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1 Introduction Yttrium aluminum garnet, Y3Al5O12

(YAG), drew considerable attention as a host for solid-state
industrial, medical and scientific laser applications. YAG is 
known to be a very forgiving host material and can be
heavily doped with cations of different sizes and valence
states. In addition to this YAG is one of the best high tem-
perature structural oxides known [1]. The lasing substances
such as neodymium, erbium, ytterbium, chromium, thu-
lium, or holmium can be incorporated into the matrix of
YAG in suitable concentrations. Nd:YAG is one of the best
laser materials for the high power, high energy and Q-
switched  pulse laser systems and it is used for distance
measuring, chemical large-distance analysis, laser drilling,
pointer for electronic vision etc. Compared to the com-
monly used Nd:YAG crystal, another doped crystal Yb:
YAG has a larger absorption bandwidth and it is known as 
a good laser gain material. In the case of Yb:YAG doping
level as high as 50 at.% has been reported [2]. Yet another
laser crystal, Er:YAG produces “eye-safe” wavelengths for 
many applications where human eyes could be injured.
Their excellent optical, high temperature mechanical prop-
erties and chemical stability, suggest YAG ceramics as the
most promising materials for solid-state laser application.
Moreover, some of its high temperature mechanical proper-

ties open YAG new application fields like fiber reinforce-
ments in ceramic and metal-matrix composite materials
that withstand very high temperatures as advanced struc-
tural materials [3].

One way of substituting cations is introduction of a 
cation similar in size and charge to one of the original
cations, other ways include the substitution of two cations 
that have similar size but different charges, one greater and
the other less than those of the original cations [4]. It was
shown by Yoder and Keith that there is a complete solid
solution series between garnet mineral spessartite
(Mn3Al2(SiO4)3) and yttrium aluminate garnet (YAG,
Y3Al5O12). Yttrium can be substituted for manganese if
aluminum is simultaneously substituted for silicon to main-
tain charge balance in the structure [5]. Carda pointed out
that garnet solid solutions can be synthesized between
Y3Al2Al3O12 (YAG) and Ca3Cr2Si3O12 [6].

Ca and Si are known to have very low solubilities in
YAG. It was reported that Ca concentrations of 300-400
ppm cause precipitation of the second phase, which is an 
indication of the exceeded solubility limit [7,8]. However,
Rotman and co-workers stated that solubility of Ca in YAG
is approximately 840 ppm [9,10]; this is greater than the
limit reported by Schuh. It should be here noted that the
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General garnet structure (Ia3d) is a forgiving host and can ac-
commodate cations of varying sizes and valence states. Studies 
on highly yttrium doped alumina ceramics with Ca and Si con-
tamination indicated that YAG precipitates in the ceramic had a 
propensity to allow simultaneous incorporation of small amounts 
of Ca and Si impurities in their structure. In this study, using 
chemical synthesis techniques it was shown that YAG can ac-
commodate up to approximately 8 cation % Ca+2 and Si+4 (i.e. 
Ca+2/Y+3 and Si+4/Y+3) if they are incorporated to-
gether. Equilibrium conditions are established by calcining sam-

ples at 900 C for 2 hours and cooling the samples to room tem-
perature in the furnace. Disappearing-phase method and energy 
dispersive X-ray spectroscopy were used to determine solubility 
and co-solubility limits. Beyond the solubility limit phase separa-
tion occurred and three crystalline yttrium aluminate phases 
(YAG, YAP (yttrium aluminate perovskite, YAlO3), YAM (yt-
trium aluminate monoclinic, Y4Al2O9)) were observed. It is be-
lieved that the excess Ca and Si above co-solubility limit precipi-
tate out in the form of an x-ray amorphous anorthite-like glass in 
the system. 



3384 Y. Kuru et al.: Co-solubilities of Ca and Si in YAG (Y3Al5O12)

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.pss-c.com

p
h

ys
ic

ap s sst
at

u
s

so
lid

i c

samples employed by Rotman et al. had some Ce co-
dopants. Solubility of Si was investigated by Sun et al.
[11]; it was suspicious whether some small amount of Si 
was present in YAG or not. Detection limit of EDS is 
probably not sufficient to probe the solubility limit of Si. 
Vrolijk found out that solubility limit is larger than 600 
ppm [7]. In addition, Wang et al. have recently reported 
that addition of 0.1 % Si to YAG leads to formation of sec-
ondary and tertiary phases (YAP and an amorphous phase, 
respecticely), which is in agreement with the results of Sun 
[11,12]. Consequently, solubility limit of Si should be in 
the range between 600 ppm and 0.1 %. 

In this paper, we report that YAG can be contaminated 
by large amounts of Ca and Si when they are simultane-
ously incorporated in contrast to their low elemental solu-
bilities in YAG. Fig. 1 shows crystal structure of YAG and 
possible positions of Ca and Si impurities in the lattice. 
Conservation of charge balance in the structure during the 
substitution and solid solution between Y3Al2Al3O12

(YAG) and Ca3Al2Si3O12 (grossular) is thought to be re-
sponsible for this increased co-solubility limit. 

Figure 1 Crystal structure of YAG. 

2 Experimental Aluminum nitrate nanohydrate 
(Al(NO3)3.9H2O, purity  98 %, Fluka Chemie, Buchs, 
Switzerland), calcium nitrate tetrahydrate (Ca(NO3)2.4H2O,
purity  99 %, Merck KgaA, Darmstadt, Germany), yttrium 
nitrate hexahydrate (Y(NO3)3.6H2O, purity 99,9 %, Al-
drich Chemical Company, Milwaukee, U.S.A.) and tetra-
ethylortosilicate (TEOS, (C2H5O)4Si, purity  98 %, Merck-
Schuchardt, Hohenbrunn, Germany) were used as starting 
materials. 2 wt. % polyvinyl alcohol (PVA, A.M.W. 
70.000-100.000, Sigma Chemical Company, St.Louis, 
U.S.A.) solution in distilled water was used as the reaction 
medium. 

PVA was dissolved in distilled water. 2 wt. % clear so-
lution was obtained after stirring 20 minutes at 80 C. 200 
ml solution was used to produce 3 g Y3Al5O12.
Y(NO3)3.6H2O and Al(NO3)3.9H2O were added to the PVA 
solution according to the stoichiometry of YAG 

(nY/nAl=3/5). Ca(NO3)2.4H2O and TEOS were dissolved in 
solution to obtain required nCa/nY and nSi/nY ionic ratios. 
We used equal moles of Ca(NO3)2.4H2O and TEOS to de-
termine co-solubility of Ca and Si in YAG.  

Solutions were heated and stirred continuously until so-
lution viscosity increased and yellowish jelly liquid was 
formed. Further heating on a hot plate resulted in a sponge 
like bulk solid whose color changed from yellow to brown. 
After this crispy solid was ground for 15 minutes, a very 
fine powder was obtained. Finally, these powders were cal-
cined at 900 C for 2 hours in a Pt crucible in air. After cal-
cination process, white and fine YAG powders were ob-
tained. 

When the solubility limit is exceeded, phase separation 
is expected to occur due to the large distortion and the high 
vacancy concentration (if the host and the dopant ions have 
different valences) in the structure. The amounts of preex-
isting phases are expected to decrease and new phases, 
which can allow higher amounts of the dopant in their 
structures, are formed. The co-solubility limit of Ca and Si 
in YAG was determined within 1 % accuracy using the 
disappearing-phase method [13].  

X-ray diffraction analysis was carried out by a Bruker 
D8 diffractometer (XRD; Bruker AXS GmbH D8 Ad-
vance, Karlsruhe, Germany) employing Cu K  radiation 
( =0.154056 nm). The X-ray generator voltage and current 
were held at 40 kV and 40 mA, respectively. 2  was varied 
continuously from 10  to 90  in locked-couple mode with a 
rate of 0.015 /s. Diffrac plus evaluation software was used 
to analyze the diffraction data. Chemical composition of 
the powders were determined using an energy dispersive 
spectrometer (EDS; Roentech, QuanTax, Berlin, Germany) 
attached to a field emission scanning electron microscope 
(FEG-SEM; Leo Supra 35 VP, Oberkochen, Germany). 

3 Results Two samples were prepared by doping the 
YAG with only Ca and only Si. Amounts of Ca and Si ad-
ditions were well above the elemental solubilities of these 
elements. The compositions of the regions that have YAG 
stoichiometry were measured in these two samples by 
EDS. The results of these measurements were presented in 
Figs. 2(a) and (b). It was found out that Ca and Si concen-
trations in these regions were below the detection limit of 
EDS, which is consistent with the literature data (Table 1). 

In order to find the co-solubility limit of calcium and 
silicon in YAG, Ca and Si amounts were varied between 
Ca (or Si)/Y = 2 % and Ca (or Si)/Y = 15 %. The EDS 
spectra of the 15 % co-doped sample can be seen in Fig. 
2(c). It is obvious that more Ca and Si are present in the co-
doped sample. The results of the quantitative EDS analyses 
are gathered in Table 1. 



phys. stat. sol. (c) 5, No. 10 (2008) 3385

www.pss-c.com © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Contributed

Article

Figure 2 EDS spectra taken from (a) 10 % Ca doped sample (b) 
7 % Si doped sample (c) 15 % (Ca+Si) co-doped sample.  

The XRD spectra of co-doped samples are shown in 
Fig. 3. Only YAG phase is present up to 8 % Ca+Si addi-
tion. YAP peaks appeared in the diffraction pattern of the 
9% co-doped sample. Intensities of YAP peaks decrease and
YAM peak starts to appear when amounts of dopants ex-
ceed 9 %. 

Table 1 Results of the quantitative EDS analyses for Ca doped, 
Si doped and Ca+Si co-doped samples. N.D.: Not detectable. 

Element Ca doped 
(at. %) 

Si doped 
(at. %) 

Ca+Si co-doped
(at. %) 

Y 39.83  7.31 35.47  2.10 37.38  0.51 
Al 60.17  13.22 64.53  7.32 56.88  0.44 
Ca N.D. N.D. 3.07  0.33 
Si N.D. N.D. 2.67  0.42 

Figure 3 XRD spectra of co-doped samples with various dopant 
concentrations. 

4 Discussion Ca has an ionic radius of 114.0 pm, 
when its coordination number is 6 [14]. It is approximately 
two times larger than Al ion. However, the ionic radius of 
Ca is very similar to that of Y, when their coordination 
numbers are 8. Therefore, it is more likely that Ca replaces 
Y. On the other hand, ionic radii of Si are 40.0 pm and 54.0 
pm, ionic radii of Al are 53.0 pm and 67.5 pm, if their co-
ordination numbers are 4 or 6, respectively [14]. Conse-
quently, Si may substitute for Al. 

Whenever there is a substitutional defect in the lattice, 
a strain is produced according to the difference between the 
ionic sizes of substituting elements. For instance, in the 
present case Ca has a larger ionic radius than Y. On the 
other hand, the ionic radius of Si is smaller than the host 
Al. Besides, charge neutrality should be maintained in the 
structure during a substitution. This condition is satisfied 
by the creation of some vacancies if substituting atoms 
have different charges. Formation of these vacancies has 
both a strain effect and a thermodynamic effect. Creation 
of a vacancy costs a definite amount of energy, which in-
creases the Gibbs free energy of the lattice. On the other 
hand, this process increases the entropy of the system, 
which has a counter effect on the Gibbs free energy. Con-
sequently, there is an equilibrium number of vacancies in 
the lattice which depends on the material and the tempera-
ture. When the vacancy concentration in the structure 
reaches a certain limit, the Gibbs free energy of vacancy 
formation is positive, and formation of one more vacancy 
is thermodynamically impossible [15]. As a result, no more 
substitution can be made, and phase separation occurs. 
These two limiting factors for the solubility are more criti-
cal if only Ca or only Si is added to the structure. However, 
vacancies are not created when both substitutions occur 
simultaneously because the charge of Ca is one less, and 
the charge of Si is one greater than those of the original 
cations; charge neutrality is already maintained. As a re-
sult, the vacancy limit of YAG is not an obstacle for dis-
solving Ca and Si when they enter to the structure at the 
same time. In the case of co-doping, size effect can also be 
diminished partially since Ca has a larger ionic radius than 
Y and the ionic radius of Si is smaller than the host Al. The 
increased co-solubility limit can be explained by the com-
pensation of the size and charge mismatches accompanied 
to two substitutional defects. Ikesue et al. [16,17] and 
Wang et al. [18] have reported similar results for Nd and Si 
co-doped YAG. It should be noted that the size difference 
between Ca and Y ions is 8.7 % of the size of host Y ion 
while the size difference between Al and Si is 24.5 % of 
the size of host Al ion, when their coordination numbers 
are 4. EDS analysis of 15 % Ca+Si doped sample (Table 1) 
shows that YAG can accommodate approximately equal 
amounts of Ca and Si in its structure, which indicates that 
one Ca-Y replacement occurs for each Si-Al substitution. 
Consequently, Ca-Y replacement may not totally compen-
sate for the size mismatch of Si-Al substitution, which may 
hinder the 100 % co-solubility of Ca and Si in YAG. 
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5 Conclusion Solubilities of Ca and Si are at least 8 
times greater in YAG when they are added simultaneously. 
During simultaneous substitutions of Ca and Si charge neu-
trality is maintained and creation of vacancies is not neces-
sary. In addition, when these two substitutions take place 
they can compensate for size mismatches of each other. 
These two effects can lead to the increased co-solubility 
limit. Ca-Y substitution can not fully compensate the size 
mismatch created by Si-Al replacement. Hence, % 100 co-
solubility is not achieved.  
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