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bstract

ighly transparent Yb3+:Y2O3 ceramics with doping concentration up to 40.0 at.% had been fabricated successfully via hydrogen atmosphere
intering, where the raw powders were synthesized by co-precipitation method. The sintering temperature is about 600 ◦C lower than its melting
emperature. SEM investigation revealed the average grain size of Yb3+:Y2O3 ceramics sintered at 1850 ◦C for 9 h was about 7 �m. The highest

ransmittance of as-prepared 1 mm thickness samples around wavelength of 1050 nm reached 80%, which is close to the theoretical value of Y2O3.
he optical spectroscopic properties of Yb3+:Y2O3 transparent ceramics have also been investigated, which shows that it is a very good laser
aterial for diode laser pumping and short pulse mode-locked laser.
2008 Elsevier Ltd. All rights reserved.
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. Introduction

Cubic Y2O3 crystal has been investigated for a long time
s a laser-host material due to its high thermal conductivity,
road range of transparency, good chemical stability, strong
tark-splitting and relatively low phonon energies.1–4 However,

t is extremely difficult to grow large-size Y2O3 single crystal
ith good optical quality because of its very high melting point

≈2430 ◦C) and structural phase transition at ≈2280 ◦C.5–6 By
sing ceramic fabrication technology, it is possible to get opti-
al transparent Y2O3 ceramics, at same time with big size and
omplex structure.

In order to produce good optical quality polycrystalline
eramics, porosity-free microstructure of the sintered ceram-
cs must be achieved. During the past 40 years, many methods
ave been tried to fully remove the pore. In 1966, Brissette et
l. succeeded in obtain transparent Y2O3 for the first time in
he world by using thermomechanically deforming cold pressed
owder compacts.7 But neither pressure nor temperature con-

itions were given in their report. Then in the late of 1960s,
ransparent polycrystalline Y2O3 ceramics were prepared by hot
ressing method without additives or with addition of LiF that
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auses the formation of a liquid phase.8–10 But, due to the limi-
ation of the mold that used in hot-pressing, it is rather difficult
o get Y2O3 transparent ceramics with complex shape and good
ptical quality. In 1970s, GE company succeeded in fabricating
aser quality transparent Y2O3 ceramics by pressureless sinter-
ng, which using ThO2 as the sintering aid to control the grain
rowth and thus enhance the densification.11–15 Another effec-
ive pressureless sintering method is to form a liquid-phase or
ransition secondary phase by adding some amount of ZrO2,
l2O3, BeO or La2O3 into Y2O3.3,11–12,16 In addition, transpar-

nt Y2O3 ceramics can also be prepared by pressureless sintering
ithout any additives but it requires very high temperature.17

n 2002, by combination of nanocrystalline powder technology
nd vacuum sintering method, Konoshima Company get great
rogress in fabricating laser quality transparent YAG ceramics.
y using very similar manufacturing method, highly transparent
d3+ and Yb3+ doped Y2O3 ceramics were developed, and their

aser properties were also reported.5–6,18–20

Compared with vacuum sintering, H2 atmosphere sintering is
lso a good way to enhance densification. A study shows that the
ensification rate and grain growth rate will be greatly increased
uring the final-stage sintering, when the H2 atmosphere was
pplied for the fabrication of alumina ceramics.21 Actually, since

any years ago, dry or wet H2 atmosphere sintering method

as been employed to massively produce ceramic scintillators
nd translucent alumina tubes. It was also reported that trans-
arent yttrium aluminum garnet (YAG) ceramics can also be

mailto:j.c.zhang@leeds.ac.uk
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highly absorptive transition metal impurities, such as Fe, Ni, are
substantially low in the synthesized powders.

Table 1
The ICP-AES analysis results of non-rare earth impurities in as-prepared pure
Y2O3 powders

Non-rare earth impurities Content (ppm wt)

Fe2O3 3.2
SiO2 15
CaO 5.0
06 J. Zhang et al. / Journal of the Europ

abricated successfully in wet H2 atmosphere.22 In present
esearch, different doping concentrations of Yb3+:Y2O3 ceram-
cs were successfully sintered into transparent in flow dry H2
tmosphere by using nanocrystalline powders which synthe-
ized by co-precipitation method.

. Experimental

The main preparation steps of Yb3+ doped Y2O3 transpar-
nt ceramics were described as following. At first, Yb3+ ions
oped (0–40 at.%) Y2O3 nanocrystalline powders were synthe-
ized via a reverse-strike co-precipitation method using nitrates
nd ammonia as raw materials. The details of the synthesizing
rocesses have been described in another paper.23 According to
his method, the pure cubic phase of Y2O3 will present and the
verage diameter of particles was in the range of 60–80 nm after
alcined at 1000 ◦C for 2 h. The specific surface area of the pow-
ers was measured by BET method using nitrogen absorption on
icromeritics ASAP 2000 analyzer (Micromeritics, Norcross,
SA). The main non-rare earth impurities of synthesized pure
2O3 powders were determined by inductively coupled plasma-

tomic emission spectroscopy (ICP-AES, VARIAN, Palo Alto,
A). The as-prepared nanocrystalline powders were directly
old isostatically pressed (CIP) into 18.5-mm diameter pel-
ets under 200 MPa pressure. For the forming process, no any
inder was added. Finally the powder compacts were sintered at
850 ◦C for different holding time in flowing dry H2 atmosphere
o get the transparent ceramics. The above sintering process was
ccomplished in a tungsten-element, molybdenum-shielded fur-
ace, equipped with a rotatory pump. After sintering, no any
urther annealing treatment was applied on these samples.

The as-sintered surfaces and the fracture surfaces were
bserved under scanning electron microscope (SEM, JXA-8100,
EOL, Tokyo, Japan). Disk specimens of 14 mm in diameter
nd 1 mm in thickness, to be used for measuring optical trans-
ittance and emission spectra, were mirror-polished on both

urfaces. The inline transmission spectra of as-prepared ceram-
cs were measured over the wavelength region from 300 to
100 nm, using a spectrophotometer (Model U-3500, Hitachi
o., Tokyo, Japan) with a 0.5 nm slit width and 120 nm/min,

can speed. For emission spectroscopic experiments, a diode
aser tuned to 980 nm was used as the excitation source inclined
5◦ to irradiate the center of the pellets. The laser was focused
nto the pellet and the diameter of the exciting beam on the pellet
as smaller than 0.2 mm. The emission spectra were recorded
y a spectrofluorometer (Fluorolog-3, Jobin Yvon Co., Edision,
merica) equipped with a Hamamatsu R5509-72 photomulti-
lier tube. All emission spectra are corrected for the spectral
esponse of the measuring system. The experiments were per-
ormed at room temperature.

. Results and discussion
For laser quality transparent ceramics, high chemical purity,
hase purity and agglomerates free or soft-agglomerates pow-
ers are essentials for sintering. Nowadays, it seemed that there
s an increasing interest of fabricating transparent ceramics from
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ig. 1. The SEM morphology of synthesized Yb3+:Y2O3 nanocrystalline pow-
ers.

ne powders. However, for this kind powder, it is important to
nd a suitable processing method. For example, if the specific
urface area of the powder is very high, the local sintering activ-
ty may be high. But it will be difficult to get whole dense bulk
eramics with the homogenous microstructures, if improperly
orming method was applied. For laser ceramics, some of the
mpurities have the big influence on optical properties. On one
and, they will have the influence on the densification rate during
he sintering. On the other hand, some of impurities, especially
he transition metal ions will greatly increase the optical loss at
pecific laser emission wavelength.

Fig. 1 shows the morphology of the starting Y2O3 powders
hat prepared from co-precipitation method. The particles are
uite uniform in size and most of the particles are nearly spher-
cal. The average diameter of the particles is in the range of
0–80 nm. The powders are only loosely agglomerated. The
ET measurements show that the specific surface area of the
repared powders is around 9.5–10.0 m2/g. After formed by CIP
rocessing, the green body density is in the range of 45–48% of
heir theoretical density. Table 1 summarizes the ICP-AES anal-
sis results for non-rare earth impurities existed in as-prepared
ure Y O powders. It can be found from the table that the
uO 1.3
rO2 6.2
iO 2.5
bO 1.4
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F centrations (A: Φ15.5 mm × 1.0 mm, placed on the paper; B: kept about 30 cm above
t

a
Y
s
r
s
b
w
t
p
a

a
i
t
u
c

f
r
f
t
s
g
h

F
a

w
i

ig. 2. Visual appearances of the Yb3+:Y2O3 ceramics doped with different con
he paper).

Fig. 2 shows the pictures of Yb3+:Y2O3 ceramics sintered
t 1850 ◦C in flowing dry H2 atmosphere. It can be seen that
b3+:Y2O3 transparent ceramics doped at different levels all

hows very good optical quality. Even when the sample was
aised about 30 cm from the paper, the logo of SICCAS can
till be clearly resolved. It was reported that the YAG ceramics
ecome grayish if dry H2 was used during the sintering. This
as due to the formation of oxygen vacancies, and the forma-

ion of oxygen vacancies is very sensitive to the oxygen partial
ressure.22 But in present research, all of the sintered samples
re colorless.

Fig. 3 shows the inline optical transmittance spectrum of 8.0
t.% Yb3+:Y2O3 ceramics sintered at 1850 ◦C for different hold-
ng time. With the holding time prolonged from 3 to 9 h, the
ransmittance of sintered Yb3+:Y2O3 ceramics increased grad-
ally. The improvement of the optical quality of as-prepared
eramics is due to the further elimination of residual pores.

Fig. 4(A) shows the SEM photograph of the as-sintered sur-
aces of Yb3+:Y2O3 ceramic sintered at 1850 ◦C for 9 h. It
eveled that the microstructure of sintered ceramics is very uni-
orm and the average grain size is about 7 �m. Fig. 4(B) shows

he SEM picture of the fracture surface from which it can be
een that there are nearly no pores existed in or between the
rains. The microstructure is very dense, which resulted in the
igh optical quality. In addition, from the fracture surfaces, it

t
w
1

Fig. 4. The microstructure of Yb3+:Y2O3 transparent cer
ig. 3. The inline optical transmittance of 8.0 at.% Yb3+:Y2O3 ceramics sintered
t 1850 ◦C for different time.

as observed that the sintered ceramics are mainly fractured
ntragranularly.
Fig. 5 shows the inline optical transmittance spectrum of
he Yb3+:Y2O3 ceramics with different doping concentrations,
hich were measured in the wavelength region from 300 to
100 nm. The highest transmission at non-absorption band of

amics (A: as-sintered surface; B: fracture surface).



308 J. Zhang et al. / Journal of the European Ceramic Society 29 (2009) 305–309

F
d

1
t
s
c
t
i
o
c
w
W
t
s
a
b
i
i
i
t

b
s
F
t
t
l
a
s

i
t
w
i
o
a
v
o
o
l

F
l

4

a
s
1
g
m
Y

A

o

R

1

ig. 5. The inline optical transmittance spectrum of Yb3+:Y2O3 ceramics with
ifferent doping levels.

mm thick Y2O3 ceramics is about 80%, which reaches 98% of
he theoretic transmittance value of Y2O3 at this wavelength. It
eemed that the transmittance is almost independent of doping
oncentration of Yb3+ ions, even when the doping concentra-
ion increased to 40.0 at.%. The very strong absorption band
n the range of 850–1050 nm is due to the absorption transition
f Yb3+ ions. Such broad absorption band makes Yb3+:Y2O3
eramics much suitable for being pumped by laser diode arrays
hich the emission band is larger than that of single laser diode.5

hen Yb3+:Y2O3 is pumped by a 940 nm LD, temperature con-
rol of the LD is not necessary because of its broad absorption
pectrum around 940 nm.19 This is important for the practical
pplications. In addition, from the transmittance spectrum, it can
e found that there are no any other optical absorption appeared
n the visible region. The reducing environment does not result
n strong optical absorption in the visible region in our cases. So
t is not necessary to perform the further annealing treatment on
hese samples.

Granger succeeded in fabricating transparent Y2O3 ceramics
y commercial available fine Y2O3 powders, combined with
lip-casting and hot isostatic pressing (HIP) technologies.24

rom their results, it seemed that small amount of the ZrO2 addi-
ives will have big positive influence on improving the optical
ransmittance, especially in the visible range. From our unpub-
ished results, when 900 ppm ZrO2 was adopted as the sintering
id, the same optical transmittance can be achieved at the lower
intering temperature.25

Fig. 6 shows the emission spectrum of Yb3+:Y2O3 ceram-
cs. Under the excitation of the 980 nm diode laser, there are
wo main emission peaks, which centered at 1030 and 1075 nm
avelength, respectively. With the doping concentration of Yb3+

ons increased from 5.0 to 20.0 at.%, nearly no peak shift can be
bserved. The emission bandwidths around 1030 and 1075 nm
re as broad as 12 and 17 nm, respectively. Because of the

ery broad emission spectra, femtosecond pulse laser could be
btained by using mode-locking technologies. And also because
f the broad emission band, it is quite possible to get the tunable
aser with the emission range from 1025 to 1080 nm.

1

1

ig. 6. The emission spectrum of Yb3+:Y2O3 ceramics with different doping
evels under the excitation of a 980 nm diode laser.

. Conclusions

Using nanocrystalline Yb3+:Y2O3 as the starting materi-
ls, highly transparent Yb3+:Y2O3 ceramics were fabricated
uccessfully in flowing dry H2 atmosphere. After sintered at
850 ◦C, very uniform microstructure presents and the average
rain size of sintered Yb3+:Y2O3 ceramic is about 7 �m. By opti-
izing the processing parameters, the laser quality transparent
b3+:Y2O3 ceramics will be expected to obtain.
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