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The composition of erbium-doped yttrium aluminate ceramics was analyzed by means of confocal
luminescence spectroscopy, EDX, and X-ray diffraction. A well-defined linear correlation was found
between a proposed estimator computed from the luminescence spectrum and the proportion of ceramic
phases coexisting in different samples. This result shows the feasibility of using erbium luminescence
spectroscopy to perform a quantitative determination of different phases of yttrium aluminates within a

micrometric region in nanograined ceramics.

© 2018 Elsevier B.V. All rights reserved.

Yttrium aluminum garnet and perovskite (YAG and YAP) are
relevant host materials for solid-state lasers, solid-state-lighting
phosphors, scinterizations, active photonic waveguides, optical
lenses and thermal coating manufacturing [1-5]. In this sense, the
manufacturing processes, crystalline structure and spectroscopic
properties of these ceramics doped with rare earth ions, among
other characteristics, have been studied from the 1970s up to now
[5—14].

A relevant characteristic of any ceramic sample is the determi-
nation of the phases present and their percentage either in bulk
material or in a micrometric region, depending on the specific
application of the material. To determine the different phases
present in a compound, generally, the most commonly employed
technique is X-ray diffraction (XRD). This is a well-known tech-
nique that allows a quantitative but macroscopic estimation of the
percentage of different phases present in the material by means of
Rietveld refinement technique [15].

In this work, we propose a method that employs luminescence
spectroscopy to determine the composition of homemade erbium-
doped yttrium aluminate ceramics. The obtained result was
compared with the well-established XRD Rietveld refinement

* Corresponding author. Facultad de Ingenieria, Universidad Nacional de La Plata,
La Plata, Buenos Aires, Argentina.
E-mail address: matiast@cetmic.unlp.edu.ar (M.R. Tejerina).

https://doi.org/10.1016/j.optmat.2018.03.013
0925-3467/© 2018 Elsevier B.V. All rights reserved.

technique. Although the method presented herein requires that a
dopant ion replaces an atom of each analyzed phase, the determi-
nation of phases by luminescence spectroscopy has some advan-
tages. The samples do not need any special preparation. This
spectroscopy can be performed by an instantaneous measurement,
and also simultaneously with other processes, for example, during
annealing [16,17]. Furthermore, taking into account recently ad-
vances in photonic structures and the emergence of nanograined
ceramics, it has become necessary to determine, within micro-
scopic regions, the different phases that compose the solid and
their spatial distribution [18,19]. The luminescence emission spec-
trum is a valid option for this particular target. In this sense, a
commercial confocal luminescence microscope with motorized
stages allows a luminescence map analysis of several micrometer-
sized regions with spatial steps of about 0.5 um minimum [3,20].
The studied ceramic samples were manufactured using the dry
method or mechanochemical synthesis. The starting materials
were: a-Aly03 (125 nm of particle size) and Y03 (1115 nm of par-
ticle size) from Baikowski Japan; and Er,03 (50 nm of particle size),
tetraethyl orthosilicate (TEOS) and ethanol from Sigma-Aldrich.
Every component had a purity higher than 99.99% with the
exception of ethanol, which had a purity of 99.95%. At first,
aluminum oxides, yttrium and erbium were mixed in a stoichio-
metric proportion of 2.0 at% Er:YAG. The sintering additive, TEOS as
SiO; source, was added to the mentioned set of oxides. The mixture
was milled in a ball mill using alumina balls of high purity and
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10 mm diameter, using ethanol as solvent. After grinding, the
samples were dried at 100°C for 24 h and subsequently sieved
using frames with 200 mesh, 250 mesh and 325 mesh. The powders
obtained were sintered at 600 °C for 6h to remove all kinds of
organic components present. Subsequently, the green compact
body was formed, where the mix of powders was uniaxially pressed
at 350 MPa for 10 min. Finally the green body was sintered in
vacuum (10~7) without applying additional external pressure, at
temperatures between 1450 °C and 1550 °C for 12 h [2]. In Table 1, a
description of the different characteristics of the studied ceramic
samples is presented. As expected [2], the obtained ceramic sam-
ples were not optically transparent.

SO sample was an Er:YAG crystal from Baikowski Japan highly
doped with 50% mass ratio of rare earth concentration. The
different surfaces of the samples were polished with various sizes
of diamond powders up to optical quality (1/4 um) to improve the
luminescence signal and the response of surface analysis. In the
surface of all the samples, a standard deposition of Carbon (C) was
performed to allow SEM and EDX measurements.

The system employed to collect the luminescence spectra was a
HORIBA Xplora PLUS Confocal Raman Microscope. It consists of an
OLYMPUS microscope BX-41, a computer-assisted translation stage
with a resolution of 0.5 um and laser sources of 785 and 532 nm,
different gratings (600, 1200, 1800 and 2400 gr/mm) and a HORIBA
CCD refrigerated at —60 °C. The typical spectral resolution of the
system is 0.5 cm™ .

A SEM FEI Quanta200 electron microscope was used to inspect
the micro- and nanostructure. This instrument has CCD detectors
and reaches 3.0nm and 10 nm of resolution at 10kV and 3 kV
respectively. The accelerating voltage can be ranged from 200V to
30kV. A JEOL JCM-6000 was employed to measure EDX signals and
to take backscattered electrons intensity (BEI) images. To perform
XRD measurements, a Bruker XRD D2 Phaser was used.

To study the topography of samples, an atomic force microscope
provided by VEECO was employed. It comprises a V control unit and
a multimode microscope. The measurements were performed in
“tapping” mode employing a silicon nitride tip with an oscillation
frequency of 300 KHz and a cantilever spring constant of 40 N/m.
The cantilever deflection was detected with a TAO 3000 DLC budget
Sensor.

At first, to analyze grain morphology and pores size, we scanned
the ceramic surface of the different samples with atomic force
microscopy (AFM). Fig. 1(a) shows an AFM height profile of sample
S3 surface; similar images were obtained for S1 and S2. Subregions
with a characteristic length of some microns, undefined limits and
irregular shape and pores of at least 1500 nm depth can be
observed. The ratio between holes (denoted by dark regions) and

Table 1

plane areas was analyzed using AFM processing software, and it
was concluded that it was around 14 + 2%. This elevated porosity
makes ceramic samples opaque [21,22]. A roughness mean value of
2 +0.5 nm was determined in the surface of polished faces. It was
not possible to observe grain boundaries employing the AFM
technique. In Fig. 1(b), a SEM image of sample S3 is shown, being
similar to those obtained for S1 and S2. By means of this technique,
it was found that the subregions shown in Fig. 1(a) are composed of
submicrometer-sized grains. Crystalline grains are several nano-
meters in size and are grouped in regions of micrometric volume
with undefined boundaries. Therefore, the different phases coex-
isting in the material can be grouped in micrometric or smaller
regions.

To identify and quantify the different crystalline phases coex-
isting in the studied samples, we performed XRD analysis. The XRD
patterns for each sample are shown in Fig. 2. All the samples had a
high percentage of garnet phase (Al5Y3012); however, a minor
percentage of perovskite (YAlIO3) was also found. The proportion for
each crystalline phase obtained by Rietveld refinement is listed in
Table 2. The obtained refinement statistical indicator Rwp has
acceptable values and is also shown in this table. It is observed that
the amount of perovskite and other secondary crystalline phases
(diaspore AIO(OH) and alumina oxide «Al;,03) decreased when the
sintering temperature increased. This is an expected behavior ac-
cording to previously published work [23,24]. Therefore, sample S3
is almost fully composed of garnet structured grains. Diaspore hy-
droxide should not resist calcinations but it could be generated
after sintering if the oxide surface was highly reactive when the
samples were exposed to an open atmosphere.

Regarding all the phases detected by XRD and quantified by
Rietveld method, the variation in the composition between the
different ceramic samples resulted minor than 2%. About a 55% of
oxygen atoms, a 26% of aluminum atoms and a 14% of yttrium plus
erbium was computed. To analyze the average chemical composi-
tion of samples, an EDX spectrum in a region of 60 x 60 pm? was
performed in each sample surface. According to this, the compo-
sition quantified for all the samples (50,51,52,S3) agreed between
them, and these agreed with that computed by using the phases
detected by XRD, within an uncertainty of 3% (in mass percentage).
As expected, in the case of crystalline sample around a 10% of
erbium atom was found, this is a high percentage in comparison
with that found in ceramic samples, below of 1%. To make it
possible a comparison between the chemical composition of crys-
talline and ceramic samples, erbium atoms concentration was
summed to yttrium concentration because erbium replace yttrium
in garnet crystalline structure.

To analyze the spatial distribution of the different phases, a

Manufacture characteristics of the studied ceramic samples. Bimodal distribution of powder sizes, standard deviation and time and temperatures used during their sintering.

Percentages of additives used for sintering are also indicated.

Sample Starting Composition Size Powder Distribution 1 GSD o(pum) Temperature Time
(Powder) (Powder) (°C) (h)

S1 (0.06Er,03 + 2.94 Y503 + 5Al,03) + 0.25 wt%SiO; + 0.25 wt%B,03 1 1.35 30.16 1450 12
S2 1500
S3 1550
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Fig. 1. (a) AFM image of S3 sample (b) SEM image of S2 sample (20 Kv).
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Fig. 2. XRD patterns of a manufactured ceramic and commercial crystalline sample
(after milling). Peaks corresponding to garnet and perovskite phase are labeled with
“1” and “2”, respectively. Those corresponding to diaspore are labeled with “D”.

backscattered electrons image was performed on the surface of
each ceramic sample and is presented in Fig. 3. In this kind of image,
the degree of intensity is an indicator of the average atomic number
of irradiated composites. After a detailed exploration of the
different regions employing EDX technique in each ceramic sample,
it was concluded that:

- the majoritarian gray phase is Y3Al501; with low concentration
of erbium ions (<1%). This phase has a mean atomic number of
13.9 and is labeled as R1 in Fig. 3.

- the dark regions are mainly composed by «-Al;03 or AIO(OH)
(labeled as R2). These phases have a mean atomic number be-
tween 7.5 and 10.

- the light gray regions (labeled as R3) are composed by YAIO3
with low concentration of erbium ions (<1%). This phase has a

mean atomic number of 15.2, and as expected, is only observed
in S1 and S2.

- the brighten regions (labeled as R4) are composed by Er:YAIO3
and Er:YAIOs; with different proportions of high Er-doping (be-
tween 24 and 60% in mass). The mean atomic number of this
group of phases is between 16 and 21.

An EDX spectrum within each region (R1, R2, R3 and R4) and the
result of semi-quantitative analysis with ZAF method [25] are
presented in Fig. 3(b). There, atom ratio of the different phases can
be observed. Erbium percentage is less than 1% in regions R1 and
R3, so it is not detected with the employed integration times.
Regarding the composition of the different regions, we can mention
the following. Within R2 spectrum, only aluminum and oxygen are
detected according with AlIO3 and Al(OH) composition; for R1, Al/Y
ratio in atom percentage is about “2”, which is near to “1.6”, the Al/Y
ratio for YAG(Y3Al5013); for region R3 this ratio is about 0.7, which
is near to “1” the Al/Y ratio of YAP (YAIO3). In R4 composition, it can
be found a high concentration of erbium and this value consider-
ably varied in different measurements, because erbium can replace
one, two or three sites in YAG and an average signal of different
combinations of them can be detected. In Table 3 we present a
comparison between measured composition in mass and theoret-
ical one. There it can be seen that composition, in general, agreed
with theoretical values.

By taking into account DRX results, the ceramic samples have
different amounts of YAG and YAP phases, so we studied their
emission spectra in the range of 453/2->4l15/2 transitions, from 536
to 563 nm, and performed a first qualitatively comparison between
the spectrum of each ceramic sample and the well-known lumi-
nescence spectrum of the Er:YAG commercial crystalline sample,
which is shown in Fig. 4. It can be seen that with increasing sin-
tering temperature, the spectrum of the ceramic becomes almost
equal to that of crystalline Er:YAG. As is known, the Ert lumines-
cence spectrum of a high quality garnet ceramic should not be
different from the crystalline garnet YAG sample spectrum [18].
Relevant peaks belonging to the emission of erbium ions inside the
YAP structure were identified and labeled in Fig. 4 according to a
previously published work [26]. It is clear that the intensity of these

Table 2

Phase composition in volume obtained from Rietveld refinement.
Sample AlsY301;, garnet (1) Y AlO3 perovskite (2) aAl,03 Diaspore AIO(OH) (D) Rwp
SO 99.5 (0.2) — — - 25.2
s1 79.2 (0.2) 9.4(0.2) 3.40 (0.07) 7.9 (0.1) 15.6
S2 90.1 (0.2) 1.98 (0.09) 1.74 (0.07) 5.9 (0.2) 17.3
S3 98.2 (0.2) <1% — <1% 183
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Fig. 3. (a) Back scattered electrons intensity from surface of ceramic samples (b) atomic composition of detected phases for the different ceramic samples.



82 EA. Videla et al. / Optical Materials 79 (2018) 78—83

Table 3
Comparison between retrieved composition and theoretical one in mass percetage. For EDX semi-quantitative analysis an uncertainty of 5 % is estimated.
Phase Atom EDX Nominal EDX Nominal EDX Nominal EDX Nominal
R1 Y3Al501, R2 ALOs3/ R3 YAIO; R4 Er:Y3Als0;,
AIO(OH) JEr:YAIO3
0 33% 44% 57% 47 to 52% 33% 32% 14% 19 to 25%
Al 26% 22% 42% 44 to 52% 1% 22% 13% 11 to 20%
Y 39% 32% - - 54% 44% 18% 11 to 44%
Er - - - - - - 54% 44 to 70%
nanograin signal, and lig(A) corresponds to garnet nanograin signal.
Wavelength [nm] We measured the Er:YAG luminescence spectrum from crys-
1536 pt PP’ p’ 557 563 talline sample SO. This spectrum represents the l;g(1) spectrum, but
s p i [ plo I Pl U7, it was adequately normalized to be subtracted from each [i(4)
05 i Fpos—— 1 7 H‘ b2 U. 57 spectrum. To carry out this task, the peak at around 560 nm was
J M NNV o, Ul ezl fitted, which is not allowed for Er*> emission in YAP structure.
5 » PA:U;%Z: Then, by subtracting a normalized I;;(A) from each I(4), the Iy(2)
< S2 I A U7, spectrum component was obtained. Afterward, by assuming that
‘% 0.5 \ " AJMMJL PU,>Z the intensity of each Phase spectrum (Ip(4) a.nd Ig()) is proportior}al
c 0 gy . J AT to the volume occupied by each phase, we integrated the intensity
-— Y1 -4 .
< bU. 57 of both YAP and YAG spectra, and computed a ratio between them
1 s3 J\ 9‘ v (Iyap/lyac). To minimize undesirable noise, this procedure was
05 [ W“\ P Uo7 performed in a set of two thousand spectra measured in each
M JU J\V\JL PU>Z ceramic sample (S1, S2 and S3). These measurements were taken in
= . s 2
98667 18418 18182 17959 17749 1000 points VYlthln an area pf about 2000 pm<. Thg average spec-
Wavenumber [cm'] trum over this area is equivalent to a photolurmnescence bulk
measurement. Finally, we compared the proportion Iyap/lyac ob-

Fig. 4. Comparison between different ceramic emission (blue spectra) and crystalline
YAG spectrum (green spectrum). Each YAG or YAP spectrum was normalized at
maximum intensity. The lines correspond to the 453,2 to 4115/2 emission lines (Uy is the
energy level and Zy is a stark level). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web version of this article.)

transitions decreases when the YAP phase is reduced. The variation
of the luminescence spectrum for the different samples is
explained in terms of a structural difference between garnet and
perovskite phases that leads to a different surrounding lattice field
of the rare earth ion, which modifies the emission spectrum [27].
No shifting of spectral lines was observed between the different
ceramic samples, within an uncertainty of 0.3 cm™L.

If we compare the luminescence results to that obtained with
XRD analysis, we can see that they are qualitatively similar. How-
ever, could a quantitative relation between the mass percentage of
the phases present in a sample and its luminescence spectrum be
established? To answer this question and evaluate the application
of Ert3 luminescence spectrum to determine the composition of
ceramics, we made the following assumptions.

As the ionic radius of the erbium ion (1.004 A) is similar to that
of yttrium (1.019 A), it was assumed that erbium ions replace
yttrium in the perovskite and garnet structure [28] and other
possible contributions of erbium emission from the remaining
phases, i.e., aluminate oxide, diaspore and the other amorphous
phases, were assumed negligible. Then, we supposed that the
measured spectra correspond to the emission of erbium ions inside
the perovskite and garnet structure, and that the total measured
intensity (Ii(4)) is composed of these two different spectra linearly
summed, as shown in Equation (1). We did not take into account
any interaction between emissions of different phases.

L) = Iip(A) + Iig(4) (1)

where: [i(4) is the luminescence intensity measured from each
sample i=1...3, Ijp(4) is the intensity corresponding to perovskite

tained from luminescence spectroscopy with the volume ratio YAP/
YAG obtained from the well-known XRD Rietveld refinement
method. This comparison is presented in Fig. 5, where it can be seen
that the result of the applied procedure has a clear linear correla-
tion with the phase composition obtained by XRD for the different
samples, especially for mean values of Iyap/lyac. The standard de-
viation of this estimator (Iyap/lyac) was computed for each sample
and is presented as uncertainty bars. A larger dispersion of this
parameter was found for sample S2, in comparison with the other

[I*.*AP"]*.*A A Intensity ratio] Luminescence spectra
o
1

0 002004006008 01 012014016018 02
[YAP/YAG volume ratio] XRD Rietveld refinement

Fig. 5. Iyap/lyac luminescence spectral intensity ratios vs. YAP/YAG volume ratio ob-
tained from XRD Rietveld refinement.
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samples.

In this work, we presented a method to quantitatively deter-
mine the composition of yttrium aluminum ceramics by employing
luminescence spectroscopy. This method was designed by taking
advantage of the fact that the optical transitions of rare earth ions
are highly affected by the lattice surrounding the structure of YAP
and YAG, so the luminescence spectrum depends on the phase
where the erbium ion is located. The good correlation obtained
with XRD results indicates that this method can be employed to
determine the proportion of YAG and YAP phases present in a
ceramic. Also, the detected phases were corroborated by EDX and
BEI images. The advantages of determining the composition by
luminescence spectroscopy are mentioned at the beginning of this
work.

In future work, we will analyze the composition of the studied
material in a specific micrometric region of the material surface
using luminescence maps combined with EDX maps, which is ex-
pected to improve the presented methodology. Furthermore, we
will also analyze the scope of luminescence spectroscopy to iden-
tify the different phases present in other ceramic materials and
determine their composition. To this end, rare earth doping in
minimal proportions (below 1%) can be intentionally performed.
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