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Abstract

The paper reports the use of La,O3 and ZrO, co-doping as a composite sintering aid for the fabrication of Tm:Y,05 transparent ceramics. Two
groups of experiments were conducted for investigating the influences of composite sintering aids on the microstructures and the optical properties
of Tm:Y, 03 transparent ceramics in contrast to single La** and single Zr** doped Tm:Y,05. Samples with composite sintering aids could realize
fine microstructures and good optical properties at relatively low sintering temperatures. Grain sizes around 10 wm and transmittances close to
theoretical value at wavelength of 2 um were achieved for the 9 at.% La**, 3 at.% Zr** co-doped samples sintered at 1500—1600 °C. The influences
of the composite sintering aids on the emission intensities and the phonon energies of Tm:Y,O; ceramics were also investigated.

Crown Copyright © 2011 Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Thulium based lasers around 2 wm are contributing factors
in the developments of medical and remote sensing instru-
ment based on their eye safe properties and high atmospheric
transmittances.'~ Traditional host materials for Tm>* active ion
are YAG single crystals,>’ which have been highly developed
because of their easy fabrications and profound investigations.
Some other Tm>* doped crystals such as vanadates® and YAP
single crystals have been investigated.®'? However, vanadates
demonstrate a laser performance that deteriorates greatly with
increasing temperatures.® YAP single crystals exhibit a good
laser performance, but their twinning, coloration and slightly
inferior thermomechanical properties constrict the application.’

Inrecent years, Y203 has been considered as an alternative to
traditional laser host materials. Y,O3 possesses higher thermal
conductivitiy (27 W/m K for un-doped Y,O3) and lower phonon
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energies!! comparing with YAG, which can ensure the stable

laser operations. In addition, the broad transparent region from
UV to IR makes Y, O3 suitable for laser oscillation. A few papers
reported the crystal growth of Y,03,!"1% but the high melting
point and the high-temperature phase transition of Y,03 make
the growth of Y, O3 single crystal difficult and seriously constrict
the sizes of as-obtained crystals.

Since the first demonstration of Nd**:YAG ceramic laser
by Ikesue et al.,'3 ceramic laser materials have attracted great
attention for their low costs, easy productions and good optical
properties. More importantly, the fabrication method of laser
ceramics makes the high melting point sesquioxides such as
Y, 03 possible to be used as laser media, which is hard to realize
through conventional single crystal growth methods.

In this paper we present Tm3* doped Y,Oj3 transparent
ceramics with good optical properties. Sintering aids are piv-
otal factors for high grade transparent ceramics. Hou et al.
introduced a sintering method involving ZrO, as the sinter-
ing aid,'* which successfully led to high grade Y,O3 ceramics
with small grain sizes. But this method needs high temperature
sintering and long sintering period that cost too much energy.
Others reported a sintering method with La;O3 as sintering
aid leading to high transmittance Y,O3 ceramics by relatively
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Table 1

Sintering aid doping concentrations of the eight samples corresponding to different sintering temperatures.

Experimental group Sample number Sintering Concentration of Concentration of
temperature/°C Zr** (value of x) La®* (value of y)
1 1500 0 0.09
Group 1 2 1500 0.03 0.09
3 1600 0 0.09
4 1600 0.03 0.09
5 1700 0.03 0
Group 2 6 1700 0.03 0.03
7 1800 0.03 0
8 1800 0.03 0.03

low temperature sintering,!> but the grain sizes were abnor-
mally big and distributed in a wide range. For the first time
we used LayO3, ZrO; co-doped as composite sintering aids,
which led to good quality transparent ceramics with small grain
sizes by sintering at relatively low temperatures. The optical
properties of the LayO3, ZrO; co-doped Tm:Y,O3 transparent
ceramics were investigated comparing with the single La;O3
and the single ZrO; doped Tm:Y,Oj3 sintered at the same
condition.

2. Experiment
2.1. Ceramic fabrication

High purity commercial powders of Y203(99.99%),
Tmy03(99.99%), Lay03(99.99%), Zr02(99.99%) were used as
the starting materials. The powders were weighed according
to the stoichiometry of (ZryLa,Tmg 03 Y0.97—x—y)203 (listed in
Table 1) with a fixed Tm3* concentration of 3 at.%, and then
ball milled in alcohol for 20 h. The obtained slurries were dried
and then grinded with a pestle. The mixed powders were sieved
through a 200 mesh screen. After that the powders were dry
pressed in a stainless steel mold into discs with 15 mm in diam-
eter and 3 mm in height under a low pressure. And then, the discs
were cold-isostatic-pressed under 250 MPa. The pressed discs
were calcined at 600—1000 °C for 2 h. Eventually the transparent
ceramics were obtained after vacuum sintering at 1500-1800 °C
for 20 h with a vacuum degree of 1 x 1073 Pa. The different sin-
tering temperatures attached to varied x, y values are listed in
Table 1.

2.2. Characterization

The as-obtained ceramics were polished on both sides for
measurements. The optical transmittances were obtained by
a JASCO V-900 UV/VIS/NIR spectrophotometer. The emis-
sion spectra and fluorescence decay curves were recorded by
a FLS920 fluorescence spectrophotometer (Edinburgh Instru-
ments) with an excitation at 808 nm. The polished discs were
etched in H3PO4 at 80°C for 3min for the observation of
the microstructures. The microstructures were observed using
a JSM 6360-LA scanning electron microscopy. Raman spectra

were obtained using a Renishaw inVia Raman Microscope with
an excitation at 514 nm for the determining of phonon energies.

3. Results and discussion
3.1. Densification and microstructure

We compared the Lay O3, ZrO, co-doped Tm:Y,>03 samples
with single La;O3 doped samples in group 1 and single ZrO,
doped samples in group 2. In group 1, the concentrations of La>*
for all samples were fixed at 9 at.% and the sintering tempera-
tures were in the range of 1500-1600 °C according to Ref. 15.
The La>* ions affect the sintering process by distorting the lat-
tice, which cannot be achieved by a low doping concentration.
And thus a high doping of 9 at.% was chosen. For comparison,
the co-doped samples have an additional Zr** doping of 3 at.%.
In group 2, the doping concentrations of Zr** for all samples
were fixed at 3 at.% and sintering temperatures were in the range
of 1700—1800 °C. The Zr** concentration and the temperatures
we chose are empirical data and the details can be found in our
previous papers.!416:17 For comparison, the co-doped samples
have an additional La3* doping of 3 at.%. The SEM photographs
of the eight samples are shown in Figs. 1 and 2. The XRD patterns
are shown in Fig. 3.

As we can see in Fig. 3, the XRD patterns of both the single
doped and the co-doped ones match the standard cubic Y,03
phase with a space group of Ia—3 perfectly. No extra peaks are
found. It means that no secondary phase was formed in during
the sintering.

The average grain sizes for samples 1-4 in group 1 were
69.1 pm, 9.6 pm, 78.5 pm, 10.1 pm, respectively, and the aver-
age grain sizes for samples 5-8 in group 2 were 24.9 um,
38.3 wm, 32.1 pum, 45.8 wm, respectively. The average grain
sizes were gained by multiplying the average intercept grain
sizes with 1.56.'% The average intercept grain sizes were
obtained with the grain size calculation software attached to the
SEM by calculating more than 200 grains. The grain sizes of the
single La3* doped samples (sample 1 and sample 3) were much
larger than those of the single Zr** doped samples (sample 5 and
sample 7) although the sintering temperatures of the single La**
doped samples were lower than those of the single Zr** doped
samples. This indicated that the La** ions enhanced the mobil-
ity of grain boundary while the Zr** ions strongly suppressed
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Fig. 1. SEM morphology of the chemistry-etched polished samples in experimental group 1: sample 1 (a), sample 2 (b), sample 3 (c), and sample 4 (d).

the migration of grain boundary, coinciding with the published
literatures.'+17:19-20-23 Considering the Y,Oj structure with one
fourth of anion sites vacant,?* the O~ ions diffuse much faster
than Y3* ions. Moreover, as profoundly investigated,>>?> the
diffusion of Y3* interstitial is ascertained to be the control-
ling step of sintering process in Y203 ceramic rather than Y3*
vacancy. In our experiment, the doping of La’* could induce
a distortion of the lattice or a modulation of phonon vibration
spectra because of a larger radius (1.061 A) than Y3* ion (0.9 A),
which led to a faster diffusion of the Y3* interstitial.>> Thus
the doping of La>* inevitably led to a higher mobility of grain
boundary. On the contrast, the doping of Zr*+ induced a decrease
of O>~ vacancy concentration because of charge compensation.
The Y3+ interstitial concentration and the O>~ vacancy concen-
tration demonstrate a positive relationship between each other
in Y03 which is presented in formula (1).% Therefore, the
doping of Zr** led to a lower concentration of Y>* intersti-
tial, and hence a lower mobility of grain boundary in Y,03
ceramic.

Kr ) o [_ AGrp — AGs /2 o

[Y;] = [Vo] (@ —

Formula (1) was deduced from a combination of Schottky defect
and Frenkel defect in Y203 by Chen and Chen?? and confirmed
by other scientists,!”-?® where the Kr and K are the preexponen-
tial, temperature-independent factors of the reaction constants
of Frenkel defect reaction and Schottky defect reaction in Y703,
respectively, AGr and AGg are the Gibbs energy of the Frenkel
defect reaction and Schottky defect reaction in Y,O3, respec-
tively.

In group 2, as shown in Fig. 2, the grain sizes in the co-
doped samples were larger than those in the single Zr** doped
samples with the same sintering condition, which again con-
firmed the accelerating mechanism of La’* ions. Besides, the
co-doped sample achieved a fine microstructure at the temper-
ature of 1700 °C while the single Zr** doped samples achieved
the same grade structure at the higher temperature of 1800 °C.
The defective structures of sample 5 and sample 8 indicated the
samples were undersintered and oversintered, respectively.

The samples of group 1 shown in Fig. 1 gave much
more dramatic results. The single La3* doped samples, sam-
ple 1 and sample 3, sintered at low temperatures demonstrated
microstructures with abnormally huge, defective grains while
the microstructures with pretty small, defect-free grains were
obtained for the co-doped samples with 3at.% extra Zr**
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Fig. 2. SEM morphology of the chemistry-etched polished samples in experimental group 2: sample 5 (a), sample 6 (b), sample 7 (c), and sample 8 (d).
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Fig. 3. XRD patterns of the Tm:Y,03 ceramic samples.
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sintering aid, named sample 2 and sample 4. The average grain
sizes of samples 2 and 4 were 9.6 um and 10.1 wm, respec-
tively, which were the lowest in all the samples and lower than
the data from the literatures for both single La>* and single Zr**
doped samples.!>?” The literature 27 presents a two-step sin-
tering method which successfully suppressed the grain size of
La3* doped Y,0s3 to 25 um, however, it is still larger than our
data for samples 2 and 4. The small grain sizes in sample 2 and
sample 4, especially in sample 2, were attributed to both the low
sintering temperature and the small amount of Zr** which could
suppress the grain boundary migration. As shown in Fig. 1b and
d, samples 2 and 4 demonstrated pure, identical microstructures
with only few small pores found inside the grains, as marked by
circles in the micrographs. The doped Zr** and La3* ions served
as cooperation mechanisms in the sintering process. Given the
low sintering temperatures, a small amount of Zr** ions could
largely decelerate the mass transfer and hence suppressed the
grain growth. A low mobility of grain boundary facilitated the
pores to disappear from the grain boundaries, which was much
easier than from inside the grains. The large amount of La3*
ions on the other hand accelerated the mass transfer in sintering
process that accelerated the atoms to travel toward pores and
enhanced the disappear velocity of pores. It seems that the Zr**
and the La** have opposite influences on the mass transfer in
sintering process. However, with proper doping concentrations
and sintering conditions, the two different mechanisms com-
plement each other and cooperate well, which can lead to the
fine microstructures such as samples 2 and 4. The small grain
sizes indicate that the Zr** ions have stronger effect on sinter-
ing than La** jons. The reason may be that the Zr** ion has a
smaller radius (0.72 A) comparing with Y3+ ion (0.9 A), which
can slightly moderate the lattice distortion induced by big La3*
jon (1.061 A) and serves as a factor weakening the effect of
La**. The microstructures of single La>* doped samples 1 and
3 possessed a great number of pores. However, sample 3 was
better than sample 1 due to the enhanced sintering temperature,
with which we can anticipate that the single La>* doped samples
need even higher sintering temperatures to achieve a defect-free
structure.

Both group 1 and group 2 showed that the co-doped sam-
ples can achieve fine microstructures at lower temperatures
comparing with the single doped samples. Especially when the
concentration of La3* is high and the concentration of Zr** is
low, as in the case of group 2, we can gain ceramics with pretty
small grain sizes and fine microstructures at sintering temper-
ature as low as 1500 °C. Small, uniform grain sizes can lead
to good mechanical properties and high optical homogeneity
which are essential for laser materials.

3.2. Optical properties

Figs. 3 and 4 show the transmittance spectra of group
1 and group 2, respectively. The absorption peaks around
680nm, 800nm, 1200nm, 1630nm were ascribed to the
3H6 — 3F2 +3F3, 3H6 — 3H4, 3H6 — 3H5 and 3H6 — 3F4
transitions in Tm3* (inner-4f transitions), respectively. The
3H6 — 3H, transition was selected for excitation in emission
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Fig. 4. Transmittance spectra of samples in experimental group 1.

spectrum measurements because of the good fitting with the
commercial 808 nm diode laser.

Both the highest transmittances in two groups were achieved
by the co-doped samples. In group 2, the highest transmittance
was observed for sample 6, a 3 at.% Zr*t 3at.% La3t co-doped
sample sintered at 1700 °C with a transmittance of 80.4% at
2 wm. Fig. 5 shows the picture of sample 6. The single Zr**
doped sample sintered at the same temperature, named sample
5,had a transmittance of 76.9% at 2 pm, lower than the co-doped
sample 6. After enhancing the sintering temperature to 1800 °C,
the single Zr** doped sample, named sample 7, exhibited a
higher transmittance in visible region comparing with single
Zr** doped sample 5, which was consistent with the microstruc-
ture analyzed above. The transmittance of the co-doped sample
deteriorated after enhancing the sintering temperature, as shown
in sample 8, which indicated that the sample was oversintered.

In group 1, the co-doped sample 2 and sample 4 (Fig. 6a and
b) were found to be similarly transparent with transmittances
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(
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Fig. 5. Transmittance spectra of samples in experimental group 2.
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Fig. 6. Picture of the mirror polished sample 2 (a), sample 4 (b), and sample 6
(c).

of 76.2% and 74.8% at 2 pm, respectively, which were much
higher than the single La>* doped sample 1 (20.8%) and sam-
ple 3 (56.1%). However, the transmittances of sample 2 and
sample 4 reached only 89.7% and 88% of the theoretical trans-
mittance, respectively, which were still not high enough for laser
application. The scattering came from the small pores found
in the microstructures marked in Fig. 1b and d. This indicated
that the co-doped samples in group 1 need further densifica-
tion. A optimized scheme was performed by sintering a 9 at.%
La®*, 3 at.% Zr** sample at 1500 °C with a longer dwell time of
35h, which was fixed to be 20 h in previous experiments, and a
higher transmittance of 79.9% at 2 wm was achieved. The trans-
mittance spectrum and the picture of this sample are shown in
Fig. 6.

Fig. 7 shows the fluorescence spectra of selected samples. The
samples had the same thickness of 2 mm and the spectra were
recorded in the same measuring configuration. As obviously
shown in the spectra, the intensities of the co-doped samples
were much higher than those of the single La** and the single
Zr** doped samples (threefold higher than the latter). Except the
single La** doped sample 3, the other three samples had trans-
mittances close to each other, which made the comparison of

T—>0at% La*, 3at% zr*" co-doped sample sintered
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Fig. 7. Transmittance spectrum of a 9 at.% La®*, 3 at.% Zr** co-doped sample
sintered at 1500 °C for 35h (a) and the picture of the mirror polished sample
(b).
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Fig. 8. Photoluminescence spectra of selected samples, excited by 808 nm diode
laser.

photoluminescence intensities for the three samples valid. Thus
we could draw a conclusion that the Y03 ceramics with La’*
in lattice could achieve higher photoluminescence intensity than
those doped with Zr** only. It was hard to determine whether
co-doped samples or single La>* doped samples could achieve
higher intensity. Because the single La>* doped sample 3 used
in this measurement had a much lower transmittance than both
co-doped samples 2 and 4, which might decrease the detected
luminescence intensity while measuring. Further investigation
is undergoing.

As Fleuster and Buchal presented in the literature 28, the
photoluminescence intensity is proportional to the life time t of
relative Stark level, 3F4 of Tm3* for this experiment, and the
density of optically active ions oy

1o = prm @)
Tr
The life times of the co-doped sample 2, sample 4, single La>*
doped sample 3 and single Zr** doped sample 7 were mea-
sured to be 3.2ms, 3.9ms, 1.05ms and 2.8 ms, respectively.
This showed that the life times of the co-doped samples were
much longer than the single doped samples. To the best of our
knowledge, the best result we observed (3.9 ms) was longer than
the best result observed in Tm:Y,O3 crystal, 3.08 ms for 5 at.%
Tm>* doping.?! Thus the higher photoluminescence intensities
of co-doped samples comparing with the single Zr** doped
sample might result from the longer life time of co-doped
samples.

3.3. Phonon energies

The phonon energy of Y,0O3 is known to be much lower than
YAG and YVOy4, which is beneficial for the photoluminescence
applications.!!2” In order to investigate the influence of sintering
aids on the phonon energies of Y,0Oj3 ceramic, selected samples
together with a pure 6 at.% Tm:Y>Oj3 ceramic (an opaque sample
without sintering aid) were measured by Raman spectra with an
excitation at 514 nm, as shown in Fig. 8. The spectra were found
to be almost identical with no peak shift among samples and the
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Fig. 9. Raman spectra of selected samples along with a pure Tm:Y2O3 ceramic
without sintering aid.

largest phonon energy of all the samples was determined to be
587 cm™!, while the phonon energy of YAG and YVOy canreach
857 cm™~! and 880 cm™!, respectively, as reported (Fig. 9).2°

4. Conclusion

In order to investigate the influence of Lay O3, ZrO, compos-
ite sintering aid on the microstructure and the optical properties
of the Tm: Y, O3 transparent ceramic comparing with single La>*
and single Zr** doped Tm: Y, O3, two experimental groups were
conducted. We compared the co-doped samples with single La>*
doped samples and single Zr** doped samples in experimental
group 1 and group 2, respectively.

Samples with composite sintering aid, especially with a
high La** concentration and low Zr** concentration as in
the case of group 1, could achieve fine microstructures and
good optical properties at lower sintering temperature com-
paring with both single doped samples. Small average grain
size around 10 wm was observed for samples in group 1, with
a doping concentration of 9at.% La*>* and 3 at.% Zr** and a
sintering temperature in the range of 1500-1600 °C. The trans-
mittance reached 79.93% at 2 pm while sintering at 1500 °C
for 35h.

The samples with La>* in lattice exhibited higher photo-
luminescence intensity comparing with the single Zr** doped
samples. The influence of the sintering aid on the phonon energy
was negligible. All the samples exhibited similar Raman spectra
without peak shift.
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