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1 | INTRODUCTION

Abstract

Sm>*-doped and Sm3*/Dy** codoped SiO,-SrO-MgO glasses were prepared
by conventional melt quenching and Sr,MgSi,O; based glass-ceramics from
sintering and crystallization of the glass powders. The thermal, structural,
and optical properties of the glasses and glass-ceramics were investigated as
a function of the dopant concentration. The optical characterization includes
the photoluminescence spectra and the lifetimes of the *Gs/, (Sm**) and *Fy,
(Dy**) excited states. In Sm>* single-doped samples, the emission intensity
increases up to a concentration of 0.3 mol% Sm>* ions and then decreases
due to nonradiative energy transfer processes. The emission spectra in the
glass—ceramics show a more resolved structure and higher intensity compared
to the glass samples, suggesting a different and crystalline environment for the
Sm>* ions. The non-radiative processes also influence the experimental decays
of the glass samples which deviate from a single exponential with lifetimes
decreasing as Sm** concentration increases. The emission and excitation spectra
of the codoped samples do not show significant energy transfer between Sm**
and Dy>* ions. Different emitting colors can be obtained in the codoped glasses
by changing the excitation wavelength. The studied glass-ceramics could be

applied as enamels on ceramic or metallic substrates.

KEYWORDS
Dy?*, glass—ceramics, luminescence, phosphors, Sm**, Sr,MgSi, 0,

potential applications due to the thermal stability and
good physical and chemical properties of the silicate

Rare-earth-doped luminescent glasses and glass—ceramics
have gained great attention due to their good fluorescent
characteristics, high conversion efficiency, and stable
physical and chemical properties.! In particular, phos-
phorescent silicate-based glass—ceramics have interesting

crystals. Phases such as Ca,MgSi,0;: Eu?*, Dy** ? and
Sr,MgSi,0;: Eu**, Dy** 3 have shown good luminescent
properties and long afterglow phenomena. Much research
focuses on europium-doped materials with blue emission
under ultraviolet light excitation for applications such
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as traffic signs, tile decoration or fluorescent lamps,*
however, other elements such as samarium that emit red
light can be very relevant for certain optical applications.’

Sm3* ion-doped glasses have been extensively inves-
tigated by optical spectroscopy °, for the development of
orange-red phosphors because of their potential appli-
cations in color displays, plasma display panels, and
solid-state lighting.”® Sm3* serves as one of the best
activators/dopants for orange-red emission to increase
the efficiency of white light emitting diode (w-LEDs).’
Moreover, the orange-red emission is not affected by non-
radiative multiphonon relaxation processes in host with
high phonon energy because the large energy difference
(~ 7000 cm™!) between *Gs/, and the next lower level
®Fu1/2.

Most of the research has been focused on the study
of samarium-doped oxyfluoride glasses. The lumines-
cence properties depend directly on the concentration
of samarium and exceeding a certain concentration
(different for each matrix) the luminescence decreases.
Suhasini et al. studied '° Sm3*-doped phosphate contain-
ing fluoride glasses with molar composition of (56—x/2)
P,05.14 K,0.6KF.(15—x/2) Ba0.9A1,05.xSm, 05, (x = 0.01-
6.0 mol%.). The analysis of the decay measurements
showed that the nature of the donor-acceptor interac-
tion mechanism and the cross-relaxation between Sm>*
ions depend on the glass composition and the Sm3*
concentration. The decay curves for the *Gs), level of
Sm3* ions at low concentration are exponential and
become non-exponential for higher concentration due
to the dipole-dipole cross-relaxation between Sm>3* ions.
The lifetime of the *Gs/, level decreases with increas-
ing Sm3* ion concentration. Shoaib et al. !! prepared
phosphate-based oxide and oxyfluoride glasses doped
with Sm** ions by the melt quenching technique. The
composition of the prepared glass samples was (66—Xx)
P,05.17Li,0.17Gd,05/17GdF3:xSm, 053 (x = 0.05-2 mol%).
They also concluded that the luminescent properties are
dependent on the Sm3* concentration, the luminescence
increases up to 1 mol% but then decreases for higher
Sm3*concentration due to non-radiative energy transfer
from excited Sm3* ions to unexcited Sm3* ions, or due to
the opening of cross-relaxation channels. The emission
intensity from glass with GdF; is higher than that of Gd, 05
glasses. It was concluded that lithium gadolinium phos-
phate glass doped with 1 mol%. Sm>* ions can be a good
choice for solid-state laser and orange LED applications.

Recently, Chen et al.'> have studied borosilicate
glass—ceramics containing NasYqF3, nanocrystals and the
relationship between the intensities of Dy>* and Sm>* ions
as dopants. They prepared transparent glasses and glass-
ceramics doped with Sm3*, Dy**, and Sm3*/Dy**, the
molar compositions of the precursor glasses were 68SiO,.

SCIENCE

8Na,C03.18H3;B03.6NaF.9YF;.xSm,05.yDy,03 (x = 0.5,
0.8, 1, 2, y = 0.5). When the glass—-ceramics are excited
at various wavelengths, the emission color can be tuned
from yellow to white by changing the Sm3* content. The
Dy** emission intensity decreases with increasing Sm3*
concentration. The emission spectrum of the Sm**-doped
samples, under an excitation wavelength of 401 nm,
shows several emission bands at 563, 600, 647, and 707 nm
corresponding to the transitions *Gs;, — °H;, (J =5, 7, 9,
11), respectively. In the emission spectrum of the codoped
glass—ceramic, under excitation at 350 nm, three emission
bands at 484, 575, and 665 nm were recorded correspond-
ing to the Dy** transitions *Fy, — %Hy), (J = 15, 13, 11),
respectively. It can be seen that the lack of Sm3* emission
may be caused by the inadequate excitation wavelength
of Sm** ions. The emission intensity of Dy>* decreases
substantially with increasing Sm>* content. The energy
transfer between Dy**/Sm3* ions is confirmed by means
of decay curves and photoluminescence (PL) spectra. The
obtained results imply that transparent glass—ceramics
co-doped with Dy**/Sm3* could be a significant material
for w-LED application.

Nevertheless, there are very few papers related to
Sm3*-doped silicate based glass-ceramics. In particu-
lar, Zhang et al. '* prepared glass—ceramics based on
Sr,MgSi,O; phase (52.55Sr0.5.05Mg0.37.89Si0,.2Ti0O,.
271r0,.0.5Sb, 05, wt%) doped with 0.025-0.15 wt% Sm,0O5.
The heat treatment of bulk samples was carried out at dif-
ferent temperatures between 980 and 1100°C for 3 h. Bands
appeared at 360 nm, 374 nm, 404 nm, 417 nm, and 475 nm
in the excitation spectra registered at Ad,;, = 600 nm.
The emission bands appeared at 564 nm, 600 nm, and
648 nm under excitation at A = 404 nm. Increasing
the Sm3" concentration enhances the intensity of the
fluorescence spectra. In the experimental concentration
range (0.05-0.3 mol%), a special concentration quenching
phenomenon occurred. These authors did not report
lifetime measurements of the glass—ceramics.

In previous studies, Sr,MgSi,0,: Eu**, Dy** glass-
ceramics have been obtained by melt-quenching and
subsequent sintering and crystallization of glass pow-
ders, where the persistent blue emission of Eu?t was
investigated.> The objective of this paper is the prepara-
tion of Sm3*-doped glass and glass—ceramics based on
the same composition as well as co-doped samples with
Sm3**-Dy3*ions for the investigation of their red emission
and possible energy transfer between both ions. The study
of the processing of these glass—ceramics by sintering
and crystallization of glass powders is relevant for their
potential application for producing enamels on ceramics
or metals, and their properties will be compared with
those obtained by bulk crystallization. As far as we know,
there are no reports on this issue for this type of material.
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The relations between the luminescent properties and the
concentration of rare earth oxides will be discussed
for both the original glasses and the corresponding
Sr,MgSi, 0, glass-ceramics. Sintering and crystallization
processes were investigated by differential thermal analy-
sis (DTA), hot-stage microscopy (HSM), and X-ray diffrac-
tion (XRD). The microstructure of the glass—ceramics was
observed using scanning electron microscopy-cathode-
luminescence (SEM-CL) and the optical characterization
was completed by PL measurements.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials preparation

Glasses of the same base composition 55Si0,-27SrO-
18MgO (mol%) doped with Sm,0; (0.05, 0.1, 0.3, 0.5,
1 mol%) and co-doped with Sm,03/Dy,03 (0.5Sm-0.5Dy
and 1Sm-0.5Dy mol%) were prepared by melt-quenching.
The raw materials for the batches preparation were SiO,
sand (Saint-Gobain, 99.6%), SrCO; (Alfa Aesar, 97.5%),
MgO (PanReac, 98%), Sm,0; (Alfa Aesar, > 99.9%), and
Dy, 05 (Alfa Aesar, > 99.9%). Batches of 80 g were mixed
and stirred in a Turbula mixer for 1 h to achieve homog-
enization. The batches were melted in a Pt/Rh crucible
covered with a Pt lid in an electric furnace in air. First,
the batch is calcined at 1300°C for 1 h followed by melting
twice at 1550°C for 30 min. The glasses were poured into a
brass mold to obtain bulk glass rods or into water to obtain
frits. The letter G would be used to name the glasses and
GC to name the corresponding glass-ceramics obtained
from sintering and crystallization, followed by the dopant
concentration (e.g., GC-0.5Sm).

The frits were milled in a Pulverisette 6 mill for two
30 min cycles, with a 5 min break, at 400 rpm. The frits
were milled in acetone using agate mortar and balls and
the powders were sieved below 20 pm. Cylindrical pellets
(@ = 2.5 cm) were prepared by pressing the powder into a
die (32 MPa for 3 min) before firing in an electric furnace at
1100°C (heating and cooling rate 10°C/min) for 1 min in air
atmosphere to obtain the corresponding glass—ceramics.

Bulk glass rods were annealed at 740°C for 30 min with
a heating ramp of 5°C/min. Then, pieces of (10 X 8 X 5
mm?) were cut with a micro-cutter and thermally treated
at 1100°C for 1 min (heating and cooling rate 10°C/min)
in an air atmosphere to obtain the corresponding glass-
ceramics. The glass-ceramics obtained from the crystal-
lization of bulk glass pieces will be named as GC-bulk.
Only GC-bulk-0.5Sm and GC-bulk-0.5Sm-0.5Dy were pre-
pared to compare their optical properties with those of the
same glass—ceramics processed by sintering and crystal-
lization of glass powders.

The density of glass and glass—ceramics has been mea-
sured according to the Archimedes method using distilled
water.

2.2 | Thermal and structural
characterization

Small samples (12 x 8 X 5 mm?) were cut from the glass
bars and analyzed by dilatometry in a Netzsch DIL 402 PC
instrument at a heating rate of 5°C/min. The coefficient of
thermal expansion o (CTE) was obtained from the linear
fit of the dilatometric curve in the range 100-500°C; the
glass transition temperature (T,) and dilatometric soften-
ing temperature (T,;) were also determined.

The particle size distribution of the glass powders was
measured with a Mastersizer 3000 using the Fraunhofer
approach. The light source is a helium-neon laser emit-
ting light with a wavelength 4 = 632.8 nm onto a wet sam-
ple. The powder samples have been initially dispersed in
ethanol, using an ultrasonic bath for a few minutes before
the measurement.

DTA curves were recorded with an SETARAM Set-
sys Evolution instrument, using glass powder of particle
size < 20 pm up to 1200°C with heating rate 10°C/min.

An EM 201 side-view HSM with image analysis and
1750/15 Leica electrical furnace was used to determine the
sintering and flow behavior of the glass powders. Details
of the equipment have been reported previously.'*!> Mea-
surements were conducted in air at a heating rate of
10°C/min on powder samples with particle size < 20 pm.
The temperature was measured with a Pt/Rh (6/30) ther-
mocouple placed under the alumina support and in con-
tact with it. The changes in the area of the samples are asso-
ciated with different processes and correspond to points of
viscosity that were previously determined.'®

The glass-ceramic pellets were milled and sieved to a
particle size lower than 60 pm and characterized by XRD
(Bruker D8 Advance) in the range 10°—70° 20 with a step
size of 0.02°, employing CuKal radiation (1 = 1.54056 A).

Glass—ceramic pieces were polished with SiC paper of
decreasing grain up to P4000 and a diamond suspension
up to 3 um for SEM observation and optical characteriza-
tion.

SEM of the glass—ceramic samples was performed with
a Hitachi S-3000N microscope equipped with a vacuum
chamber. The instrument is equipped with secondary elec-
tron (SE) and backscattering electron (BSE) detectors,
as well as an Oxford Instruments energy dispersive X-
ray spectroscopy (EDX) analyzer, model INCAx-sight, and
allows samples to be inclined at 90°. The composition of
the samples was accurate within the 1 pm spot and the EDX
uncertainty (~1%).
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TABLE 1 Glass transition temperature (T,), dilatometric
softening temperature (T;) and coefficient of thermal expansion
CTE () determined by dilatometry

T, (°C) T, (°C) ®100-500°c (°C™)
Sample +2 +2 +0.5 X 10-°
G-undoped 722 766 9.1
G-0.05Sm 729 772 9.8
G-0.1Sm 733 770 9.6
G-0.3Sm 728 765 9.9
G-0.5Sm 739 780 9.9
G-1Sm 731 787 9.8
G-0.5Sm-0.5Dy 737 778 9.8
G-1Sm-0.5Dy 736 793 9.8

SEM-CL of some selected glass—ceramic samples was
performed on a Hitachi S-3000N microscope equipped
with a vacuum chamber; on excitation with an electron
beam of voltage 15—-25 kV and a filament intensity of 100
uA. The emission spectra were recorded employing a fiber
spectrometer with a charge-coupled device (CCD) through
an optical fiber, and the corresponding luminescence pho-
tographs with an ordinary camera. The instrument is
equipped with SE and BSE detectors, an EDX Quantax
(model XFlash 6130, Bruker) and a cathode-luminescence
system (CHROMA-CL2 Gatan).

2.3 | Optical characterization

Conventional absorption spectra were recorded with a
Cary 5000 spectrophotometer. The emission and excitation
spectra, as well as temporal decays, were measured in an
Edinburgh FS5 Spectrofluorometer equipped with a 150 W
Xenon lamp. The emission was detected by Hamamatsu
R928P photomultiplier.

3 | RESULTS AND DISCUSSION

3.1 | Thermal properties
The glass transition temperature (Ty), dilatometric soften-
ing temperature (T,), and the CTE (o) have been obtained
from dilatometric curves, these parameters are shown in
Table 1. The glass transition temperature, T,, is around
735°C and the CTE in the range 100-500°C is around
10+0.5 X 10~ C™*. T, and T, do not follow a clear trend,
but seem to increase with increasing Samarium concentra-
tion. The CTE is also higher in the doped glasses.

The powders obtained after milling the glass frit were
sieved below 20 pum. Figure 1 shows the particle size

CIENCE
6 T Ty T oo T T T
-100
Dv (50)
G-undoped 5.8 =
G-0.055m 5.7 S
4 G-0.15m 5.2 o)
. G-0.35m 5.2 1S
o G-0.55m 6.5 3
e G-15m 8.5 4
[) Go5smosdy | 63 |50 G
g G-15m-0.5Dy 6.1 Q
= (1]
o 2 &
> >
g
o
o
<
0 T GTO?S-S-W” 0
0,1 1 10 100 1000
Size (um)
FIGURE 1 Particle size distribution for the G-0.5Sm glass

powders and Dv (50) for all glass powders with different dopant
concentration

distribution for G-0.5Sm as an example and inside the
figure, a table shows the average sizes (Dv (50)) for all the
powdered samples. The average particle size is between 5
and 9 pm.

Figure 2A represents the DTA results for compositions
doped with different Sm concentrations. Two crystalliza-
tion peaks are observed in all samples, these peaks are
very well defined and more intense in the undoped and
less doped samples. While in the co-doped samples both
peaks are fainter, even in the co-doped sample with higher
concentration both peaks are very similar with little
difference in temperature. The temperature of the main
crystallization peak increases when increasing samarium
concentration which reflects a delay in the crystallization
kinetics. The characteristic temperatures determined by
DTA are around 710-730°C for the T, 870-890°C for T,
and 950-980°C for T, (Table 2).

Figure 2B shows the HSM results, the variation of the
samples area (A/Aq) as a function of temperature for glass

TABLE 2
Sm/Dy concentrations (o < 20 um) determined by differential
thermal analysis (DTA)

Ty, Ty, and T, of the glasses with different Sm and

T, (°O) T, (°C) T.(°C)

Samples +7 +9 +9

G-undoped 694 868 936
G-0.05Sm 712 885 960
G-0.1Sm 712 873 944
G-0.3Sm 712 886 947
G-0.5Sm 733 882 970
G-1Sm 732 893 986
G-0.5Sm-0.5Dy 732 886 968
G-1Sm-0.5Dy 734 886 1016
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FIGURE 2 (A) Differential thermal analysis (DTA) curves of the glasses with different dopant concentrations. Heating rate: 10°C/min,

(B) hot-stage microscopy (HSM) of the glass powders. Heating rate: 10°C/min

powders with different dopant concentrations; charac-
teristic sintering and flow temperatures (first shrinkage
(Trs), maximum shrinkage (Tys), softening (Ts), sphere
(Tsphere)s half ball (Typ), and flow (Tp)) are listed in
Table 3. The maximum sintering temperatures partially
overlap with the crystallization onset temperatures, which
could affect densification. The softening temperature

is between 850-900°C for all samples. In general, the
samples become spherical around 1100°C. All samples
flow from about 50°C above the sphere temperature.

The combination of the DTA and HSM results indicate
that a thermal treatment of the glass powder pellets up to
1100°C can provide suitable steps of sintering, crystalliza-
tion and flow, thereby enabling both glass—ceramic
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TABLE 3 Sintering and flow temperatures of the glasses from hot-stage microscopy (HSM)
TFS (OC) TMS (o C) TS (OC) TSphere (OC) THB (OC) TF (OC)
Sample +10 +10 +10 +10 +10 +3
G 761 814 860 1102 1147 1192
G-0.05Sm 783 830 861 1138 1164 1239
G-0.1Sm 756 800 888 1146 1184 1245
G-0.3Sm 750 814 890 1114 1187 1238
G-0.5Sm 748 812 890 1138 1150 1195
G-1Sm 760 816 894 1130 1145 1197
G-0.5Sm-0.5Dy 755 817 912 1126 1139 1191
G-1Sm-0.5Dy 773 883 902 1113 1151 1190
TABLE 4 Glass and glass-ceramic densities
Dopant Density + 0.01 (g cm™>) Relative * L L GC-18m-0.50y
concentration Glass Glass—ceramic density
% GC-0.5Sm-0.5Dy
GC 3.26 2.83 0.94 5 A IR ' A A A
m
GC-0.05Sm 3.30 3.22 0.98 g . GC-1Sm
GC-0.1Sm 3.31 3.21 0.97 3 R o A
)
GC-0.3Sm 3.31 3.12 0.94 > . GC-0.5Sm
GC-0.55m 331 2.98 0.90 z . O T S S TS BN .
Q
GC-1Sm 331 311 0.94 £ L GC-undoped
PP | " Aot i
GC-0.5Sm-0.5Dy 3.30 3.10 0.94 b
*Quartz
GC-1Sm-0.5Dy 3.32 3.02 0.91 v Not identified Sr,Mg$i,0,; ICDD: 75-1736
T I T l T I T I T l T

in bulk or enamel form to be produced as possi-
ble final products, for example, in the ceramic tiles
sector.

The densities of the glasses and glass-ceramics have
been measured by the Archimedes method. The density
of the glasses is around 3.3 g cm~ and the corresponding
glass—ceramics 3.1 g cm ™. The theoretical density of the
main crystalline phase, Sr,MgSi,0-, is 3.7 g cm~3. Table 4
shows all the density data of the glass and glass—ceramics
that have been collected. It can therefore be concluded
that there is residual porosity in all the samples, partic-
ularly in the samples with the highest Sm concentration
(1 mol%).

3.2 | Structural properties

Figure 3 shows the XRD patterns of the undoped and
doped glass—ceramics treated at 1100°C for 1 min. The main
crystalline peaks correspond to Sr-akermanite Sr,MgSi, 0,
(ICDD: 75-1736). In the undoped glass-ceramic and also
in GC-0.05Sm, GC-0.1Sm, and GC-0.3Sm (not shown) only
the akermanite phase is observed. As the dopant concen-
tration increases, a small peak corresponding to quartz

10 20 30 40 50 60 70
260
FIGURE 3 X-ray diffraction (XRD) patterns of doped

glass—ceramic samples treated at 1100°C for 1 min

appears, as well as an unidentified peak that intensifies
when the sample is co-doped.

The SEM images in Figure 4 show the glass—ceramic
microstructures from sintering and crystallization of glass
powder and how the average crystal size increases as
the amount of samarium introduced into the starting
glass increases.!” Initially, the crystals of the GC-undoped
measure about 0.5 pym and have spherical shape. Once
samarium is added, the size increases to about 1.2 um
for the GC-0.05Sm sample up to 4.4 um for the GC-1Sm
sample. The Sm-doped samples and their corresponding
Sm/Dy co-doped samples have the same crystal size. The
glass—ceramic from bulk glass crystallization present a
microstructure of bigger crystals and a higher amount of
residual glassy phase (figures not shown).

The samarium-doped Sr,MgSi,O; crystals are much
smaller than in the previous investigation,® where crys-
tals of the same phase were obtained but doped with Eu
and Eu/Dy. Therefore, it can be concluded that the type of
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FIGURE 4 Scanning electron microscopy (SEM) of GC-undoped, GC-0.3Sm, GC-0.5Sm, GC-1Sm, GC-0.5Sm-0.5Dy, and GC-1Sm-0.5Dy

samples

TABLE 5
corresponding to Figure 5

Theoretical glass

composition 1
Sio, 54.46 61.56
SrO 26.73 23.19
MgO 18.82 11.27
Sm, 0, 0.50 2.34
Dy,04 0.50 1.64

dopant strongly affects the nucleation and crystal growth.
The samples have a high density of crystals of small size
(1-5 pm).

The EDX analysis of the samples has been carried out.
In particular, the analysis of the co-doped sample GC-
0.5Sm-0.5Dy can be seen in Figure 5. Table 5 provides the

Compositional analysis (mol%) of GC-0.5Sm-0.5Dy as determined by energy dispersive X-ray spectroscopy (EDX)

2 Sr,MgSi, 0, 3 4
43.90 85.14 69.51
40.93 7.21 18.84
13.50 5.93 9.06
0.81 1.08 1.39
0.86 0.63 1.20

analysis of the chemical composition of each zone mea-
sured by SEM-EDX. Point 2 corresponds to the main phase
observed by XRD, Sr,MgSi,0,, containing a small amount
of samarium and dysprosium. Point 1 corresponds to some
white crystals, probably from the unidentified phase, in
this case the amount of samarium and dysprosium is much
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10 um

FIGURE 5

TABLE 6 Size of crystals and amount of dopant inside the crystals

Average size of
Sr,MgSi, 0,
crystals (um)

GC-undoped 0.4

GC-0.05Sm 1.2

GC-0.1Sm 1.5

GC-0.3Sm 1.8

GC-0.55m 2.3

GC-1Sm 4.4

GC-0.5Sm-0.5Dy 2.5

GC-1Sm-0.5Dy 45

higher. Point 3 is a phase with a higher amount of SiO,,
so it would correspond to the quartz phase observed by
XRD.

The values of the concentration of the rare earths in the
table cannot be considered as an absolute value but relative
to compare their distribution in the different phases. The
EDX analysis does not have accuracy to determine these
values which are indeed highly overestimated. Neverthe-
less, they indicate that there is some incorporation of Sm
and Dy in the akermanite phase.

Table 6 contains an average of the crystal sizes of each
GC and an average of the amount of dopant within the

Scanning electron microscopy (SEM) images at different magnifications of GC-0.5Sm-0.5Dy

10 um
Sm203 (EDX) DYZ03
(mol% in (EDX)(mol%
crystals) in crystals)
0.47 -
0.79 -
0.87 -
0.83 0.86
0.77 0.82

crystals. As mentioned above, the crystals increase in size
with increasing amounts of dopant. In the Sm-doped sam-
ples the amount of dopant entering the crystals increases
slightly, on the contrary in the Sm/Dy co-doped samples
the amount of dopant entering the crystals seems lower,
with the lowest dopant concentration inside the crystals in
the GC-1Sm-0.5Dy sample.

The glass—ceramics microstructure and the crystals
responsible for the emission can be observed in the
panchromatic CL images. Figure 6 shows the SEM (black
and white image) and panchromatic (red) images corre-
sponding to the same area of the pellet compared at 50 um
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FIGURE 6 Scanning electron microscopy (SEM) and SEM-CL of GC-0.3Sm at (A) low and (B) high magnification

and 20 pm for GC-0.3Sm. Figure 6A (low magnification)
shows the central surface of the polished sample, where
a very homogeneous red emission is observed. Figure 6B
(higher magnification) shows an area with high amount of
residual glass matrix where the more intense red emission
clearly comes from.

The crystallization mechanism of these glasses is pref-
erentially superficial and crystallization takes place from
the surface to the interior of the glass piece up to complete
crystallization. Hence, sintering of glass powders is a
good option to obtain a final more homogeneous bulk
crystallization, and with a higher degree of crystallization.
GC-Bulk-0.5Sm and GC-0.5Sm-0.5Dy were prepared
and characterized for comparison purpose. The main
crystallization phase is the same Sr,MgSi,O; for both
types of processing. The microstructure of glass—ceramic
from bulk glass crystallization (not shown) is much less
crystallized (more residual glassy phase) and the crystals
are larger. Nevertheless, in relation to the optical proper-
ties we will show in the next section that they offer similar
luminescent characteristics.

3.3 | Optical properties

3.3.1 | Absorption spectra

Figure 7 displays the absorption coefficient for the glasses
doped with 0.5 and 1 mol% Sm,0O5 in the 320 —1800 nm
spectral range. The spectra show the transitions originated
from the ®Hs;, ground state to the different excited states
of Sm**. In the UV-VIS region, the spectra present the
characteristics ®Hs;, = “Hgjy, *Dsjn, °P7n, ®P3jn, ©Ps)a,
4Gz, 1372, *Mysp, and *I;, absorptions bands. The
®Hs/, — *F3/, and ®Hs/, — *Gs), at around 528 and 556 nm
respectively are not clearly observed. The absorption
bands in the near-infrared are assigned to the spin allowed
(AS = 0) transitions %Hs;, — °Fyy/5, %Fop, °Fyp, Fsa,
®F3/5, °Hys2, and °F;/, which are more intense than those
in the UV-VIS region. Similar absorption spectra are
obtained for all single-doped glass samples except for the
band intensities which depend on Sm,0; concentration.
Due to the partial spectral overlapping of the Sm**
and Dy>* absorption bands, no significant differences
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FIGURE 7 Room temperature absorption spectra for the G-0.5Sm and G-1Sm glasses in (A) UV-VIS and (B) Near infrared (NIR) regions
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FIGURE 8 Room temperature excitation spectra obtained by collecting the luminescence at 600 nm for the (A) glass and (B) GC
samples. Emission spectra obtained under 401 nm excitation in the (C) glass and (D) GC samples

were observed in the absorption spectra of the codoped  of Sm** at 600 nm for the glass and glass—ceramic samples

samples. in the 250-525 nm range. In all cases, the most intense band
of Sm3* excitation is observed at 401 nm, so the emission
spectra were obtained by exciting at that wavelength.

3.3.2 | Excitation and emission spectra The room temperature emission spectra of the glass and
glass—ceramic samples obtained after excitation at 401 nm
Figure 8A,B shows the room temperature excitation spec- in the 525-750 nm range are displayed in Figure 8C,D.

tra recorded by monitoring the *Gs, — °Hj/, red emission The spectra of the glass samples are characterized by
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the four bands attributed to the *Gs/, = SHs, (562 nm),
4Gs;, » SHyj, (600 nm), *Gs;, —» ®Hgjy (647 nm), and
4Gsj, — SHy, (711 nm) transitions. The emission peaks
remain unchanged for all Sm** concentrations, whereas
the emission intensity increases with concentration up
to 0.3 mol% and then decreases due to concentration
quenching. The most intense emission corresponds to
4Gsj, = °Hy), transition followed by *Gs;, — °Hy, one.
The *Gs;, - ®Hgjpp, transitions follow the selection
rule AJ < 6 and are electric dipole (ED), whereas the
transitions *Gs,, — °Hs, (AJ = 0) is magnetic dipole (MD)
and the transition *Gs;, = °H;/, (AJ = +1) has both ED
and MD character '®. The ratio of the emission intensity
of ED and MD transitions is a measure of how close is the
rare-earth site to be centrosymmetric. The intensity of the
ED emission transition *Gs;, = ®Hy/, at 647 nm is higher
than the MD transition *Gs/, — °Hs), at 562 nm, being
the *Gs/, = ®Hgj2/*Gs/, = ®Hs), intensity ratio around
3.2 for all glass samples which indicates asymmetric sites
for the Sm3* ions.”” As can be seen in Figure 8C, the
presence of Dy*>" ions in the codoped samples leads to
a reduction of the Sm** emission intensity if compared
with the single doped ones which could indicate the
presence of Sm3*-Dy*" energy transfer. However, as
we will see below, the evidences of energy transfer are
scarce.

The excitation and emission spectra in the glass—
ceramic samples displayed in Figure 8B,D show a more
resolved structure and a higher intensity compared to the
glass samples which suggest a different environment for
Sm3* ions. As in the glass samples, the dominant emis-
sion corresponds to the *Gs/, — ®H;/, transition and the
4Gs)y = ®Hyg)/*Gs, — SHs), intensity ratio is around 3.2
for all concentrations.

As we have seen in Figure 8C,D under 401 nm excita-
tion the codoped samples exhibit the Sm3* emissions from
4Gs, level without the presence of Dy** emissions. At this
wavelength, we mainly excite Sm3* ions. This is clear from
the observation of the excitation spectra obtained by col-
lecting the luminescence at 574 nm corresponding to the
4Fo/5 = ®Hy3/2 (Dy*") and at 600 nm (*Gs, — °Hy), Sm3*).
As an example, Figure 9 shows for comparison the exci-
tation spectra of the codoped glass sample with 0.5 mol%
Sm,03-0.5%Dy,03 obtained by collecting the lumines-
cence at 600 nm (Sm>") and 574 nm (Dy>"). As can be
seen, the spectra show partial overlapping of some bands.
In both codoped samples, the excitation spectra have the
same profile.

To check the possibility of Dy>*-Sm>* energy transfer,
we have excited the codoped samples at 348 nm in the
®H,5/, — °P;/, (Dy*") transition. Figure 10A displays the
spectrum corresponding to the glass sample codoped with
0.5 mol% Sm,05-0.5 mol% Dy,05.The spectrum presents

0.4
348 nm kem: 600 nm

A =574 nm
N 401 nm °"

G-0.5Sm-0.5Dy

Intensity (arb. units)
o
N
|

0.0 \J

250 300 350 400 450 500
Excitation Wavelength (nm)

FIGURE 9 Room temperature excitation spectra for the
G-0.5Sm-0.5Dy sample obtained by collecting the luminescence at
600 nm (Sm3*) (black) and 574 nm (Dy>*) (red)

three bands at around 484 nm, 574 nm, and 666 nm
which can be ascribed to the *Fy), — *Hs/,, *Fg/, — *Hys)s,
and *Fy/, —» ®Hy, transitions of Dy**, respectively. The
blue emission (*Fq/, — %Hs/,) is MD, whereas the yellow
(*Foj5 = ®Hy3),) is a hypersensitive ED, which is strongly
affected by the crystal-field environment, and the red
4Fg/, = SHyj/, one is also ED. The intensity ratio of the yel-
low to blue emissions is around 4.2 in both codoped glass
samples which indicates that Dy>* ions are located in a low
symmetry site without inversion center."”

In addition to the Dy** emissions, the spectrum shows
a very weak peak at 600 nm corresponding to the
4Gs/, — °Hy, emission of Sm** which could indicate the
presence of a weak Dy>*-Sm>* energy transfer. However,
due to the spectral overlapping of the excitation spectra of
the Sm3" and Dy>* ions we cannot confirm this energy
transfer. In fact, after excitation at 348 nm, which is a
characteristic excitation band of the Dy>* ions, the single-
doped glass with only Sm** ions emits only the charac-
teristic Sm**emission bands. Regarding the possibility of
Sm**-Dy3* energy transfer after 401 nm excitation, which
corresponds to the main absorption transition of Sm>*, the
emission spectra of the codoped samples show in addition
to the *Gs;, — ®Hs), (562 nm), *Gs/, = ®H;/, (600 nm),
4Gs), — %Hy), (647 nm), and *Gs/, — °Hyyj, (711 nm) Sm>*
emissions, a weak *Fg/, — ®Hs/, blue emission of Dy**
ions. As an example, Figure 10B shows the spectrum for the
G-0.5Sm-0.5Dy codoped sample. However, the intensity of
the weak blue emission can be attributed to the simultane-
ous excitation of both ions more than to energy transfer.
It is worthy to mention that in the excitation spectra moni-
tored at 600 nm (Sm>*), only the f-f transitions of Sm>* are
observed and the same occurs for the spectra monitored

85UB01 7 SUOLILLIOD 3AIIER1D) 3[dedtdde au Aq pausenob ae apile VO ‘85N JO 3N o} Akeiqi8UlUO AS|IA LIO (SUONIPUOD-PUE-SWLBIALID"AB | 1M Afe.d]1jBul [UO//Scy) SUORIPUOD PuUe SWLB 18U 39S *[£202/20/60] Uo Areiqiauliuo A|IM ‘03se A sked Pa pepseAlN Aq ¥859T Bell/TTTT'0T/I0pAW00 A3 1M AlIq1jpUI U0 SOILE.BD//StNY WoI) papeojumod ‘T ‘€202 ‘v6ZTTr0Z



FERNANDEZ-RODRIGUEZ ET AL.

nnnnnnnnnnnnnnnn

Applied Glass | s

(A)

4
Fap—

SHyizy  Mexc™ 348 M

G-0.5Sm-0.5Dy

0.5

Intensity (arb. units)

J\ H11/2
0.0 -/

T I T I T I T I T I T I T
400 450 500 550 600 650 700 750
Emission Wavelength (nm)

(C) 09 =

FIGURE 10

SCIENCE
0.6 (B) Sm3* 7‘exc= 401 nm
o i G-0.5Sm-0.5Dy
g 0.4 — Sm3*
2
S i
P
2 02— Sm3*
9
£ - Sm3+
Dy3+
OO T | Jl—T T I T I T | T I T
400 450 500 550 600 650 700 750
Emission Wavelength (nm)
Ex 348 nm

Ex 401 nm

Room temperature emission spectra in the G-0.5Sm-0.5Dy sample obtained (A) under 348 nm (Dy**) excitation and (B)

under 401 nm (Sm>*) excitation. (C) CIE chromaticity coordinates for the two different excitation wavelengths

at 574 nm (Dy>"), where only the Dy** ions transitions
appear. If energy transfer had occurred between Sm3*-
Dy>* pair, the excitation spectra should include the peaks
of both ions. Therefore, the excitation and emissions spec-
tra suggest the absence of any significant energy transfer
between both ions. This behavior has also been observed
in other Sm3*-Dy>* codoped systems.?*-!

The calculated chromaticity coordinates calculated for
two excitation wavelengths 348 and 401 nm are illustrated
in Figure 10C. The points represent the CIE (Commission
Internationale de I'Elcairage) coordinates. The chromatic-
ity coordinates move from yellow (x = 0.4324, y = 0.4485)
to red (x = 0.5799, y = 0.3868) when the excitation wave-
length changes from 348 nm (Dy>*) to 401 nm (Sm3*)
which means that the output color can be tuned by con-
trolling the excitation wavelength.

The emission of the GC samples after excitation of Dy>*
ions at 348 nm is too weak to be accurately measured.

The emission and excitation spectra of the GC sam-
ples obtained by the thermal treatment of the as-quenched
glass do not show any significant difference with those of
GCs obtained by sintering and crystallization of glass pow-
ders. As an example, Figure 11 displays the emission spec-
tra of the GC-0.5Sm-0.5Dy samples obtained by sintering
and crystallization of glass powders and by bulk crystal-
lization.

3.3.3 | Lifetimes

The decays of the *Gs), level were obtained for all sam-
ples by exciting at 401 nm and collecting the lumines-
cence at the maximum of the *Gs/, —» °H;/, emission. In
the case of the single-doped glass samples, the decay for
the lowest Sm3* concentration (0.05%) can be described
by a single exponential function to a good approximation
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FIGURE 11 Room temperature emission spectra in the

glass—ceramic samples codoped with 0.5 mol% Sm,0;-0.5 mol%
Dy, 0; processes by sintering and crystallization of glass powders
(red line) and from bulk crystallization (black line) under 401 nm
excitation
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FIGURE 12 Semilogarithmic plot of the fluorescence decays

of the *Gs, level obtained under 401 nm excitation for the glass
samples with different Sm,0; contain

with a lifetime of 2.4 ms. As Sm3* concentration increases,
the decays deviate from a single exponential and the life-
times decrease to 0.5 ms for the sample doped with 1 mol%
Sm,0; (Figure 12). In the glass-ceramic samples, the
decays slightly deviate from a single exponential but the
shortening of the lifetimes is much less pronounced than
in the glass samples. The lifetime decreases from 2.2 ms
to 1.9 as concentration increases up to 0.3 mol% and then
increases up to 2.1 and 2.2 ms for the samples with 0.5 and
1 mol% Sm,03, respectively. This could indicate that the
Sm>* concentration in these samples is less than the nom-
inal one. Table 7 shows the lifetime values for the Sm,0;
single-doped samples. The lifetime values in Table 7 for the

TABLE 7
collecting the luminescence at the maximum of the *Gs/, — °H,
emission for the glass and glass—ceramic samples doped with

Lifetime values obtained under excitation at 401 nm

different Sm,0; concentrations

Sample Lifetime (ms)
G-0.05Sm 2.4
G-0.1Sm 2.2
G-0.3Sm 1.5
G-0.5Sm 1.1
G-1Sm 0.5
GC-0.05Sm 2ol
GC-0.1Sm 2.1
GC-0.3Sm 1.9
GC-0.5Sm 2.1
GC-1Sm 2.2

non-exponential decays correspond to the average lifetime,

calculated by:
Joo tI(6)dt .
(1) = 2—— where I(t) represents the luminescence
I I(tydt

intensity at time ¢ corrected for the background.

The shortening of the lifetimes and the deviation from a
single exponential function are characteristics of the exis-
tence of concentration quenching mechanism in the life-
time of *Gs/, level as concentration increases.

The experimental decay time of the *Gs), level in the
single-doped samples should be governed by a sum of
probabilities for radiative and non-radiative processes.
The nonradiative processes include nonradiative multi-
phonon relaxation and energy transfer through cross-
relaxation, and quenching induced by impurities. Nonra-
diative decay by multiphonon relaxation is expected to be
small because the large energy difference between *Gs),
and the next lower level °F};, which is around 7000 cm ™.
Therefore, the reduction of the lifetime as concentra-
tion increases may be mainly due to energy transfer pro-
cesses via cross-relaxation (*Gs5;°Hsj,) — (°Fsj; OFyy0),
(*Gsi2:°Hsp) = (°Frp3 °Fop), (*Gspo; °Hspp) = (Fop;
%F7)2), and (*Gs2;°Hs) = (°Fy a3 °Fs)2).%

In the case of the codoped glass samples, the experi-
mental decays of the *Gs; level, obtained under excitation
at 401 nm collecting the luminescence at 600 nm, show
an increase of the nonexponential behavior together
with a shortening of the lifetime as compared with the
single-doped samples. The lifetime decreases from 1.1 ms
in the glass sample doped with 0.5 mol% Sm, 05 to 0.47 ms
and 0.21 ms in the codoped samples with 0.5 and 1 mol%
Dy,03, respectively. As an example, Figure 13A shows
the experimental decays of the *Gs, level in the 0.5 mol%
Sm,0; single-doped sample and in the codoped sample
with 0.5 mol% Dy,03. This behavior could be attributed
to the additional probability of relaxation by nonradiative
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Semilogarithmic plot of the fluorescence decays of the *Gs/, level obtained under 401 nm excitation for the single and

codoped samples: (A) G-0.5Sm and G-0.5Sm-0.5Dy and (B) GC-0.5Sm and GC-0.5Sm-0.5Dy

energy transfer to Dy** ions, however the emission and
excitation spectra of the codoped samples confirm that
there is not any significant energy transfer between
Sm3* and Dy** ions. Therefore, this further reduction of
the lifetimes could be due to a decrease of the distance
between Sm>* ions due to the addition of Dy** ions,
which increases the interaction between Sm>* ions, and
therefore enhance the cross-relaxation processes.

On the other hand, the lifetimes of the *Gs), level in
the codoped glass—ceramic samples (Figure 13B) are prac-
tically unaffected by the presence of Dy*" ions. This fact
could be due to the lower amount of dopants entering the
crystals in the codoped GC samples.

4 | CONCLUSIONS

Glass—ceramics based on Sm** and Sm** /Dy** co-doped
Sr,MgSi, 0, phosphor have been obtained from sintering
and crystallization of glass powders. The relative density
of the glass—ceramics is in the range 0.90-0.98. Both, the
base glasses and the corresponding glass—-ceramics, show
red emissions under 401 nm excitation.

Akermanite is the main crystalline phase present in all
the glass—ceramic samples. The increase in samarium con-
centration has a remarkable influence on crystal growth.
The crystal size increases from 0.4 um in the undoped
glass—ceramic to 4.5 um in the glass-ceramic with higher
dopant concentration. In addition, the amount of samar-
ium entering the crystals increases with the increase of
samarium concentration, but it is reduced with the addi-
tion of dysprosium as a codopant, because it is also incor-
porated inside the crystals as confirmed by EDX analysis.
The amount of Sm3* within the crystals is detectable by
EDX analysis from the composition with 0.3 mol%, where
the crystals have an average size of around 2 um.

Room-temperature emission spectra of Sm** ions of
the glass and glass—ceramic samples were obtained in the
range 525-750 nm after excitation at 401 nm. The emis-
sion peaks remain unchanged for all Sm** concentrations,
while the emission intensity increases with increasing con-
centration up to 0.3 mol% and then decreases due to the
presence of nonradiative processes. The presence of non-
radiative processes is also reflected by the shortening of
the lifetimes and the deviation of the decays from a single
exponential function. The emission spectra in the glass-
ceramics show a more resolved structure and higher inten-
sity compared to the glass samples, suggesting a different,
more crystalline environment for the Sm** ions. The emis-
sion and excitation spectra of the co-doped samples do not
reveal significant energy transfer between Sm** and Dy**
ions. The emission color could be tuned by using different
excitation wavelengths in the co-doped glasses. The stud-
ied glass—ceramics can be applied as enamels on metallic
or ceramic substrates and may be promising materials for
photonic devices operating in the visible region.
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