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a b s t r a c t
Transparent Ho:YAG ceramics were successfully fabricated from commercial c-Al2O3, Ho2O3 and Y2O3
powders by the solid-state reactive sintering method. The powders were mixed in ethanol with
0.5 wt.% tetraethyl orthosilicate (TEOS) added as a sintering aid. The milled slurry was dried and pressed,
then sintered from 1650 to 1750 °C for up to 20 h for all Ho3+ levels studied (0.3–2.5 at.%). The densiﬁcation, microstructure evolution, and optical properties of Ho:YAG ceramics were investigated. Specimens
sintered at 1700 °C for 12 h were fully dense with an over 80% transmittance in the visible region. The
grain boundary was clean and no secondary phase was observed.
Ó 2012 Elsevier B.V. All rights reserved.

1. Introduction
In pursuit of high-power, efﬁcient sources of laser non-linear
optics to generate infrared radiation in the spectral range of 2 –
5 lm, Ho3+ is used to dope in various glasses and crystals [1–6].
Ho3+ laser has been widely studied in around 2.0 lm region for
applications in monitoring of atmospheric pollutants, remote sensing, lidar and medical surgery eye-safe laser [7–10]. The performance of Ho:YAG single crystal has been widely studied [11,12].
However, YAG ceramic materials are well-known for its excellent
thermo-mechanical properties and advantages compared with
YAG single crystals (cost, performance, composition control, homogeneity and ease of fabrication) [13–17], it has become one of the
signiﬁcant laser substrate materials in recent years. Zhang et al.
[18] and Chen et al. [19] ﬁrst demonstrated the possibility of fabricating transparent Ho:YAG ceramics of sufﬁcient quality for solid-state laser performance. Ho-doped YAG ceramic with high
optical performance is the promising material for optical
applications.
In reactive sintering method, the formation of YAG and the densiﬁcation of the commercial powder compact proceed simultaneously. Powders with high reactivity generally allow fast
reaction kinetics. Since the surface energy of the system is mainly
depended on the radius of the raw particles [20], a powder with
nanocrystalline primary particles generally allows faster reaction
kinetics, enhanced sintering rates, and decreased sintering temperatures. Here c-Al2O3 has been used as the raw material instead of
a-Al2O3, because c-Al2O3 is typically ultraﬁne, possessing high surface areas and excellent reactivity. Previous works on sintering
YAG-based materials used nano c-Al2O3 and Y2O3 have also shown
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that the transformation of c-Al2O3 to a-Al2O3 is generally accompanied by a marked decrease in the surface area, which affects
the sintering ability and reactivity of Al2O3 [21,22]. In this paper,
we reported how various aspects of the process affect densiﬁcation
and optical properties of transparent polycrystalline Ho:YAG (0.3–
2.5 at.%) ceramics by solid-state reactive and vacuum sintering. To
decrease optical loss, it is extremely important to fabricate fully
dense Ho:YAG ceramic with a pore-free structure and clean grain
boundaries. The purpose of this study is to ﬁnd out the relationships between the sintering conditions, the microstructure and
transmittance of Ho-doped YAG ceramics.

2. Experimental procedures
High-purity powders of c-Al2O3, Ho2O3 and Y2O3 (99.99% purity, Chemical reagent Ltd., Tianjin, China) were used as raw materials. X-ray diffraction (XRD) analysis indicated that the Y2O3
powder was cubic structured, while the Al2O3 powder mainly consisted of c-Al2O3 (Fig. 1). The particle size of c-Al2O3 and Y2O3 were
32 nm and 2 lm, respectively. The starting powders were weighed
according to the different stoichiometric ratios of 0.3–1.5 at.%
Ho:YAG and then mixed by ball-milling with high-purity ZrO2 balls
for 20 h in ethanol, with an addition of 0.5 wt.% tetraethyl orthosilicate (TEOS) as a sintering aid. After drying the milled slurry at
80 °C in an oven, the dried powder mixture was pressed into
£15 mm disks and then cold isostatically pressed at 200 MPa into
green bodies. These samples were preheated at 550–850 °C for 2 h
in air to burn off any organic component, and then vacuum-sintered at 1650–1750 °C for up to 20 h under 103 Pa vacuum during
the holding period. Both the heating rate and the cooling rate were
10 °C/min. After sintering, the specimens were further annealed at
1400 °C for 2 h under atmosphere to ﬁll oxygen vacancies. Finally,
the obtained ceramics were mirror-polished with different grade of
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Fig. 1. XRD patterns for the starting materials (a) Y2O3 and (b) Al2O3.

diamond slurries on both surfaces (its surface ﬁnish is raised to
513).
Phase compositions of the raw materials and the obtained samples were identiﬁed by X-ray diffraction (XRD, DX-1000, Dandong,
China). Sintered density was measured by the Archimedes method,
using deionized water as the immersion medium. Sintered samples
were thermally etched at 1500 °C for 1 h to observe their microstructures by scanning electron microscopy (SEM, S4800, Hitachi,
Japan). The in-line transmittance of the ceramics was measured
with a UV–Vis spectrometer (Lambda 900, Perkin Elmer, USA).
The emission spectra and luminescence lifetime were measured
with a customized UV to mid-infrared steady-state and phosphorescence lifetime spectrometer (FSP920-C, Edinburgh, UK)
equipped with a digital oscilloscope (TDS3052B, Tektronix), the
specimen was excited at 452 nm by a tunable mid-band OPO pulse
laser (410–2400 nm, 10 Hz, pulse width 65 ns, Vibrant 355II, Opotek, USA). All optical spectra were carried out at room temperature.
3. Results and discussion
Fig. 2 shows the XRD patterns of the green pellets sintered at
1250 °C and 1600 °C for 6 h, respectively. It can be seen that at
1250 °C, there was only one peak corresponding to monoclinic
YAM (yttrium aluminum monoclinic, Y4Al2O9) still co-exists with
the main YAG phase which appeared with a strong diffraction
intensity. The transformation of c-Al2O3 to the a-form also
happened below this temperature. On the further increase in the
sintering temperature to 1600 °C, the YAM phase completely disappeared and only YAG peaks were detected (JCPDS No. 33-0040).
The relative density of Ho:YAG specimens sintered at different
conditions as a function of Ho concentration were shown in

Fig. 2. XRD patterns of the powder compacts sintered at different temperatures for
6 h.

Fig. 3. Relative density of Ho:YAG specimens (a) as a function of sintering
temperature and (b) as a function of sintering time.

Fig. 3. It can be seen that as the temperature increased to
1750 °C, the density of the specimens became into full density.
Fig. 3b presents that a long holding time has proﬁted for the densiﬁcation of Ho:YAG ceramics. Besides, the higher Ho concentration made a greater densiﬁcation especially when the sintering
time was less than 4 h. Recent experimental studies performed
on Nd:YAG ceramics demonstrated that Nd3+ ions in ceramic garnets are mostly sited in the vicinity of the grain boundaries [23].
Such results show that spatial distribution of the dopant correlates
well with low segregation coefﬁcients of Nd3+ in the garnet crystals
grown from the melt and/or ﬂux [24,25]. Ho3+ ion is larger for the
dodecahedral sites of the garnet structure. As a result, bonding of
Ho3+ to this structure is relatively weak as compared with that of
host Y3+ cation. The inhomogeneous of Ho3+ ions in the grain and
grain boundaries could be explained by solute drag effects which
introduced by Cahn [26], that means the diffusion rate of Ho3+ ions
is slower than Y3+ and Al3+ due to its large atomic mass and ionic
radius during the sintering process. Therefore, Ho3+ could easily
segregation at the grain boundaries especially with relatively
shorter holding time, which made the grain boundaries become
wider, accelerated the excluding rate of pores, restricted the grain
growth [27]. Smaller grain size brought more boundaries as a secondary phase, which could occupy the vacated place in the grain
faster than migration, so there are less pores in the samples sintered for a short time.
Fig. 4 displays the microstructures of 1 at.% Ho:YAG transparent
ceramics sintered at different temperatures from 1650 to 1780 °C
for 8 h. Fig. 4a referred to the lowest sintering temperature and a
few small pores were captured in the grain boundaries and the
grain size was about 5 lm. The residual pores were removed with
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Fig. 4. SEM morphologies of 1.0 at.% Ho:YAG sintered at (a) 1650 °C; (b) 1700 °C; (c) 1750 °C and (d) 1780 °C for 8 h.

Fig. 5. The microstructures of 1.0 at.% Ho:YAG ceramics sintered at 1700 °C for (a) 1 h; (b) 4 h; (c) 8 h and (d) 12 h under vacuum.

the increase of sintering temperature. The specimens became fully
dense at 1700 °C and above. The specimens were shown to have a
uniform microstructure with a mean grain size of about 10–15 lm.
There were no secondary phases observed both at the grain boundaries and the inner grains. 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. And after sintering at 1780 °C for

8 h, large Ho:YAG grains disappeared and only some small grains
existed in eutectic compound as shown in Fig. 4d, grains and clear
grain boundaries could not be detected on the thermal etching surface because the sample had been vitriﬁed.
Fig. 5 presents the SEM morphologies of 1 at.% Ho:YAG transparent ceramics sintered at 1700 °C for 1–12 h. With the increase
of holding time, small residual pores were removed and the grain
sizes of the samples increased. The average grain size increased
from 5 to 12 lm when the holding time was 4 h and 12 h, respectively. The samples sintered for 4 h and above hold were with
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Fig. 6. Optical transmittance of Ho:YAG ceramics sintered at 1700 °C for 4 h with
different Ho concentration.
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high Ho concentration (more than 1 at.%) obtained a higher density
but with a lower optical transmittance. The possible reason is that
high Ho3+ doping levels will bring segregation in the boundary of
YAG ceramics, and the grain could not get full growth especially
at a shorter heating time. Ikesue has reported [28] that, translucent
ceramics contain grain boundary phases, residual pores and secondary phases, which cause signiﬁcant scattering losses that decline the transmittance.
The specimens sintered below 1600 °C were all opaque. At
1650 °C, specimens become translucent or transparent depending
on the sintering time and Ho concentration. In this study, it was
possible to obtain highly transparent Ho:YAG ceramics by sintering
at 1700 °C. As shown in Fig. 7a, the in-line transmittances of the
specimens in the visible region were over 80%. The samples are
about 9 mm in diameter and their thickness is 2 mm. Fig. 7b is
the room-temperature ﬂuorescence spectrum for 5I7 ? 5I8 transition of Ho3+ in 1 at.% Ho:YAG ceramic. The main emission peaks
are centered at 1920 nm and 2090 nm at the emission region from
1700 to 2300 nm. Further work is in progress to clarify the luminescence quenching effect of Ho doped concentrations.
4. Conclusions
Transparent ceramics of 0.3–2.5 at.% Ho:YAG were successfully
fabricated from commercial c-Al2O3 and Y2O3 powders by the solid-state reactive sintering method. Fully dense transparent
Ho:YAG ceramics were obtained by sintering at 1700 °C above
and holding more than 4 h. The average grain size of 1 at.% Ho:YAG
ceramic sintered at 1700 °C for 12 h was 12 lm. The grain boundary was clean and no secondary phase was observed both in the
grain boundary and the inner grain. The optical transmittance is
over 80% in the whole visible region. The main ﬂuorescence peak
was centered at 2090 nm according to the transition 5I7 ? 5I8 of
Ho3+ ions in YAG ceramics.
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Fig. 7. (a) In-line transmission spectrum of 1.0 at.% Ho:YAG ceramics (2 mm thick)
sintered at 1700 °C for 12 h. Inset is a photo showing the appearances of
transparent Ho:YAG specimens; and (b) ﬂuorescence spectra of the prepared
1.0 at.% Ho:YAG ceramic.
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