
precursor and powder were identified by the X-ray
diffractometer (XRD, D/max2200 PC, Rigaku, Japan)
with Cu Ko, radiation (A=0.15418 nm) at a scanning rate
of 5 (°)/min in the 26. The morphologies of the resultant
precursor and the powder, the microstructures of the
thermally etched surfaces of the pre-sintered and the final
ceramics were observed by the field emission scanning
electron microscope (FESEM, SU8220, Hitachi, Japan).
In-line transmittance and absorption spectrum of the
double-sided polished ceramic, 1.0 mm of thickness,
were evaluated by the UV-VIS-NIR spectrophotometer
(Cary-5000, Varian, USA). The fluorescence spectrum at
room temperature was performed with the fluorescence
spectrometer (FLS-980, EI, England).

2 Resultsand discussion

It can be seen from Fig. 1 that the XRD pattern of
precursor includes amorphous diffraction peaks and a
few obvious crystalline peaks approximately centered at
an angle 26 of 10.4°,19.8° and 32.7°. These peaks are
possibly ascribed to the carbonates, indicating that the
precursor may consist of mixtures of carbonates. After
calcination at 1100 ‘C for 4 h, the phase of precursor
transforms into pure phase of cubic Lu,O;. The average
grain size (Dxrp) of 1.0at%Nd:Lu,O; powder is about
60.8 nm, which is calculated from the XRD spectrum by

the Scherrer's formulal®”":

Dygrp =0.894/ (- cos) (1)

Where A is the wavelength of Cu Kol radiation, and S is
the full width at half-maximum (FWHM) of a diffraction
peak at Bragg angle 6. The theoretical density p of the
calcined powder is about 9.37 g/cm’ according to the
XRD result.
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Fig. 1 XRD patterns of the as-synthesized precursor and
1.0at%Nd:Lu,03 powder calcined at 1100 ‘C for 4 h

The FESEM micrographs of the precursor, calcined
powder and green body are shown in Fig. 2. The
precursor has a 2-D loosely lamellar structure with a
thickness of several tens nanometers, as it appears from
Fig. 2(a). The mixtures of carbonates decompose into
oxides after being calcined at 1100 °C for 4 h. It is clear
that a small amount of lamellar structures still can be
found and the powder consists of nanoparticles, as shown
in Fig. 2(b). The average particle size (Dggr) can be
obtained from the specific surface area (Sggr) of
8.254 m*/g by the formula:

Dggr =6/ (p- Sger) (2)
The calculated value is 77.6 nm. The agglomeration
degree of the 1.0at%Nd:Lu,O; powder can be estimated
by the (DBET/DXRD)3 of 2.16, indicating that the dispersity
of powder still need to be improved. Firstly, the loose
powder was uniaxially pressed into a disk with a
diameter of 18 mm under 69 MPa. Subsequently, the
green bodies were formed by cold isostatic pressing
(CIP), with a relative density of 51.2%. As can be seen
from Fig. 2(c), the green body is relatively compact with
uniform structures, which is favorable for the fabrication
of highly transparent ceramics. This also shows that dry
pressing could effectively break the lamellar powder.

The green bodies were pre-sintered at 1500 C for 2 h
in vacuum without pressure. The pre-sintered ceramics
are opaque after mirror-polishing. They do not possess
completely dense microstructures, and their relative
density measured by the Archimedes method is 96.7%.

It can be seen from the thermally etched surface of
pre-sintered ceramics shown in Fig. 3(a) that there are
still a large number of micro-pores located mostly at the
grain boundaries. Because of the large number of pores,
there is a strong light scattering in the pre-sintered
ceramics to cause the opaque. However, the double-sided
polished ceramics are highly transparent after HIP post-
treatment at 1550 ‘C for 3 h under 150 MPa in Ar.
Apparently, no evident micro-pores can be observed, and
the thermally etched HIPed ceramic sample is nearly
fully dense as shown in Fig. 3(b). The average grain
size of the HIPed sample is 724.2 nm with just a little
growth compared to that of the pre-sintered one
(646.7 nm), which are obtained by the linear intercept
method. The microstructure shown in Fig. 3(b) appears
to be uniform.

The HIPed ceramics were annealed at 900 “C for 30 h
and subsequently double-sided polished at laser grade
with the thickness of 1.0 mm. The sample has relatively
high optical quality ranging from the visible to infrared
wavelength, with the in-line transmittance of 82.4% at
1100 nm and 78.3% at 400 nm, as shown in Fig. 4. The
decreasing transmittance in short wavelength region may
be ascribed to the tiny pores. Some residual pores of
pre-sintered ceramics are removed while the rest are
possibly compressed into tiny pores during the HIP
process. In order to remove these residual pores in final
ceramics as many as possible, the experimental para-
meters during the two-step sintering process are worth
exploring in the following work.

Fig. 5 shows the room-temperature absorption cross

section ( Oy

) spectrum of 1.0at%Nd:Lu,0; transparent
ceramics in the wavelength range from 200 to 1000 nm,
which can be calculated from the absorption coefficient by:

| _2.3031g(1 /1)

7 (3)
Oabs = % (4)

Where o is the absorption coefficient, 1g(//ly) is the
optical density obtained by the spectrophotometer, L is
the thickness of the ceramics and N is the number of the
doping ions in the unit volume. The value of N is

1 QAL AN, "‘f
" ﬁf » ¥ g b v
Fig. 2 FESEM micrographs of (a) precursor, (b) 1.0at%Nd:Lu,05; powder and (c) green body formed from the nano-powder
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Fig. 3 FESEM micrographs of the thermally etched (1300 C
for 3 h) surfaces of 1.0at%Nd:Lu,0O; ceramics

(a) Ceramic pre-sintered at 1500 C for 2 h; (b) Ceramic HIP
post-treated at 1550 ‘C for 3 h
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Fig. 4 In-line transmittance and the photograph of the
double-side polished 1.0at%Nd:Lu,Oj; transparent ceramics
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Fig. 5 Room-temperature absorption cross-section spectrum
of the 1.0at%Nd:Lu,0; ceramics annealed at 900 ‘C for 30 h

2.84x10% ions/cm® for 1.0at%Nd:Lu,0;5 ceramic sample.
It shows several different absorption bands around 358,
437, 481, 521, 543, 592, 694, 746, 806, 822 and 894 nm,
respectively, which are assigned to spin- or electric-dipole-
allowed transitions from the ground state (419/2) to ‘D,
Pi, “GuntP3nt Dint Gop, ‘Gop, *Gony ‘Gsp, *Fop,
4F7/2+4S3/2, 2H9/2,4F5/2 and “F5 energy levels, respectively[z].
The absorption cross-section at 806 nm is 1.50x10 7 cm”.

Fig. 6(a) shows the room-temperature fluorescence
spectrum of the annealed 1.0at%Nd:Lu,O; ceramics
under excitation at 808 nm by laser-diode (LD) source. It
can be seen that two strongest fluorescence peaks locate
at 1080 and 1076 nm, respectively, corresponding to the

transition of *F;»—'I;;». The stimulated emission
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Fig. 6 (a) Room-temperature fluorescence spectrum and (b)
emission cross-section of the 1.0at%Nd:Lu,O; ceramics
annealed at 900 C for 30 h

cross-section could be evaluated by the Fiichtbauer-
Ladenburg formula:

4
1 a.
(1) = Z‘p;akﬂ I (Apear) )
Smn’cryq [ 1(2)d2
n2=D1+—2D2 -D, A’ (6)
-3

Where A is the wavelength in pm, g is the branching
ratios of the transition of *F3,—*1,12, I(2) is the intensity
of the room-temperature fluorescence spectrum, » is the
reflective index obtained by the Sellmeier equation in
Ln*":Lu,0; with D;=3.61968, D,=0.04131, D;=0.00856""
and 7,4 is the radiative lifetime of the upper laser level
*F5),. The theoretical value of 7,4 is 344 ps calculated by
the Judd-Ofelt theory!'”. The calculated emission
spectrum is shown in Fig. 6(b). The two strongest
emission peaks of the *F;,—1y1, transition locate at
1076 and 1080 nm with the maximum emission
cross-section at 1080 nm of about 6.5x1072° cm?.

The measurement of the upper level lifetime of
1.0at%Nd:Lu,O3 ceramics was carried out with the
excitation radiation tuned either to 878.8 nm or 895.6 nm,
respectively. These wavelengths correspond to the
absorption of the *“Io,—"F;, transition of electrons for
Nd** in sites with C, symmetry, which is the most
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important site for laser emission as the Nd** ions in the
sites with C;; symmetry have a small emission and

331 The obtained fluorescence

absorption cross section
decay behaviors with excitation at the two different
wavelengths are substantially identical, as it can be seen
from the results shown in Fig. 7. The mean fluorescence
lifetime can also be evaluated numerically with the

following formula:

1 oc
Tmean = I(t _ 0) J.O I(I)dt (7)

Where ¢ is the excitation time. Using the Eq. (7), when
the ceramic sample is respectively excited at 878.8 and

895.6 nm, we obtain the same value of the lifetime,
Tmean=109 us. This value is relatively higher than the
value of 153 ps measured for 1.0at%Nd:Lu,O; ceramics
from the reference [34], but substantially lower than the
theoretical value of 344 ps calculated from J-O theory. It
is also lower than the value of the single crystal!'®’. This
reduced lifetime may be addressed to the lattice defects
and concentration quenching effect.

The laser test was performed using the laser cavity
layout shown in Fig. 8, similar to that for Yb-doped

materials?®”

. The sample was soldered by a sheet of
indium on a copper heat-sink and cooled by water at
17 C, and pumped by a fiber-coupled LD. It emits at

789.3 nm (FWHM 2.4 nm) with an almost cylindrical

= Data (a.u.)
Fit (a.u.)

Excitation 895.6 nm

0.1t

Intensity / (a.u.)

0 02 04 06 08 1.0 12 14 16 18
Time / ms

Fig. 7 Fluorescence decay of the 1.0at%Nd:Lu,0O; ceramics
excited at two different wavelengths

Focusing
doublets

Laser diode
controller

Fig. 8 Schematic of the laser cavity layout employed for the
laser tests

intensity distribution in the region of the focal plane (i.e.
beam radius 50 um, measured with a CCD camera), and
numerical aperture of the pump beam is 0.22. The
resonator cavity consists of various optical elements such
as End-Mirror (EM), Folding-Mirror (FM, spherical,
ROC=150 mm) and Flat Output Coupler mirror (OC).
Both EM and FM are dichroic (high transmission for the
pump wavelength, high reflection between 980 and
1100 nm) and 80 mm apart. The distance between FM
and OC is 137 mm. The output power is measured by the
power meter M1, and a filter is used to reject the residual
pump radiation, preventing it from reaching the power
meter. The transmission of the filter at the lasing
wavelength, i.e. 81.5%, was considered in the evaluation
of the actual output power values.

The 1.0at%Nd:Lu,0; ceramic sample was pumped in
QCW mode (10 Hz of repetition rate, duty factor of
DF=20%) in order to limit the thermal load into the
ceramic sample. The maximum absorbed pump power by
the sample was 5.9 W, corresponding to 33 W of incident
pump power. Under lasing conditions, 18% of the
incident pump power was absorbed by the sample. Laser
output was successively extracted through OCs with
different transmission values (7oc=2.0%, 5.2%, 7.0%,
19.0%) to find the optimal output coupling transmission.
The lasing wavelength was measured by a fiber-coupled
spectrometer with a resolution of 0.4 nm along the entire
wavelengths range.

Fig. 9(a) shows the output power as a function of the
absorbed pump power for the 1.0at%Nd:Lu,03 ceramic
sample under test using output couplers with various
transmission values. All main laser emission parameters
are reported in Table 1. It can be seen that the laser
threshold increases by increasing the transmission
value of OC mirror. The slope efficiencies are similar
for the OCs with transmission values ranging from 2.0%
to 7.0%, whereas the maximum optical efficiency, that
is 7.8%, was obtained by Toc=2.0%. The slope efficiency
and laser output power are higher than those of the
Nd:Lu,0; ceramics obtained by vacuum sintering"'!.
However, the laser performance needs to be improved
by further decreasing the optical loss of Nd:Lu,0;
ceramics.

Fig. 9(b) reports the two highest emission peaks
acquire with 4.8 W of absorbed pump power when the
cavity is closed with different OCs. The laser emits
simultaneously on two different wavelengths respectively
at 1076 nm and at 1080.3 nm, corresponding to the
transition from the level *F3), to the *I;,. It appears that
the main emission peaks at about 1076 nm, with a
fraction (between 20% and 30%) of emission peaking at
1080 nm.
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Fig. 9 Laser output power vs incident pump power (a) and
emission spectra for different transmission values of the OC (b)

Tablel Main laser emission parameters

Output coupler Maximum  Slope Optical Laser
transmission/  power/ efficiency/ efficiency*/ threshold/
% w % % w
2.0 0.460 8.7 7.8 0.57
5.2 0.372 8.9 6.3 0.81
7.0 0.325 8.3 5.7 1.20
19.0 0.029 1.9 0.5 4.42

*: Calculated with respect to the absorbed pump power

3 Conclusion

1.0at%Nd:Lu,O5 transparent ceramics were fabricated by
vacuum sintering plus HIP methods from the co-precipitated
nano-powder in this work. The microstructures of
powder, green body and ceramics were studied in detail.
The green bodies showed a relatively compact and
uniform structure from the lamellar nano-powder. Porous
ceramics pre-sintered in vacuum for short time finally
turned into completely dense ceramics after HIP post-
treatment. The in-line transmittance of 1.0at%Nd:Lu,0;
ceramics with the thickness of 1.0 mm was 82.4% at
1100 nm after annealing.

We also have systematically investigated the spectral
properties and the laser performance of 1.0at%Nd:Lu,04
ceramics. The ceramic sample showed many absorption
bands due to the large number of f-shell transitions of
Nd** ion and the absorption cross-section at 806 nm was
1.50x107*° cm®. The strongest two emission peaks of the
4F3/2—>4I” 5 transition locating at 1076 and 1080 nm with

the maximum emission cross-section at 1080 nm of
about 6.5x10%° c¢m? which was calculated from the
fluorescence spectrum. The fluorescence lifetime of the
upper level *F5, measured at the two excitation wave-
lengths of 878.8 or 895.6 nm was 169 us, which is lower
than the theoretical value. This was possibly ascribed to
the lattice defects of Lu,O; ceramics and the quenching
of Nd** ions concentration. The ceramic sample was
pumped in QCW with a maximum laser output power of
0.47 W corresponding to a slope efficiency of 8.7%
(Toc=2.0%). The tested laser performance demonstrated
that the optical quality of Nd:Lu,O; ceramics still
remained to be improved, such as the microstructures,
the optical uniformity and the surface quality of
Nd:Lu,0j3 ceramics, to reduce the optical loss.
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