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bstract

he origin of light scattering defects was studied in transparent 6 at% Yb:CaF2 ceramics. Samples were synthesized by a soft chemistry route
ollowed by sintering and hot pressing which leads to highly transparent ceramics with low scattering losses (0.016 cm−1 at 1200 nm). Light
cattering defects were studied using scanning transmission electron microscopy (STEM) and high angle annular dark field-STEM (HAADF-
TEM) techniques. Energy dispersive X-ray spectroscopy showed a 50% increase in Yb3+ concentration at grain boundaries. A 3–5 nm thick
xygen rich phase was detected at some grain boundaries by both HAADF-STEM and EDS. The origin of the oxygenized grain boundaries was

3+
raced to a 2–15 nm thick oxygenized shell present on the starting powders. Analysis of high resolution HAADF-STEM images revealed that Yb
ubstitutes into the fluorite lattice as clusters rather than individual ions, but the types of clusters could not be identified by this imaging technique.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Transparent ceramics are materials for solid state lasers,
hich may challenge single crystals and glasses. Compared to

ingle crystals, transparent ceramics have three main advan-
ages: higher thermal shock parameter and fracture strength,
ncrease scalability and absence of macroscopic segregation of
he dopant during the process. Compared to glasses, ceramics
ave a drastically higher thermal conductivity. A large range
f oxide laser ceramics has already been synthesized.1 The
ost studied material, with outstanding laser properties, is

2
ttrium aluminium garnet (YAG). Continuous wave (cw) diode-
umped Nd:YAG laser ceramics have generated 1.46 kW with
2% slope efficiency3 and 67 kW at the Lawrence Livermore
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ational Laboratory (LLNL).4 Recently, continuous wave out-
ut power densities of 3.9 kW cm−2 and 0.19 MW cm−3 have
een achieved with ytterbium doped YAG.5

Compared to oxides, fluoride compounds such as calcium
uoride CaF2 (fluorite) and strontium fluoride SrF2 have wider
ptical transparency (from vacuum UV up to 7 �m), lower
honon frequency cut off (495 cm−1 for CaF2

6 compared to
30 cm−1 for YAG7) as well as lower linear and non-linear
efractive indexes. Fluorides allow laser oscillation with high
ptical efficiency leading to decreased thermal loading and sim-
lified development of laser sources. Furthermore, the variation
f the refractive index with the temperature dn/dt of these fluo-
ides is negative,8,9 whereas it is usually positive for oxides.10

herefore, the combination of oxides and fluorides appears to
e an interesting way of designing high power lasers to avoid
he thermal lensing effect.

The trivalent ytterbium, Yb3+, is very attractive as a lumi-

escent ion for laser application because it has a simple two
ultiplet electronic structure which avoids losses by cross relax-

tion or up-conversion. In addition, its low quantum defect
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nables high lasing efficiencies, its broad absorption band facil-
tates diode pumping and its broad emission band is suitable for
ltrashort laser pulse generation or laser wavelength tunability.11

For several years, our team has studied the processing of
ransparent laser ceramics of CaF2:Yb3+12,13 because of its
igh thermal conductivity (9.7 W m−1 K−1 for pure CaF2 com-
ared to 11.0 W m−1 K−1 for pure YAG).9 Several studies
ave recently shown strong interest in single crystal Yb:CaF2
ecause of its laser characteristics11: tunable laser oscilla-
ion with 50% slope efficiency,14 generation of ultrashort laser
ulses (down to 150 fs)15 and self-Q-switching.16 Ytterbium
oped CaF2 also exhibits a higher damage threshold compared
o ytterbium doped YAG (52 J cm−2 and 16 J cm−2 respec-
ively for a 10 ns pulse duration and a center wavelength of
064 nm).17 Due to these characteristics, ytterbium doped CaF2
ppears as a very promising material for high power laser
pplications.

Recently, Basiev and co-workers prepared CaF2–SrF2–YbF3
ransparent ceramics by uniaxial hot pressing single crystals

ade by the Bridgeman process. These ceramics showed laser
roperties similar to those of a single crystal of the same
omposition.18 The process used by Basiev and co-workers
s similar to the one described in the very first paper about
aser ceramics.19 The present paper is devoted to the syn-
hesis and the optical characterization of ytterbium doped
aF2 transparent ceramics for high power laser applications
btained from powders synthesized by a soft chemistry route
or the starting material and not from single crystals as in
revious works.18 Indeed, a process from powder synthesis
o ceramic should be more appropriate for the production of
ransparent ceramics on a large scale and avoids the strong
niaxial character of the ceramics demonstrated by Basiev
t al.

The studies presented here are particularly focused on the
nderstanding of the origin of light scattering in the fluo-
ide ceramics in order to improve their optical quality. We
ave already obtained ceramics with optical losses as low as
.16 cm−1 at 1200 nm (corresponding to an in-line transmit-
ance of 97.2%). However, this value has still to be decreased
or efficient laser operation.

Scanning transmission electron microscope (STEM) studies
f the YbF3–CaF2 powders and sintered ceramics show some
efects such as higher ytterbium concentration at grain bound-
ries and, in some cases, of oxygen. These defects are thought
o be responsible for the optical losses measured in our ceram-
cs. There are only a few published accurate studies of grain
oundaries in transparent ceramics that used confocal Raman
nd fluorescence spectroscopic imaging and high resolution
EM (HRTEM).20,21 Up to now, high angle annular dark field
TEM (HAADF-STEM) has been only used to study rare-earth
istribution in silicon carbide22 or in silicon nitride.23,24 We
resent here the first study of grain boundaries in transparent
aser ceramics with the HAADF-STEM mode where the resolu-

˚
ion is nearly 1 A as it can be seen in following high resolution
mages. In addition, chemical compositions have been measured
ith the available quantitative energy dispersive X-ray (EDX)

nalysis.

2

t
a
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Furthermore, the high resolution electron microscopy that
e have carried out shows that the distribution of ytterbium

ons in the bulk ceramic does not occur randomly. Initially, Cat-
ow has predicted, from theoretical simulations, the formation of
tterbium clusters25,26 in ytterbium doped CaF2 that have been
onfirmed later with spectroscopic techniques and have shown
hat these clusters correspond to the luminescent centers.27

he work presented here reports, to our knowledge, the first
irect imaging of these ytterbium clusters in the Yb3+:CaF2
eramics.

. Experimental

.1. Synthesis

.1.1. Nanoparticle synthesis
The nanoparticles were synthesized using commercially

vailable products. Calcium nitrate (99.98%) was provided by
lfa Aesar and ytterbium nitrate (99.999%) by Aldrich. The
ydrofluoric acid (HF(aq)) used was 48 wt% from VWR. The
ater was distillated prior use.
The chosen synthesis was coprecipitation of nitrates in

F(aq), which has previously been described.12,13 The copre-
ipitation is based on the following reaction:

1 − x)Ca(NO3)2 + xYb(NO3)3 + (2 + x)HF(aq)

→ Ca1−xYbxF2+x + (2 + x)HNO3

here x is the doping level, varying from 0.25 to 10 at%.
The solubility of YbF3 in the fluorite phase is known to be

pproximately 40 at%.28,29 In these doping conditions, the ytter-
ium can be considered as totally soluble in the fluorite crystal
tructure.

A solution containing the cationic precursors was made by
issolving nitrate salts in distilled water. Then, this solution
as added dropwise to the magnetically stirred HF(aq) solu-

ion, leading to the formation of Yb3+ doped CaF2 nanoparticles
ccording to the above chemical reaction. The obtained mix-
ure was centrifuged at 13,000 rpm for 30 min. The resulting
anoparticles were then washed and centrifuged with distilled
ater several times before drying at 80 ◦C. The obtained powder
as annealed at 400 ◦C under anhydrous argon atmosphere for
h.

.1.2. Sintering protocol
Powder obtained by the coprecipitation method was pel-

etised by uniaxial pressing followed by cold isostatic pressing.
he resulting disks of compacted powder were then sintered
nder vacuum better than 0.1 Pa at 600 ◦C for 1 h. The ceram-
cs were finally hot pressed at 900 ◦C and 60 MPa under vacuum
etter than 0.1 Pa in a graphite die covered by an alumina powder
ayer to protect the ceramic from carbon contact.
.1.3. Preparation for STEM observation
The studied material was observed with a transmission elec-

ron microscope (TEM) in thin section of the transparent ceramic
nd in powder form. The thin sections of ceramics are prepared
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y focused ion beam (FIB) and some surfaces are polished with
precision ion polishing system (PIPS) Gatan (2.5 kV (2 min)

hen 2 kV (2 min) with an angle range from 5◦ to 8◦). The thin
ections of ceramics were deposited on a copper grid covered
ith carbon film (5–10 nm thick). For powder observation, the
articles are grown by an annealing at 600 ◦C for 4 h under anhy-
rous argon atmosphere in order to facilitate their orientation in
he TEM. To prepare powder samples for TEM, the powder was
ispersed in ethanol under ultrasound and gathered on a copper
rid covered with carbon film (5–10 nm thick).

.2. Experimental techniques

Absorption spectra in the near IR and in the visible were per-
ormed on a Cary 6000i spectrophotometer on polished samples
ith surface roughness of λ/3 at 585 nm.
Transmission electron microscopy (TEM) was performed

n a 200 kV Jeol 2200FS microscope with a spherical aberra-
ion corrector on the scanning transmission electron microscope
STEM) probe. The STEM-HAADF (high-angle annular dark-
eld) images are detected with a half angle of 100 mrad (inner
etector angle) and 170 mrad (outer angle). The corrected con-
ergence half angle of the STEM probe is 30 mrad and the
robe intensity is 55 pA. The acquisition time is 38.7 s per image
1024 × 1024 pixels). We ensured that all TEM measurements
nd images were taken in the center of all samples by focusing on
he top of the sample, then focusing on the bottom of the sample,
nd finally choosing an analysis depth between these two posi-
ions. The depth of focus of the TEM is 4 nm. The microscope
as equipped with a quantitative energy dispersive X-ray (EDX)

nalyzer for chemical composition analysis. The precision of the
easured atomic fraction was approximately 0.5 at%.
The STEM-HAADF probe signal is proportional to the

quare of the atomic number (Z2). The contrast of the image
as due to a difference in the chemical composition in a section
f 4–5 nm thick due to the short depth-focus of the aberration-
orrected STEM.30 The larger the mean atomic number Z is, the
righter the zone will appear. Every atom in a column has the
ame contribution to the mean Z.31,32

. Results and discussion

.1. Optical characterization

We produced doped calcium fluoride ceramics with doping
evel varying from 0 to 10 at%. Our experiments showed that the
ptimal composition to achieve the best transparency (Fig. 1a) is
lose to 5 at% ytterbium doped CaF2. Indeed, the undoped and
0 at% ytterbium doped ceramics are less transparent than the
at% one (0.86 compared to 0.19 cm−1 at 1200 nm for the 10
nd 5%). The correlation between the ytterbium concentration
nd the ceramic transparency is under investigation and will be
iscussed in a forthcoming paper.
The transparency of the 5 at% ytterbium doped CaF2 ceramic
s characterized by optical absorption. From the measurement
f this optical absorption we have distinguished two different
ources of optical losses. The first source consists of the light

s
o
o

eramic Society 31 (2011) 1619–1630 1621

eflection on the two material faces, which lightly depends on
he doping level but is independent of the sample thickness.
he second source of optical losses is due to the material itself
nd only depends on the sample thickness. The effect of the
urface reflections has to be suppressed to allow comparison
etween the different ceramic samples. The light reflections on
he faces can be removed by depositing an anti-reflection coating
r by subtracting the reflection losses from the measured data.
he latter method has been chosen and a corrected absorption
oefficient αcorr is calculated according to Eq. (1) where multiple
eflections are neglected:

corr = −2.3

ε
log

(
10(−OD)

(1 − R)2

)
(1)

ith:

D = log

(
1

T

)
(2)

=
(

n1 − n2

n1 + n2

)2

(3)

= (1 − R)2 exp(−αcorrε) (4)

here OD is the optical density, T is the transmittance, ε is the
ample thickness and R is the reflectance per face.33 n1 is the
efractive index of the first media of the interface, air for example
ith nair = 1, and n2 is the refractive index of the second medium,
uorite, calculated using the Sellmeier dispersion equation with

he Sellmeier coefficients reported in Ref. 8. At 1200 nm, the
efractive index for an undoped CaF2 single crystal is 1.4277
nd the reflectance per face (R) is 3.10%.

Fig. 1b shows the reflection adjusted optical absorption of
1.74 mm thick 5 at% Yb:CaF2 ceramic and a 2 mm thick

ndoped CaF2 single crystal. The ceramic exhibits the char-
cteristic Yb3+ absorption band in a CaF2 lattice between 900
nd 1050 nm due to the 2F7/2 to 2F5/2 transition.34–36 Yb2+ has
characteristic absorption near 350 nm which is not present in
ig. 1b, thus Yb exists primarily as Yb3+ in the lattice.37–39 The
ingle intense absorption band at 220 nm of our ceramic has to
e the signature of oxygenized phase among the material. The
rigin and the effects of oxygen will be discussed further in this
aper.

The low level of optical losses cannot be neglected
0.16 cm−1 compared to 0.02 cm−1 for the reference, at
200 nm). There is also an important increase of the absorption
oefficient towards short wavelengths due to the defects of the
ample. The polishing of the sample surface (microroughness
f λ/3 at 585 nm) is supposed to be good enough to neglect the
osses induced by surface roughness. The understanding of the
rigin of these losses has been studied with electron microscopy
o identify structural defects which generally consist of three
ypes of scattering sources in a polycrystalline material: pores,

econdary phases and grain boundaries.28,29 Now, we will focus
n the structural study to understand the presence of each type
f scattering source.
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Fig. 1. (a) Photograph of the transparent ceramic of CaF2: 5 at% Yb, (b) corrected absorption coefficient spectra of the CaF2:5 at% Yb ceramic, in solid line, and of
a he spe
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n undoped single crystal window of CaF2, in dashed line (artifacts are due to t

.2. Grain scale homogeneity

The presence of pores and secondary phase grains has been
tudied by STEM. The contrast of the bright field STEM (BF-
TEM) images is mainly due to the different orientations of

he grains whereas the contrast of the high angle annular dark
eld STEM (HAADF-STEM) images is due to local chemi-
al composition. The STEM images presented in Fig. 2 show
o porosity in the ceramic which has an average grain size of

00 nm. The homogeneity of the HAADF image (Fig. 2b) con-
rms the homogeneity of the chemical composition and excludes

he presence of secondary phase grains or large cavities at the

w
i
c

ig. 2. STEM images (a) bright field and (b) HAADF of a thin section of a transpare
ower corner zone has been damaged during the focused ion beam (FIB) process.
ctrometer detector and source).

rain boundaries. The remaining scattering sources are the grain
oundaries.

.3. Grain boundaries

In our ceramics, we have identified two types of defects
ocalized at grain boundaries. One with ytterbium segregation,
epresenting nearly 90% of the grain boundaries and another one

ith oxygenized grain boundary phase representing the remain-

ng 10%, with none or only a few ytterbium ions. They are
onsidered separately.

nt ceramic of CaF2:6.4 at% Yb prepared by focused ion beam (FIB). The right
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Fig. 3. (a) HAADF-STEM image of a transparent ceramic of CaF2:6.4 at% Yb
prepared by FIB where dots and rectangle represent the location of the EDX
analyses, (b) EDX profile along the dots over several grains, (c) EDX profile
across the grain boundary labeled 4 in Fig. 3a. The volume of material analyzed
depends on the sample thickness (about 100 nm) and the geometry of the probe
(in particular the angle of convergence). For each point, the maximum diameter
of the cone of material probed is approximately of 1.5 nm.
A. Lyberis et al. / Journal of the Europ

.3.1. Ytterbium segregation
The doping level of the synthesized powders is smaller than

0 at% and in the studied ceramic, the ytterbium atomic frac-
ion does not exceed 9%. Under these doping conditions, the
tterbium can be considered as totally soluble in the fluorite crys-
al structure because its solubility in the fluorite phase reaches
0 at%.39,40 In the following studies, the theoretical ytterbium
tomic fraction in the studied ceramic is 6.4 at%; this atomic
raction is close to the optimal one described before.

Chemical profiles measured on several grains by EDX analy-
is have been drawn on the HAADF-STEM image in Fig. 3a. The
easured ytterbium atomic fraction reported in Fig. 3b shows

hree main peaks (labeled 1, 2 and 3) which correspond to the
hree grain boundaries along the profile (labeled 1, 2 and 3 in
ig. 3a) and which exhibit a higher ytterbium concentration than

he mean level. This analysis underlines a segregation of the
tterbium at the grain boundaries, 7–9 at% of ytterbium instead
f an average 6.3 at% measured on the grains. A higher spatial
esolution EDX analysis of the ytterbium segregation across a
rain boundary is shown in Fig. 3c. This analysis highlights the
egregation of the rare earth ions in a 25 nm thick region (labeled
in Fig. 3a) centered on the grain boundary (the EDX profile is
resented in Fig. 3c). This region does not correspond to a sec-
ndary phase or precipitates fixed at the grain boundary but to an
ncrease of the ytterbium incorporation in the calcium fluoride
hase.

In the HAADF-STEM image Fig. 4a, the grain boundary
hows a brighter zone which corresponds to a segregation of
tterbium ions. The long range atomic ordering of the fluorite
rystal structure is preserved as far as the grain boundary despite
local higher amount of dopant (Fig. 4 images) suggesting that

here is no secondary phase at the grain boundary which is almost
erfect. These photos show images of grain boundaries with
he best resolution because images of this ceramic with atomic
esolution could not be performed due to the electrical insulating
roperty of the fluorite. In order to reach a higher resolution, the
rain boundary study has been carried out on powders because
he huge specific area of the nanometric powder decreases the
harging effect on the studied sample. Some of the particles have
een sintered and present grain boundaries due to the applied
hermal treatment (see below Section 4).

Fig. 5 is a HAADF-STEM image where a spot corresponds
o an atomic column in the images of 4 nm deep which cor-
esponds to the field depth of the microscope. The ytterbium
egregation can also be observed in a powder at very low doping
evel, e.g. 0.5 at% of ytterbium. The greater the atomic number
s, the brighter the atom appears on the HAADF-STEM image.
he grain boundary shown in Fig. 5 appears clearly brighter

han the regions inside each grain indicating unambiguously the
egregation of ytterbium ions at the grain boundary. Another
articularity of this image is the long range atomic ordering of
he fluorite crystal structure preserved as far as the grain bound-
ry in the two grains. Some previous works have shown that the
egregation of the dopant is governed by the minimization of

he interfacial energy, depending on the direction of the surface,
hich minimize also the one of the bulk/interface system.41,42

hus, the equilibrium concentration of the rare earth at the grain
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ig. 4. STEM images (a) HAADF (b) bright field of a grain boundary in a tra
ystem (PIPS) treatment showing long range atomic ordering between two grai

oundary depends on the bonding environment and the facility
f the crystal structure to incorporate the rare earth ions, which
s higher close to the surface than in the bulk. Indeed, the defor-

ation of the lattice induced by the dopant can be greater close
o the surface without a destruction of the crystal structure. This
articular structure is a twin-boundary corresponding to a rota-
ion of 49.5◦ (±0.2◦) around the [1 1 0] zone axis, which is the
ommon axis at two single crystals in contact.
.3.2. Oxygenized grain boundaries
The HAADF image presented in Fig. 6a shows the presence

f a darker region corresponding to a grain boundary phase. The

ig. 5. HAADF-STEM image of ytterbium segregation at the grain boundary
n CaF2:0.5at% Yb powder along the [2 1 1] zone axis of the crystal of the left
ide from the twin boundary.
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nt ceramic of CaF2:6.4 at% Yb prepared by FIB with precision ion polishing
h ytterbium segregation at the grain boundaries.

rightness of this phase is very low indicating a lower mean
quare atomic number (Z2) and probably a lower content of
tterbium compared to the one observed inside the grain. On the
F-STEM images given in Fig. 6b, this region appears as amor-
hous or not in diffraction condition. EDX measurements of
his grain boundary phase show a high concentration of oxy-
en. Therefore, this region corresponds to a different phase,
haracterized by a different chemical composition, observed
ometimes at the grain boundary. The presence of oxygen in
ome of the grain boundaries of the ceramic is unexpected in
fluorite structure. Indeed, calcium fluoride is the least hygro-

copic compound of all fluorides and its solubility in water is
ery low, pKs ∼ 10.43

Investigations on powders have been performed in order to
nderstand the origin of the oxygen among the ceramic. An EDX
nalysis has been performed on a single particle (Fig. 7a) along
straight line which underlines the difference of O/(O + Ca)

nd F/(F + Ca) ratios. The EDX profile is plotted in Fig. 7b. In
ig. 7c, a crystallized shell containing oxygen can be observed at

he surface of the particle. This type of oxygenated shell has also
een observed in the 0.5 and 10 at% ytterbium doped powder.
he doping level has no effect on the presence of this shell.
he EDX profile shows the important O/(O + Ca) ratio at the
urface of the particles (60 at%), which is in good agreement
ith the calcium hydroxide Ca(OH)2 composition. It can also
e noted that the ytterbium concentration in the shell is very
ow, close to zero. The measured oxygen concentration does not
each zero even in the bulk of the powder particle because the
DX analysis integrates the chemical composition of the whole
ample thickness and therefore of the outer shell.

These EDX measurements highlight the presence of calcium
ydroxide (Ca(OH)2) and not only of CaO. CaO is known to be

nstable in water or in a moist atmosphere and it is formed by the
ecomposition of Ca(OH)2 above 500 ◦C in air.44 Therefore, the
a(OH)2 that might have been formed during the synthesis will
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Fig. 6. STEM images (a) HAADF, (b) bright field showing a grain boundary secondary phase amorphous or out of diffraction conditions in a transparent ceramic of
CaF2:6.4 at% Yb prepared by FIB.

Fig. 7. (a) HAADF-STEM image of a CaF2:5 at%Yb powder particle with EDX analysis of the shell composition, (b) EDX profile with Yb/(Yb + Ca) ratio (solid
line), O/(O + Ca) ratio (dashed line) and F/(F + Ca) ratio (doted line), (c) HAADF-STEM image of the shell of the same particle and (d) schematic view of the
composition along this profile.
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Table 1
Refractive indexes for different compounds.

Compound n evaluated at 500 nm References

a CaF2:6.4 at% Yb 1.447 This work
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ytterbium and oxygen can occur in our calcium fluoride ceram-
ics because of the presence of some oxygenized grain boundary
phases that could explain the observed band at 220 nm. This

Table 2
Evaluated reflectance for grain boundaries with ytterbium segregation or oxyg-
enized secondary phase.
626 A. Lyberis et al. / Journal of the Europ

ot be decomposed into calcium oxide during the annealing step
400 ◦C for 4 h under argon atmosphere) described in Section 2.

The simplified diagram given in Fig. 7d is a schematic view
f the composition along the measured EDX profile. We can
bserve two types of surfaces: one very thin shell only composed
f Ca(OH)2 and a thicker one itself made up of two layers stacked
n each other, one layer of CaO and another layer of Ca(OH)2.
hese two different types of shell could be the source of the
ifferent types of grain boundaries observed in the ceramic.
rain boundaries with ytterbium segregation could be formed
y sintering particles with thin calcium hydroxide shell where
tterbium atoms are situated close to the surface. Indeed, if the
xygenized shell is thin enough, it could not be considered as a
arrier for the fluorine diffusion. The oxygen could also migrate
oo and would finally be diluted in the fluorite lattice. On the
ontrary, the grain boundaries with oxygen are more likely to
e formed by two particles with thick oxygenized shells that
ould be considered as a barrier for the fluorine diffusion and
ead to the formation of an oxygenized grain boundary phase
Fig. 6).

TEM analysis of many grain boundaries and particle surfaces
eveals that the oxide and hydroxide layers are non-uniform.
he non-uniformity of the powder surfaces can be seen in the
hemical analysis and TEM images of the two powder surfaces
n Fig. 7a. The surface layer for an individual particle may be
ffected by the crystallographic plane of the nanoparticle sur-
ace as well as trace element (ppm level) impurities that may be
resent at the particle surfaces. Further, the particle surface layer
hickness and chemistry may be altered during drying, anneal-
ng and sintering. This can lead to significantly smaller amounts
f oxygen/hydroxyls present in the ceramic than would be pre-
icted by looking at the TEM data for a single nanoparticle. Thus
t is not possible to make quantitative predictions about the oxy-
en content of the sintered ceramic from the particle surface
nalysis.

It is interesting to note that oxygen was detected at only a frac-
ion of the grain boundaries in the ceramic. There has been recent
ork45 showing that specific grain boundaries may locally sta-
ilize grain boundary phases, and that a single ceramic sample
ay contain several different types of grain boundary phases. It

s therefore reasonable that some of the grain boundaries con-
ain an oxygen rich phase, while others do not. At this point,
he precise reasons that a specific boundary stabilizes a specific
rain boundary phase are unclear, but it may be a function of
ocal chemistry and grain boundary parameters (misorientation,
rain boundary surface energy, etc.)

.3.3. Influence on the optical absorption
So, we have identified two types of defects located at the

rain boundaries in our ceramics. One with ytterbium segrega-
ion and fluorite crystal structure continuity (Fig. 4) and another
ne with an oxygenized grain boundary phase with none or only
few ytterbium ions (Fig. 6). Moreover, we have identified that
he oxygen among the ceramic is brought in the process during
he powder synthesis before the sintering. The studied fluo-
ide ceramics have only inhomogeneities of grain boundaries
s source of optical losses whereas porosity in oxide ceramics,

G

6
C

3

CaO 1.871 51

uch as yttrium aluminium garnet (YAG), also represents a major
ource of optical losses.

The refractive index is very different in CaF2 and in CaO
ecause of the different ionicity of the material. The Gladstone
nd Dale rule46 applied to minerals has been used to evaluate the
efractive index of the bulk material, of a grain boundary with
tterbium segregation and of an oxygenized grain boundary.47

GD (solid solution) =
∑

wiKGD(I) (5)

GD(I) = n(I) − 1

d(I)
(6)

here n(I) is the refractive index of the compound I, d(I) its
ensity, wi its weight fraction in the solid solution and KGD is
he specific refractive index of the material.

The specific refractive index of some oxides and some fluo-
ide compounds have been calculated48,49 and we used them to
stimate the refractive indexes of doped material with Eqs. (5)
nd (6) given in Table 1(a and b) together with the known refrac-
ive index of pure compounds (c, d and e). With the estimated
efractive indexes, the reflectance R at different grain boundaries
as been evaluated with Eq. (3). They are reported in Table 2 and
hey indicate that the reflectance at an oxygenized grain bound-
ry is 4000 times the reflectance of a grain boundary exhibiting
n ytterbium segregation. Therefore, the main scattering source
s oxygenized grain boundary phases and not segregation of
tterbium at the grain boundaries.

The oxygenized secondary phases at the grain boundaries of
he ceramic can be considered as the source of the 0.16 cm−1

esidual losses measured in our ceramic at 1200 nm. There
emains an absorption band at 220 nm (Fig. 1b) that cannot be
ttributed to Yb2+ absorption in a CaF2 lattice because there
hould be a second intense absorption band at 350 nm in this
ase. A 190 nm absorption band corresponds to a simulated
harge transfer between oxygen and rare-earth ions in the Yb3+

oped Lu2Si2O7 oxide.52 This kind of charge transfer between
rain boundary composition R evaluated at 500 nm

.4–9 at% 0.0004%
aF2 6.4 at% Yb–CaO 1.63%
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ig. 8. (a) HAADF-STEM image with [1 1 0] zone axis of CaF2:5 at% Yb po
ame image with ytterbium localization using dots (white disk with black cros
espectively). The dark zone at the right lower corner corresponds to a thinner z

bsorption band is not observed with the same intensity in every
ample and does not depend on the doping level. These different
ntensities can be attributed to small amounts of ytterbium ions
andomly distributed in the oxygenized grain boundary phases
ainly composed of pure CaO. CaF2 has a measured electronic

ap of 12.1 eV53 corresponding to an absorption threshold of
03 nm while the CaO has an electronic gap of 7.1 eV54 cor-
esponding to a calculated absorption threshold at 175 nm that
annot be considered as the origin of the 220 nm absorption
and. The increase of the light absorption below 300 nm in the

alcium fluoride ceramics can be therefore a convolution of the
harge transfer band Yb–O with the beginning of the absorp-
ion threshold due to the CaO gap. As a conclusion, the increase

F
i
c
o

ig. 9. (a) HAADF STEM image with [1 1 0] zone axis of CaF2:0.5 at% Yb powde
ame image with ytterbium localization using dots (white disk with black cross, blac
particle presenting an inhomogeneous distribution of the ytterbium ions, (b)
ck disk with white point and white disk for one, two and three ytterbium ions
duced by the sample preparation.

f the light absorption below 300 nm and the band observed at
20 nm indicate the presence of CaO inside our CaF2 ceramics.

.4. Ytterbium clusters

The study of ytterbium distribution between the grain and the
rain boundary has shown a clustering effect of the ytterbium
ons in the CaF2 lattice.

The HAADF images of ytterbium doped powders

igs. 8a and 9a exhibit a non-random distribution of ytterbium

ons in the columns. Moreover, the brightness is the sum of the
ontribution of all atoms in the column of 4 nm. The brightness
f a column with ytterbium ions will be higher than a column

r particle exhibiting an inhomogeneous distribution of the ytterbium ions, (b)
k disk with white point for one and two ytterbium ions respectively).
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ith only calcium ions because the contrast of the HAADF-
TEM mode is theoretically proportional to the mean square
tomic number (Z2) of the column. Using this characteristic,
olumns with ytterbium ions have been marked in the HAADF
mages (Figs. 8b and 9b) with dots (white disk with black cross,
lack disk with white point and white disk for one, two and three
tterbium ions respectively).

A 5 at% doped powder is composed of 1 ytterbium ion for
9 calcium ions which is too high to identify a precise cluster
eometry. A 0.5 at% powder has been used for this study. The
1 1 0] zone axis HAADF-STEM image (Fig. 9) shows a cluster-
ng effect where ytterbium ions are distributed in the lattice by
roups of two or three. The number of atomic columns with 2
r more ytterbium ions exceeds the number predicted by a ran-
om distribution of ytterbium ions in the lattice. Therefore, it is
lear that ytterbium ions form clusters within the CaF2 lattice,
ut the resolution of the HAADF technique does not allow us
o identify the types of clusters present (dimers, trimers, hex-
mers, etc.). In a thermodynamic modeling of defect chemistry
n CaF2, Catlow et al. predicted that Yb3+ and other rare earth
ons would preferentially form defect clusters, and our analysis
f the HAADF images is, therefore, in good agreement with the
tterbium clusters predicted in by Catlow et al.26

The HAADF-STEM mode does not allow to reach the vertical
osition of the ytterbium ions in the columns. A more detailed
nvestigation of the clusters can be performed by optimizing the
maging conditions. The first optimization has already been done
y isolating the potential clusters in a diluted 0.5 at% powder. A
econd optimization is possible by choosing particles with the
ight zone axes orientation. The Cs corrected-STEM has a field
epth of 4 nm,30 equivalent in CaF2 to the distance separating 4,
or 10 atoms for [1 1 1], [1 0 0] and [1 1 0] zone axis respectively.

ndeed, as a function of the orientation, the number of atoms in
he field depth of the instrument can be decreased from 10 for the
resented images to 4 for [1 1 1] zone axis image. Unfortunately,
nly a few particles presented this orientation.

It is important to consider whether Yb3+ clusters will have
ny effect on the real in-line transmission (RIT) of the samples:55

IT = (1 − Rs) exp(−γε) (7)

here ε is the sample thickness, γ is the scattering coefficient of
he material, Rs is the reflection loss at the two sample surfaces
t normal incidence:55

s = 2((n − 1)/(n + 1))2

1 + ((n − 1)/(n + 1))2 (8)

here n is the CaF2 refractive index. γ is a summation of contri-
utions from all scattering sources in the material (pores, grain
oundaries, Yb3+ clusters, etc.):56

= γpores + γgb + γYb clusters + . . . (9)

here each scattering coefficient is the product of the number

f scatterers per unit volume (N) and the scattering cross section
f each scatterer, Csca:56

= NCsca (10)
l
w

eramic Society 31 (2011) 1619–1630

If we consider hexamer clusters, which have been identified
n single crystal Yb:CaF2 as the primary cluster type, the average
luster will have a unit cell with lateral dimensions of approx-
mately 0.6 nm. We also assume that the refractive index will
e similar to that of YbF3 (1.56 at 500 nm). To calculate Csca
or these clusters, we approximate the shape of the clusters as
pheres and use the Rayleigh approximation:

sca = 256π5

3

r6n4

λ4

(
m2 − 1

m2 + 2

)2

(11)

here r is the cluster radius, λ is the wavelength of the inci-
ent light in vacuum, n is the CaF2 refractive index, and
= ncluster/n where ncluster is the refractive index of the hex-

mer cluster. The Rayleigh approximation is valid when r < λ/40
nd 4mπnr/λ � 1.56 For an incident wavelength of 500 nm
nd approximating the hexamer clusters as 0.6 nm diameter
pheres with the same refractive index as YbF3 (1.56), both
riteria for the Rayleigh criteria are valid (0.3 nm < 12.5 nm,
nd 0.012 � 1). For these conditions, Csca is calculated to be
.52 × 10−26 cm2. For a 10 at% Yb:CaF2 sample with, 0.1 cm
hickness, and assuming all of the Yb3+ forms hexamer clusters,
he total loss due to the clusters is 1.85 × 10−4%. It is important
o note that this value is an upper bound for the possible scat-
ering, and thus, the presence of Yb3+ clusters has a negligible
ffect on the transparency of the samples.

. Conclusions

We present here the best known ytterbium doped calcium
uoride transparent ceramic using a soft chemistry route for the
owder synthesis. The optical losses in our material are low,
.16 cm−1 at 1200 nm, but yet not sufficient to obtain an effi-
ient laser effect. Scanning transmission electron microscopy
sing the HAADF mode has shown that these losses are induced
y defects located at the grain boundaries. Two types of defects
ave been identified, ytterbium segregation and oxygenized sec-
ndary phase.

The grain boundaries with ytterbium segregation do not
resent secondary phases even if the ytterbium concentration
ncreases up to 9 at%, instead of 6.4 at%, where the grain bound-
ry is almost perfect. The calculated reflectance of this type of
rain boundary is very low (0.0004%) and cannot be consid-
red as a major scattering source whereas the oxygenized grain
oundaries is the major scattering source. Indeed, the refractive
ndex of a pure calcium oxide secondary phase is very different
o the one of calcium fluoride (1.871 and 1.434 respectively)
eading to a reflectance of 1.6% and can induce the absorption
and at 220 nm (charge transfer band Yb–O).

In addition, this work has shown that the synthesized particles
re surrounded by an oxygenized shell which has an inhomo-
eneous thickness on each particle. The synthesis protocol will
e modified in order to tentatively improve the quality of our
eramics by suppressing this shell.
Also, a non-random distribution of the ytterbium ions in the
attice has been observed for the first time. A more precise study
ill be presented in a forthcoming paper.
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