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Cr-doped yttrium aluminum garnet ceramics with different concentration of additives
Ca and Si were synthesized by vacuum reaction sintering. It was established that simulta-
neous doping with Ca and Si effects crucially on morphology and optical ceramics proper-
ties. Average grain size of such ceramics can reach to 1.08 + 0.06 um that is much more
less against the ceramics without Ca dopant. The optical properties of the ceramics
deteriorate significantly with increase of Ca concentration. The degree of Cr** transforma-
tion to Cr®* under air annealing is not well due to competition between Cr** and Si** ions
to be charge compensated by Ca2*. Sintering aid Si0,, which used in widespread ceramic
technology to produce the high optical quality ceramics based on YAG, cannot be applied
to produce the Cr**-doped YAG ceramics with Ca as a charge compensator.
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Kepamuka urrpuii amomunuesoro rpadara (MAT), nouuposandoro monavu Cr u pasHoit
Kourenrpanuei mo6asok Ca m Si, moayuena MeTOZOM TBepAO(PA3HOT0 CHHTE3a B BaKyyMe.
YceTanoBiaeHo, 4TO OAHOBpeMeHHOe AomupoBanue Ca m Si KpuTudecku BaMsgeT Ha MopdoJo-
THI0 U ONTUYECKHE CBOMCTBA KepaMuku. CpelHuil pasMep sepHa TAaKOH KepaMUKMN MOMKET
mocturath 1.08 £ 0.06 MKM, UTO HaMHOTO MeHLIIle, UeM B KepaMUKaX 0e3 nmpuMmenenusa Ca B
KauecTBe pomauTa. OUTUUYecKe CBOMCTBA KEPAMUKN 3HAUNTEILHO YXYAIIAIOTCA IPU YBEJIN-
yeHNH KoHIeHTpauuu Ca. Cremens mpeobpasosanma Crit B Cr** B yemoBumax omxmra Ha
BOBLyXe HEBBICOKAf W3-3a KOHKypeHIuH Mexay moHamu Cr** u Si** sa mon rommencarop
sapsaga Ca?*. YeraHoBIeHO, 4TO CIEKAOmMAas LOBABKA Si0,, KoTopas MCHONB3YeTCA B IIHUPO-
KO PacIpPOCTPAHEHHBIX TEXHOJOTHAX IIOJYUYEHHS KEePAaMUK BBICOKOIO OITHUYECKOT0 KadecTBa
Ha ocHoBe MAT', He MoKeT ObITh HpUMEHeHA AadA moayueHusa kepamuku HMAT, monmmpoBaHHO-
ro monamu Cr#* ¢ mcnoapsosanrem Ca B KauecTBe KOMIIEHCATOPA 3apiaa.

Bzaemunii Buaue po6asox Ca rta Si ma BiaacruBocti Kepamiku iTpiii amrominieBoro
rpaHaty, mo gonoBaHmil iomamu Cr. M.A.Yaiixa, O.M.Bosx, H.A.Cagporosa, C.B.Ilapxo-
menro, A.I' Jopoutenro, O.B.Tonmaxos.

Kepawmika irpiti amiomimieBoro rpamaty (IAT), mo momoBauumit iomamum Cr Ta pisHoro
KoHIeHTpanicro gobasoxk Ca ta Si, ogepaaHo METOLOM TBEepLO(PA3HOIO CHHTE3Y Y BAKyyMi.
Beranosiaeno, mo oxHouacHe gomyBadHHsa Ca Ta Si KpuTuuHO BIIMBae HAa MOPQOJIOriro Ta
outuuHi BaactusocTi Kepamixu. Cepexmili posmip sepHa Takol KepamMiku MoiKe TOCAraTU
1.08 + 0.06 mEM, mo HabaraTo MeHIIE, HIXX v KepaMikax 6e3 BukopucranHa Ca aK JOIaHTY.
OnruuHi BracTuBocTi KepaMikm sHauHO HOripmyoThed 3 HigBuimeHHAM KoHIeHTpanii Ca.
Crynins mepetsopernsa Cret B8 Cr** B ymopax Bigmany Ha moBiTpi € HeBHCOKHM BaBLAKU
KoHKypeHrii Mizx iomamu Cr** ra Si** za iom kommemcaTop sapany Ca2*. Beranosieno, 1o
crikaioua go6aska SiO,, AKa MHUPOKO BUKOPHCTOBYETHCA V KepaMiuHMX TeXHOJNOTiAX s
olepKaAHHA KepaMik Bucokoil onrtuuHoi sskocti Ha ocHOBi IAT, He moixe OyTu 3acTocoBama
zas omep:xamas Kepamiru IAT, mo momosamuil iomamu Cr** nmpum sBuropmerammi Ca ax
KOMIIEHCATOPa 3apaay.
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1. Introduction

Cr**-doped yttrium aluminum garnet
(Cr**:YAG) attracts interest due to unique
characteristics of being both a saturated ab-
sorber for 1.06 um laser emission of
Nd:YAG [1, 2] and tunable mid-IR laser in
the spectral range of = 1.3 to 1.6 um with
significant practical applications [3, 4].

Garnet crystals (Y3Al0,) are cubic and
belong to Ia—8d space group. They have
stoichiometric = formula  [C3][A5][D3]O4,
where "C", "A", and "D" represent dodeca-
hedrally, octahedrally, and tetrahedrally co-
ordinated sites, respectively. "A" and "D"
sites are occupied with Al ions while "C" is
occupied with Y ions. The YAG crystals in-
corporate Cr only in the form of Cr3* into
"A" site when Cr is one dopant [5]. Ionic
radius of Cr3* (r = 0.062 nm) [5] is not dif-
fer significantly from radius of Al ions in
"A" site (r = 0.0563 nm) but it is too large
in compare with radius of Al ions in "D"
site (r = 0.039 nm) [6], for occupying tetra-
hedral coordinated site "D" with Cr3*. Ap-
pearing tetravalent Cr ions in YAG crystal
lattice requires occurrence charge compen-
sators like divalent additives of Ca or Mg.
These additives occupy "C" site while Cr#*
ions take up the both "A" and "D" sites.
The Cr%* ions can be obtained by annealing
the Cr:'YAG under oxidative conditions. Por-
tion of oxidized Cr ions and ratio between
Cr** in "A" and "D" positions are influ-
enced by many factors like temperature
and time of annealing, concentration of
charge compensators, oxidative potential of
environment, presence other tetravalent cat-
ions in the crystal lattice ete.

Laser ceramic possesses several advan-
tages in compare with single crystal, for
example, easy and less expensive process of
fabrication, ability to produce large size ele-
ments with high concentration of activator,
preparation of multilayer and multi-func-
tional ceramic structures ete. [7].

Tkesue et al. [8] first reported highly ef-
ficient laser gain of transparent Nd:YAG ce-
ramics produced by sintering a powdered
mixture of A|203, Y203, and Nd203 at
1750°C for 8 h. They found that addition of
0.14 wt. % (1.85 mol. %) SiO, was crucial
for sintering Nd:YAG to transparency. This
phenomenon has been confirmed later [9]
and now SiO, of different concentration is
commonly used as sintering aid to produce
the Nd:YAG ceramics of laser quality.

Production of Cr#*:YAG ceramics under
the same technological process as Nd:YAG is
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very attractive for developing the multi-
layer structures consisted on active gain
and passive Q-switcher, which based on the
microchip laser elements can be created.

But in the case of producing the
Cr**.YAG ceramics some effects concerned
Si0, can occur. The first one is the en-
hanced solubility of SiO, in YAG due to
presence of Ca [10], which can deplete con-
centration of Si ions on the grain bounda-
ries or can combine Si4* ions dissolved in
the YAG crystal lattice with Ca2* ions that
cause crucial change of concentration of Si
species taken part in the sintering proc-
esses. The second effect of SiO, is the com-
petition between Si4* ions and Cr#* ions to
be charge compensated by CaZ* that can to
occasion the lack of Cr4* in the Cr:YAG ce-
ramies [11].

Until now, there are few reports dealt
with a systematic study of influence of SiO,
and CaO on the properties of the CrYAG
ceramics [11, 12]. In 1996 Ikesue [12] first
reported the possibility of creation the
Cr**:YAG ceramics. They investigated the
influence of ambient environment on Cr
charge state. The ceramics Cr:'YAG sintering
under vacuum has better transparency but
didn’t contain Cr#* in compare with the
sample sintering under vacuum. Zhou et al.
[11] reported that a presence of Si4* de-
creased concentration of Cr4* but they did-
n’t explain the reason of such effect.

This article deals with study of influence
of divalent dopant of Ca2* on the optical
properties as well as the microstructure
evolution of Cr:YAG ceramics prepared by
conventional ceramics techniques of solid
state reaction under vacuum sintering with
applying of SiO, as a sintering aid. The
second problem to be investigated is the ef-
fect of SiO, additive on the efficiency of
appearing the Cr4* ions in the Cr'YAG ce-
ramics with Ca2* as a charge compensator.

2. Experimental

High purity oxide powders of Al,O5 (pu-
rity >99.99 %, Baikowski), Y,O5; (purity
>99.999 %, Alfa Aesar), Cr,0; (purity
>99.9 %, Alfa Aesar), CaO (purity >99.9,
Sigma Aldrich) were used to produce ceram-
ics. Tetraethoxysilane (TEOS, 99.999 %,
Sigma-Aldrich, USA) (0.9 mol. %) was used
for sintering aid. Powders taken in
stoichiometric ratio of YAG were homoge-
nized in a ball mill for 15 h with high pu-
rity Al,Oz balls in isopropyl alcohol. The
slurry was overnight dried in air at 70°C
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Fig. 1. SEM surface images of Cr:YAG ce-
ramics with a) 0.87 and b) 1.75 at.% Ca.

and was sieved through a 200-mesh screen.
The compacts were prepared by uniaxial
pressing at P = 250 MPa and were annealed
in air for 4 h at 800°C before vacuum sin-
tering at 1750°C for 10 h. Cr:'YAG ceramics
with Cr concentration of 0.35 at % and Ca
concentration of 0.87 and 1.75 at.% was
obtained by solid state reactions under vac-
uum sintering. Ceramics surface was pol-
ished with diamond abrasive by gradually
decreasing the size of the abrasive from 30
to 7 um for optical investigation. The sam-
ples of Cr:YAG ceramics of cylindrical shape
with a diameter of 8 mm and a thickness of
1.2 mm were resulted in. Air annealing at
1400°C for 10 h was performed after vac-
uum sintering for recharging Cr3* to tetra-
valent state.

Morphology of the ceramics was investi-
gated with Scanning Electron Microscopy
(SEM) JEOL JSM-6390LV. Optical investi-
gation was carried out with UV /Vis spectro-
photometer PerkinElmer Lambda-35 in the
range of 190-1100 nm.

3. Results and discussions

The YAG ceramics doped with Cr, Si, and
Ca was fabricated by means the solid-state
reactions under vacuum sintering. Influence
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Fig. 2. Grain size distribution of Cr:YAG ce-
ramics with a) 0.87 and b) 1.75 at.% Ca.

of Ca concentration on the microstructure
and optical properties of Cr'YAG were inves-
tigated. Choice of the dopant concentration
based on the following: the concentration of
Si05 (0.9 mol.%) was taken as conversional
used for producing the high quality Nd:YAG
ceramics [6, 8, 9], the Cr amount (0.35 at.%)
based on the maxima of the optimal concen-
tration that we known from the literature
[13], the Ca concentration was limited up
by emergence of the phases contained of Ca.
Finely, the YAG ceramics doped by Ca, Cr,
Si were obtained with 0.87 at.% of Ca and
atomic ratio of Ca:Cr:Si = 3:1:2 (sample 1)
and with 1.75 at.% of Ca which corre-
sponds Ca:.Cr:Si = 6:1:2 (sample 2).

The SEM images of the microstructure of
sample 1 and sample 2 of the Cr'YAG ce-
ramics are presented in Fig. la and Fig. 1D,
respectively. To reveal the grain boundaries
the ceramics were etching at 1300°C for
15 h in air. The presence of the secondary
phases as inclusions was not observed on
the surface of the both samples. This indi-
cates that Ca and Si under taken concentra-
tion were dissolved completely into the
CrYAG ceramics.

Fig. 2 shows grain size distribution of
the Cr:YAG ceramics with different Ca con-
centration. Calculation of the grain size dis-
tribution was carried out with linear-except
method, which in standard deviation was
calculated with the Student s-test. The ce-
ramics with 0.87 at.% Ca in compare with
one of 1.75 at.% has large average grain
size and wider grain size distribution
4.8+0.4 ym and 1.08 + 0.06 um, respec-
tively. The ceramics Nd:YAG obtained under
this technology but without Ca possess
much higher average grain size around

10 um [14]. The presence of Ca into the
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Fig. 8. Transmission spectra of Cr.YAG ce-
ramics after vacuum sintering with a) 0.87
and b) 1.75 at.% Ca and after air annealing
at 1400°C for 10 h ¢) 0.87 at.% Ca (dash
line).

Cr-YAG ceramics inhibits grain growth re-
sulted in much smaller average grain size of
this ceramics in compare with the Ca-un-
doped YAG ceramics. Decrease of the aver-
age grain size with increasing the Ca con-
centration points out on significant effect
of the Ca dopant on the ceramics micro-
structure.

The Cr:YAG ceramics with different con-
centration of Ca were investigated with the
optical absorption spectroscopy. Fig. 3 (a, b)
shows the optical transmission spectra of
the Cr:-YAG ceramics with Ca concentration
of 0.87 and 1.75 at.% after vacuum sinter-
ing. In-line transmittance of 57 and 40 %
at 1064 nm were observed for the samples
with Ca contents of 0.87 and 1.75 at.%,
respectively. Ca additive affects drastically
on optical absorption of the Cr:'YAG ceram-
ics. Two broad absorption bands at = 590
and 430 nm corresponded to 4A2 — 4T, and
4A2% 4T, transition in Cr3* jon are pre-
sented in the spectra of the sample with
lower Ca concentration giving the charac-
teristic bright green color of the CrYAG
ceramics sintering under vacuum. These
bands are overlapped with strong scattering
in the transmission spectrum of the samples
with the higher Ca concentration. Generally
it can be seen that the optical properties of
ceramics depended crucially on concentra-
tion of Ca whose increasing raises deterio-
ration of the ceramies optical properties.

The Cr:YAG ceramics to be apply as
Q-switcher or tunable laser elements must
contain tetravalent Cr in the tetrahedral co-
ordinated sites of the YAG crystal lattice.
After vacuum sintering such ceramics con-
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Fig. 4. Difference between spectra of Cr:YAG
ceramics (0.87 at.% Ca) after vacuum sinter-
ing and after air annealing at 1400°C for
10 h resolved into nine modified Lorentzian
peaks. Fitted curve is shown by dash red line.

tains only trivalent Cr in octahedral posi-
tion therefore recharging Cr from trivalent
to tetravalent state is needed that usually
provided by air annealing.

Fig. 3¢ shows the transmission spectra of
sample 1 (0.87 at.% Ca) after air annealing
at 1400°C for 10 h. The minor change in
the spectra was observed. Fig. 4 shows the
difference of absorption before and after
annealing of sample 1 that consists on num-
bers of absorption bands that assignment
according the literature data are presented
in Table. The absorption bands corresponded
to Cr#* ions that occupy both octahedral
"A" and tetrahedral "D" sites in the crystal
lattice were revealed. The absorption at
1064 nm looks too slight to be used for Q
switching.

The following way of the affect of simul-
taneous doping with Ca and Si of the
Cr.-YAG ceramics can be proposed based on
results obtained. Kuklja et al. [16] proposed
that Si4* incorporation in the YAG crystal
lattice as well as in other crystal lattice of
origin and intermediate phases taken part
in the YAG ceramics synthesis introduces
extra positive charge. To compensate this
charge the cation vacancies should be gener-
ated. Stevenson et al. [9] suggested that the
cation vacancies into YAG appeared due to
Si4* doping increase ion diffusivity of Y and
Al that caused increasing the ceramics den-
sification in compare with Si-undoped YAG.
In our case, when Ca2* ion is introduced
into the YAG crystal lattice, the neutral
complex of [Ca?*..Si4*] is formed and the
cation vacancies don’t emerge. The lack of
cation vacancies causes the deterioration of
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Table. Characteristics of absorption bands in the difference between spectra of Cr:YAG ceramics
(0.87 at.% Ca) after vacuum sintering and after air annealing at 1400°C for 10 h: assignment,

peak position Vp and kp, width AVpwam

No. |ref. Ions Assignment Lattice position V,, nm kp, em~ 1 AVpwEM em~ 1
1 |[5] cr* 331(3A2) N 3A2(3T1) Tetrahedral site 1032 9691 2004
2 |[5]] Cr* 3B,(34,) — 3E(T,) Tetrahedral site 906 11042 964
3 |[5]| cCr* 3B,(34,) — 3E(T)) Tetrahedral site 662 15105 1494
4 [5] crét 3Bl(3A2) N 3E(3T1) Tetrahedral site 617 16216 1449
5 |[5] Ccrt+ 3Bl(3A2) BN 3E(3T1) Octahedral site 493 20275 3764
6 |[5] Cré* Not assigned Octahedral site 400 24969 3246
7 |[15] F* Unknown Oxygen vacancy 342 29282 3010
8 |[5] Cri* Not assigned Octahedral site 371 26968 4381
9 |[5] cr* 3T1 N 3T1 Octahedral site 283 35354 8077

the ceramics densification followed by wors-
ening it optical quality.

Solubility of Ca and Si ions in YAG is
very low when they solute individually. It
was reported that Ca solubility into YAG is
300—-400 ppm [17], solubility limit of Si in
YAG ranges between 600 ppm and 0.1 %
[18]. But simultaneous doping of YAG with
Ca and Si significantly increases solubility
of the both two ions [10], that can be evi-
dence of existence of [Ca2*..Si4*] complex.
We assume that Si4* mostly combines with
Ca?* when enough amounts of later is. Re-
charging Cr3* to tetravalent state requires
addition to the Cr'YAG ceramics a charge
compensator like divalent ion of Ca. Based
on assumption that one Ca atom can com-
pensate one atom of Si or Cr the atomic
ratio between Ca:Si:Cr was chosen as 3:2:1
(sample 1). But it was determined that de-
gree of Cr3* transformation to Cr4* of such
composition was too low to be applied. To
our mind one of the reason of such a phe-
nomenon could be the deficiency of Ca as
charge compensator caused by its evapora-
tion.

To check this hypothesis the amount of
Ca in the ratio of Ca:Si:Cr = 6:2:1 (sample 2)
was increased. But the optical properties of
the ceramics obtained with this composition
became worse significantly. It was translu-
cent (Fig. 3b) that make unreasonable to
measure Cr3* transformation to Cr4* on this
sample. It points that fine tuning of Ca
concentration is needed to obtain the
Cr:YAG ceramics of high quality.
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4. Conclusions

Simultaneous doping with Ca and Si of
Cr'YAG ceramics crucially affects the opti-
cal and morphological ceramics properties.
Ca and Si can form complex, which com-
bines Si ions that inhibits generation of cat-
ion vacancies. The lacking cation vacancies
results in decreased diffusion of Al and Y
under the ceramics sintering and deteriora-
tion of the ceramics optical quality. Com-
bining Ca2* ions with Si4* causes the lower-
ing concentration of Cr4* ions that can be
formed under Cr3* oxidation, due to the
lack of charge compensator of extra charge
of Cr%*. Increasing the concentration of
Ca2?* ions causes the deterioration of the
ceramics optical properties therefore cannot
be applied to increase the Cr%' concentra-
tion.

It should be concluded that sintering aid
Si0,, which is widely used in ceramic tech-
nology, cannot be applied in pair with Ca
dopant to produce the high quality optical
ceramics Cr:YAG.
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