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Abstract 

SrTiO3 nanoparticles co-doped with a broad concentration range of the Er3+ and Yb3+ ions were fabricated using 

citric route as a function of annealing temperature at 500-1000oC. Effect of broad co-dopants concentration and 

sintering temperature on structural and up-conversion properties was investigated in detail by X-ray diffraction 

techniques and optical spectroscopy. TEM technique was used to estimate a mean particle size, that was around 

30 nm for the inorganic product annealed at 600oC. Up-conversion emission color tuning was achieved by the 

particle size control. Power dependence of the green and red emission was found as result of temperature 

determination in operating range of the SrTiO3 nanoparticles and a candidate for the fast and local microscopic 

heating and heat release induced by IR irradiation. The color changed from white-red-yellow-green upon 

increase of sintering temperature inducing changes in surface-to-volume ratio and number of optically active 

ions in particle surface regions. Cytotoxic activity of nanoparticles on human red blood cells was investigated 

showing no harmful effects up to particles concentration of 0.1 mg/ml. The cytotoxic response of colloidal 

suspension of nanoparticles to RBC cells was connected with strong affinity of the SrTiO3 particles to the cell 

membranes blocking transport of important biological solutes. 

Keywords. Nanoparticles, SrTiO3, up-conversion, colour tuning, RBC cells 

1. Introduction 

Constantly growing interest in perovskite family (ABO3) forces researchers to focus more 

efforts on development of new synthetic approaches towards this interesting group of 

compounds. Strontium titanate (SrTiO3) belongs to the most known representative of the 

perovskites due to its physicochemical properties being a basis of numerous applications as 

low voltage electron excitation displays 1, photocatalyst 2, microwave devices 3, gas sensors 4 

etc. 
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In accordance with literature data, SrTiO3 transforms from tetragonal to cubic structure as 

follows 5: 

mPmmcmI
K

−

 →← 3/4 105
�

. (1) 

The differences of the electronic structure and dielectric functions depending on the 

crystal structure are still a basic of interest for these materials. However, the 

photoluminescence properties of SrTiO3 doped with trivalent lanthanides are relatively less 

studied and the most articles have been devoted to the Eu3+ or Pr3+ ions in this host 1, 6, 7, 8, 9. 

Only several papers have dealt with co-doping of nanoparticles with Er3+ and Yb3+ pairs 10, 11, 
12. Recently, up-converting particles are of great significance in biological applications due to 

the anti-Stokes emission induced by NIR-excitation covering the optical biological window 13. 

High thermal, chemical, physical stability, transparency in VIS region as well as low phonon 

frequency qualify the SrTiO3 as a potentially effective host matrix for up-conversion 18.  

Furthermore, the SrTiO3 is an attractive bioactive material used as one of the main ingredients 

of injectable acrylic bone cements for vertebroplasty 14 as well as an active layer of the Ti-

based osteoporotic bone implants 15. Therefore, development of the strontium ion(s) releasing 

implants or cements are of high importance in stimulation of bone formation and inhibition of 

bone resorption especially in treatment of osteoporosis 15. Possibility of the bio-imaging of the 

SrTiO3: Er3+/Yb3+ an outer implant layer might be useful in an evaluation of the layer/implant 

ageing as well as studies of the integration of the implant with bone tissue by observation of 

the ion diffusion upon possible re-build of the boundary tissue 16. It has been proved that 

orally administered Sr2+ ions cannot effectively reach the implant - tissue interface thus 

SrTiO3 deposited on implants will directly release the Sr2+ locally promoting bone formation. 

In the case of the cement materials it is necessary to study the toxic effects of particular 

ingredients. The high risk of postoperative deep-vein thrombosis (DVT) could be associated 

with release of cement substances. Thus, the tests of chemical substances present in the 

cement material on blood compatibility are of great significance 
17

. There are several 

techniques already used for fabrication of the SrTiO3 nanoparticles such as solvothermal 19, 

hydrothermal processing 20, polymeric precursor method 4, sol-gel 21, combustion 22 etc. The 

main advantages of these techniques, in contrast to the classical solid state reaction 23, are 

better control over - structural purity, ease of doping, homogeneity, agglomeration and 

particles morphology. Moreover, no thorough studies were performed on optimization of 

dopant concentrations, their influence on up-conversion process efficiency nor grain size 

effect. 
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Thus, the main goals of the present work were devoted to thorough study of influence of 

sintering temperature and dopants concentration on the structural properties of the SrTiO3 

matrix, evaluation of the optimal doping levels of the Er3+ and Yb3+ ion pairs as well as effect 

of the particle size on the up-conversion process of the SrTiO3:Er3+/Yb3+ nanoparticles. The 

blood compatibility tests of potential cement material were conducted using human red blood 

cells (RBC). 

2. Experimental 

Structure analysis of the SrTiO3:Er3+/Yb3+ nanoparticles was based on measurements of 

XRD patterns by collecting the data in 2Θ range of 5–120° with X’Pert PRO X-ray 

diffractometer (Cu, Kα1: 1.54060 Å) (PANalytical). The average particle size was calculated 

using Scherrer's formula: 

2
0

2cos ββ

λ

−Θ
=

k
D , (2) 

the symbols represent D – the mean grain size; β0 –apparatus broadening; β – full width at 

half maximum; Θ - reflection angle; k constant (usually equal to 0.9), and λ is an X-ray 

wavelength 24. The microstructure and morphology of nanoparticles were studied using high 

resolution transmission electron microscope (HRTEM) Philips CM-20 Super Twin 

microscope operating at 200 kV. Samples for measurements were directly taken after 

purification from reaction mixture with ethanol making particle suspension. Afterwards a 

droplet of colloid was deposited on a copper microscope grid covered with perforated carbon 

and gently dried. The mean size of particles was evaluated using volume weighted formula: 

∑
∑=

3

4

ii

ii

av
dn

dn
d , (3) 

where dav is the average particle size, n number of particles and d represents particle diameter. 

Elemental analysis was carried out using a scanning electron microscope FEI Nova NanoSEM 

230 equipped with EDX spectrometer (EDAX PegasusXM4). Up to 15 measurements were 

made from different random areas for each sample in order to achieve satisfactory statistics. 

Polycrystalline infrared spectra were measured with a Biorad 575C FT-IR spectrometer in 

KBr suspension for the 1200-400 cm-1 region and in Nujol suspension for the 500-50 cm-1 

region. The up-conversion luminescence spectra were recorded using Jobin Yvon THR 1000 

monochromator equipped with a Hamamatsu R928 photomultiplier and a 1200 grooves/mm 

holographic grating. As an excitation source, continuous 975 nm line of 1.5 W laser diode 

was used. The luminescence decay times were measured utilizing a LeCroy Wave Surfer 

Page 4 of 34Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



4 

 

oscilloscope using pulsed 975 nm line of 10 mJ Ti:sapphire laser pumped by the second 

harmonic of the YAG:Nd3+ laser 532 nm line. The power dependence of the up-conversion 

emission intensity was measured using a miniature fiber spectrometer (Avantes, Netherlands, 

spectral resolution ~3 nm) and 975 nm laser diode (CNI laser, China). The data was fitted 

according to the following formula: 

N

inUPC II = , (4) 

allowing for estimation of the order of the up-conversion process N showing the photons 

number required for anti-Stokes emission. All recorded spectra were corrected according to 

the apparatus response. 

Synthesis of SrTiO3:Er
3+
/Yb

3+
 nanoparticles 

SrTiO3 nanoparticles doped with Er3+ and Yb3+ ions were prepared using relatively fast 

and economic citric route as a function of either Er3+ (0.5 - 2 mol%) and Yb3+ (5 - 20 mol%) 

wide concentrations in order to study the dopant effect. As a matter of fact a high temperature 

treatment (500 to 1000oC for 3 hrs) was applied to investigate the effect of particle size on 

structure and luminescence properties. Therefore, preparation procedure of particles is given 

basing on the SrTiO3 sample with 0.5 mol% of the Er3+ and 5 mol% of the Yb3+ cations, 

respectively. The synthesis involved usage of Sr(NO3)2 (99.999 % Alfa Aesar), Ti(OC4H9)4 

(99% Alfa Aesar), Yb2O3 (99.99 % Alfa Aesar) and Er2O3 (99.99 % Alfa Aesar) as a main 

chemicals as well as citric acid (99.95 % Alfa Aesar) as an organic filler and complexing 

agent. Stoichiometric amounts of Yb2O3 (0.0493 g) and Er2O3 (0.0048 g) were suspended in 

distilled water and subsequently digested in excess of the HNO3 (ultra-anal Avantor 

Performance Materials) and recrystallized three times. Afterwards Yb3+, Er3+ nitrates were 

dissolved in water and Sr(NO3)2 (1 g) was added. Due to the fact, that the Ti(OC4H9)4 

undergoes fast and uncontrolled hydrolysis upon action of water was stabilized by addition of 

the 2 ml of 2,4-pentanadione (99 % Alfa Aesar) into 1.7 ml of the Ti(OC4H9)4 resulting in 

creation of yellow and transparent solution. Therefore, the both mixtures were joined and 

19.21 g of anhydrous citric acid was added. If necessary appropriate amount of distilled water 

was added to assure full dissolution of all substances. Further on, glass beaker was carefully 

heated up at 90oC until black-brown resin was formed. Finally, the by-product was annealed 

at temperature range of 500 - 1000oC for 3 hrs. Depending on the sintering temperature color 

of the samples varied from grey-black (below 600oC) and white (above 600oC). Rest of the 

SrTiO3 Er3+/Yb3+ nanoparticles were prepared exactly in the same manner. 

 

Page 5 of 34 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



5 

 

Cytotoxic activity of the SrTiO3: 1% Er
3+
 / 5% Yb

3+
 to human red blood cells 

Hemolysis assay  

Fresh human erythrocyte suspensions were delivered from the blood bank. The 

erythrocytes were washed three times (3000 rpm, 10 min, +4°C) in the phosphate buffered 

saline (PBS - 137 mM NaCl, 2.7 mM KCl, 10 mM NaHPO4, 1.76 mM KH2PO4, and 10 mM 

glucose, pH 7.4). After washing, cells were suspended in the buffer at 1.65x109 cells/ml, 

stored at +4°C and used within 5 h. Red blood cell (RBC) (1.65x108 cells/ml, ~1.5 

hematocrit) then were incubated in the PBS in the presence of test compounds at the 

concentration 1 mg/ml, 0.1 mg/ml and 0.01 mg/ml for 60 min at 37°C in a shaking water bath. 

The RBC incubated in the PBS without nanoparticles were taken as the control. Following the 

incubation, samples were centrifuged (3000 rpm, 10 min, +4°C), and the degree of hemolysis 

was estimated by monitoring the hemoglobin in the supernatant as previously reported 25. The 

results were expressed as a percentage (%) of hemolysis. The hemolysis 0% was taken as the 

absorbance of the supernatant of the erythrocyte suspensions in the PBS only, while the total 

hemolysis (100%) was determined when the PBS was replaced by distilled water. Each 

sample was repeated three times and the experiments were performed 3 times using 

erythrocytes from different donors. 

Erythrocyte sedimentation rate (ESR) 

Erythrocytes (1.65x108 cells/ml) were incubated with nanoparticles (1 mg/ml, 0.1 mg/ml and 

0.01 mg/ml) in Eppendorf vials for 60 min, at 37°C under gentle mixing. The RBC incubated 

in the PBS without nanoparticles, were taken as a control series. The ESR was recorded using 

a digital camera. 

3. Results and Discussion 

Structure analysis 

The evolution of crystalline phase of the SrTiO3 nanoparticles co-doped with Er3+ and 

Yb3+ was conducted on samples containing 0.5 mol% Er3+ and 5 mol% Yb3+ as a function of 

annealing temperature by means of the XRD technique (see Figure 1). As it can be seen the 

sample heat treated at 500oC contains only an amorphous product with significant amount of 

not fully fired organics (black powder color). This situation is starting to change above 550oC 

where the formation of semi-phases of Yb2O3, TiO2 (broad peaks around 22.5 and 27.5 2Θ) 

and traces of the SrTiO3 (2Θ at 32.3o and 46.2o) can be detected. However, after exciding 

600oC the reactants are starting to finally form pure phase of the desired perovskite without 

presence of any impurities or amorphous phase and powders are white-colored. Further, an 
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increase of annealing temperature up to 1000oC results only in narrowing of diffraction peaks 

(grain growth) and better product crystallinity (higher reflection signal). The mean grain size 

was calculated using Scherrer's equation taking into consideration non-split and separate 

reflections only. The expected size growth was noticed from 20 nm above 39 nm depending 

on the temperature of thermal treatment as indicated by decrease of FWHM of the peak (full 

width at half maximum) in Figure 1. 

 

Fig. 1. Temperature evolution of the SrTiO3 0.5% Er3+/ 5% Yb3+ crystal structure (left) as well as 

FWHM and grain size temperature dependence (right). 

The effect of Er3+ and Yb3+ doping was investigated (see supplementary Figure 1s) for broad 

concentration ranges as well. The optimization of dopants concentration is extremely 

important in view of inducing functional property of the SrTiO3 i.e. up-conversion. The 

relation between dopants on up-conversion efficiency will be discussed later. In fact, for the 

samples with constant Yb3+ ions concentration set at 5 mol% there is no influence of 

increasing Er3+ ions amount up to 2 mol% on structural purity. Higher doping levels of the 

Er3+ ions were not studied due to an increase of its content is detrimental for emission 

properties (vide concentration quenching). Whereas, a specific amount of the Yb3+ ions has 

great implications on luminescence properties because of  Yb3+ ions play an important role of 

emission sensitizer. In the case of Yb3+ ions, it can be clearly seen that up to 15 mol% the 

structure of the SrTiO3 remained unchanged. However, further increase of number of the Yb3+ 

ions above 20 mol% inhibits the crystallization of final phase. The XRD pattern appears the 

same as for the sample heat treated at 550oC. Indeed, an increase of temperature above 700oC 

leads to the formation of the SrTiO3 (see supplementary Figure 2s.) but with presence of small 

amount of impurity phases. Moreover, the further increase of the temperature results in phase 
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separation and formation of multiphase product (supplementary Figure 3s). Therefore, the 

solubility limit of the Yb3+ ions in the SrTiO3 is 15 mol%. It is also important to emphasize 

that for highly concentrated samples phase separation is also induced by temperature factor 

affecting the thermodynamic equilibrium (see supplementary Figure 4s.) As it can be seen 

multiphase products are obtained for samples with the Yb3+ ions concentration higher than 10 

mol% starting from 900oC. In the context of material purity it seems that the SrTiO3 doped 

with 0.5 mol% of the Er3+ and 5 mol% Yb3+ ions together with 1 mol% are optimal. The 

sample with 2 mol% of Er3+ and with Yb3+ ions content above 10 mol% of Yb3+ are already 

multiphase at 900oC (supplementary Figure 5s).  

In order to shed more light on structural properties of the SrTiO3 doped with Er3+ and 

Yb3+ ions Rietveld refinement 26 using isotropic approach 27,28 in Maud 2.5 software was 

performed. The result of fitting on representative sample of the 0.5% Er3+,5% Yb3+:SrTiO3 

heated at 600oC is presented in Figure 2, whereas calculated values of cell parameters were 

gathered in table I and II. 

 

Fig. 2. XRD pattern (back line) and result of the Rietveld analysis of the SrTiO3 0.5% Er3+/ 5% Yb3+ 

nanoparticles annealed at 600oC. 

It is well known that the SrTiO3 crystallizes in cubic structure with the space group mPm
−

3

(No. 221), where Sr2+ is in twelve fold coordination (1.44 Å) and Ti4+ is surrounded by six 

oxygen anions (0.605 Å). The problem of exact site substitution with rare earth cations (RE3+) 

in MTiO4 (M - Ca2+, Sr2+ and Ba2+) perovskites is still not fully comprehend. Basing only on 
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comparison of ionic radii substitution of the Er3+ and Yb3+ ions would occur most likely at 

Sr2+ site due to the best compatibility of the ionic radii even though there is not data regarding 

the radii of twelve fold coordination of both dopants (Er3+ at C.N. 9 - 1.062 Å , at C.N. 6 -0.89 

Å , Yb3+ at C.N. 9 - 1.042 Å, at C.N. 6 - 0.868 Å). However, the issue is not clearly resolved 

since Tsur et al. 30 showed that in the case of BaTiO3 so called tolerance factor t: 

,
)(2 OB

OA

rr

rr
t

+

+
= (5) 

has to be taken into account where rA, rB and rO are ionic radii of the A, B and O ions with 

specific coordinations numbers. For the ideal perovskite tolerance factor reaches value of 1 

which is the case of SrTiO3.  

Table I. Results of the Rietveld refinement of the SrTiO3 Er3+/Yb3+ nanoparticles as a function of 

sintering temperature and dopants concentration. 

Temperature a (Å) V (Å3) grain size (nm) Rw (%) 

0.5% Er 5% Yb 600°C 3.9152(1) 60.01(6) 36.98±0.01 3.33 

0.5% Er 5% Yb 700°C 3.9162(0) 60.06(1) 33.92±0.01 3.41 

0.5% Er 5% Yb 800°C 3.9208(5) 60.27(5) 34.95±0.01 3.75 

0.5% Er 5% Yb 900°C 3.9123(3) 59.88(3) 52.71±0.01 3.73 

0.5% Er 5% Yb 1000°C 3.9141(9) 59.96(9) 59.62±0.01 4.28 

Er3+ concentration a (Å) V (Å3) grain size (nm) Rw (%) 

0.5% Er 5% Yb 600°C 3.9152(1) 60.01(6) 36.98±0.01 3.33 

1% Er 5% Yb 600°C 3.9160(8) 60.05(6) 36.08±0.01 3.09 

2% Er 5% Yb 600°C 3.9153(1) 60.02(0) 32.99±0.01 2.89 

Yb3+ concentration a (Å) V (Å3) grain size (nm) Rw (%) 

0.5% Er 5% Yb 600°C 3.9152(1)  60.01(6) 36.98±0.01 3.33 

0.5% Er 10% Yb 600°C 3.9158(8) 60.04(7) 35.47±0.01 2.71 

0.5% Er 15% Yb 600°C 3.9141(2) 59.96(6) 30.89±0.01 3.21 

0.5% Er 20% Yb 600°C 3.9131(7) 59.92(2) 21.92±0.01 3.46 

Therefore, it is expected that if the incorporation at A site results into tolerance factor closer to 

1 than incorporation into the other site is not preferred. Thus ions with smaller radii than 0.87 

Å will occupy the B-site whereas larger ones with r( +3
VIRE ) > 0.94 Å the A site 30. Since the 

ionic radii for twelve fold coordination of Er3+ and Yb3+ are unknown calculations were done 

only taking into consideration of six-fold coordinations.  
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Table II. Atomic parameters of the SrTiO3 0.5% Er3+ /5% Yb3+ annealed at 600°C. 

Results are showing, that the Yb3+ (t is 0.885) substitution should occur mainly at B-site 

whereas the Er3+ (t equal to 0.876) is at intermediate position meaning that both sites could be 

replaced. This is in accordance with previous reports on dual character of the Er3+ 30. Thus, it 

is actually quite difficult to differentiate the positions of the RE3+ and more data is needed to 

provide more convincing evidence. Definitely, the problem of exact substitution position is 

directly related to the dopant solubility and thermodynamic behavior of given compound. The 

site preference is even more complex for highly doped materials. As it can be seen cell 

parameters of the Er3+ and Yb3+ ions doped SrTiO3 did not show strong differences upon 

sintering temperature up to 800oC as well as Er3+ ions doping where the cell volume changes 

only a little (expected shrinkage). Almost the same trend stands for Yb3+ ions concentration 

showing no effect up to 10 mol%. Above that value, the phase separation occurs leading in 

formation of secondary compounds. In the other words, the effective concentration of the 

Yb3+ ions was lower than 15 or 20 mol% in the SrTiO3 structure. Another factor influencing 

the structural properties i.e. grain size has to be taken into account as well. It is well known 

Sample SrTiO3 0.5% Er3+/5% Yb3+, Z = 1 

Space group Cubic   Pm-3m (No. 221) 

Calculated cell 

parameters 

a = 3.9152(1) Å 

V = 60.01(6) Å3
 

Rw 

Rwnb 

Rall 

Rnb 

σσσσ 

3.33% 

3.25% 

2.42% 

3.21% 

2.18% 

Selected contacts 

Er|Sr|Yb – Yb|Sr|Er 

Er|Sr|Yb   – O 

Ti – Ti 

Ti – O 

Er|Sr|Yb  – Ti 

Er|Sr|Yb –  O –  Ti 

3.9152 Å 

2.7685 Å 

3.9152 Å 

1.9576 Å 

3.3907 Å 

90.00 ° 

Atom 
Wyckoff 

positions 
x y z Biso 

Occ. 

(<1) 

Sr1 1a 0 0 0 0.3017(8) 0.945 

Til1 1b 0.5 0.5 0.5 0.1020(1)  

O1 3c 0.5 0.5 0.5 0.2024(2)  

Yb1 1a 0 0 0 0.3010(4)) 0.05 

Er1 1a 0 0 0 0.3010(5) 0.005 
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that reduction of the particle size could contribute to the creation of negative pressure on the 

crystal lattice eventually leading a lattice cell volume expansion 31, 32. Therefore, two adverse 

effects are most likely present in the same time - effect of doping which leads to shrinking of 

the cell volume as well as size effect resulting in cell expansion for the smallest particles 

annealed below 800oC. General conclusion might be drawn that the Er3+ and Yb3+ dopants are 

increasing the crystallization temperature and decreasing the growth of SrTiO3particles as 

well as lead to the phase separation at critical concentration limits and sintering temperature. 

For the Pm3�m structure of the SrTiO3 group theory predicts only three IR-active modes of 

F2u symmetry 33,34. The IR reflection spectra show that the transverse optical (TO) modes of 

the SrTiO3 should be observed at 89, 175 and 544 cm-1. The corresponding longitudinal 

optical (LO) modes are expected at 172, 475 and 796 cm-1. The lowest (highest) frequency 

mode corresponds to Ti-O-Ti bending (Ti-O stretching) vibrations. The band at 175 cm-1 (TO) 

and 475 cm-1 (LO) involves bending vibrations of Ti-O bonds and translations of Sr2+ 

cations33. For a polycrystalline and nanocrystalline sample, shape and maximum intensity of 

an IR band can be very dependent upon the size and shape of crystallites due to the long-range 

Coulomb forces. In particular, the maximum intensity may shift towards LO frequency and a 

band may become very asymmetric35,36. The IR spectra of the Er3+/Yb3+:SrTiO3 showed 

presence of a strong band in the mid-IR region at about 560 cm-1 (supplementary Figure 6s). 

This band could be attributed to the Ti-O stretching mode and its maximum intensity is close 

to the expected TO value at 544 cm-1 33 One can note presence of a broad and weaker band 

near about 735 cm-1. Frequency of this band is close to the expected LO value at 796 cm-1. 

Similar band was also observed for pure nanocrystalline SrTiO3
 37. Far-IR spectra show 

presence of two bands near 160 and 200-250 cm-1 (supplementary Figure7s). The higher 

frequency band was very broad and asymmetric, and this feature may again be attributed to 

very large LO-TO splitting of the corresponding mode. The lower frequency band was 

relatively narrow and its maximum is about 15 cm-1 below the LO value. The shape of the 

mid-IR contour changed significantly with increasing concentration of the Yb3+ ions. In 

particular, the bands become broader and intensity of the higher frequency band significantly 

increases. This behavior indicates that TiO6 octahedra were affected by Yb3+ ions doping. 

This conclusion was further supported by the far-IR data, which showed significant changes 

with increasing concentration of the Yb3+ ions also for the lowest frequency Ti-O-Ti bending 

mode at 160 cm-1. Interestingly, this mode shifts towards higher frequency with increasing 

concentration of the Yb3+ (from 155 cm-1 for 5% of Yb3+ to 165 cm-1 for 20 % of Yb3+) 

whereas the former study of neodymium-doped SrTiO3 showed an opposite behavior 34. 
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Furthermore, intensity of this band significantly decreased. It is also worth noting that IR data 

for pure and neodymium-doped SrTiO3 showed weak influence of doping on shape of the 

mid-IR band corresponding to the Ti-O stretching mode but strong intensity decrease of the 

broad band at 200-250 cm-1 corresponding to the coupled Ti-O-Ti bending and Sr2+ 

translational modes. In contrast to the Nd3+:SrTiO3: sample containing both lanthanides Er3+ 

and Yb3+ did not show any intensity decrease of the broad far-IR band with increasing 

concentration of the Yb3+ions. In conclusion, IR data for the Er3+/Yb3+:SrTiO3 show opposite 

behavior than the IR spectra reported for the Nd3+:SrTiO3. In the later case, changes in the IR 

spectra are consistent with the postulated preferential occupation of the Sr2+ sites. However, 

data indicate that in the Er3+/Yb3+:SrTiO3 samples, the ytterbium ions occupy predominantly 

the titanium sites, as evidenced by significant changes upon doping of the IR bands 

corresponding to the Ti-O stretching and bending vibrations. No striking effect of the Er3+ 

ions were found on vibrations of the Sr2+ ions most likely due to the low concentration of the 

Er3+ ions. 

TEM (Transmission Electron Microscopy) analysis was performed (see Figure 3) in order 

to estimate the mean particle grain size, size distribution as well as influence of annealing 

temperature on particle growth. As it can be seen the particle size is strongly dependent on 

sintering temperature and for 600oC mostly 20-30 nm irregular and forming aggregates 

particles are detected. Upon heating fast particle growth was found and grain size for the 

800oC treated SrTiO3 is around 50-60 nm whereas above 1000oC particles are much bigger 

(above 100 nm). Comparison of the TEM size estimation with the Rietveld fits gives quite 

good correspondence especially for the lower thermally treated samples. An application of 

higher temperature leads to difficult to control particle growth, ongoing agglomeration 

pointing out on the typical Ostwald ripening growth mechanism. Additionally, SAED 

(Selected Area Electron Diffraction) patterns revealed presence of well developed spotty rings 

at positions and distances corresponding with the reference standard of the SrTiO3. 
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Figure 3. TEM images of the SrTiO3: 0.5% Er3+ / 5% Yb3+ nanoparticles sintered at 600oC (a, b), 

800oC (c, d) and 1000oC (e, f). Insets show SAED images. 

The concentrations of the Er3+ and Yb3+ ions (nominal 1 mol% and 5-20 mol%) in the 

SrTiO3 nanoparticles was evaluated utilizing EDS (Energy-Dispersive Spectroscopy) analysis 

(supplementary Figure 8s). As it can be seen the contents of respective lanthanides are close 

to the desired one with rather small deviations. The deviation from the nominal content results 

in a variation of distribution of the Er3+ and Yb3+ ions in the crystal matrix i.e. presence of 

dopants in the close-to-surface area since surface to volume ratio is higher in nanoparticles 

than in a bulk material. On the other hand, surface layer enrichment is one of the natural 
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results of size incompatibility leading to the ion clustering and phase separation upon 

exceeding critical concentration or sintering temperature 38. 

Optical properties 

The mechanisms of the up-conversion process, APTE effect (addition de photon par 

transfer d'energie) existing in the literature also as ETU (energy transfer up-conversion), 

excited state absorption (ESA) and photon avalanche (PA) were described in a great detail by 

Auzel 39. In majority of cases ETU and ESA are most effective. However, it is difficult to 

distinguish between them especially in the system containing Er3+ and Yb3+ co-dopants since 

in order to achieve up-conversion emission both processes involve participation of two 

photons 39. The up-conversion emission can be observed in the systems composed of the ions 

of the same type i.e. the Er3+ ion but due to the small absorption cross section of the Er3+ ion 

additional doping with so-called sensitizer ion, with large absorption cross section, is 

necessary in order to significantly improve efficiency. In fact, efficient energy transfer from 

the emission sensitizer to the activator must take place meaning that there is a need of 

existence of specific energy levels of both ions in resonance. 

 

Fig. 5. Up-conversion emission spectra of the SrTiO3 0.5% Er3+ / 5% Yb3+ as a function of sintering temperature 

(particle size). 

All of these conditions are fulfilled upon co-doping of the Er3+ with Yb3+ ions having 

resonance between electronic transitions of the 2F5/2 → 2F7/2 (Yb3+) and the 4I15/2 → 4I11/2 

(Er3+). Large absorption cross section of Yb3+ assures effective absorption of the excitation 

energy. The representative up-conversion emission spectra of the SrTiO3 co-doped with 0.5% 
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of Er3+ and 5% of Yb3+ measured at 300 K and recorded after excitation with 975 nm diode 

laser as a function of sintering temperature are shown in Figure 5. The spectra consists of 

typical anti-Stokes emission transitions situated in the green spectral range of 500 - 575 nm 

ascribed to the 2H11/2 → 4I15/2 with maxima at 526.9 nm (18 979 cm-1) and to the 4S3/2 → 4I15/2 

electronic transitions at 547.8 nm (18 255 cm-1) as well as red region of 625 - 690 nm with the 

characteristic 4F9/2 → 4I15/2 electron transition at 655.9 nm (15 246 cm-1), respectively. As it 

can be seen the emission spectra were non-homogenously broadened and peaks non- resolved 

into separate Stark components of each transitions. The most striking observation was seen in 

constant of an intensity increase of the green bands and a decrease of red transition with the 

sintering temperature increase or in other words, with particle growth from nanometric size up 

to submicron scale above 900oC. The most likely the broadening of the anti-Stokes emission 

peaks would be attributed to the occupation of different crystallographic sites by Er3+, as 

already suggested by structural data, resulting in the spectral overlap of the Stark components 

of electron transitions. Additionally, the source of such behavior might be also seen in the 

presence of structural defects induced by charge compensation effect as well as heterogeneous 

distribution of the dopants due to the presence of Er3+ and/or Yb3+ ions on the particles 

surface enriched regions with lowered symmetry of closest RE3+ surroundings. 

In order to comprehend the interplay of the green and red up-conversion emission as a 

function of the Er3+ and Yb3+ ions concentration, particle size (thermal treatment), and 

estimate the efficiency of the up-conversion process GRR ratio (green-to-red ratio) was 

calculated 40 in the following manner: 

,
)(

),(

2/15
4

2/9
4

2/15
4

2/3
4

2/11
2

IFI

ISHI
GRR

→
→

=  (6) 

where numerator is an integral intensity of green bands and denominator defines integral 

intensity of red transition. Beforehand, it has to be mention that the general rule regarding 

GRR interpretation could be proposed. The higher is the GRR, the better performance of up-

conversion system could be. It means that the green bands integral intensity increases at the 

expense of red band than efficiency of the up-conversion increases due to the decrease of 

contribution of the non-radiative processes such as cross-relaxation and/or multiphonon 

relaxation processes. Therefore, it is expected that the GRR ratio could be strongly dependent 

not only on the point site symmetry (exact level splitting in crystal field) but also on particle 

size, dopant concentration or excitation power influencing population of the electronic states 
41. Figures 6 and 7 present the up-conversion emission spectra as well as the GRR ratio of the 
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SrTiO3 particles doped with different Er3+ and Yb3+ ions concentrations. Among all tested 

contents of the Er3+ ions (0.5 - 2 mol%) the least concentration seems to be the best one since 

the highest GRR ratio was achieved. 

 

Fig. 6. Up-conversion emission spectra of the SrTiO3 x% Er3+ / 5% Yb3+  (left) and  GRR ratio as a function of 
sintering temperature and Er3+ concentration (right). 

 

Fig. 7. Up-conversion emission spectra of the SrTiO3 0.5% Er3+ / x% Yb3+  (left) and  GRR ratio as a function of 
sintering temperature and Yb3+ concentration (right). 

In fact, it is well known that contribution of the cross-relaxation processes is strongly 

dependent on optically active ion concentration. Thus, decreases of the Er3+ ions 

concentration results in minimization of the inter-ionic-interactions which have parasitic 

effect on the green emission. In the case of the Yb3+ sensitizer, increase of its content should 

be beneficial for the up-conversion since ions are able to harvest more of the IR excitation and 

directly transfer extra photons to the Er3+ ions42. However, as it can be seen in Figure 7 the 
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highest GRR ratio is obtained for the samples not exceeding 5 mol% of Yb3+ ions. Further 

increase of the Yb3+ ions has detrimental effect on up-conversion in this system. Again 

structural properties have to be taken into account to understand what is actually happening. 

As it was written earlier, the concentration of Yb3+ ions higher than 5 mol% lead to the phase 

separation of the system and formation of multiphase product. In addition energy transfer in 

such complex system is influenced by the structural restrictions of new compounds (different 

symmetry, energy of net phonons etc.). It cannot be excluded that a rising of Yb3+ ions 

concentration might lead also to a back-transfer since one can see that the intensity of the 

green band decreases with the increasing of Yb3+ content as well. Furthermore, the back-

transferred energy could benefit in enhanced emission of Yb3+ ions. In general, the role of the 

annealing temperature is directly connected with the particle size. It results in enhancement of 

the up-conversion efficiency since the GRR ratio greatly increased with the particle size.  

 

Fig. 8. Up-conversion emission color tuning of the SrTiO3 0.5% Er3+ / 5% Yb3+ by growth of particle 

size induced by thermal treatment. 

The highest GRR values were obtained for the largest particles. In the case of nanoparticles 

higher fraction of optically active cations were located closer to the nanoparticles surface. 

Hence, it was extremely sensitive for non-radiative deactivation caused by impurities, surface 

states, defects, ion clusters etc. In the context of biological applications, it is important to get 

as efficient up-conversion as possible with predominant character of the green emission. 

Nevertheless, the red emitting up-conversion materials might be seen as the drawback. 

However, it can be the basis in the color tuning by the particle size tailoring. The same feature 
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is observed in quantum dots (QDs) taking out the advantageous role of quantum confinement 

effect shaping the energy band gap with particle size43. However, in the case of the SrTiO3 

color tuning would be based only on playing with the number of optically active ions in close-

to-surface regions. As it is shown in Figure 8 the color of the 0.5% Er3+/5% Yb3+:SrTiO3 

changed from white through red-yellow-green only through change of the particle size 

induced by sintering temperature. It has to be underlined that the white emission of 550oC 

sample is connected with the high concentration of defects and other states, in accordance 

with the XRD measurement showing only partially crystallization of this powder. Therefore, 

the color of up-conversion depends on the contribution of non-radiative processes like cross-

relaxation and multiphonon relaxation favoring population of the green (2H11/2 and 4S3/2) and 

red (4F9/2) bands depending on the size of particle and/or surface to volume ratio. 

It was worth to note that the relative intensity of the both green transitions of the 2H11/2 → 

4I15/2 and the 4S3/2 → 4I15/2 depends on the laser power causing self-heating of the sample. This 

dependence has practical implication in the field of temperature sensing or in biological 

applications allowing fast microscopic heating and heat release without incidental damage of 

health tissues. In fact, since the both levels are close to each other (∆E = 724 cm-1) their 

population given as an integrated fluorescence intensity ratio (FIR) is driven by Boltzmann's 

distribution: 

)exp()exp(
)(

)(

2/15
4

2/3
4

2/15
4

2/11
2

kT

E
B

kT

E

hAg

hAg

ISI

IHI
FIR

SSS

HHH ∆
−=

∆
−=

→
→

=
ν
ν

, (7) 

where gH and gs are the degeneracy of the 2H11/2 and 4S3/2 levels, AH, AS and νH, νS are the 

spontaneous emission rates and frequencies of the 2H11/2 → 4I15/2 and the 4S3/2 → 4I15/2 

transitions, h is the Planck's constant, k is the Boltzmann's constant (0.6952 K-1cm-1), T is 

absolute temperature and ∆E is the energy gap 44. Transformation of the equation (7) into 

linear dependence: 

)()ln()()ln()ln(
T

C
B

kT

E
BFIR −+=

∆
−+= , (8) 

allows for extraction of B and C constants. Since, the ∆E equals 724 cm-1 then calculated C 

constant is about 1041 K. Further assumption has to be made that sample temperature was 

300 K at zero limit of laser power then FIR for room temperature can be estimated by 

extrapolation of power dependence of FIR giving the value of 0.52 (supplementary Fig. 9s). 

Hence, taking into account equation (8) ln(B) was 1.76 being consistent with previously 

reported range for this constant 1.5 ≤ ln(B) ≤ 2.5 45. Thus for the highest optical laser power of 
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1.59 W (50.61 W/cm2) and FIR = 1.43 T is 743 K determining the operating range of the 

studied system for the laser power. 

 

Fig. 9. Simplified energy level scheme presenting up-conversion, CR (numbered circles) and MPR 

(dot black lines) processes (description in the text). 

Simplified energy level diagram was proposed describing the most important processes 

contributing and accompanying to the up-conversion of the Er3+ and Yb3+ ions co-doped  

SrTiO3 nanoparticles (Figure 9). Instantaneously, the electrons of Yb3+ and Er3+ ions were 

excited by NIR photons from the ground states 2F7/2 and 4I15/2 to the 2F5/2 and 4I11/2 levels by 

ground state absorption process (GSA). Next photon moved electrons directly from the 4I11/2 

level to the 4F7/2 by the excited state absorption (ESA) in Er3+ ions. However, due to the large 

absorption cross section of Yb3+ ions majority of the excitation energy was absorbed by Yb3+ 

ions. Therefore, electrons from the 2F5/2 level were transferred to the 4I11/2 level of the Er3+ 

ions by energy transfer (ET) and/or to the 4F7/2 level of the Er3+ ions by energy transfer up-

conversion process(ETU). In fact, the ET and ETU demand participation of two photons to be 

realized. Subsequently, electrons from the 4F7/2 level relaxed non-radiatively to the 2H11/2 and 
4S3/2 levels via multiphonon relaxation process (MPR). Afterwards, radiative de-excitation 

could occurred to the ground 4I15/2 level resulting in green emissions. Since, the energy 

difference between 2H11/2 and 4S3/2 is small MPR would be effective in feeding of the lower 

level. The competition of radiative and non-radiative processes part of the electrons was 

depopulated to the 4F9/2 level due to the MPR between the 2H11/2 + 4S3/2 levels and/or cross 
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relaxation (CR) process. The interplay between the green emission and red one could be tuned 

by careful selection of host lattice (less energetic phonons), balance of co-dopants 

concentration (limitation of CRs), particle size (surface-to-volume ratio) and synthetic 

parameters. It is well known that the CR is concentration and laser-power sensitive. As it can 

be seen that the several CRs were probable:  

(2H11/2 + 4S3/2, 
4I15/2) → (4I9/2, 

4I13/2), (I) 

(2H11/2 + 4S3/2, 
4I13/2) → (4F9/2, 

4I11/2), (II) 

(4S3/2, 
4I9/2) → (4F9/2, 

4F9/2), (III) 

(4S3/2, 
4I13/2) → (4I9/2, 

4I9/2), (IV) 

(4I11/2, 
4I11/2) → (4I15/2, 

4F7/2), (V) 

(4I11/2, 
4F7/2) → (4F9/2, 

4F9/2), (VI) 

leading to the strong depopulation of green bands, decrease of the GRR ratio and enhanced 

red and NIR emissions of Er3+ ions. These processes would be even more effective upon 

increase of Er3+ ions concentration in the host lattice. In the case of Yb3+ ions concentration 

increase most probably have had detrimental effect on up-conversion efficiency due to the 

possibility of energy back transfer from the 4I11/2 level of Er3+ ions to the 2F5/2 level. Finally, 

the emission of Yb3+ ions from upper levels to the 2F7/2 ground state showed that no green 

emission was enhanced by Yb3+ ions doping above 5 mol%. 

The power dependence of both green transitions (2H11/2 → 4I15/2 and 4S3/2 → 4I15/2) and 

red (4F9/2 → 4I15/2) emissions were studied (Figure 10) as a function of the sintering 

temperature. The linear fit of experimental data lead to the values of around 1 for the 4S3/2 → 
4I15/2 which was almost independent on the heating temperature. In the case of the 2H11/2 → 
4I15/2 level the n value gradually increased from 1.3 up to almost 1.6 for the largest particles. 

The value of pump power dependence of the red band remains almost unchanged and was 

around 1. As stated by Pollnau, in the classical case, both slopes of the green and red emission 

tend to be close to 2. However, if the 4F9/2 level is populated from 4I15/2 level through ETU 

slope of power dependence, the red band should be close to 3 (three photon process) 46. 

Actually, none of these stands for the Er3+/Yb3+ co-doped  SrTiO3 samples, only for the 

1000oC treated sample the slope of green emission had value close to 2. Thus, following Liu 
47 low values of n being close to 1 could be indication of increased role of strong non-

radiative processes which is consistent with the GRR behavior. 
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Figure 10. Power dependence of the SrTiO3 doped with 0.5 mol% Er3+ and 5 mol% Yb3+ ions as a function of 
annealing temperature. 

It is also interesting to note that below 900oC, samples with the particles size below 100 nm 

(TEM analysis) saturation of population of both green and red energy levels were achieved. 

The luminescence decay times of the SrTiO3 co-doped with different concentration of 

Er3+ and optimal 5 mol% Yb3+ ions content were recorded for the green and red transitions as 

a function of sintering temperature (see Figure 11 and 12). The decay curves were clearly 

non-exponential. Thus, values of lifetimes were calculated as the effective emission decay 

time using following expression: 

∫

∫

∫

∫ ≅= ∞

∞

t

t

dttI

dtttI

dttI

dtttI
m max

max

0

0

0

0

)(

)(

)(

)(
τ , (9)  

where I(t) represents the luminescence intensity at time t corrected for the background and the 

integrals are evaluated on a range 0 < t < t
max where tmax 

>> τm 48. 
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Figure 11. Luminescence decays curves of green band of the SrTiO3particles doped with 0.5 mol% Er3+ and 5 
mol% Yb3+ (left) as well as temperature and Er3+ decay times dependence (right). 

 

Figure 12. Luminescence decays curves of red band of the SrTiO3particles doped with 0.5 mol% Er3+ and 5 
mol% Yb3+ (left) as well as temperature and Er3+ decay times dependence (right). 

The values of decay times depend strongly on the sintering temperature (particle size) and 

Er3+ ions concentration. In a classic up-converting materials or micrometer scale compounds 

the lifetimes are of few hundred microseconds either for green and red emission. The particle 

size effect is evident since increased concentration of the optically active ions is placed near 

particle surface leading to the quenching due to the surface defects or impurities. 
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Additionally, the non-exponential character of decay curves might reflect the non-

homogenous distribution of dopants within particle volume as well as presence of Er3+ ions 

located at multi-sites. Increase of temperature leads to the decrease of surface atoms as well as 

distribution of ions within particle and therefore, decay times were increasing reaching values 

comparable with bulk materials. In the case of the Er3+ ions doping increased concentration of 

optically active ions results in the concentration quenching effect due to the efficient donor-

donor energy transfer 49. 

Cytotoxic activity of SrTiO3 Er
3+

 / Yb
3+

 nanoparticles to human red blood cells 

In vitro cytotoxicity assessment of the SrTiO3 Er3+ and Yb3+ co-doped nanoparticles to 

human erythrocytes were conducted as dependence of the sample annealing temperature and 

Yb3+ ions concentration since its content would be more relevant than Er3+ ions. It was proved 

that the analyzed nanoparticles induced the cell membrane permeability and hemolysis up to 

concentration of 0.1 mg/ml in colloids (supplementary Figure 10s). It was found, that the 

SrTiO3 nanoparticles affected erythrocyte sedimentation rate of the RBC in a dose-dependent 

manner (supplementary Figure 11s). Most likely, it might be caused by strong interactions and 

binding of nanoparticle aggregates to the cell membrane. The effect was visible for 

concentration higher than 0.1 mg/ml of nanoparticles whereas erythrocytes treated with 

concentration below 0.1 mg/ml settled down with the same rate as the control sample. 

Therefore, the SrTiO3 nanoparticles doped with Er3+ and Yb3+ did not show any cytotoxic 

effect on the RBC up to 0.1 mg/ml. 

4. Conclusions 

SrTiO3 nanoparticles co-doped with broad concentration range of the Er3+ and Yb3+ ions 

were fabricated using citric route as a function of annealing temperature 500-1000oC. 

Formation of the amorphous phase was detected at 500oC whereas crystallization into final 

product occurs at 600oC. Further increase of annealing temperature up to 1000oC resulted in 

narrowing of diffraction peaks (grain growth) and better product crystallinity. The mean 

particle size from TEM was around 30 nm for powder thermally treated at 600oC whereas 

increase of temperature lead to the fast particle growth even above 150 nm for at 1000oC. 

Optimization of co-dopant concentration was done in order to find balance between structural 

purity and satisfactory up-conversion properties. It was shown that at fixed concentration of 

the Yb3+ ions (5mol%) and increase of the Er3+ ions up to 2 mol% did not change structure of 

material for products sintered below 900oC. In the case of Yb3+ content set at 15 mol% still 

solid solution of SrTiO3 is kept up to 800oC. Inhibitive action of Yb3+ ions above 20mol% on 
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the crystallization temperature was found. In highly concentrated samples, the phase 

separation was induced by annealing affecting the thermodynamic equilibrium. The 

multiphase materials were obtained for Yb3+ ions concentration higher than 10 mol% starting 

from 900oC. In the context of material purity the SrTiO3 doped with 0.5 mol% of Er3+ and 5 

mol% Yb3+ ions were optimal.  

Constant increase of intensity of the green bands and decrease of red transition with 

increase of particle size was observed. The highest GRR ratio was obtained for samples not 

exceeding 5 mol% of Yb3+. Further increase of the Yb3+ ions had detrimental effect on up-

conversion in the SrTiO3 matrix due to destabilizing action of Yb3+ ions on the perovskite 

structure. It was shown, that the role of annealing temperature relied on enhancement of up-

conversion efficiency. The highest GRR values were obtained for the largest particles. In the 

case of nanoparticles higher fraction of optically active cations were located closer to the 

surface. Hence, non-radiative deactivation occurred due to presence of impurities, surface 

states, defects, ion clusters etc.  

Strong power dependence of the green and red emission was found resulting in 

determination of temperature operating range of the SrTiO3 nanoparticles as material for fast 

and local microscopic heating and heat release induced by the IR irradiation.  

Up-conversion emission color tuning was achieved by particle size control. The color 

changed from white-red-yellow-green upon increase of sintering temperature inducing 

changes in surface-to-volume ratio and number of optically active ions in the particle surface 

regions. Behavior of power dependence and relatively low values of n showed strong 

contribution of non-radiative processes (CR and MPR). Non-exponential character of decay 

curves pointed out on non-homogenous distribution of dopants within particle volume as well 

as presence of Er3+ located at multi-sites. Increase of sintering temperature lead to the 

decrease of surface atoms, improvement of ions distribution and therefore, decay times of 

both green and red emissions reached values comparable with bulk materials. 

Analyzed nanoparticles did not induce RBC cell membrane permeability and hemolysis 

up to particle concentration of 0.1 mg/ml.  It was found, that the SrTiO3 nanoparticles affect 

erythrocyte sedimentation rate of the RBC in a dose-dependent manner. Thus it might be 

concluded that SrTiO3 nanoparticles doped with Er3+ and Yb3+ did not show any cytotoxic 

effect on the RBC up to 0.1 mg/ml. 
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Fig. 1s. Effect of Er3+ (upper) and Yb3+ (bottom) concentration of crystal structure of the SrTiO3 

heated at 600oC. 
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Fig. 2s. Compare with sample containing 20 mol% of Yb3+ heat treated at 600oC with 20 mol% Yb3+ 
sample at 700oC. 

 

Fig. 3s. Note phase separation of the SrTiO3 above 20 mol% of Yb3+ at 800oC. 
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Fig. 4s. Note phase separation of the SrTiO3 with different content of Yb3+ above 15 mol% at 900oC. 

 

Fig. 5s. Note phase separation of the SrTiO3 with 2 mol% of Er3+ and different content of Yb3+ 
samples heated at 900oC. 
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Fig. 6s. Mid-IR spectra of SrTiO3 doped with 5, 10, 15 and 20 % of Yb3+  and 0.5 % of Er3+ 

annealed at 800 °C. 
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Fig. 7s. Far-IR spectra of SrTiO3 doped with 5, 10, 15 and 20 % of Yb3+ and 0.5 % of Er3+ annealed at 
800 °C. 
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Fig. 8s. SEM-EDX analysis of the SrTiO3 1% Er3+ / x% Yb3+ nanoparticles sintered at 600oC. 

 

Fig. 9s. Calibration curve FIR vs. pump power. 
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Fig. 10s. Hemolysis assay on human erythrocyte cells loaded with the SrTiO3 0.5% Er3+ / x% Yb3+ 

nanoparticles annealed at 600oC (from left side: negative control (PBS), 1 mg/ml, 0.1 mg/ml, 0.01 

mg/ml, positive control (100% hemolysis, distilled water). 

 

Fig. 11s. ESR of human erythrocyte cells loaded with the SrTiO3 0.5% Er3+ / x% Yb3+ nanoparticles 

annealed at 600oC (from left side: negative control (PBS), 1 mg/ml, 0.1 mg/ml, 0.01 mg/ml, positive 

control (100% hemolysis, distilled water). 
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