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Variation of emission spectra of Er3+-doped YAG-based solid solution
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Abstract

Er3+-doped YAG crystal has intense emission bands in the U-band region (1625–1675 nm), which is uncommon to the4I13/2–4I15/2 transition
of Er3+ in many hosts except for garnet type crystals. In order to seek the possibility to broaden the spectrum composed of many sharp bands,
solid solutions based on Y3Al5O12 (YAG) and Ca3Al2(SiO4)3 (CASG) crystals doped with Er3+ ions were prepared by solid-state reactions
and their emission spectra in optical-telecommunication band were examined. Both of the YAG and CASG crystals have garnet type structures
with similar lattice constants. The spectral linewidth dramatically increased with increasing CASG content, which promises to overcome the
d can be
a d
o
©

K

1

w
t
o
l
fi
a
e
(
t
m
o
T
e
a

s

llent
nd,
and
rent
ch

fiers
any

s for
in

een
-
were
sharp

and
both

ence

l
m

0
d

ifficulty in the gain flatness for optical amplification in the wavelength-division-multiplexing (WDM) system. The line broadening
ttributed to the inhomogeneous distribution of the Er3+ sites achieved by the double substitutions of Si4+ for Al3+ in the tetrahedral site an
f Ca2+ for the Y3+.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Er3+-doped fiber amplifiers (EDFAs) are used in the
avelength-division-multiplexing (WDM)-based optical

elecommunication for the following reasons: the wavelength
f the4I13/2–4I15/2 transition of Er3+ matches the minimum

oss region of the silica-based optical telecommunication
ber and the quantum efficiency of the transition is usu-
lly very high even in oxide materials with high phonon
nergy. The EDFAs are generally used for the C-band
1530–1565 nm) and the L-band (1565–1625 nm) owing
o their emission spectra in glass hosts[1–5]. In order to
eet the growing demand for data capacity, the extension
f the telecommunication band will be required[6,7].
he Er3+-doped YAG crystal has the emission spectrum
xtending to the U-band (1625–1675 nm), owing to the char-
cteristic large Stark splitting of both the initial4I13/2 and
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terminal4I15/2 levels [8,9]. An Er3+-doped YAG (Er:YAG)
precipitated glass–ceramic material can be an exce
candidate for optical amplifiers, especially in the U-ba
since they would have optical properties of the Er:YAG
fiberizabilty of the glass materials; they can be transpa
to the incoming signal light if the crystal size is mu
smaller than the wavelength[10–12]. Although the Er:YAG
crystal itself can also be a candidate for optical ampli
as planer wave-guide forms, the spectrum consists of m
sharp bands, which causes the difficulty in gain flatnes
amplification of signal lights with different wavelengths
the WDM system. In this report, solid solutions betw
Y3Al5O12 (YAG) and Ca3Al2(SiO4)3 (CASG) were pre
pared in various molar ratios and the emission spectra
measured in order to seek the possibility to broaden the
bands. Relationship between the emission bandwidth
CASG content was investigated. CASG is chosen since
YAG and CASG have the garnet structure and the differ
in lattice constant is∼1%: the partial substitutions of Si4+

for Al3+ and Ca2+ for Y3+ in YAG will induce structura
inhomogeneity around Er3+ so that the emission spectru
Tel.: +81 75 753 6832; fax: +81 75 753 6634. will be homogeneously broadened.
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2. Experimental

The Er3+-doped polycrystalline pellets were prepared
from regent grade Y2O3, Al2O3, CaCO3, SiO2 and Er2O3.
The raw materials were mixed thoroughly in the molar ratios
of xYAG-(10− x)CASG (x = 10, 9, 8, 7 and 5) doped with
0.375 mol% of Er2O3 substituting Y2O3. The mixtures were
pressed into pellets. The pellets were heated in an electri-
cal furnace at a suitable temperature (=1350–1600◦C) for
6 h. The heat-treated pellets were crushed into powders and
pressed into pellets, which were sintered again at the temper-
ature for 6 h. This process was repeated at least twice.

X-ray powder diffraction (XRD) measurements were per-
formed using a Cu K� radiation (XRD-6000, Shimazu). For
the analysis of the lattice constant, mixtures of samples and
the 10–15 wt% standard silicon metal powders (325 mesh)
were used for measurement; the diffraction angle 2θ was
scanned from 10◦ to 80◦ in 0.02 increments with a scan
speed of 0.5◦/min. The lattice constant was obtained from the
diffraction angle of the (420) peak of garnet crystal, which
was determined by the difference from that of the (1 1 1) peak
(2θ = 28.443◦) of the standard silicon.

Fluorescence spectra were measured in the range of
1380–1750 nm with a computer-controlled monochromator
(Nikon, G-250), a PbS photodiode detector (Hamamatsu,
P4638) and a lock-in-amplifier (NF Electronic Instruments,
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Fig. 2. The compositional dependence of the lattice constants of the prepared
YAG-based garnet solid solutions. The solid line in the figure indicates the
lattice constant expected by Vegard’s rule for ideal solid solutions.

Fig. 3. The fluorescence spectra of the4I13/2–4I15/2 transition of the Er3+ in
the prepared YAG-based garnet solid solutions. The finger pattern denotes the
possible emission wavelengths calculated using the values of Stark splitting
of the4I13/2 and4I15/2 levels of Er3+ in YAG crystal[8].

to the higher angle as the CASG content increases.Fig. 2
shows the compositional dependence of the lattice constants
of the prepared garnet crystals. The solid line in the figure
indicates the lattice constant expected by the Vegard’s rule
for ideal solid solutions; the value of a property is linearly
interpolated from the endpoints of the composition range.
The lattice constants almost linearly decreased with increas-
ing CASG content, and the deviation from the Vegard’s rule
was observed. The emission spectra of the4I13/2–4I15/2 tran-
sition of Er3+ are shown inFig. 3. In the figure, the possible
emission wavelengths of the transition of Er3+ in YAG crys-
tal are also shown as bars, which are calculated by the Stark
splitting of both the4I13/2 and 4I15/2 levels [8]. All of the
emission spectra can be attributed to the4I13/2–4I15/2 tran-
sition of Er3+ in YAG-based garnet crystals. The increase in
the emission linewidth was also observed with increase in the
CASG content.

4. Discussion

The lattice constants reported in JSPDS cards are
12.0089Å for YAG and 11.8493̊A for CASG, respectively.
I-570A). A diode laser of 970 nm (SDL-6362-P1) was u
s the excitation source.

. Results

The XRD patterns of the prepared crystals are show
ig. 1. All of the prepared crystals show the XRD patte
ttributed to the YAG (JCPDS card No. 33-0040)-based
et crystal. It was found that the diffraction peaks are sh

ig. 1. XRD patterns of the prepared crystals with molar ratios ofxYAG-
10− x)CASG (x = 10, 9, 8, 7 and 5) doped with 0.375 mol% of Er2O3

nstead of Y2O3.
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The almost linear decrease in the lattice constants with
increasing CASG content indicates that the solid solutions
between YAG and CASG are successfully prepared. Since
the Vegard’s rule is only applied to the ideal homogeneous
solid solutions, the deviation from the rule can occur even for
the homogeneous solid solution and can also occur for the
heterogeneous solid solution and for the solid solution with
impurity phases; however, the determination of the dominant
origin of the deviation calls for further investigation.

The large broadening of the emission linewidth of Er3+

in the solid solutions can be interpreted from the viewpoint
of the inhomogeneity in the local environment around Er3+

caused by the cation substitutions. Since both Er3+ and Y3+

have the trivalent state and the difference in ionic radii is
less than 1%, both ions occupy the almost identical sites in a
given crystal structure. In the YAG crystal, the Er3+ occu-
pies the Y3+ site with D2 point symmetry surrounded by
eight oxygens; the nearest-neighbor cations are four Y3+(8)
ions at∼3.68Å from the Er3+, four Al3+(6) ions at∼3.36Å
and six Al3+(4) ions, two of which are at∼3.00Å and oth-
ers are at∼3.68Å; the number in the parentheses is the
oxygen coordination number of the cation in the given site
[13]. In the YAG-based garnet solid solution, the Si4+ and
Ca2+ ions occupy the Al3+(4) and Y3+(8) sites, respectively,
because of their ionic radii and occupying sites in the CASG
crystal. The substitutions give large variations of the coordi-
n
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linewidth of Er3+ in the solid solution becomes broader with
the feature of the spectral shape of Er:YAG crystal maintained
depending on the increase in CASG content as is shown in
Fig. 3.

5. Conclusions

In the solid solutions between the YAG and CASG crys-
tals the spectral linewidth of the4I13/2–4I15/2 transition dra-
matically increased as the CASG content increases. This
line broadening is mainly attributable to the inhomogeneous
broadening derived from increase in variation of Er3+ sites
with different ligand field by substitutions of Si4+ for Al3+(4)
and Ca2+ for Y3+(8). The line broadening in the solid solu-
tions between YAG and CASG crystals can overcome the
difficulty in the gain flatness of Er:YAG for optical amplifi-
cation in the WDM system.
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