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Abstract: Yb*" doped YAG transparent ceramics have great potential as gain medium for high-power solid-state
lasers due to many advantages, such as broad absorption and emission bands, high gain, low thermal loading, long
fluorescence lifetime and high quantum efficiency. So Yb:YAG transparent ceramics have gradually been paid more
attention. In this work, we aimed at optimizing the properties of powders to fabricate highly transparent Yb:YAG
ceramics. 5at%Yb:YAG nano-powders were synthesized via the co-precipitation method by using ammonium
hydrogen carbonate as the precipitant, and pure water or alcohol-water mixture as the solvent. All powders calcined
at 1250 °C for 4 h exhibit a pure YAG phase. Compared to the one with pure water solvent, the 5at%Yb:YAG
powder synthesized with alcohol-water solvent exhibits smaller average crystallite size and lower agglomeration
degree. 5at%Yb:YAG transparent ceramics were successfully fabricated by vacuum sintering without sintering

additives from the obtained powder with alcohol-water solvent. The microstructure and in-line transmittance of the
ceramics sintered at 1500-1825 °C for 20 h and 1800 C for 10-50 h were investigated. All ceramic samples
show a homogeneous microstructure except for that sintered at 1825 °‘C for 20 h. The sample sintered at 1800 C
for 50 h shows the highest in-line transmittance of 78.6% at 1100 nm and 76.7% at 400 nm (2.2 mm thickness). The
calculated absorption and emission cross sections are 5.03x107>' ¢cm® at 937 nm and 13.48x10 ' cm”® at 1031 nm,
respectively. Therefore, Yb:YAG ceramics with high optical transparency and uniform microstructure have been
fabricated from powder with alcohol-water solvent.
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Solid-state lasers have been widely used in manufac-
turing, medical science, laser weapons and other fields.
The gain medium that generates laser by the stimulated
radiation is essential component of solid-state lasers. Tra-
nsparent ceramics have been widely investigated since
Ikesue, et al''! fabricated highly transparent Nd:YAG cer-
amics and firstly demonstrated them as a laser material in
1995. Compared with single crystals, polycrystalline
transparent ceramics show shorter fabrication period,

lower fabrication cost and higher doping concentration**!.

Transparent ceramics also exhibit superiorities over laser
glass materials on thermal properties, laser monochroma-
ticity and mechanical properties’®®!. In the current laser
application fields, compared with the leading competitor
Nd:YAG ceramics, Yb:YAG transparent ceramics have
no concentration quenching, significantly lower thermal
loading, longer fluorescence lifetime and higher quantum
efficiency!”, which make them one sort of the most pro-
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mising candidates for solid-state lasers.

There are two common methods employed to fabricate
high-quality Yb:YAG transparent ceramics. One is solid-
state reaction method, where the chemical reaction of co-
mmercial oxide powder mixtures happens during the
sintering'''*. The other one is the non-reactive sintering
of nanometer powders synthesized by wet-chemical met-
hods!'3'%. Although solid-state reactive sintering is a rel-
atively simple way to fabricate YAG-based transparent
[17-22] "t exhibits several disadvantages: inevit-
able impurities introduced from extensive ball milling
and higher sintering temperature). Compared to other

ceramics

wet-chemical methods such as Sol-Gel method®*!, hyd-
rothermal method™, solvothermal method”® and gel

combustion!*” [28-32)

, co-precipitation process is a promi-
sing and effective way to synthesize YAG-based nano-
powder with excellent chemical homogeneity and low
synthesis temperature. These characteristics make the
co-precipitation method very feasible to obtain YAG-based
ceramics with appropriate microstructures and good opti-
cal properties. However, the traditional co-precipitation
method commonly uses pure water as solvent, and the
obtained powder show serious agglomeration degree.
This makes it difficult to eliminate pores during the
sintering, thereby decreasing the optical quality of cera-
mics™*?*. Compared with the pure water, the distance
between same molecules in the alcohol-water mixed
solution is longer, which results in weaker hydrogen bonds
between them. In addition, alcohol molecular has a steric
effect which can prevent the precipitate particles from
approaching. That is, the alcohol acts as the surfactant. In
2007, Tong, et al* firstly reported the pure-phase YAG
powders prepared by alcohol-water co-precipitation method,
and they found that alcohol can play the same role of the
surfactant and contribute to the well-dispersion of the
powder. In 2008, Tong, et al* reported that YAG powder
synthesized by this method was sintered to transparent
ceramics, and found that the powder obtained from
alcohol-water solvent was more beneficial to preparation
of high transparent ceramics than the powder derived
from pure water solvent. In recent years, Chen, et al738]
also reported Yb:YAG transparent ceramics using alco-
hol-water co-precipitated powders, and the in-line trans-
mittance of the obtained samples was above 83%. Briefly,
using alcohol-water solvent is a very feasible method to
reduce the agglomeration degree of the powder and fur-
ther improve the optical quality of transparent ceramics.
In this work, 5at%Yb:YAG powders were synthesized
by the co-precipitation method using pure water and
alcohol-water mixture as the solvents, respectively. The ph-
ase composition and morphology of precursors and pow-
ders were discussed. The resultant 5at%Yb:YAG cera-

mics using alcohol-water co-precipitation method were
obtained by vacuum sintering. The influence of sintering
temperature and holding time on the microstructure and
in-line transmittance of ceramics was systematically stu-
died. The spectroscopic properties of the 5at%Yb:YAG
ceramic sample with the highest in-line transmittance
were also discussed.

1 Experimental

In the present work, nanosized 5at%Yb:YAG powders
were synthesized by the co-precipitation method. The
solutions of Yb(NO;); and Y(NO;); were prepared by
dissolving Yb,03 (99.995%, Changting Jinlong New
Materials Co., Ltd., Fujian, China) and Y,03 (99.99%,
Yuelong New Materials Co., Ltd., Shanghai, China) in
high-purity hot nitric acid, and AI(NOs;); solution was
obtained by dissolving AI(NOs);-9H,0 (99.0%, Sinop-
harm Chemical Reagent Co., Ltd., China) in deionized
water under stirring. According to the stoichiometric
ratio of 5at%Yb:YAG (Yby.15Y255A1501;), the above nit-
rate solutions were mixed to obtain a solution of 0.48 mol/L
for the metal ions. 0.0045 mol Yb>", 0.0855 mol Y* and
0.15 mol AI’" present in the mixed solution. Precipitant
solutions with a concentration of 1.5 mol/L were obtained
by dissolving ammonium hydrogen carbonate (NH;HCO3)
(99.995%, Aladdin, China) in the pure water and the
alcohol-water solution mixed with a volume ratio of 1 : 5,
respectively. Ammonium sulfate ((NH4),SOy) (99.0%, Sin-
opharm Chemical Reagent Co., Ltd., China) was added
into the precipitant solutions as the dispersant and the
molar ratio of SO,* to AI** was 1 : 1. The mixed solutions
of nitrate salts were then dripped at a rate of 20 mL/min
into the precipitant solutions under stirring at room tem-
perature. After aging for 1 h, the products were washed
three times with deionized water and then three times
with alcohol. The precursors were then dried at 70 C
for 36 h, sieved through 200-mesh (74 pum) screen and
finally calcined in air at 1250 C for 4 h to obtain the
5at%Yb:YAG nano-sized powders. After that, the powder
synthesized by the alcohol-water co-precipitation method
was uniaxially dry-pressed into pellets under 20 MPa and
then cold isostatically pressed under 250 MPa. Sintering
was conducted at 1500-1825 C for 20 h and 1800 C
for 10-50 h in a vacuum furnace with tungsten heating
elements. Finally, both surfaces of the ceramic samples
were mirror-polished for subsequent testing.

The thermogravimetry and differential thermal analy-
sis (TG-DTA) curves of the precursors were measured by
a thermal analyzer (Thermoplus EVO II, Rigaku, Japan)
at a heating rate of 10 ‘C/min in the flowing air. Fourier
transform infrared spectroscope (FT-IR) was performed on
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an infrared spectrometer (Bruker VERTEX 70, Ettlingen,
Germany) using the standard KBr method in the range of
4000-500 cm™'. The phase composition of the precursors
and powders was identified by the X-ray diffraction
(XRD) (D/max 2200PC, Rigaku, Japan) with CuKa,
radiation in the 26. The BET specific surface area of the
powders was conducted by nitrogen adsorption via a
Quantachrome instrument (Quadrasorb SI, Micromeritics,
USA) at 77 K. The morphology of powders and the
microstructure of ceramics were observed by a field
emission scanning electron microscope (FESEM) (SU8220,
Hitachi, Japan). The average grain size of ceramics was
calculated using G=1.56L from the linear intercept
method, where L is the average intercept length measured
over 200 grains. The Archimedes method was used to
measure the relative density of ceramics. The in-line
transmittance of mirror-polished 5at%Yb:YAG ceramics
was characterized by the UV-VIS-NIR spectrophotometer
(Cary-5000, Varian, USA) in the wavelength range of
200-1100 nm.

2 Resultsand discussion

Fig. 1 shows the TG-DTA curves of the as-prepared
precursors synthesized with pure water and alcohol-water
solvents. It can be seen that the two TG-DTA curves are
very similar, which indicates that the compositions of the
two precursors are the same. The curves of the precursor
synthesized with alcohol-water solvent were chosen for
analysis. The curves show several stages of decomposi-
tion in the heating process with a total weight loss of
17.1%. The weight loss below 200 C is mainly caused
by the evaporation of adsorbed water and the deco-
mposition of crystal water. The weight loss of this stage
is about 9.4%, and a corresponding endothermic peak
appears at 110 ‘C. The broad endothermic band in the
range of 200900 C is ascribed to the decomposition of
carbonates and basic carbonate®” with an approximate
loss of 6.9%. The relatively sharper exothermic peak at
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917 C is associated with the formation of YAG phase.
The broad endothermic peak at nearly 1001 ‘C can be
related to the decomposition of sulfate, which is accom-
panied by 0.6% weight loss.

Fig. 2 shows the XRD patterns of the powders calcined
at 1250 'C for 4 h synthesized with pure water and
alcohol-water solvents. Diffraction peaks of the two
powders are identified as the YAG phase (JCPDS
33-0040), and no diffraction peaks of intermediate
phases appear. It indicates that the precursors have been
completely transformed into the powders of pure YAG
phase. The above shows that the composition of the two
powders is nearly the same. The average crystallite sizes
(Dxrp) of the 5at%Yb:YAG powders synthesized with
pure water and alcohol-water solvents calcined at 1250 “C
for 4 h are 84 and 65 nm, respectively, which were
calculated using the Scherrer's formula:

Dyrp =0.894/(BcosO) (1)

Where 4 is the average wavelength of CuKa,, £ is the full
width at half maximum (in 26), 6 is the angle cor-
responding to the strongest peak. The average crystallite
size of the powder synthesized with alcohol-water solvent
is smaller, which may be explained by the Gibbs-Tho-
mson equation:

In(c/cy)=(2oM)/(dRTr) (2)

Where c is the actual concentration of the solution, ¢ is
the solubility of the solute, o is the surface tension, M is
the molar mass, d is the density of the crystal, T is the
temperature, and r is the critical nucleation radius. The
dielectric constant of the alcohol-water mixture is
smaller than that of pure water at room temperature,
which leads to a relatively lower solubility of solutes in
the alcohol-water solvent. Then it can be seen from the
equation that the critical nucleation radius of the powder
with alcohol-water solvent should be smaller than that of
the powder with pure water solvent.

Fig. 3 shows the FESEM micrographs of the
precursors synthesized with pure water and alcohol-water
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Fig. 2 XRD patterns of the powders calcined at 1250 C for
4 h synthesized with pure water and alcohol-water solvents

Fig. 3 FESEM micrographs of the as-synthesized precursors
synthesized with pure water (a) and alcohol-water (b) solvents

solvents. It can be seen that the two precursors are mainly
composed of agglomerated near-spherical particles.

Fig. 4 shows the FESEM micrographs of the 5at%Yb:YAG
powders synthesized with pure water and alcohol-water
solvents calcined at 1250 C for 4 h. The two obtained
5at%Yb:YAG powders exhibit branch-like structure and
a low degree of agglomeration. The agglomeration is
related to the small particle size and high surface energy
of the powder. The specific surface areas of the resultant
powders synthesized with pure water and alcohol-water
solvents are 7.398 and 9.683 m?/g, respectively. The
average particle size (Dggr) can be calculated by the
following formula:

Dggr =6/(p-Sggr) (3)
Where p is the theoretical density of 5at%Yb:YAG
powder from the XRD (4.66 g/cm®), Sger is the specific
surface area of the powder. The calculated average
particle sizes of the 5at%Yb:YAG powders with pure
water and alcohol-water solvents are 174 and 133 nm,
respectively. The agglomeration coefficient can be calc-
ulated by the following formula:

N = (D / Dywp)’ @)
Where N is the agglomeration coefficient of powder. The
calculated agglomeration coefficients of the 5at%Yb:YAG
powders with pure water and alcohol-water solvents are
9.0 and 8.6, respectively. This indicates that the dispe-
rsity of the powder with alcohol-water solvent is better
than that of the powder with pure water solvent. There-
fore, 5at%Yb:YAG powder with alcohol-water solvent

Fig. 4 FESEM micrographs of the 5at%Yb:YAG powders
synthesized with pure water (a) and alcohol-water (b) solvents
calcined at 1250 C for 4 h

was used to fabricate the green bodies and ceramics in
the following work.

The actual density of the green bodies was calculated
by the geometric method. According to the theoretical
density (4.66 g/cm’) and actual density, the relative
density of the green bodies is approximately 50%.

Fig. 5(a) shows the photographs of the polished
5at%Yb:YAG ceramic samples (2.2 mm thickness) sint-
ered at 1500-1825 ‘C for 20 h. The in-line transmission
curves corresponding to the transparent ceramics sintered
at 1700-1825 ‘C for 20 h are shown in Fig. 5(b). It is
noted that the ceramics sintered at 1500 ‘C and 1600 ‘C
are completely opaque. The reason is the large number of
large-sized residual pores inside the ceramic samples,
which can be evidenced by the FESEM micrographs
shown in Fig. 6(a) and (b). The ceramic sample sintered
at 1700 C starts to turn transparent, and the letters under
the ceramic are clearly observed. With the further
increase of sintering temperature, the in-line transmittance
of ceramics increases steadily. The ceramic sample sin-
tered at 1800 ‘C exhibits the highest value of 78.5% at
1100 nm and 76.7% at 400 nm, as shown in Fig. 5(b).
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Fig. 5 Photographs (a) and in-line transmittances (b) of

5at%Yb:YAG ceramics (2.2 mm thickness) sintered at different
temperatures for 20 h
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3 um 15 pm

Fig. 6 FESEM micrographs of the thermally-etched surfaces
of 5at%Yb:YAG ceramics sintered at various temperatures for
20 h

(a) 1500 °C; (b) 1600 C; (c) 1700 °C; (d) 1750 °C; (e) 1800 C; (f)
1825 C

However, when the sintering temperature increases to
1825 C, the in-line transmittance of ceramic sample dec-
reases significantly. It is worth mentioning that there are
absorption bands near 380 nm in the transmission curves,
which can be ascribed to the absorption of Yb*". This is
consistent with the report of Singh, e al*”. The volatili-
zation of O”" in the vacuum reducing atmosphere and the
charge balance led to the generation of Yb*". The abs-
orption band presented in the 240-260 nm region may be
attributed to trace amounts of Fe*" impurity ions*").

Fig. 6 shows the FESEM micrographs of the 5at%Yb:YAG
ceramics sintered at 1500-1825 °C for 20 h. As can be
seen that the ceramic sample sintered at 1500 C exhibits
a large number of connected pores, and the average grain
size is about 0.6 pm. When the sintering temperature
increases from 1600 to 1700, 1750 and 1800 ‘C, the ave-
rage grain size increases from 0.9 to 1.2, 1.7 and 2.3 pm,
respectively. For the ceramic sample sintered at 1825 C,
abnormal grain growth appears, as shown in Fig. 6(f).
When the sintering temperature is 1500, 1600, 1700,
1750 and 1800 ‘C, the relative densities of ceramic sam-
ples are (83.6+0.1)%, (96.1+0.1)%, (99.4+0.2)%, (99.8+
0.1)% and (99.94+0.1)%, respectively. However, for the
ceramic sample sintered at 1825 °C, the relative density
decreases to (98.6+0.2)%. The reason is that the grain
boundaries migrate too fast, which causes many pores
trapped inside the grains. The above relative densities
and average grain sizes of the 5at%Yb:YAG ceramics

sintered at various temperatures for 20 h are shown in
Fig. 7.

Fig. 8 shows the in-line transmission curves of the
polished 5at%Yb:YAG ceramics (2.2 mm thickness) sin-
tered at 1800 ‘C for various holding time. It is noted that
all ceramics have high in-line transmittance, and the
highest value is demonstrated by the sample sintered for
50 h. Specifically, this ceramic sample shows the in-line
transmittance of 78.6% at 1100 nm and 76.7% at 400 nm.
However, the in-line transmittance of the sample sintered
for 20 h is similar to that of the sample sintered for 50 h.

Fig. 9 shows the microstructures of thermally etched
surfaces of the 5at%Yb:YAG ceramics sintered at 1800 ‘C
for various holding time. It can be found that the grain size
of ceramics increases with the holding time prolonging,
and all ceramic samples exhibit a homogeneous
microstructure. The average grain sizes of ceramics
sintered for 10, 20 and 50 h are 2.0, 2.3 and 3.7 pm,
respectively. The residual pores in ceramics sintered for 20
and 50 h are less than those in the sample sintered for 10 h.
The distribution of residual pores in 5at%Yb:YAG
ceramics sintered for 20 and 50 h is similar, indicating that
the influence of holding time over 20 h on promoting
pores elimination is not obvious. This result is consistent
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Fig. 9 FESEM micrographs of the thermally-etched surfaces of Yb:YAG ceramics sintered at 1800 ‘C for
various holding time: (a) 10 h, (b) 20 h, (¢) 50 h

with the in-line transmittance of those two ceramic
samples in Fig. 8. In addition, there are still a few
nano-sized pores at triple junctions or along grain
boundaries in the ceramics sintered for 20 and 50 h,
which act as optical scattering centers to degrade optical
quality, so the in-line transmittance of ceramics is lower
than the theoretical value of Yb:YAG ceramics.

The absorption and emission cross sections of the
5at%YDb:YAG ceramic at room temperature calculated
from the in-line transmittance are shown in Fig. 10. The
absorption cross section (o) can be calculated by the
following equations:

e
e
o U=k expCab) ©
1- R%exp(-2ab)
O = %)
N= %x C, (8)

Where n is the refractive index; R is the Fresnel refl-
ectivity; the o and b are the absorption coefficient and
the thickness of the ceramic sample, respectively; T is the
in-line transmittance of the 5at%Yb:YAG ceramics
obtained by the spectrophotometer; p is the theoretical
density of the 5at%Yb:YAG ceramics (4.66 g/cm®), Ny is

14
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Fig. 10  Absorption and emission cross sections of the
5at%Yb:YAG ceramic sintered at 1800 C for 50 h

the Avogadro's constant, M is molar mass, Cs is the
doping concentration; N is the Yb*" ions concentration of
the 5at%Yb:YAG ceramics, which is 6.933x10% jons/cm’.
The absorption cross section curve reveals that there are
three main peaks/bands which locate at about 937, 965
and 1029 nm, respectively, and they are assigned to the
radiation transition of the Yb®" ions from the low *F;,
to the high *Fs/, energy level. The main absorption cross
section at 937 nm is 5.03x107?" cm?, which is smaller
than that reported by Tang, et al™ (6.1x 10" cm?® at
940 nm).

Based on the absorption cross sections, the emission
cross sections can be calculated by the reciprocity
method shown as the following formula:

Z he I 1
7 Zof i) ©

em (’1) = Oabs (’1) Zl

a E}
Z, =Zdi exp[— kBTJ (10)

Where Z; and Z, are partition function of the lower and
upper energy levels, respectively. The formula (10) and energy
levels can be used to calculate Z; and Z,, and then Z/Z, can be
obtained with a value of 0.88; /4 is the Planck constant of
6.62606896(33)x10** J-s; ¢ is light speed of 3.0x10% m/s;
k is the Boltzmann constant of 1.3806505(24)x10> J/K;
the Kelvin's temperature, T, is chosen as 300 K; A7 is the
wavelength of the zero phonon line, which locate at 968 nm
for the 5at%Yb:YAG ceramics at room temperature (300 K).
Five peaks/bands can be found from the emission cross
section curve at 949, 975, 1009, 1031 and 1049 nm,
respectively. In addition, the main peak locates at about
1031 nm, and the value is 13.48x1072! cm?, which is smaller
than that reported by Tang, et al'”! (19x107%' cm® at
1030 nm).

According to the absorption and emission cross
sections, the gain cross sections can be calculated by the
following equation:

Oy (A) = fOen (1) = (1= F)Tys (1) (11
Where f is the particle inversion number. The gain cross

sections calculated with different S are shown in Fig. 11.
The smallest value of f is 0.048. Besides, when £ is higher
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Fig. 11 Gain cross sections of the 5at%Yb:YAG ceramic
sintered at 1800 ‘C for 50 h

than 0.048, the strongest peak locates at 1031 nm, which
indicates that the laser would be generated at 1031 nm
during the free laser test.

3 Conclusion

In this work, 5at%Yb:YAG precursors were synth-
esized via the co-precipitation method using pure water
and alcohol-water mixture as the solvents, respectively.
The powders were obtained by calcining precursors at
1250 C for 4 h. And the average particle sizes of the
powders with pure water and alcohol-water solvents are
174 and 133 nm, respectively. Compared to the powder
with pure water solvent, the powder with alcohol-water
solvent exhibits the same composition, smaller average
crystallite size and lower agglomeration degree. Trans-
parent 5at%Yb:YAG ceramics with alcohol-water solvent
were fabricated by vacuum sintering without sintering
additives. The ceramic sample sintered at 1800 C for 50 h
exhibits the highest in-line transmittance of 78.6% at
1100 nm and 76.7% at 400 nm (2.2 mm thickness). Con-
cerning the spectroscopic properties, the absorption cross
section at 937 nm is 5.03x1072' cm?, while the calculated
emission cross section at 1031 nm is 13.48x107' cm’. In
our following work, the appropriate alcohol-water ratio
will be optimized to further improve the dispersity of
Yb:YAG powders, and the sintering strategy and the
annealing process will be investigated to enhance the
optical quality of Yb:YAG transparent ceramics.
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s 7k HSTE LS5 Yh: YAG B E R B aeff 3R

g, AEG T K B0, FgrED, DR, KA,
BRSHE xR Y, ws e, &

(1. A KRF ML TSR, 401 212013, 2. FEAFR LERBEMTI, SV RENMAEER
BE, g 201899; 3. ARG HARARA BEARMAHFEHARAZEE, LK 100015; 4. ¥ EAFRAF HH
SRaHmR T, LR 100049)
8 E: YbYAG BN T A B RO R S . R . AR KIS, R T RR AR
R A L B 500 e DD S B AHO G 28 PSS 28 A B AR FUOE TR R I PERE IR 46 T #iZ W1 Yb:YAG B %
PARRIER S B A UTE R, 733 A K B 2B /K IR S V1), R FEUTIEIE B T 5at%Yb:YAG 99 KHy ik . £E 1250 C
TR 4 h BB TR N YAG A 52K % 0k A EE, BRI TR 45 ok 1A B S8 /N ST 1) ok
ST RVSEAG I A SRR o DA K VA 700 4% (KB fA o JEURE, SR B2 e 4 1R AE AN TR I o8 45 B 1 A 15 1. L Eh il 4% 7
5at%Yb:YAG i WA %, FHXT 1500~1825 “CHE4E 20 h 1 1800 CHELE 10~50 h FIT {5 i e A &5 b Al B 463 ik 3RBEAT
THRT. BRTE 1825 CRHR4E 20 h FifS M E AN, HAK 5at%Yb: YAG P& #8 B AT ¥ A1 IO 4K . {E 1800 °C K%
45 50 h 4 1) 5at%Yb:YAG M B AT B G FUE, 78 1100 F1 400 nm Kb BLLRIE T 2R 53 518 78.6%F1 76.7%(F:
WIEREA 2.2 mm). 1% Yb:YAG #EWIPHR/E 937 nm A MWRICERTE N 5.03x102" em®, 7E 1031 nm &b R ST
13.48x107" em?.
X 8 iR Yb:YAGEWIFRS, BOKILUIIED; HARRA; MO, i rEae
RESES: TQ174 XEFFIRAE: A



