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A B S T R A C T   

This work presents the structural, morphological, upconversion luminescence and Thermoluminescence prop-
erties of Sr2CeO4:Er3þ,Yb3þ (SCO:Er, Yb) phosphors synthesized by a simple combustion method. The X-ray 
diffraction technique revealed that all the samples maintained their orthorhombic phase even for Yb concen-
trations as high as 12 mol%. Moreover, the morphological analysis by scanning electron microscopy (SEM) 
pointed out that SCO microparticles with sizes in the range of 0.2 μm–7.2 μm were obtained in samples doped 
with 0–3 mol% of Yb, but coalesced microparticles were observed for Yb concentrations from 7 to 12 mol%. The 
luminescence measurements demonstrated that the SCO: Er, Yb microparticles produced red and green upcon-
version emission bands and the red component increases with the Yb concentration. Also, the TL signals were 
recorded after solar/UV irradiation and found TL emission bands in the range of 60–150 �C and 150–350 �C. The 
traps responsible of the TL emissions were the oxygen vacancies.   

1. Introduction 

Upconversion materials have received great attention due to their 
numerous applications for sensors, photodynamic therapy, biological 
fluorescence labeling, three-dimensional color display, temperature 
sensors, solar cells, white light emitting diodes and optical fibers [1–5]. 
Particularly, upconversion oxides doped with Er, Yb, Ho and Tm are 
widely used to produce green, red and blue emissions after infrared 
excitation at 980 nm [6–8]. Hosts such as In2O3, Sr2CeO4, NaGdTiO4, 
YPO4, LaPO4, GdPO4, Sr2LaF7, Al2O3 and BiPO4 have enhanced upcon-
version emission for the green and red regions due to the simultaneous 
presence of Er3þ and Yb3þ dopants [1,5,9–12]. The luminescence in 
these hosts increases because Yb3þ acts a sensitizer which improves the 
energy absorption of the Er3þ ion through energy transfer mechanisms 
[2]. 

Currently, one of the most promising materials for upconversion 
applications is the Sr2CeO4 (SCO) host, since it presents high thermal 

and chemical stability and can produce blue emission (through Ce4þ

transitions) when excited with UV light [13]. In addition, this material 
has a low phonon energy (561 cm� 1), which facilitates the radiative 
transitions when doped with REs [1]. Due to this last property, the SCO 
host has been doped with Eu3þ/Dy3þ, Eu3þ/Gd3þ, Eu3þ, Eu3þ/Sm3þ

ions to produce blue, yellow, red and white light emissions, respectively 
[6,14–16]. Also, SCO host has been doped with Yb3þ/Er3þ but only 
green emission was observed [1]. If SCO is tri-doped with 
Yb3þ/Er3þ/Tm3þ ions, the upconversion emission can be tuned from 
green to white by controlling the optical pumping power or Er con-
centration [3]. Other applications for SCO doped with RE include: 1) 
fluorescence thermometry, for example, the SCO:Eu3þ phosphor has 
demonstrated a temperature dependent fluorescence [17], since a pro-
portional decrease of its red emission at 610 nm is observed when the 
temperature is increased from 25 �C to 250 �C; and 2) white light gen-
eration, in this last case, SCO was irradiated with a concentrated beam of 
an IR diode, which created Ce3þ/Ce4þ ion pairs. These ions were excited 
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by two lasers (375 nm and 975 nm) to produce a broad anti-Stokes white 
emission in the range of 400–900 nm [18]. Although the previous 
publications have demonstrated the upconversion and downconversion 
emissions of SCO when doped with rare earths, its synthesis using solid 
state reactions, high energy deformation, high energy ball milling and 
oxalate precipitation methods is still complex [1,3,16,19,20] and no 
tunable upconversion emission in the visible region has been demon-
strated as a function of Yb concentration, only tunable emission from 
blue to white using downconversion processes [2]. Moreover, the ther-
moluminescence (TL) properties of SCO host has been studied only for: 
pure SCO (using β doses from 10 to 1000 Gy) [14], SCO:Sm3þ (using γ 
irradiation with doses from 500 to 5000 Gy) [21] and SCO:Eu3þ (using β 
doses from 26 to 285 Gy) [14]. In the case of the SCO:Sm3þ system, the 
Sm3þ concentration was increased from 0.2 to 11 mol% and the 
maximum TL signal (two peaks at 185 and 250 �C) was observed for a 
concentration of 0.7 mol%. For the SCO:Eu3þ system, the Eu concen-
tration was varied from 0.02 to 1 mol% and the maximum TL signal was 
observed for 1 mol% (two peaks at 54 and 171 �C). Thus, very few works 
about the TL properties of SCO have been reported and these works 
employed only high energy radiation (β or γ) to produce TL traps. 

To the best of our knowledge, no reports about the tunable upcon-
version and TL properties of SCO have been published when this ma-
terial is exposed to low energy radiation (UV and solar light). 
Understanding the mechanisms for tunable upconversion emission in 
the visible region for SCO: Er3þ, Yb3þ phosphors is useful to evaluate the 
potential of these phosphors for lighting applications and understanding 
their TL properties is useful to evaluate if they are suitable in applica-
tions of low energy detection (UV sensors for example [22]). For this 
reason, this work presents a systematic study to explain: 1) the upcon-
version emission tuning of SCO:Er3þ, Yb3þ (SCO:Er, Yb) phosphors from 
green to yellow, and 2) the variations of intensity in their TL signal using 
different irradiation sources (UV and solar light), heating rates and Yb 
concentrations. Basically, we demonstrated that the SCO:Er, Yb phos-
phors produced green and red emission bands (under excitation at 980 
nm) but the red component increases with the Yb content, this in turn, 
changed the color emission from green to yellow. For the TL properties, 
we found that the solar irradiation filled with electrons the shallow traps 
(oxygen vacancies created after the introduction of Yb ion) in the SCO 
host. These traps generated TL bands centered in the range of 91–122 �C 
after the release of electrons by thermal excitation. The intensity of these 
TL bands increases with the Yb concentration, reaching a maximum at 7 
mol%. In the case of the TL emission produced after excitation with UV 
light, low concentration of Yb (from 0 to 3 mol%) generated TL bands in 
the range of 150–350 �C, while higher Yb concentrations from 7 to 12 
mol% produced TL signals exclusively observed in the range of 60–150 
�C. Thus, the results for luminescence presented here demonstrate that 
SCO: Er3þ, Yb3þ phosphors could have potential applications in solid 
state lighting or displays [23] and the results for thermoluminescence 
demonstrated that the phosphors could be useful for UV or solar sensing 
applications [24]. 

2. Experimental 

2.1. Synthesis of Sr2CeO4 and Sr2CeO4:Er3þ, Yb3þ phosphors 

The reagents Cerium nitrate [Ce(NO3)3⋅H2O, (99.99%)], Strontium 
nitrate [Sr(NO3)2⋅6H2O, (99%)], Erbium nitrate [Er(NO3)3⋅5H2O, 
(99.99%) ], Ytterbium nitrate [Yb(NO3)3⋅5H2O, (99.99%)] and Urea 
[CH4N2O, (99.4%)] were acquired from Sigma Aldrich and used without 
further treatment. 

The Sr2CeO4 host and Sr2CeO4:Er3þ, Yb3þ phosphors were synthe-
sized by using a combustion method. In a typical procedure for the 
synthesis of Yb and Er co-doped SCO, stoichiometric amounts of all the 
nitrates mixed in 50 ml of distilled water and stirred for 15 min and a 
transparent solution was observed. After this, 20 ml of an aqueous so-
lution (urea 1 M) was slowly added for 5 min and a semi-viscous solution 

was obtained. Subsequently, the sample was put into a furnace previ-
ously heated at 650 �C and waited for 10 min, during this time the 
combustion process occurred. As result, a yellow foam is formed and was 
grinded to obtain powders. Next, the powders were subjected to an 
annealing treatment at 1100 �C for 6 h in air atmosphere using a heating 
rate of 10 

�

C/min. The Er3þ concentration was 1 mol% for all the SCO:Er, 
Yb samples because it produces the highest upconversion emission in 
hosts of ZrO2, Y2O3 and Al2O3 according to literature [11,25,26]. Five 
samples were synthesized using Yb concentrations of 1%, 3%, 7%, 9%, 
12%, and were named as SCO1, SCO3, SCO7, SCO9 and SCO12, 
respectively. Another sample was synthesized without Yb and Er dop-
ants and was named SCO. Finally, the sample SCO0 was synthesized 
without Yb dopant but contained 1 mol% of Er. 

2.2. Structural and morphological characterization 

The surface morphology of the SCO and SCO:Er, Yb samples was 
visualized using scanning electron microscopy (SEM, Philips Model 
XL30 operated at 30 kV). The X-ray diffraction patterns (XRD) of the 
samples were obtained using a Panalytical Empyrean equipment with 
Cu-kα radiation (λ ¼ 1.5418 Å) in the 2θ range of 20�–80� at a scan rate 
of 0.05�/s. 

2.3. Optical and FTIR characterization 

The absorbance spectra of the samples were measured using a 
Thermoscientific spectrophotometer in the range of 200–1000 nm. The 
up-conversion emission spectra were recorded from 400 nm to 800 nm 
by using a Shimadzu RF-6000 fluorometer coupled by a laser diode with 
excitation wavelength at 980 nm. In addition, the IR emission in the 
range of 1200–1700 nm, of the samples were collected by using an 
Ocean Optics NIR spectrophotometer (detector) under 980 nm excita-
tion. The photoluminescence measurements, in the visible region, were 
performed under air conditions at room temperature (28 �C) and a NIR 
filter (800 nm cut off, IRC-09) was employed to eliminate the excitation 
wavelength from the emission spectra. The Chromaticity coordinates 
(CIE coordinates) were acquired by a Jenoptik CMOS camera under 
excitation at 980 nm. Finally, the FTIR spectra of the SCO samples were 
obtained in the range of 500–4000 cm� 1 utilizing an Agilent Cary 660 
FTIR spectrometer. 

2.4. Thermoluminescence measurements 

The thermoluminescence (TL) measurements for the undoped SCO 
and SCO:Er, Yb were achieved using pellets with a weight of 0.08 g. 
These were firstly irradiated using a 360 nm UV lamp (UVGL-58 model) 
or by using a solar simulator (Xe-lamp) for 10 min. In this study, the 
wavelength of 360 nm was chosen because the SCO samples presented 
the highest absorption at that wavelength. The irradiance on the sam-
ples’ surface was 720 mW/cm2 and the TL measurement was performed 
immediately after UV or solar irradiation using a Harshaw 3500 
equipment. The reading parameters were: heating rate ¼ 10 �C/s, 
maximum temperature Tmax ¼ 350 �C and preheating temperature of 50 
�C for 5 s. Additionally, the TL signals for SCO7, SCO9 and SCO12 
samples were obtained using another heating rate of 20 

�

C/s. The 
reproducibility of the TL curves was analyzed by repeating several TL 
curves for each sample at the same conditions of heating rates and 
irradiation dose (UV or Solar). As result, a maximum standard deviation 
of 4% was found for the integrated TL signal after comparison of several 
TL curves (a representative example of repetitions for the TL signal 
corresponding to the SCO7 sample is presented in Fig. S0 of supporting 
information). 
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3. Results and discussion 

3.1. Structural and morphological properties of Sr2CeO4 and Sr2CeO4: 
Er3þ, Yb3þ phosphors 

The Sr2CeO4 host shows an orthorhombic structure with space group 
Pbam (No. 55) with lattice parameters of a ¼ 6.1189 Å, b ¼ 10.3495 Å, 
and c ¼ 3.5970 Å [27]. A visualization of the orthorhombic structure of 
Sr2CeO4 was simulated in the Diamond 3.1 software and presented in 
Fig. 1. The blue, green and red spheres represent strontium, cerium, and 
oxygen atoms, respectively. Such structure consists of linear chains of 
edge-sharing CeO6 octahedra, and the strontium atoms are bonded to 
oxygen atoms as is observed in Fig. 1. In the SCO:Er, Yb, the ionic radius 
for the atoms is: Sr2þ ¼ 1.18 Å, Ce4þ ¼ 0.87 Å, O2� ¼ 1.24 Å, Er3þ ¼

1.03 Å and Yb3þ ¼ 0.86 Å [28]. Since the Er3þ ionic radius is smaller 
than that for Sr2þ radius, the substitution of Sr atoms by Er atoms is 
easier. In the case of Yb3þ dopant, it can be located in the sites for Ce4þ

sites, since they have very similar ionic radius [3,28]. Nevertheless, the 
Yb3þ ions could also be in the Sr2þ sites because these sites are 
inter-chain while the Ce4þ sites are in the center of the octahedra [27, 
28], see Fig. 1. The substitution of Ce and Sr by Er and Yb dopants will 
produce a charge imbalance, creating defects, which will be useful for 
the TL properties as explained later. 

The X-ray diffraction (XRD) patterns for the undoped SCO and SCO: 
Er, Yb samples are shown in Fig. 2. As observed, all the patterns pre-
sented the same diffraction peaks according to JCPDS 50-0115 card, 
which correspond to the orthorhombic phase and no additional phases 
were observed. Thus, the orthorhombic crystalline phase is maintained 
even for Yb concentrations as high as 12 mol%. However, the diffraction 
peaks corresponding to the planes (130) and (221) are displaced toward 
higher 2θ angles for Yb concentrations from 7 mol% (see doted lines in 
Fig. 2) and this indicates a contraction of the crystalline network ac-
cording to literature [1]. In order to confirm that trend, the a, b, c lattice 
parameters were calculated using the 2θ angles corresponding to the 
planes (200), (330) and (111). These results were summarized in 
Table 1. In general, the a, b, and c values were reduced �2% with the 
increment of the Yb content from 0 to 12 mol%. Consequently, the 
volume was reduced from 247.24 Å3 (SCO sample) to 243.5 Å3 (SCO12 
sample). The contraction of the crystalline network could be attributed 
to the fact that the ionic radius of Yb3þ and Er3þ dopants is slightly lower 
than that for Sr2þ and Ce4þ. 

Fig. 3 shows SEM images of the undoped SCO, SCO0 (only doped 

with Er) and SCO:Er, Yb samples (synthesized with different Yb con-
centrations). The SCO sample showed huge grains with porous structure 
(see Fig. 3a) while the SCO0 sample presented coalesced grains without 
pores, see Fig. 3b. The rest of doped samples (see Fig. 3c–g) presented 
coalesced microparticles with irregular shape and they have sizes in the 
range 0.2 μm–7.2 μm. The average pore size for SCO was 1.26 μm and 
these pores disappeared when SCO is doped with 1 mol% of Er, see 
Fig. 3b. In general, the increase of Yb concentrations favors the 

Fig. 1. Schematic illustration of the orthorhombic structure for Sr2CeO4. Blue, red and green spheres represent Sr, O, and Ce atoms, respectively.  

Fig. 2. X-ray diffraction patterns of SCO –SCO12 samples. The standard pattern 
of the orthorhombic phase for Sr2CeO4 (JCPDS 50-0115 card) is located at the 
bottom of the figure. 
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coalescence of grains, compare for example Fig. 3c (where hundreds or 
grains are dispersed) with Fig. 3d (where fewer individual grains are 
observed). When the Yb concentration is increased from 1 to 3 mol%, the 
coalescence of grain is not still evident, see Fig. 3c and d, but a high 
coalescence of grains and porous agglomerations are produced in the 
samples doped with Yb concentrations from 7 to 12 mol%, see red circles 
in Fig. 3e–g. The porous morphology presented here is very different to 
the dendrite-like morphology reported previously for SCO:Yb,Er,Tm and 
SCO:Yb,Er systems (both materials were synthesized by a high-energy 
ball milling method) [1,3]. The difference of morphology could be 
associated to the following: In the ball milling method, the reagent 
powders (Er, Yb, Ce and Sr oxides) are put in the ball milling machine 
and are compressed with the high energy produced by the machine’s 
rotation. After this, the powder’s mixture is annealed at 1100 �C, this 
process will produce coalesced microparticles with dendritic shape. In 
the combustion method, the reagents (Er, Yb, Ce and Sr nitrates) are 
dissolved in water and urea is also added to the aqueous solution. After 
this, the solution is put into a furnace at 650 �C and the combustion is 
achieved. During this process, several gases are released (water vapor, 
NOx, CO2 etc.) [29] due to the sudden decomposition of urea and the 
nitrates. Those gas emissions create the pores in the SCO:Yb, Er samples. 

3.2. Upconversion emission of Sr2CeO4 and Sr2CeO4:Er3þ, Yb3þ

phosphors 

Fig. 4a shows the UC photoluminescence spectra of SCO:Er, Yb 
samples synthesized with different Yb concentrations. Two main green 
emission bands centered at 532 and 556 nm are observed after excita-
tion at 980 nm, which correspond to the 2H11/2þ

4S3/2 → 4I15/2 transi-
tion. Also, a red emission band centered at 665 nm appears and 
corresponds to the 4F9/2 → 4I15/2 transition, both the green and red 
emission are associated to Er3þ [26,30,31]. As the Yb concentration 
increases from 0 (in SCO0 sample) to 12 mol% (in SCO12 sample), the 
luminescence of the green band is reduced while that for the red band is 
enhanced. The maximum intensity for both bands was obtained in the 
SCO7 sample with 7 mol% of Yb but quenching of both emission bands is 
observed for SCO9 and SCO12 samples with Yb concentrations of 9 and 
12 mol%, respectively. The result of maximum emission using an Yb 
concentration of 7 mol% is similar to that reported by Seo et al., since 
they found a maximum emission intensity after doping with Yb at 7.5 
mol% [1]. However, that group synthesized SCO:Er, Yb using an 
expensive and complex method named high energy ball milling, which 
needs temperatures of 1100 �C, instead, we employed an easy com-
bustion method to synthesize the samples at 650 �C. 

The increase of the red component with respect to the green 
component was confirmed by calculating the green to red (G/R) ratio as 
a function of Yb content. This was obtained by dividing the integrated 
green emission band by the integrated red emission band. Fig. 4b shows 
an exponential decrease of the G/R ratio as function concentration, this 
means that an increase of the Yb concentration increases the intensity of 
the red emission while reducing that for the green emission. In conse-
quence, the color emission was tuned from the green to yellow, see the 
CIE chart in Fig. 4c, where the green emission has CIE coordinates of 
(0.32, 0.66) for SCO1 but changed to (0.42, 0.54) for SCO12. Insets in 
Fig. 4c show the real color produced by each sample after excitation at 
980 nm. The color tuning is an advantage of our work with respect to the 
previous publication of Seo et al., since they demonstrated only green 
emission in the SCO:Er, Yb system even for Yb concentrations as high as 
15 mol% [1]. In our case, yellow emission was observed after doping 
SCO with 12 mol% of Yb. 

In order to explain the upconversion mechanism for the SCO:Er, Yb 
system, we present the energy level diagram of Fig. 5a. After exciting the 
Yb3þ ions with 980 nm, their electrons are excited from the 2F7/2 level to 
2F5/2. Subsequently, the electrons return to their ground state (2F7/2 
level) and an energy transfer (ET1) to Er3þ ions occur, which populate 
the 4I11/2 level of Er3þ ions. Afterwards another energy transfer could 
occur (ET2), which will excite the electrons to the 4F7/2 level, from 
which non-radiative relaxations occurred to the mixed level 2H11/2þ

4S3/ 

2 and 4F9/2 excited states to produce the green and red emissions, 
respectively. According to literature, the visible emission mechanism in 
SCO:Er, Yb system is due to a two photon process [1]. In addition, there 
are two possible reasons for the increase of the red band emission [1]: 1) 
Cross relaxation (CR1) between Er3þ ions (4F7/2 þ

4I11/2 → 4F9/2 þ
4F9/2) 

and 2) energy back transfer (EBT) where an Yb3þ ion are excited after 
receiving energy of Er3þ ions, that is, Er(4S3/2) þ Yb(2F7/2) → Er(4I13/2) 
þ Yb(2F5/2). Both processes populate the 4F9/2 level, which is respon-
sible of the red emission at 665 nm. The cross relaxation (CR1) is 
possible in our case because this process is favored when the separation 
distance between codopants Yb3þ-Yb3þ ions is reduced [1]. Since we are 
increasing the Yb concentration in SCO:Er (1mol%), it is expected a 
decrease in the separation distance between Yb3þ ions. In fact, the 
crystalline cell suffered a contraction as demonstrated by the cell 
parameter calculations in Table 1, which also favor a closer distance 
between Yb3þ ions. In addition, the EBT process is probably occurring in 
our case, since an emission is observed at 1539 nm for the SCO:Er, Yb 
samples (4I13/2 → 4I15/2 transition of Er in Fig. 5a) after their excitation 
with 980 nm (see Fig. S1 in supporting information). The maximum IR 
emission is produced by the SCO7 sample and decreases for the samples 

Table 1 
Lattice parameters a,b,c for the SCO and SCO:Er,Yb samples as a function of Yb 
concentration.  

% mol Yb3þ a, Å b, Å c, Å 

0 6.0763 11.5217 3.5315 
1 6.0397 11.5974 3.5028 
3 6.0190 11.8563 3.5209 
7 5.9679 11.9499 3.4871 
9 5.9782 11.8730 3.4815 
12 5.9580 11.6797 3.4673  

Fig. 3. SEM images of a) SCO, b) SCO0, c) SCO1, d) SCO3, e) SCO7, f) SCO9 
and g) SCO12. 
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with higher Yb concentration, this trend is in agreement with that 
observed in Fig. 4a for the visible emission. Thus, the EBT process is also 
contributing to the enhancement of the red emission. We should 
mention that no presence of Yb2þ ions was detected in the SCO:Yb, Er 
phosphors, since their typical blue emission band in the range of 
405–450 nm [32] was not observed after excitation with 980 nm. In the 
case of Ce ion, we only have the presence of Ce4þ. This was confirmed by 
exciting several SCO:Yb, Er phosphors (SCO0, SCO7, SCO9 and SCO12 
samples) with 350 nm. After this, only the typical blue emission band of 
Ce4þ (centered at 460 nm) was observed [13], see Fig. S2 in supporting 
information. No typical green emission of Ce3þ centered at 530 nm was 
observed [33]. To further support the presence of Ce4þ, the XPS spec-
trum corresponding to the Ce 3d orbital was recorded. As observed in 
Fig. S3 in supporting information, only bands associated to Ce4þ were 
found [34]. 

The contraction of the crystalline network could also play a role to 
increase the intensity of the red emission band: According to the results 
in Table 1, the lattice parameters a, b and c decrease continuously for Yb 
concentrations from 0 to 12 mol%, indicating a contraction of the 
crystalline network. When a lattice contraction occurs as result of the 
increase in the Yb concentration, the distance between the dopant ions 
(Yb–Er, Yb–Yb or Er–Er) diminishes. This decrease of the separation 
distance among ions makes more probable the energy back transfer or 
cross relaxation processes, which contribute to the enhancement of the 
red emission band as observed in Fig. 4a. This behavior has been 
observed in other hosts such as Ba3Lu4O9:Er3þ,Yb3þ [4] and BiOCl: 
Er3þ/Yb3þ [35]. 

The degree of crystallinity also could influence the upconversion 
emission: the SCO9 and SCO12 samples present broader diffraction 
peaks than the samples with lower Yb concentration, see Fig. 1. 
Consequently, the degree of crystallinity is lower for SCO9 and SCO12 in 
comparison with the rest of samples with lower Yb concentration. Ac-
cording to literature, sharp peaks in the upconversion emission indicate 
a high degree of crystallinity [36]. If we observe the upconversion 
emission in Fig. 4a for SCO0–SCO7 samples, their emission bands pre-
sent sharp peaks, indicating a high degree of crystallinity. In the case of 
the SCO9 and SCO12 samples with lower crystallinity, they presented a 

weaker green emission band, while the intensity of the red emission 
band is still high. This indicates that a lower crystallinity degree could 
affect only the intensity of the green emission band. Another possible 
reason for the increment of the red emission is the presence of OH groups 
on the surface of SCO:Er, Yb samples. Since OH groups with vibrational 
energy of 3300–3400 cm� 1 matches the energy gap between the mixed 
level 2H11/2þ

4S3/2 and 4F9/2, a higher content of OH in the samples 
would promote phononic relaxations from 2H11/2þ

4S3/2 toward 4F9/2, 
which in turn, favors the red emission [26]. Fig. 5b shows representative 
FTIR spectra of SCO0, SCO3, SCO7 and SCO12 samples to visualize the 
changes of the OH band as a function of Yb concentration. As observed, 
the SCO0 sample without Yb showed no presence of OH groups at the 
3403 cm� 1, therefore, that sample only presented green emission (see 
Fig. 4a). In contrast, the SCO samples with 3, 7 and 12 mol% of Yb3þ

which presented red emission, showed on their surface OH bands at 
3403 cm� 1 as depicted in Fig. 5b. The sample SCO7 had the most intense 
OH band, thus, it produced the strongest red emission band, see Fig. 4a. 
Based on the evidence above, we corroborated that the presence of OH 
groups on our samples favored the population of the 4F9/2 for the gen-
eration of red emission, this in turn, diminishes the electron population 
of the 2H11/2þ

4S3/2 mixed levels responsible of the green emission. 
Moreover, the FTIR spectra showed a peak at 2317 cm� 1 which is 
associated with C–H bonds. Additional bands in the range of 500–1000 
cm� 1 are observed and were attributed to metal-oxygen bonds (Ce–O, 
Sr–O and Sr–O–Sr bonds) [21,37]. Finally, the band centered at 1409 
cm� 1 and the peak at 1751 cm� 1 are assigned to SrCO3 and C–O 
stretching vibrations, respectively. SrCO3 can be formed after the ab-
sorption of CO2 (from the atmosphere) on SCO:Er, Yb samples [16,38, 
39]. 

3.3. Thermoluminescence properties Sr2CeO4 and Sr2CeO4:Er3þ, Yb3þ

phosphors 

The efficiency of SCO and SCO: Er, Yb phosphors as thermolumi-
nescent emitters was evaluated as a function of Yb concentration. For 
this, two irradiation sources were employed to generate traps in their 
structure: a UV lamp (360 nm) and a solar simulator. The 

Fig. 4. a) PL spectra of SCO0 and SCO:Er, Yb samples under excitation at 980 nm, b) e Green/Red ratio as a function of Yb3þ concentration and c) CIE map showing 
the color emission for the SCO0 and SCO:Er, Yb samples. 
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thermoluminescence (TL) glow curves of the SCO phosphors were 
recorded after irradiation for 10 min and using a heating rate of 10 

�

C/ 
min. The TL glow curves for SCO (undoped), SCO1, SCO3, SCO7, SCO9 
and SCO12 samples exposed to solar irradiation are presented in Fig. 6a. 
The TL signal is displaced from 91 �C to 122 �C after increasing the Yb 
concentration from 0 (SCO) to 12 mol% (SCO12). The low temperature 
required to produce the TL signals indicates that the solar irradiation 
fills with electrons the shallow traps (oxygen vacancies created after the 
introduction of Yb ion) in the SCO host. These traps generated TL 
emission bands centered in the range of 91–122 �C after the release of 
electrons by thermal excitation. In contrast, if the SCO:Yb, Er samples 
with low content of Yb (from 0 to 3 mol%) are excited with higher en-
ergy radiation (UV light) not only their shallow traps are filled with 
electrons but also deeper traps (oxygen vacancies). The shallow and 
deep traps produced TL signals (after their thermal excitation) centered 
at 64 �C and at 150–350 �C (see Fig. 6b), respectively. Surprisingly, the 
samples with higher Yb concentrations (7–12 mol%) produced TL sig-
nals from 60 to 150 �C, suggesting that such signal come from shallow 
defects. In general, a displacement of the TL peaks is observed as the Yb 
concentration increases, see the displacement of the band from 91 �C to 
122 �C (samples SCO–SCO12 excited with solar light) in Fig. 6a and the 
displacement of the band from 107 �C to 122 �C (samples SCO7–SCO12 
excited with solar light) in Fig. 6b. The displacement of these bands in 
both cases is attributed to the fact that a continuous increase of Yb 
concentration produces more and more defects, thus more energy is 
needed to completely release them. Consequently, the TL bands are 
displaced to higher temperatures. 

Previous reports in literature about thermoluminescent properties of 
YVO4:Yb3þ demonstrated that the introduction of Yb3þ caused the for-
mation of oxygen vacancies due to the formation of Yb3þ-VO2

� 3 centers 
[40,41]. In our case, we believe that the introduction of Yb3þ with 
smaller ionic radius (0.86 Å compared to 1.18 Å for Sr2þ), produced 
lattices distortions, which in turn, created Yb3þ-O2

- centers that are 
responsible of the oxygen vacancy formation. The formation of oxygen 
vacancies has been reported when the Sr2CeO4 host is doped with other 
ions such as Eu3þ, Liþ, Naþ and Kþ [42]. The absorbance spectra of SCO, 
SCO1, SCO3, SCO7, SCO9 and SCO12 samples are presented in Fig. 7a. 
First, the absorbance spectrum of the SCO (undoped) sample show a 
peak at 215 nm, which is attributed to the band edge of the Sr2CeO4 [43] 
and a small peak at 250 nm, which is attributed to the Ce4þ–O2� ligand 

Fig. 5. a) Energy level diagram for the SCO:Er, Yb system and b) FTIR spectra 
for SCO0, SCO3, SCO7 and SCO12 samples. 

Fig. 6. TL curves for SCO and SCO:Er, Yb samples obtained after exposing them for 10 min with: a) solar irradiation and b) UV light (360 nm). The heating rate was 
10 

�

C/min. 
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absorption (these centers could be also responsible for the formation of 
oxygen vacancies, which act as electron trap centers for the TL emission) 
[43,44]. When the Sr2CeO4 is co-doped with Er and Yb, see the absor-
bance curve for the sample SCO1 (Er ¼ 1 mol%, Yb ¼ 1 mol%) the peak 
related to the band edge appears now at 217 nm, then the Ce4þ- O2�

ligand absorption suffer a red-shifting from 250 nm to 270 nm. 

Additionally, a new intense band appears centered at 360 nm, which 
correspond to oxygen vacancy defects [16,20,45]. When the concen-
tration of the Yb dopant is increased to the range of 7–12 mol% 
(SCO7–SCO12 samples), the peak at 270 nm shifts to 290 nm and the 
broad band is still centered at 360 nm, but its intensity increases with the 
Yb3þ concentration, suggesting that more defects are formed with 
higher Yb content. However, that broad band was not observed in the 
undoped SCO sample, no defects are expected in this sample because it 
does not contain RE dopants. In fact, the introduction of RE such as 
Yb3þ, Er3þ, Ho3þ, Pr3þ etc, has been reported for the creation of defects 
which produce TL signals in the range of 90–163 �C [20,26,46,47]. 
Moreover, the other peaks at 546, 670, 808 and 860 nm are associated to 
optical absorptions of Er3þ [48–50] while the peak observed at around 
976 nm is assigned to the optical absorption of Yb3þ ions [51]. In gen-
eral, it is possible to infer from the absorbance spectra that we have the 
Yb3þ-O2- and Ce4þ-O2- centers which are responsible of the oxygen va-
cancy formation. These oxygen vacancies are the trap centers respon-
sible of the TL emission after solar or UV excitation. Thus, the TL signals 
in the range of 60–150 �C or in the range of 150–350 �C have the same 
origin, that is, oxygen vacancies. 

It is worthy to mention that previous reports studied the TL prop-
erties of SCO phosphors using high energies (γ- or β-irradiation) and 
found TL peaks in the range of 250–350 �C, that is, deep traps are formed 
when high energy irradiation sources are employed [19,20]. In this 
work, we also obtained deep traps (since a TL signal was observed in the 
150–350 �C) using UV irradiation and low Yb concentrations (0–3 mol 
%), see Fig. 6b, but the TL signal of these deep traps is two orders of 
magnitude weaker in comparison with that obtained at higher Yb con-
centrations (7–12 mol%) after thermal excitation of shallow traps, 
which presented TL signals in the range of 64–122 �C. We should 
mention that irradiating our samples with solar light produced TL peaks 
centered in the range of 91–122 �C and the strongest TL intensities were 
observed for Yb concentrations from 1 to 7 mol% (reaching the 
maximum at 7 mol%). Similar TL signals in the range of 100–125 �C has 
been found by Tamrakar et al. [52] for Gd2O3:Yb3þ (1 mol%) phosphors 
but they used as irradiation source UV light (254 nm) for 5 min to create 
the TL traps. 

A careful inspection of Fig. 6a and b indicates that the TL signals 
(from 60 to 150 �C) generated by shallow traps (oxygen vacancies as 
demonstrated before) increases with the Yb concentration and reached a 
maximum for SCO7 with an Yb concentration of 7 mol% and it decreases 
for concentrations from 9 mol% due to the concentration quenching 
effect, which destroys the trap levels [21]. The fact that the sample SCO7 
presented the strongest TL signal and the concentration quenching effect 
agree well with the trend observed in the absorbance spectra presented 
in Fig. 7a, since this plot shows that the SCO7 sample presents the 
highest content of defects (the band of defects is centered at 360 nm), see 
blue curve. When the concentration of Yb is increased above 7 mol%, the 
intensity of the band associated to defects is reduced (see green and red 
curves), indicating the inhibition of defects for Yb concentrations above 
7 mol%. This trend occurred when the SCO:Er, Yb samples are irradiated 
with solar or UV light. This means that Yb concentrations above 7 mol% 
improves the room temperature stability of trapped charges in shal-
low/low temperature trap states, this has been observed previously in 
the ZnO:Yb3þ system [53,54]. Furthermore, the sample SCO presented 
the weakest TL signal under both types of irradiation as expected, since 
that sample had a very low content of defects as demonstrated by its 
absorbance spectra in Fig. 7a. 

The order of kinetics parameters was also calculated for the samples 
with the strongest TL signals at high Yb concentrations (SCO7, SCO9 and 
SCO12). These parameters are useful to understand the mechanisms 
responsible of the TL signal in SCO:Er, Yb samples. These parameters 
were calculated using the shape of the TL Curve and Chen’s method 
[55]. We will consider for this work two main parameters: The activa-
tion energy (E) and the frequency factor (s). The first one is related with 
the position of trapping levels within the forbidden gap and the second 

Fig. 7. a) Absorbance spectra of SCO, SCO1, SCO7, SCO9 and SCO12 samples, 
b) and c) are the TL curves recorded after solar and UV irradiation (at a heating 
rate of 20 

�

C/min), respectively. 
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one represents the number of times that an electron hits the potential 
wall before its release from it (the trap centers are considered as po-
tential walls). This last parameter is related with the probability of 
electron-hole recombination as well. Normally, the materials with high 
TL signal show low E and s parameters because this means that the 
material can release easily the electrons from the traps, which in turn, 
generates a strong TL signal. Tables 2 and 3 show the values for E and s 
parameters of SCO7, SCO9 and SCO12 samples. As observed, the lowest 
values are obtained for the sample SCO7, which presented the highest TL 
signal after UV or solar irradiation (see Fig. 6a and b). 

For comparison purposes, the TL curves were also obtained for SCO7, 
SCO9 and SCO12 samples but using a heating rate of 20 �C/min, these 
plots are showed in Fig. 7b and c. In all the cases, the intensity of the TL 
signal decreased as a function of Yb content. In the case of the SCO:Er, 
Yb samples excited with solar light, a shift toward lower temperatures is 
additionally observed for the TL band, see Fig. 7b. This was due to the 
thermal quenching effect [56,57]. In the case of the SCO:Er, Yb samples 
exposed to UV light, their TL intensity decreases with the Yb content and 
a shift toward higher temperatures (compare blue and orange curves) 
was observed. The shift of peak temperature was due to the retrapping of 
charge carriers (i.e. kinetic order >1), that is, the released holes and 
electrons are retrapped before they recombine, causing a delay in the TL 
signal (change of peak temperature toward higher temperatures). Thus, 
the traps were deeper, and more energy was required to release the 
trapped charges, this in turn, provokes a displacement of the TL signal 
[14,58]. The E and s parameters were also calculated for these curves 
obtained with the heating rate of 20 �C/min and found the same trend, 
that is, a reduction of values with the Yb concentration and the sample 
with the highest TL intensity presented the lowest E and s for both, UV 
and solar irradiation. 

A general analysis of the upconversion and thermoluminescent 
emissions of SCO:Er, Yb phosphors indicates that both increase with the 
Yb content, reaching a maximum for the sample doped with 7 mol% of 
Yb. The samples doped with higher Yb concentrations present a 
quenching of upconversion and thermoluminescent emission. If we 
correlate the color of the upconversion emission and the intensity of the 
TL signal obtained from the samples excited with UV light, we realize 
that the samples with the lowest TL signal in the range of 60–150 �C 
(samples doped with 0–3 mol% of Yb in Fig. 6b) present a green color 
upconversion emission (see CIE map in Fig. 4c), while the samples with 
the strongest TL signals (doped with 7–12 mol% of Yb) presented a 
yellow emission according to the CIE map. Finally, the formation of 
defects (trap centers for the TL signal) is favored by the continuous in-
crease of Yb content (up to 7 mol%), these defects in turn (through the 
lattice distortions/charge imbalance), could favor the energy back 
transfer and cross relaxation processes that caused the increment of the 
red emission band in the SCO:Er, Yb phosphors. In other words, the 
increment of defects and the increase of the red emission band were 
achieved at the same time up to concentrations of 7 mol% for Yb. 

4. Conclusions 

We reported a simple combustion method for the fabrication of SCO: 
Er, Yb phosphors. We demonstrated that an increase in the Yb3þ con-
centration (the Er3þ content was maintained at 1 mol%) enhanced the 
upconversion emission for the red band, in consequence, the emission 
color was tuned from the green to the yellow region. This color tuning 
was observed for the first time in the SCO:Er, Yb system to the best of our 
knowledge. Moreover, the TL properties for the SCO:Er, Yb system was 
presented for the first time as well. After exposing the doped SCO 
phosphors with solar light, their TL signal was recorded and its intensity 
increased as a function of Yb concentration, reaching a maximum for the 
sample doped with 7 mol% of Yb. The strongest TL signal measured after 
UV light irradiation was observed for the same Yb concentration. 
Shallow traps were filled with electrons after solar irradiation, which 
produced TL signals in the range of 91–122 �C for all the SCO:Er, Yb 
samples after thermal excitation. In the case of samples irradiated with 
UV light, deeper traps were generated after doping SCO with Yb con-
centrations from 0 to 3 mol%, since weak TL signals were observed in 
the range of 150–350 �C from the SCO0–SCO3 samples after thermal 
excitation. Moreover, strong TL signals were detected in the range of 
91–122 �C for Yb concentrations of 7–12 mol% (after UV excitation). 
However, the TL signal was quenched for Yb concentrations above 7 mol 
%. In general, we demonstrated that the introduction of Yb3þ in SCO 
created Yb3þ-O2

- centers, which in turn, formed oxygen vacancies defects 
and they worked as electron trap centers. After heating the samples, the 
electrons were released from these traps to produce the TL signal. As 
final remarks: i) we should say that the change of the color emission in 
SCO:Er, Yb phosphors as a function of Yb3þ concentration demonstrates 
that such phosphors could be useful for lighting applications, since the 
lighting industry is looking for new efficient materials to produce white 
light. In this case, we have the green and yellow colors, which can be 
mixed with the blue color (for example form blue solid state LED) to 
generate white light; and ii) the results demonstrated that the SCO:Er, 
Yb phosphors are able to generate a TL signal after irradiation with UV 
or solar light, which means that they can be used as detectors for both 
types of radiation. The TL signal generated by the SCO:Er, Yb phosphors 
was the strongest when they are excited with UV light and later, 
recorded at a heating rate of 20 

�

C/s. 
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