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Abstract

Highly transparent polycrystalline Er**:Y3Als0,, (Er:YAG) ceramics with different Er** ions content from 1% to 90% were prepared by the
solid-state reaction and the vacuum-sintering technique. The grain boundary is clean and narrow with a width of about 1 nm. The best sintering
temperature of the ceramics is about 1800 °C. The relationships between fabrication, microstructure and transparency of the ceramics were
discussed. Grain size distributions in axial direction of cylinder samples were characterized by electron probe micro-analyzer (EPMA). The

luminescence spectra were measured and discussed.
© 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In recent years, highly transparent polycrystalline rare-earth
element doped Y3Al50,, (YAG) ceramics (especially Nd: YAG)
has become a kind of significant laser substrate material with
the assistance of the improved fabrication technologies and the
diode laser excitation system. It has been proved that YAG-
structure ceramics materials exhibit excellent laser perfor-
mance similar to YAG single crystals [1-8]. And diode-pumped
Nd:YAG, Yb:YAG, composite YAG/Nd:YAG/YAG ceramics
laser experiments have also been successfully performed in our
group [9-12]. Among the rare-earth doped YAG-structure
materials, high content Er**:Y;Als0,, (Er:YAG) single crystal
is an important laser material to obtain laser emission at
2.94 pm wavelength, which is widely utilized by the medical
community because of the strong absorption by water in this
wavelength range [13,14]. It is significant to substrate Er: YAG
ceramics for the crystal materials as laser emitting substrate.
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The microstructure of Nd:YAG ceramics has been character-
ized and discussed in some points of view [6,8,15]. If grain sizes
were smaller than 2 wm, the microscopic variation of the Nd**
ion concentration, luminescence emission, and index maybe
minimized, which could lead to less light scatter at the pump and
lasing wavelengths [16]. The factors determining grain sizes
could be particle sizes of starting powders, sintering temperature
and soaking time. Decreasing soaking time is an effective way to
prevent grains growing too large. But there is a natural
contradiction between the soaking time and the transparency.
To obtain highly transparent YAG ceramics, it requires certain
sintering temperature and long enough soaking time.

In this paper, polycrystalline Er:YAG ceramics had been
obtained by the solid-state reaction and the vacuum-sintering
technique, and the relationships between fabrication, micro-
structure and transparency of the ceramics were found and
discussed.

2. Experimental procedure
The commercial high purity «o-Al,O3 (>99.99%,

D50%0.38 |JJII), Y203 (>9999%, D50r’3335 p,m), and
Er,O3 (>99.99%, Dsy~ 7.2 p.m) were used as starting
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Fig. 1. The mirror-polished Er:YAG ceramics with erbium content from the left to the right: (a) 1, 5, 10, and 15 at.%; (b) 30, 50, 70, and 90 at.%.

materials. These powders were weighed according to the
different stoichiometric ratios of the Er:YAG and milled with
Al,Oj3 balls for 12 h with ethanol and tetraethyl orthosilicate.
After dried and sieved through 200-mesh screen, the powder
mixtures were dry-pressed at 3T to form a disk with a diameter
of 25 mm and follow-up isostatically cold-pressed at 250 MPa.
The powder compacts were vacuum-sintered at 1780 °C for
20 h under 1073 Pa, then annealed at 1450 °C for 20 h under
atmosphere.

To characterize the grains of the cross section, 1 at.%
Er:YAG cylinder samples were cut in axial direction, then
mirror-polished and etched at 1500 °C for 1h under atmo-
sphere. The microstructures were observed by the electron
probe micro-analyzer (EPMA) (Model JSM-6700, JEOL,
Tokyo, Japan). Disk specimens machined to disks
(@20 mm x 2 mm) and mirror-polished on both surfaces were
used to measure optical transmittance (Model U-2800 Spectro-
photometer, Hitachi, Tokyo, Japan). To measure the fluores-
cence spectra (Fluorolog-3, Jobin Yvon, Paris, France), the
samples were excited with a 980 nm laser diode (LD).

3. Results and discussion

Fig. 1(a) and (b) are photographs of mirror-polished Er: YAG
transparent ceramics fabricated through above method with
different erbium content from 1% to 90%. Along with
increasing erbium content, the specimens look pinker due to
the light absorption of Er’* at the visible band. With the
beautiful color, the highly transparent pink ceramics can be cut
and machined into jewelry because of the crystal-like
appearance. Fig. 2(a) is the in-line transmittance spectra of
five samples with erbium content of 1%, 30%, 50%, 70%, 90%
respectively. It can be seen that Er:YAG ceramics with excellent
optical properties have been obtained through the vacuum-
sintering preparation. All the main absorption bands of Er**
ions are distinctively strengthened with more erbium added,
and that means Er’* ions take the place of Y** ions successfully
owing to the similar chemical properties and ionic radiuses of
element Er (1.004 A) and Y (1.019 A), which are from the same
subgroup —IIIB. And the absorption bands centered at 255, 381,
524, 646, 788, and 966 nm correspond to energy level of 4D7,2,
4G11/2, 2H11/2, 4F9/2, 419/2, and 4111/2 manifold reSpeCtiVely.
From Fig. 2(b) we can see that after fully air annealing the
transmittance is raised at the visible band. As we all know,
vacuum-sintering process could bring in lots of oxygen

vacancies. During the air annealing, oxygen atoms can diffuse
into the polycrystal structure and decrease the concentration of
oxygen vacancies [17]. The F-type centers in the ceramics can
be relieved and the intensities of absorption peaks of Er** (381,
487, and 524 nm) decrease to some extent. And the absorption
peak centered at 225 nm disappears, corresponding to the
strengthening of the absorption peak centered at 255 nm.
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Fig. 2. (a) The in-line transmittance spectra of Er:YAG ceramics with erbium
content of 1%, 30%, 50%, 70%, and 90% respectively (thickness = 2 mm); (b)
the in-line transmittance spectra of 0.5%Er: YAG ceramics before and after air
annealing (thickness = 2 mm).
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Fig. 3. (a, b) The XRD patterns of 1%Er:YAG and 50%Er: YAG ceramics vacuum-sintered at different temperature for 2 h; (c, d) the photographs of the 1%Er:YAG
and 50%Er:YAG ceramics.

Fig. 4. The fracture microstructures of the 1%Er:YAG ceramics (from A to E: 1200 °C x 2 h, 1400 °C x 2 h, 1600 °C x 2 h, 1800 °C x 2 h and 1800 °C x 30 h).
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Fig. 5. The EPMA photographs of the 1%Er:YAG (A) and 90%Er:YAG (B) ceramics.

Fig. 3(a) and (b) respectively show the XRD patterns of
1%Er:YAG and 50%Er:YAG ceramics vacuum-sintered at
different temperatures for 2 h. For 1%Er:YAG ceramics, the
YAG phase can be observed along with residual YAP (YAIO;)
phase at 1200 °C. While the temperature increases, more and
more aluminum atoms turn into parts of YAG grains. Al,O3
particles do not exist above 1600 °C, and the phase
transformation terminates. It can be seen from Fig. 3(b) that
the phase transformation of 50%Er:YAG is just similar with
that of 1%Er:YAG, and the phase ErzY3;Al;gO,4 is finally
obtained. The different contents of erbium element do not affect
the phase transformation temperature significantly, and the best
sintering temperatures of all studied ceramics are all about
1800 °C. Fig. 3(c) and (d) are photographs of the 1%Er:YAG
and 50%Er:YAG ceramics respectively. From left to right, the
sintering processes are 1200 °C x 2h, 1400 °C x 2 h,
1600 °C x 2h, 1800°C x 2h and 1800 °C x 30 h respec-
tively, and the last two samples have been mirror-polished.

Fig. 6. The HRTEM photograph of grain boundary from the 1%Er:YAG
ceramics.

After vacuum-sintered at about 1800 °C, the ceramics achieve a
high density and begin to getting transparent along with the
pores reducing and disappearing. In order to get the best
transparency, enough long soaking time is necessary. The
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Fig. 7. The dependence of grain sizes on the axial distance to the center of
samples using one-direction press and two-direction press respectively.
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after sintering

30 pm

Fig. 8. The scheme of the relationships between one-direction press and grain sizes distribution.

fracture microstructures of these ceramics are shown in Fig. 4.
We can see that main densification process occurs during the
sintering procedure from 1400 to 1600 °C. In this temperature
section, crystal nucleuses begin to emerge and fast multiply.
After sintered at 1600 °C for 2 h, most of the grains contact
closely and the sizes of the grains are about 2-3 pm. And
intercrystalline fracture is the main fracture model. With the
sintering temperature and soaking time increasing, more and
more grains start uniting and keep growing up, corresponding to
more and more transgranular fracture.

According to the EPMA photographs shown in Fig. 5, it is
found that the samples are very compact with very few pores.

Fig. 9. The microstructure of cross section from the 1%Er:YAG ceramics.

There are no secondary phases observed both at the grain
boundaries and the inner grains. The average grain size of the
1%Er:YAG ceramics is about 30 wm. Due to the large particle
size of starting powder Er,O3, the average grain size of the
90%Er:YAG ceramics is obviously larger than that of the
1%Er:YAG ceramics. The high-resolution TEM micrograph
(HRTEM) of the grain boundary in the 1%Er:YAG ceramics is
shown in Fig. 6. The grain boundary is clean and narrow with a
width of about 1nm, so the optical scattering caused by
boundaries will be insignificant. The insets in Fig. 6 are the
corresponding electron diffraction patterns of the grains on
the both sides of the boundary. It can be seen that both grains are
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Fig. 10. The transmittance spectra of mirror-polished 1%Er:YAG ceramics
(thickness = 2 mm) with different average densities of green bodies.
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the same cubic phase with different orientation ([111] and
[0 O 1] respectively).

Fig. 7(a) and (b) include two curves respectively representing
the grain sizes dependent on the axial distance to the central point
of the cylinder sample, which maybe can reflect the relationships
between density distribution in green body and microstructure of
samples. The average grain sizes were observed by EPMA. It can
be found in Fig. 2(a) and (b) that this two curves show quite
different trends according to different press way of green body.
And we know the main difference between one-direction press
and two-direction press is the density distribution in the green
body. In this study, the follow-up cold isostatic pressing
introduced isostatically press around the green body and only
increased total average relative density of the green body a little
(<10%), so it cannot change the density distribution signifi-
cantly. While using two-direction press, the middle part of the
green body is possessed of the lowest density, and shows the
largest grains after sintering. While using one-direction press, the
part with the lowest density is near bottom part of the green body,
and shows the largest grains after sintering. And the part with
highest density in green body has finest grains after sintering.
Therefore it can be probably revealed that high density in green
body conduces to fine crystal grains after sintering. The simple
scheme is shown in Fig. 8 in the case of one-direction press. It is
very difficult to obtain a green body with homogeneous density
distribution through dry pressing. Slip casting could be an
excellent option to fabricate homogeneous green bodies. Russian
researchers have developed a novel high-pressure colloidal slip-
casting (HPCSC) method to fabricate Nd:YAG ceramics [18],
which may be a significant way to gain homogeneous density
distribution in the green body.

As we know, sintering is a shrinkage procedure along with the
emergence and growth of crystal grains. When the grains meet
each other, the growth is stopped temporarily before the grains
merge into large ones and the sample become very compact with
almost theoretical density if the grains do not enclose any pores
within them. Therefore if grains merging do not happen, when
some parts of the green body have higher density, there will be
much more grains emerging out and the grains meet each other
earlier, so the grain sizes will be smaller. When the grains become
larger, it will increase the chance of enclosing pores within them.
As shown in Fig. 9, grains are much larger in the upper part of the
figure than that in the lower part, and much more pores existing in
the upper part than that in the lower part.

Fig. 10 shows the dependence of transparency on average
relative density of a whole green body. It is clear that fine
densification of green body will lead to excellent transparency.
In sintering procedure, the green body with higher density will
achieve fully compactness earlier, smaller average grain sizes
obtained and less pores remaining in crystal grains as light
scattering sources. Therefore to increase the density of green
body is a significant way to improve the optics quality of
Er:YAG ceramics. Though the study focuses on Er:YAG, the
result can be broadly applied to all RE-doped YAG ceramics
and other ceramics optical materials.

The luminescence spectra of the Er: YAG ceramics pumped
by 980 nm laser diode are shown in Fig. 11. From the energy
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Fig. 11. The fluorescence spectra of the Er: YAG ceramics pumped by a 980 nm
LD.

level transition of “I;3, — “I;5,, Er’* ions can emit large band
of lights from 1450 to 1650 nm wavelength because of spark
energy level splitting. The main peaks are centered at 1513,
1530, 1570, and 1616 nm wavelength respectively. When Er’*
ion content exceeds 5%, luminescence quenching begins to
emerge at 1530 nm wavelength. For 5%Er: YAG ceramics, the
luminescence of 1530 nm wavelength is obviously dominant in
the band and can be chosen as the aim of laser experiments
potentially [19].

4. Conclusions

In this study, highly transparent polycrystalline Er:YAG
ceramics with different Er content from 1% to 90% had been
obtained by the solid-state reaction and the vacuum-sintering
technique. The in-line transmittances of mirror-polished Er: YAG
ceramics are all up to 84% at 1100 nm wavelength. All the
samples are very compact with very few pores. There are no
secondary phases observed both at the grain boundaries and the
inner grains. The average grain size of the 1 %Er: YAG ceramicsis
about 30 wm. The grain boundary is clean and narrow with a
width of about 1 nm. The best sintering temperatures of all
studied ceramics are about 1800 °C. It was found that the parts of
green body with highest density correspond to finest grains after
sintering. And increasing the density of green body could be a
significant way to control the grain sizes in the solid-state
reaction and the vacuum-sintering technology. When Er** ion
content exceeds 5%, luminescence quenching begins to emerge
at 1530 nm wavelength. For 5%Er: YAG ceramics, the lumines-
cence of 1530 nm wavelength is obviously dominant in the band
and can be chosen as the aim of laser experiments potentially.
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