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This work presents the structural, morphological and optical properties of
LaSr2AlO5:Yb3+,Er3+ phosphors (LSA:Yb,Er) synthesized by a combustion
method. The Yb3+ concentration was kept constant at 2 mol.%, while the Er3+

concentration changed from 0.2 mol.% to 6 mol.%. X-ray diffraction mea-
surements revealed that all the LSA:Yb,Er phosphors presented a pure
tetragonal phase. Scanning electron microscopy images show that LSA:Yb,Er
phosphors increased their size as the Er3+ concentration increases (from
1.95 lm for Er3+ concentrations< 1 mol.% to 2.3 lm for Er3+ content in the
range of 1 £ x< 6 mol.%,). In addition, the phosphors presented oval-like and
quasipherical shapes for Er3+ content £ 1 mol.%. When the Er3+ concentra-
tions are> 1 mol.%, the LSA:Yb,Er phosphors present a notorious increase of
conglomeration, and the particles had irregular morphologies. According to
luminescence measurements, the LSA:Yb,Er phosphors present a green
luminescence centered at 549 nm (kexc = 968 nm). The strongest green emis-
sion was observed for an Er3+ concentration of 1 mol.%, above this concen-
tration, the green emission intensity decreases due to an excess of OH and
carbonate groups on the surface of LSA:Yb,Er phosphors, as confirmed by the
FTIR spectra. Moreover, the CIE coordinates for the green emission were
tuned with the Er3+ concentration. These results suggest that LSA host could
be a good candidate to produce upconversion emission when doped with rare
earths, which could be attractive for the development of lighting sources.

Key words: Upconversion, ytterbium, erbium, green emission, lanthanum
strontium aluminum oxide

INTRODUCTION

According to previous reports, the blue light
produced by the InGaN diodes (which is used as
the excitation source of the YAG:Ce phosphor in
white light emitting diodes) could cause damage to
the eye’s macula located in the retina, which is
necessary for the central vision.1–4 Therefore, it is

necessary to find new phosphors that can be excited
with other types of sources, for example, infrared
light. The materials able to emit visible light after
excitation with infrared light are named upconver-
sion phosphors. During recent years, the develop-
ment of efficient upconversion phosphors has been a
matter of research due to their capability to emit
strong visible light when excited with low energy
wavelengths (infrared excitation in the range of
940–980 nm).5 This property makes those phos-
phors good candidates for potential applications in(Received February 12, 2018; accepted August 1, 2018)
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displays, solar cells, sensing, biolabeling and light-
ing.5,6 Recently, scientists have demonstrated new
efficient upconversion materials by doping simulta-
neously with Er3+ and Yb3+ ions some hosts such as
In2O3, Sr2CeO4, NaGdTiO4, YPO4, LaPO4, GdPO4

and BiPO4.5–9 The luminescence of Er3+ single
doped materials is not efficient after excitation at
980 nm due to their low absorption of infrared light.
However, the upconversion emission of Er3+ can be
enhanced by codoping with Yb3+ ions. They have a
large cross-section of 11.7 9 1021 cm2 around
980 nm and can efficiently transfer their excitation
energy to Er3+ to produce green and/or red emis-
sions.9,10 Consequently, the Yb–Er couple is fre-
quently used for upconversion materials. It is
worthy to mention that an efficient emission of
systems doped with Yb–Er is suitable for lighting
applications.10 Therefore, researchers have studied
the upconversion luminescent properties of Y2O3

(Yttria):Yb,Er and Y4Al2O9 (YAM): Yb,Er phos-
phors11,12 during recent years, but their upconver-
sion efficiency is lower in comparison with the
downconversion efficiency (generation of photons of
low energy after exciting a material with photons of
high energy) observed in the same hosts but doped
with Ce3+ or Eu3+ ions.13–16 Hence, new upconver-
sion materials able to produce efficiencies compara-
ble to these for downconversion materials is a
current need, since they can pave the way for the
development of white lamps, where the excitation
source is an infrared emitting device.17

A novel material recently studied with outstand-
ing luminescent properties has been lanthanum
strontium aluminum oxides (LaSr2AlO5, LSA). This
material has good thermal and chemical stability
with controllable morphology from oval-like to
quasi-spherical.18 In addition, the LSA has a low
phonon energy in the range of 470–480 cm�1,19

which is as low as that for ZrO2 (one of the best
hosts reported for upconversion emission so far).20

Several works reported the fabrication of LSA
phosphors doped with Ce3+ by solid state reaction
methods and their use as a phosphor for white light
generation (through the mixture of the blue light
generated by an InGaN LED chip and the green-
yellow light emitted from LSA:Ce3+ phosphors).21,22

Also, combustion and solid-state reaction methods
have been used to synthesize LSA phosphors doped
with other rare earths such as Eu3+, Eu2+ and
Pr3+.23–25 Those phosphors presented strong red
and green emissions under excitation with UV light.
Furthermore, LSA:Eu3+ phosphors have been
reported with enhanced photocatalytic properties
with respect to undoped LSA for degradation of the
methylene blue dye under UV excitation.26

Although the morphological and optical proper-
ties of LSA phosphors doped with rare earths (RE)
have been studied under UV excitation, there are no
studies about the luminescent properties of LSA
phosphors doped with the Yb–Er couple to produce
visible emission by upconversion to the best of our

knowledge. Therefore, this work presents the mor-
phological and luminescent properties of LSA:Yb,Er
phosphors synthesized with different concentra-
tions of Er3+ (the Yb3+ concentration was main-
tained at 2 mol.%). The results of luminescence
indicate that LSA:Yb,Er phosphors present a strong
green emission band centered at 549 nm, which is
enhanced by the energy transfer from Yb3+ to Er3+

after excitation at 968 nm. The generation of green
emission also confirms that the upconversion mech-
anism is possible in the LSA host and opens the
possibility for a new type of LSA based upconversion
materials that can be useful for the generation of
visible light under infrared excitation.

EXPERIMENTAL

Synthesis of LaSrAl2O5:Er,Yb Phosphors

Microcrystalline Er, Yb codoped LaSrAl2O5 phos-
phor (LSA:Er,Yb) and pure LaSrAl2O5 (LSA) sam-
ples were synthesized by a combustion method.24

The Yb3+ concentration was kept constant at
2 mol.% for all the samples while the concentrations
for Er3+ codopant were changed. A typical procedure
for the fabrication of LSA:Er,Yb phosphors was as
follows: Metal nitrates such as lanthanum nitrate
[La(NO3)3Æ6H2O Alfa Aesar 99.9%], strontium
nitrate [Sr(NO3)3ÆH2O Puratronic 99.9965%], alu-
minum nitrate [Al(NO3)3Æ9H2O Alfa Aesar 99.5%,
ytterbium nitrate [Yb(NO3)3ÆH2O Alfa Aesar 99.9%]
and erbium nitrate [Er(NO3)3ÆH2O] were dissolved
in 50 mL of deionized water during 30 min under
stirring. Next, 10 mL of 0.1 M carbohydrazide solu-
tion [CH6N4O, 99.99% Sigma Aldrich] was added in
the previous solution as reductive agent. After-
wards, the solution was placed into a preheated
furnace at 600�C. After a few minutes, the combus-
tion occurred, and white fluffy phosphors were
obtained. Those phosphors were ground in agate
mortar for 30 min and pressed to form pellets.
Subsequently, the pellets were subjected to an
annealing treatment at 1450�C for 5 h in air to
form the crystalline LSA:Yb,Er and to eliminate the
residual organic compounds. Five samples were
synthesized with different concentrations of Er3+:
0.2 mol.%, 0.5 mol.%, 1.0 mol.%, 3 mol.% and
6.0 mol.% and named LSA0.2, LSA0.5, LSA1,
LSA3 and LSA6, respectively. The name for the
undoped sample is LSA.

Structural, Morphological and BET
Characterization

The x-ray patterns of the undoped sample (LSA)
the LSA:Er,Yb up-conversion green phosphors sam-
ples were obtained by using a Bruker D2 difrac-
tometer (Cu-Ka, k = 1.5406 Å) in the 2h range from
10� to 80�, taking steps of 0.02�. The morphology of
the undoped LSA and LSA:Yb,Er phosphors was
analyzed by scanning electron microscopy (SEM)
with a JSM-7800F JEOL microscope. Braunauer–

Oliva, Garcı́a, Dı́az Torres, Camacho, Guzman-Rocha, Romero, and Hirata



Emmett–Teller (BET) specific superficial area was
determined by N2 adsorption at room temperature
using a Micromeritics ASAP 2020 physio-sorption
analyzer. Before the adsorption measurements, the
samples were degassed under vacuum at 100�C for
at least 12 h.

Optical Characterization

Photoluminescence emission spectra of the LSA
and LSA:Er,Yb phosphors were obtained by exciting
with an infrared laser diode at 968 nm, and the
emission intensity of the samples was measured by
a Schimadzu RF6000 spectrofluorometer. All mea-
surements were made at room temperature. The
Fourier transform infrared (FTIR) spectra of sam-
ples were recorded in the range of 2700–3100 cm�1

on a Perkin Elmer spectrometer using the attenu-
ated total reflection (ATR) method.

RESULTS AND DISCUSSION

Structural and Morphological Properties

An image of the unit cell of LSA:Yb,Er phosphors
is illustrated in Fig. 1. The LSA host has a tetrag-
onal structure with a space group I4/mcm. The Yb3+

and Er3+ ions have an octahedral oxygen environ-
ment. Figure 2a shows the XRD patterns of all
LSA:Yb,Er phosphors with different Er3+ concen-
trations. All the diffraction peaks correspond to the
tetragonal phase according to JCPDS # 70-2197
card. No segregated phases were observed in XRD
patterns even for high Er3+ concentrations (see XRD
pattern of sample LSA6 in Fig. 2a). This indicates
that the Er3+, Yb3+ ions were successfully incorpo-
rated into the LaSr2AlO5 crystalline lattice. The
Er3+ and Yb3+ ions are probably substituted in the
La3+ sites because they have ionic radii (RYb = 0.985
Å, REr = 1.004 Å) slightly smaller than that for La3+

(RLa = 1.16 Å). Inside the LaSr2AlO5 structure, the
La atoms create a LaO8 octahedron. Thus, the Er3+

and Yb3+ atoms also have two possible octahedral
configurations with the oxygen ions, see Fig. 1.
Moreover, a shift toward lower angles is observed
for the main diffraction peak associated with the
planes (121) and (022) as the Erbium concentration

increases, see Fig. 2b. A comparison of the values of
2h corresponding to the plane (022) in samples from
LSA to LSA6 indicates that the maximum shift of
the diffraction peaks toward lower angles was 0.85o.
This indicates that the radius difference among Yb–
Er dopants and La3+ ions will introduce lattice
distortions as the Er3+ concentration increases.
Consequently, the Yb3+ and Er3+ substitution in
the La3+ sites cause an expansion of the crystalline
network, which has been previously observed in the
literature.25,26 This expansion of the crystalline
network is supported by the fact that the lattice
parameters ‘‘a’’ and ‘‘b’’ increased with the Er
concentration, see Fig. 3a, which, in turn, causes a
contraction in the perpendicular direction, therefore
lattice parameter ‘‘c’’ decreased as shown in Fig. 3b.

The morphology of the samples is drastically
affected by the increase of Er3+ dopant in the
LSA host. When the concentration of Erbium
dopant is< 1 mol.%, quasi-spherical individual
particles are observed with an average size of
1.95 lm, see Fig. 4a. If the Er3+ concentration is
1 £ x< 6 mol.%, coalesced particles are observed as
depicted in Fig. 4b. Also, the boundaries of the

Fig. 1. Unit cell of LSA:Yb,Er phosphors.
Fig. 2. (a) XRD spectra of pure LSA and LSA:Yb,Er phosphors, (b)
is a Zoom of the diffraction peak corresponding to the (022) plane.
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coalesced grains are observed, see red circle. Some
particles have a larger size in one direction and
have a semi-oval shape, see blue circle in Fig. 4b.
The estimated average size for those particles was
2.3 lm. If the Er3+ concentration increases up to
3 mol.% and 6 mol.%, the particles are highly
coalesced as depicted in Fig. 4c and d and present
irregular morphologies. The average crystallite size
for each sample was estimated with the well-known
Debye–Scherrer equation27 and we obtained
8.45 ± 0.15 nm, 9.22 ± 0.15 nm, 9.63 ± 0.15 nm,
10.26 ± 0.15 nm, 10.27 ± 0.15 nm and
12.25 ± 0.15 nm for LSA, LSA0.2, LSA0.5, LSA1,
LSA3 and LSA6, respectively. The increase of the
crystallite size with the Er3+ concentration was
probably due to the expansion of the crystalline
network, and this was caused by the increase of the
cell parameters ‘‘a’’ and ‘‘b’’ as confirmed by the XRD
measurements. In fact, previous reports indicate
that an increase of the crystallite size produces a
coalescence of grains,28,29 thus, the coalesced grains
observed in our samples also suggest the increase of
the crystallite size.

Luminescent Properties

Figure 5 shows the green and red emission bands
produced by the LSA:Yb,Er phosphors after

excitation at 968 nm. An intense green emission
with peaks centered at 523 nm, 549 nm and 560 nm
is observed and corresponds to the 2H11/2 + 4S3/

2 fi 4I15/2 transition of Er3+, while the red band
centered at 656 nm is attributed to the 4F9/

2 fi 4I15/2 transition of Er3+. The intensity of green
and red emissions increases as the Er3+ concentra-
tion increases up to 1 mol.%, reaching a maximum
at this concentration, and then is strongly quenched
for higher Er concentrations, being 6 mol.% the Er3+

concentration that presents the smallest upcon-
verted emission. Thus, the optimum concentrations
of dopants to obtain the maximum green lumines-
cence in LSA were Yb = 2 mol.% and Er = 1 mol.%,
and this is in good agreement with a previous
report, where authors used the same Yb3+ and Er3+

concentrations to observe the strongest green emis-
sion in the zirconia (ZrO2) host lattice.30 Inset in
Fig. 5 shows a picture of the strong green emission
observed in sample LSA1. Figure 6a shows the
integrated emission for the green and red bands as
a function of Er3+. Those curves point out that the
intensity of the green band increases up to 205%
when the Erbium content is raised from 0.2 mol.%
to 1 mol.% while the red emission band increased
only 17.3% for the same increment of Er3+. The
intensity of the green emission band is always
higher than that for the red emission band, see
Fig. 6a. In addition, those curves indicate a strong
quenching of luminescence for both bands if the
Er3+ concentration is 3 mol.% or more. The increase
of intensity for the green emission band is faster in
comparison with the red band in the range of
0.2 mol.% to 1 mol.%, see Fig. 6b, since the values
of the green to red intensity ratio (G/R) are above 1.
In fact, the continuous increase of the G/R ratio
suggest a good crystallinity of the LSA host, this
result is in agreement with a previous report.31 As a
consequence of the variations of the G/R ratio, a
change of the green tone is observed, that is, the
green tone could be tuned by changing the Er3+

concentration in the LSA host. Figure 6c shows the
displacement of the CIE coordinates corresponding
the green emission in LSA:Yb,Er phosphors from
the green-yellow region to the green region as the
concentration of Erbium dopant increases. This
displacement toward the green regions also demon-
strates the increment of the green emission as the
Er concentration increases.

Upconversion Mechanism

As mentioned previously, the green emission is
quenched for Er3+ concentrations from 3 mol.%.
According to the literature, an excess of OH groups
(quenching centers) could decrease the green lumi-
nescence by non-radiative (phononic) relaxations,
because they have a vibrational energy (3000-
4000 cm�1) that matches the gap between the mixed
level 2H11/2 + 4S3/2 and the 4F9/2 level
(� 3300 cm�1).32 This means that only one phonon

Fig. 3. Plots of cell parameters versus Er3+ concentration: (a) lattice
parameters ‘‘a, b’’ and (b) parameter ‘‘c’’.
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would be necessary to produce the non-radiative
relaxation from the mixed level 2H11/2 + 4S3/2 to the
4F9/2 level. Thus, if too many OH groups are present

on the phosphors surface, the probability of non-
radiative relaxations from the 2H11/2 + 4S3/2 level
toward the 4F9/2 level increases, this in turn,
decreases the electron population in the 2H11/

2 + 4S3/2 level. Consequently, the green emission is
reduced. Additionally, the CO2 groups are also
considered quenching centers of luminescence, but
they have lower vibrational energies (with respect
to the OH groups) in the range of 700-1500 cm�1.
This means that 2-5 phonons would be necessary to
produce non-radiative relaxations from the 2H11/

2 + 4S3/2 level toward the 4F9/2 level, which in turn,
quenches the green luminescence. The presence of
both types of quenching centers was confirmed by
FTIR spectra of LSA:Yb,Er phosphors. Figure 7
depicts a broad band in the range of 3000–
3700 cm�1 which is attributed to OH groups.33

There are other bands at 1437 cm�1, 1357 cm�1,
1079 cm�1, 855 cm�1 and 710 cm�1 which are asso-
ciated with carbonates.33–35 Due to the basic char-
acter of LSA phosphors, atmospheric CO2 and water
can react on their surface under ambient conditions
forming the chemisorbed surface carbonates and
OH groups. The peak located in 480 cm�1 is asso-
ciated with the La–O vibrations.34,35 Figure 7 also

Fig. 4. SEM images of (a) LSA, (b) LSA1, (c) LSA3 and (d) LSA6 phosphors.

Fig. 5. Emission spectra of pure LSA and LSA:Yb,Er phosphors. Inset
shows the green emission of LSA1 phosphors (Color figure online).
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shows that samples LSA0.5, LSA3 and LSA6 with
the lowest luminescence presented the highest
content of OH and carbonates whereas sample

LSA1 with the highest luminescence presented the
lowest content of OH groups and carbonates, see the
bands in the range of 3000-4000 cm�1 and the inset
of Fig. 7. Another possible reason for the quenching
of luminescence is the higher grain coalescence in
LSA3 and LSA6 with respect to the LSA1 sample. A
higher grain coalescence would be detrimental for
the luminescence because less surface area would be
available in the sample to be excited with infrared
light. The reduction of surface area with the Er3+

concentration was confirmed by BET measure-
ments, since values of 1.32 m2/g, 1.56 m2/g,
1.97 m2/g, 1.2 m2/g and 0.86 m2/g were obtained
for LSA0.2, LSA0.5, LSA1, LSA3 and LSA6 sam-
ples, respectively. The sample LSA1 with the high-
est surface area had the strongest luminescence
while the samples LSA3 and LSA6 with the lowest
surface area had the weakest green emission, see
Fig. 5. Thus, the reduction of surface area in the
phosphors could be a reason for the decrease of
luminescence with the erbium concentration.
Finally, higher concentrations of Er3+ ions could
produce a concentration quenching effect, that is, at
high Erbium concentrations the energy can be
transferred among Er3+ ions, which makes the
energy transfer from Yb to Er less efficient.36,37

In order to understand the process of upconver-
sion for visible emission, the integrated upconverted
emission as a function of the pumping power was
plotted and fitted according to the expression
IUPC = kIpump

n , see Fig. 7. This expression estab-
lishes the relationship between the number of
required photons (n) to populate the excited states
that lead to the upconversion emission.32,38 Accord-
ing to the experimental data in Fig. 8a, the number
of photons involved for the green and red emissions
were 1.98 and 1.76, respectively. It is well-known
that the absorption cross-section of Yb3+ is much
higher than that of Er3+, then the mechanism is

Fig. 6. (a, b) are the integrated upconversion emission (for green
and red bands) and the R/G ratio of LSA:Yb,Er phosphors as a
function of Er3+ concentration, (c) shows the CIE coordinates for
each photoluminescent emission produced by LSA:Yb,Er phosphors
at different Er3+ concentrations (Color figure online).

Fig. 7. FTIR spectra of pure LSA and LSA:Yb,Er phosphors. The
inset shows a zoom of the range 1150–1600 cm�1.
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dominated by the energy transfer (ET) from Yb3+

(donor) to Er3+ (acceptor).39 In consequence, the
proposed mechanism to explain the observed visible
emission is as follows, see Fig. 8b. The 4I11/2 excited
state of Er3+ ion (acceptor) was populated via energy
transfer (ET1) from Yb3+ ion (donor) after excitation
at 968 nm, the electrons in this level receive a
second photon by the same Yb3+ to Er3+ energy
transfer process ET2) and reach the energy level
4F7/2. The population in this excited state then
relaxes non-radiatively (phonon assisted) to the
mixed level 2H11/2 + 4S3/2 to produce the green
emission band centered at 560 nm. In addition, part
of the population of the 2H11/2 + 4S3/2 level also

relaxes non-radiatively to the 4F9/2 level, which in
turn decays to the ground state producing the red
emission band (4F9/2 fi 4I15/2). This mechanism is
consistent with the two photon (n � 2) energy
transfer process required to produce green and red
bands as described above and is in agreement with
the most accepted explanation for green Er3+

upconversion processes as previously reported in
literature.40 The green emission band is dominant
for all the LSA:Yb,Er phosphors because the non-
radiative transition 2H11/2 + 4S3/2 fi 4F9/2 is not
efficient, and this due to the fact that the energy gap
of 2000 cm�1 between the energy levels would need
the creation of at least four phonons.41 The green
emission increases with Er3+ concentration while
the Infrared emission at 1538 nm decreases, see
Fig. 9. The infrared emission occurred after multi-
phonon relaxation from the 4F9/2 to 4I13/2 level and
has been observed in other materials such as
fluorotellurite glasses doped with Yb and Er.42 The
weak red emission band and the decrease of the
infrared emission suggest the presence of an addi-
tional transition that populates the mixed level
2H11/2 + 4S3/2. This could be a re-absorption of
energy by the population located in the 4I11/2 level
toward the 4F7/2 level via energy transfer upconver-
sion process, the probability for this is higher than
that for multiphonon relaxation to populate the 4F9/

2 and 4I13/2 levels, from which the red and infrared
emission are generated, respectively.31

CONCLUSIONS

The LaSr2AlO5 host has been doped with Yb3+ and
Er3+ ions for the generation of strong green upcon-
version emission, which has not been reported
previously, to the best of our knowledge. The
increase in erbium content augmented the size of
the LSA:Yb,Er particles and their degree of con-
glomeration. However, the crystalline tetragonal
phase of LSA:Yb,Er phosphors did not change for
Er3+ concentrations up to 6 mol.%. The LSA:Yb,Er

Fig. 8. (a) Integrated upconverted emission of green and red bands
(sample LSA1) as a function of pumping power (kexc = 968 nm). (b)
Energy level diagram used to explain the optical transitions in
LSA:Yb,Er phosphors (Color figure online).

Fig. 9. Infrared emission produced by LSA:Yb,Er phosphors as a
function of Er3+ concentration.
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phosphors present the strongest green luminescence
at an Er3+ concentration of 1 mol.%, this lumines-
cence was produced after the energy transfer from
Yb3+ ions through a two photon process. The CIE
coordinates of the upconverted emission depended
on Er3+ concentration, therefore, the color emission
changed from yellow-green to pure green when the
Er3+ is increased from 0.2 mol.% to 6 mol.%. The
population in the mixed level of 2H11/2 + 4S3/2 was
probably favored by the re-absorption of energy from
electrons located in the 4I11/2 level, this, in turn,
raised the intensity of the green emission band with
respect to the red band as the erbium concentration
increases. This was corroborated by the decrease of
infrared emission at 1538 nm from the 4I13/2 level.
Hence, our results suggest that the LSA host could
be a good candidate to be doped with other rare
earths and produce strong upconversion emission,
this, in turn, could be useful for the development of
solid state lighting sources.
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