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Revealing the morphological peculiarities
of Y3AlO05:Nd laser ceramics by ion beam
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O.M.Vovk, M.A.Chayka, P.V.Mateychenko, R.P.Y avelskiy,
D.Yu.Kosyanov, S.V.Parkhomenko

Institute for Single Crystals, STC "Institute for Single Crystals”, National
Academy of Sciences of Ukraine, 60 Lenin Ave., 61001 Kharkiv, Ukraine

Received June 24, 2013

The morphological peculiarities of YgAl;O45:Nd laser ceramics prepared by vacuum
sintering of co-precipitated nanopowders have been revealed by ion beam sputtering of the
ceramics surface. Inclusions with a cross section up to 5 um located between the grain
boundaries as well as pores and grain boundaries were detected on the surface of
Y3Al50,,:Nd ceramics treated by ion sputtering since sputtering rate of these inclusions is
much lower compared to bulk of ceramics. Qualitative elemental composition of inclusions
is same as that of Y3Al;04,:Nd ceramics. It was suggested that the inclusions were formed
as a result of local deviation from stoichiometry Y5Al;O,, during processing of ceramics
and have different phase composition compared to the parent garnet phase. The concentra-
tion of revealed inclusions which is higher the one of pores.

OcobenrocTr Mopdonorun JnasepHoit Kepamuku YzAl;04,:Nd, curTesmpoBaHHO# MeToLOM
BAKYYMHOI'0 CII€KAHUS COOCAMKIEHHBIX HAHOIIOPOIIKOB, BBIABJIEHBI IIPY IIOMOIIY HOHHOI'O
TPaBJIEHUS IIOBEPXHOCTU KePAMMKU. BKJIOUEHUS C IIOIEPEeYHBLIM CEYEeHUeM IO 5 MKM, JOKa-
JU30BAHHbIE MEXKAY I'DAHUILIAMU 3€PeH, HAPALY ¢ [IOPaMHU M IPAHUIAMU 3ePeH IPOABUJIUCH
Ha ToBepxHocTH KepaMuku YgAl;O45:Nd B pesynnrarte momnoit ob6paboTku 6Grarogapsa Gomee
HUBKOHM CKOPOCTU pAacHLlIeHnsA BKAKUYEHUI MO0 CPaBHEHHWIO C OCHOBHOI Maccoil KepaMHUKH.
KauecTBeHHELIN 21eMeHTHLIM aHAIN3 CBUAETEILCTBYET, UTO BKJAIOUEHNA COCTOAT U3 TAKUX JKe
aromos (Al, Y, O u Nd), xax u xepammuka YzAl;0,,:Nd. BrickasaHo Tpeamono:xenme, dUTO
BKJIIOUEHHA 06PasyloTca B PesysbTare JOKAIbLHOIO OTKJIOHeHHMA oT crexmomerpuu YgAl;O,, B
[mporecce MOJyYeHHA KepaMUKKM U UMeIoT ()asoBbIM COCTaB, OTAMYANINUIica or (asbl rpaHa-
Ta. KoHLeHTpanusa BKJAIOUEHUN 3HAUMTEJIBHO BBIIIe KOHIEHTPAIUU IIOP.

Buaenenna ocobrueocmeii mopgonozii nasepnoi xepamicu Y;Al;0,,:Nd npu posnu-
nenni iowHum npomenem. O.M.Bosx, M.AYaiixa, II.B.Mameiluenxo, P.II.Aseyvruil,
H.10.Kocanos, C.B.Ilapxomenko.

Ocobausocti mMopdomorii masepmoi kepamixu YzAl;04,:Nd, AKy cunTesoBamo mMeTozoM
BAKYYMHOTO CITIKAHHA CIIiBOCA/UKEeHUX HAHOTOPOIIKIB, BUABJIEHO 3a IOTIOMOTOI0 iOHHOTO
TPaBJIEeHHs IOBepXHi KepaMiku. BrIoueHHS 3 IoNepeuHMM IepepizoM g0 5 MKM, IO JO-
KajizoBaHi MiK rpaHUNIAMU 3epeH, HapiBHI 3 MOpaM¥ Ta TPAHUIAMHN 3epPeH NPOABUIUCA HA
nosepxHi Kepamikm Y3Al;0,5,:Nd B pesymbrari iomHOI 06po6ku saBaaxm 6GiapIl HUBBKIHA
HIBAAKOCTL PO3IMNJIEHHS BKJIOUEHb y MOPiBHAHHI 3 OCHOBHOIO Macoi0 Kepamikm. fxicHwuit
CJIEeMEHTHUN AHAJI3 CBLAUMTH, IO BKJIKYEHHS CKJIazaTbca 3 Tux came aromis (Al, Y, O Ta
Nd), ax i xepamixa Y3Al;O;,:Nd. 3pobrmeno mpumyIeHHA, 1m0 BKIOUEHHS YTBOPIOIOTHCA B
pesybTATi JOKATBHOTO Bimxmmennsa Bif crexiomerpii YgAl;O4, B mporeci ofgepmanua Ke-
pamiku i marTb GasoBuii crJam, IO Bigpisserbca Bix ¢asu rpamary. Kommenrtpamia
BKJIIOUEHb 3HAYHO IIEPEBUINYE KOHIEHTPAIIiI0 IIOpP, IO AO3BOJHJIO 3POOUTH BHCHOBOK IIPO iX
CYTTEBUU BILIMB Ha BJACTUBOCTI JasepHOl KepaMiKwu.
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1. Introduction

Since 1995, when Ikesue et al.[1] demon-
strated lasing with average output power of
70 mW with Nd-doped Y3AlgO45 (YAG) ce-
ramic gain media, the continuous progress
of many scientific groups has leaded to
achieving of more than 100 kW lasing
power on laser ceramics [2]. The main fea-
tures of ceramics affecting laser quality of
material have been established. Transpar-
ency is one of the most important charac-
teristics of the laser ceramics determined by
the scattering of light on the ceramic inner
structure. It is widely recognized that opti-
cal inhomogeneities of ceramics, such as
pores, act as the main light scattering cen-
ters affecting its performance [3], while
grain boundaries with width below 1-
2 nanometers do not contribute to the light
scattering. The crystal structure is another
factor affecting its transparency. Laser ce-
ramics are typically synthesized from opti-
cally isotropic crystals, i.e. crystals with
cubic symmetry (for example MgO, Y,Og,
YAG, and MgAl,O, (spinel)). Ceramics of op-
tically anisotropic crystals possess addi-
tional light scattering due to birefringence,
which typically occur at the grain bounda-
ries when light passes from one grain to
another having different orientation [4].

YAG crystallizes in cubic crystal struc-
ture which belongs to the garnet group.
YAG is among other three crystalline phases
of yttria-alumina system, with the other
two being yttrium aluminum monoclinic
Y4AlL,Og (YAM) and yttrium aluminum
perovskite YAIO3; (YAP). The presence of the
latter two phases in YAG gain media can
cause significant light scattering and thus
degradation of the properties and functional
response of the material [5].

Etching of solid surface with ion beam
with energies up to 10 keV is sensitive to a
number of characteristics of crystal struc-
ture due to different sputtering of crystal
surfaces by ion beam in various crystal-
lographic directions. Typically, defective
area of the crystals is sputtered more inten-
sively [6]. This phenomenon provides basis
to revealing the boundaries in ceramics, be-
cause they have higher defects concentra-
tion than the bulk volume. Dependence of
ion etching on crystalline orientation is
more pronounced with increasing a glance
angle between the surface and the beam di-
rection for the anisotropic crystals. At the
angles of 6-10° this dependence just ap-
pears, thus such geometry is used of ion
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polishing of surfaces to study by various
methods including scanning electron micros-
copy (SEM) and transmission electron mi-
croscopy (TEM). Increasing the sputtering
angle to 15—20° reveals large-sized crystal de-
fects and inhomogeneities in the ceramics,
while minor ones are not appeared [7, 8].
Appearing the morphological peculiari-
ties in YAG:Nd laser ceramics such as pores,
structural inclusions, grain boundaries is a
function of the ceramic processing. A detec-
tion of these peculiarities should be carried
out by diverse techniques complemented one
other to determining later function which
allows producing high quality ceramics.
This paper is devoted to detection differ-
ent kind of morphological peculiarities in
YAG:Nd laser ceramics resulted on ion sput-
tering of the surface. Special attention was
paid to the revealing inclusions in this ce-
ramics. That was carried out in first time to
our knowledge and couldn’t detect so easy
by the thermal etching and Electron Probe
Micro Analysis (EPMA) used traditionally.

2. Experimental

Samples of YAG:Nd (2 at. %) laser ce-
ramics prepared by vacuum sintering at
1700°C for 12 h of co-precipitated nanopow-
ders [9] were used in the study. Rods with
diameter of 3 mm and height of 2 mm were
cut from the original pallet. This rod was
glued to the holder and was consecutive
grinded on abrasive papers with 22, 13,
8.4 um grains, the polishing on amorphous
alumina was the latest step before ion treat-
ment. Ion sputtering was carried out with
argon ion (E = 4 keV) at glace angle of 15°
during 12 h. The ion gun with saddle con-
figuration of electrical potential was util-
ized. This gun was assembled into vacuum
camber of VUP-5 (SELMI, Ukraine) vacuum
station. The samples surface was investi-
gated by SEM (JSM 6390LV, JEOL, Japan).
Element composition of the surface was de-
termined with Electron Probe Micro Analy-
sis (EDS X-MaxN-50, Oxford Analytical,
Great Britain).

3. Results

The polished surface of YAG:Nd laser ce-
ramics was treated by ion sputtering during
12 h under fixed glance angle of the ion
beam. After ion sputtering this surface was
investigated by SEM and EPMA.

SEM image of the surface of YAG:Nd
laser ceramics after ion sputtering is shown
in Fig. la. Some details of this image ob-
tained at higher magnification are pre-
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sented in Fig. 1b—d for the better viewing.
The sample surface is generally smooth; the
main structural peculiarities observed on
the surface are grain boundaries, pores, and
inclusions. The inclusions that stack out as
pyramidal structures on the surface are pre-
sented in much higher concentration com-
pared to the pores. The value presenting
ratio of concentration of inclusions to con-
centration of pores is more than 10:1.
EPMA of the smooth area of surface showed
the following content of host constituents:
24.9 at. % Al, 14.3 at. % Y, 59.9 at. % O,
0.9 at. % Nd, corresponding to YAG:Nd
(2 at.%) atomic composition of ceramics.
Fig. 1b shows the grain boundaries of ce-
ramics after ion sputtering. Although they
appeared much weaker than after thermal
etching [10], this image demonstrates that
ion sputtering can also be used for identifi-
cation of grain structure of the optical ce-
ramics. To identify the structure by thermal
etching the long exposure times at high
temperatures are usually required which
can results in grain coarsening due to re-
crystallization. Ion sputtering procedure
takes some time also, but the sample sur-
face isn’t heated to high temperatures thus
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Fig. 1. SEM images of the surface of Y3Al;0,,:Nd (2 at. %) laser ceramics after ion sputtering for
12 h (Ar* ions, E = 4 keV, glance angle of 15°): a — general view; b — grain boundaries; ¢ — pore;
d — inclusions.

avoiding recrystallization of the ceramics.
The larger magnification of this image also
shows that the grain surface is not perfectly
smooth, but consists of irregularities with
characteristic linear dimensions ranging
from 100 to 500 nm. These inhomogenities
do not have preferred orientation; conse-
quently, they do not depend on the ion beam
direction either.

Fig. 1¢c shows SEM image of the pore. It
can be seen that the pore does not locate at
the grain boundaries. The cross section of
the pore is ellipse-like with axes sizes of 1
and 2.2 um. Fig. 1d shows the inclusions
revealed into the bulk of ceramics. These
inclusions look like the structures of conical
shape with a base in the form of an ellipse.
The longer axis of the ellipse is directed
along the incident sputtering ion beam. The
inclusions height reaches 6 pm that allows
one to estimate the thickness of the layer
removed from the surface by the ion sput-
tering because the later should be higher or
equal to the inclusions height. We suppose
that conical shape of inclusions may be
formed during the ion sputtering. The in-
clusions are located at grain boundaries,
which are clearly seen from Fig. 1d. We
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failed in determining the quantitative ele-
ment composition of the inclusions by
EPMA since their surface is no right ori-
ented. A qualitative analysis showed that
the inclusions consist of Al, Y, O and Nd
atoms only, as well as YAG:Nd ceramics.

SEM image of cleavage of the sample is
shown in Fig. 2. It can be seen that the
grain form irregular polyhedra without any
elongation, the spatial distribution of
grains are quite chaotic, i.e., it can be as-
sumed that this ceramics has no texture.
The grain size of YAG ceramics ranges from
10 to 25 pm.

4. Discussion

Selected sputtering geometry, namely,
the glance angle of 15°, allowed us to reveal
grain boundaries, pores and inclusions in
YAG:Nd laser ceramics as the main defects
at this scale. Among the three sorts of re-
vealed peculiarities the cone-like inclusions
are of the greatest interest. Their concen-
tration on the treated surface is much
higher compared to that of the pores and
therefore they may impact significantly the
ceramics properties. As it was shown before
the grain boundaries do not affect the light
scattering in ceramics essentially [3]. Thus
the inclusions may be a major factor de-
creasing the optical quality of our ceramics.
Such inclusions can be identified after the
mechanical polishing and thermal etching of
the ceramics surface [11], while EPMA map-
ping allows one to additionally analyze the
composition of each grain that reaches the
interface and determine the distribution of
elements on the surface. After ion sputter-
ing surface inhomogeneities can be detected
at sufficiently large areas more easy.

As was shown below (see Fig. 2), the ce-
ramics is not textured, i.e. the output of
different crystallographic planes on the sur-
face of polished section is equally probable.
The surface of ceramics (see Fig. 1) ob-
served after ion etching is substantially flat
indicating that the most of crystallographic
planes of the YAG:Nd ceramic sputters with
the same rate under the configuration of
the ion processing used. We assume that it
is due to cubic crystal structure of YAG.

The question is what is the origin of the
inclusions sticking out from the surface?
Several possible explanations could be con-
sidered. First, a new crystal phase is formed
at the grain boundary during the ceramics
processing, and this phase is more resistant
to ion sputtering than YAG. Second expla-
nation is that there are some crystal-
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Fig. 2. SEM image of the cleavage of
Y3AI504,:Nd (2 at. %) laser ceramics.

lographic orientations of YAG grains which
have different sputtering rates. Finally,
these grows may be formed during ion sput-
tering of ceramics due to redeposition. The
last explanation seems to be unlikely ac-
cording to the following reasons. The rede-
position phenomenon is often observed dur-
ing sputtering of metals or alloys [6], and
the redeposited structures usually grow to-
wards the ion beam as whiskers. In our
case, the grown structures have almost nor-
mal orientation to the surface with a slight
slope only. During ion etching surface is
sputtered through individual atoms, and
considering multicomponent phase such as
YAG we can hardly assume that a phase of
the same qualitative composition is formed.
Concerning the second explanation of the
inclusion origin, we believe that even if
there are specific orientations in the cubic
crystals, which would be much worse sput-
tered by ion beam, it should not lead to
significant differences in the dissipation
rate and to formation of the large-sized in-
clusions. However, this question requires
more detailed study.

Most likely these defect areas represent
the new phase consisting of Al, Y, O and Nd
atoms which is characterized by different
from the cubic crystals structure. The YAG
ceramics processing is very sensitive to the
composition of the powder mixture and even
a slight deviation from YAG stoichiometry
leads to formation of the impurity phases
such as YAM or YAP [5, 12]. Some specula-
tion concerning formation of these phases
could be done. The ceramics consists of sin-
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gle crystalline grains which coarsening and
recrystallization occur during a sintering
process. The local deviations from YAG
phase stoichiometry originated, for, exam-
ple, from local inhomogenities of YAG co-
precipitated powders, results in accumula-
tion of intermediates at the grain bounda-
ries until the break up of growth of YAG
grains happens. After that the new phase
(YAM or YAP) appears along the grain
boundary depending on deviation from the
stoichiometry degree. These phases are an-
isotropic and it seems that size of the inclu-
sions is large enough to cause significant
light scattering in YAG ceramics and affect
its laser performance.

5. Conclusions

The morphological peculiarities of
Y3AlsO45:Nd laser ceramics prepared by vac-
uum sintering of co-precipitated nanopow-
ders have been revealed by ion beam sput-
tering of the ceramics surface. Inclusions
with a cross section up to 5 um located be-
tween the grain boundaries as well as pores
and grain boundaries were detected on the
surface of Y3Al;0¢5:Nd ceramics treated by
ion sputtering since sputtering rate of these
inclusions is much lower compared to bulk
of the ceramics. Qualitative elemental com-
position of the inclusions is same as that of
Y3Al;015:Nd ceramic. It was suggested that
the inclusions were formed as a result of
deviation from stoichiometry during proc-
essing of Y3Al;O45 ceramics and have differ-
ent phase composition compared to the par-
ent garnet phase. Early it was established
that pores most affected on the laser ce-
ramic performances. But in our case the
concentration of the revealed inclusions is
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much higher the one of pores. It allowed us
to conclude that influence of the inclusions
is significant.

Also it was shown that ion sputtering is
quite sensitive to morphological peculiari-
ties of the ceramics, especially to detect in-
clusions.
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