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Abstract—Nanoparticles made of lanthanide oxides are promising 
fluoropores for applications as new tags in biochemistry because 
of their large Stokes shift, sharp emission spectra, long lifetime 
and lack of photobleaching. We report on the optical properties 
of Europium and Samarium doped Gd2O3 synthesised by the 
flame pyrolysis method with specific emphasis on full spectral 
characterisation and fluorescence kinetics.  
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I. INTRODUCTION 

The use of labelling or staining agents has greatly assisted 
in the study of complex biological interactions. In particular, 
fluorescent labelling of biomolecules has become an 
indispensable tool in biological studies. Fluorescent labelling 
agents that are commonly used include conventional classes of 
organic fluorophores such as fluorescein and cyanine dyes, as 
well as inorganic nanoparticles such as QDs  [1],  [2] and more 
recently investigated rare earth doped nanoparticles  [3]. The 
latter class of fluorescent materials has the potential to 
outperform their predecessors in selected applications due to 
better optical properties such as enhanced photostability and a 
larger Stokes shift over conventional organic fluorophores, 
narrower emission lines, long lifetimes  [4], up-converting 
properties  [5] and low toxicity. Nanoparticles with different 
emission wavelengths important for these applications can be 
obtained by controlled doping of lanthanide ions into 
appropriate host materials. Excitation of the lanthanide in such 
systems occurs via absorption of light by a coordinating 
crystal/ligand and subsequent transfer of its electronic energy 
to the emissive excited state manifold of the lanthanide ion. 
This paper describes recent advances in one class of these 
luminescent nanomaterials, europium and samarium doped 
gadolinium oxide. In contrast with the semiconductor quantum 
dots, the emission wavelength of the lanthanide oxide 
nanoparticles is independent of the particle size, as the exciton 
Bohr radius in this case is very small, and thus the 
nanoparticle size in the latter material is not critical for the 
spectral properties. 

In this work we report on synthesis and extensive optical 
characterisation of Eu and Sm doped Gd2O3 nanoparticles. We 
also demonstrate the application of these nanoparticles to the 
visualisation of biomolecules. 

II. EXPERIMENT 

Rare earth-doped Gd2O3 nanoparticles were synthesized by 
a spray pyrolysis method, the details of which were described 
previously  [3]. As reagents ethanol solutions containing 
nitrides of europium or samarium and gadolinium were used at 
the ratios required for the target doping levels. These 
solutions, dispersed into micrometer size droplets were 
delivered into a hydrogen diffusion flame, where the oxidation 
reaction took place at temperatures above 2100 0C, and Eu or 
Sm doped nanoparticles were formed. The droplets formed in 
this system have a Gaussian size distribution with 80% of the 
droplets having diameters between 2 and 70 μm, which 
correspond to particle diameters between 5 and 185 nm, as 
previously reported [7]. Nanoparticles with 5, 10, 15 and 20% 
Eu and 10 and 20% Sm were synthesised. The as-synthesised 
Eu or Sm: Gd2O3 particles had a broader size distribution, in 
the range 2 to 300 nm, which can be separated into narrower 
size distribution fractions using size selective centrifugation. 
The photoluminescence (PL) spectra were collected on 
Fluorolog 3-Tau 3 system from Jobin-Yvon-Horiba with Xe 
lamp excitation. The PL kinetics spectra were excited with 
Nd-YAG frequency doubled pulsed laser at 532 nm, with 
pulse duration of 1 ns and pulse repetition frequency of 30 Hz. 
The emission was collected in 2 ns intervals for up to 8200 ns 
using a Hammamatsu CCD detector with 0.2 nm spectral 
resolution. Photoluminescence was also measured in a 
confocal laser-scanning microscope Leica TCM SP2 with 
spectral capabilities. Finally, 20% Eu: Gd2O3 nanoparticles 
coated with anti mouse or anti rabbit IgG were used for 
demonstration of specific binding in human lymphoma cell 
studies. 
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Rare-earth oxides are able to crystallize into different 
polymorphic structures, but only one is stable  [8],  [9]. In the 
case of Gd2O3, Eu2O3 and Sm2O3 they all crystallize in the 
cubic phase at low temperatures and invert directly and 
irreversibly to the monoclinic phase if held at very high 
temperatures for certain period of time. For Gd2O3 and Eu2O3 
the transformation from cubic to monoclinic phases occurs, if 
they are held at 15700K and 16700K, respectively for an hour 
 [10].  

The Gd2O3 doped nanoparticles produced by pyrolysis 
method are polycrystalline with an overall spherical shape, as 
reported previously  [6] with crystallites in cubic and 
monoclinic symmetries. The emission-excitation spectra for 
the 10% Eu: Gd2O3 nanoparticles dispersed in methanol are 
presented in Figure 1 (a)-(b). The emission spectra (Figure 1a) 
were taken at a range of resonant excitation wavelengths of 
361, 378, 393, 413 and 465 nm with spectral resolution of 5 
nm, where the fluorescence and Raman signal of methanol 
have been subtracted. At all these excitation wavelengths the 
PL peaks have an approximately Gaussian shape with 
characteristic bands corresponding to Eu3+ f-f transitions for a 
cubic structure. These are dominated by the transition 
identified as 5D0-7F2 with a maximum around 615 nm. The 
remaining bands (in order of decreasing intensity) have been 
assigned as: 5D0-7F1 at 591 nm, 5D0-7F4

 at 697 nm, 5D0-7F0
 at 

578 nm and finally 5D0-7F3 at 651 nm. The excitation spectrum 
for various emission wavelengths characteristic for Eu

3+  f-f 
transitions presented in Fig 1(b) shows narrow absorption 
lines and indicates that the most efficient excitation can be 
achieved for 250-270 nm range, which corresponds to the 
charge transfer-band (CTB) between O

2-
 and Eu

3+
  [11]. This 

band offers the most efficient energy transfer from Gd2O3 host 
to the Eu

3+ ions.  
The optical properties of monoclinic europium doped 

Gd2O3 has been studied earlier and the full splitting of the 
emission spectra was only observed for the site-resonant 
excitation conditions [12], [13].  In the monoclinic 
configuration there are three non-equivalent point sites of Eu3+ 
usually referred as A, B and C, each of them of Cs symmetry 
and, as a result, the crystal field produces Stark splitting of the 
energy levels. The emission spectra of europium for site-
selective excitation in such case consist of multiple transition 
lines. Figure 2 a-e shows the results of room temperature PL 
measurements for a range of samples directly placed between 
two quartz slides, but with varying Eu doping levels in 5-20% 
range, all excited at 532 nm by the frequency doubled 
Nd:YAG laser. For comparison, in Figure 2 f we present the 
emission spectrum with a Xe lamp excitation at 465 nm for 
10% Eu: Gd2O3 sample dispersed in methanol. All samples 
excited at 532 nm show very complex spectra with emission 
intensity increasing proportionally with the increase of the 
europium content up to 20% of Eu in Gd2O3. In 5 % Eu: 
Gd2O3, the emission peaks at 612.6, 613.8, 614.4, 614.8 615.9, 
619.5, and 621.8 nm are observed (see insert of Figure 2), all 
within the  5D0-7F2

  transition.   In the case of non site-selective  

 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 1 PL spectra of 10% Eu: Gd2O3 nanoparticles suspended in methanol. 
(a) Top panel -Emission for various excitation wavelengths (b) Bottom panel - 
Excitation spectra for various emission wavelengths. 

Figure 2 Emission spectra of pure and Eu-doped Gd2O3 monoclinic 
nanoparticles with various Eu doping levels: 0% (a), 5% (b), 10% (c), 15% (d) 
and 20% (e) with 532 nm excitation. (The spectra were shifted for clarity). 
Emission spectra of cubic 10% Eu: Gd2O3 nanoparticles excited at 465 nm (f). 
Insert shows enlarged 

5
D0 – 

7
F2 transition region for 5% Eu: Gd2O3 

monoclinic nanoparticles 
 
excitation, used here, allocation of the emission lines to 
originating from A, B and C sites is more difficult, but the 
lines at 621.8, 615.9 and 614.4 are close to those reported in 
Ref  [12], for the Eu

3+ emissions in these sites. The monoclinic 
character of the synthesised nanoparticles is also confirmed, 
by the presence of sharp lines at 578.1, 579.4 and 591.5, 

III. RESULTS AND DISCUSSION 
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which are in agreement with A, B and C emission lines for the 
5D0-7F1 transition. The splitting of the spectra for 532 nm laser 
excitation and its absence previously noted for the 
nanoparticles suspended in methanol additionally confirms 
that the nanoparticles synthesized in pyrolysis method are 
polycrystalline with predominantly monoclinic crystallites, 
and fluorescence from monoclinic crystallites totally quenched 
in methanol. As the flame temperature in our synthesis 
significantly exceeds phase transition temperatures, but the 
heat exposure times are very short, both cubic and monoclinic 
structures for Eu: Gd2O3 nanoparticles can be expected. The 
cubic form is characterised by much higher PL intensity, while 
the monoclinic symmetry has better resolved and more 
structured spectra, which are slightly red-shifted as compared 
to the cubic form.  

Further we characterized the excitation-emission spectra 
of 10% samarium-doped Gd2O3 nanoparticles dispersed in 
methanol (shown in Figure 3). The observed emission was the 
strongest for 4G5/2 - 6G7/2 transition at 605 nm and the most 
effective excitation, in the examined 320 – 570 nm range, was 
recorded for 6H5/2 – 6P3/2 transition at 405 nm  [14]. In 
comparison with europium-doped nanoparticles the 
luminescence from samarium-doped samples dispersed in 
methanol was much weaker, strongly quenched by the solvent 
and dominated by the Raman signal from methanol. 

As the synthesis aimed in production of nanoparticles for 
fluorescent labelling the Eu and Sm-doped Gd2O3 samples 
were characterized in a confocal microscopy system used for 
studies of biological florescence. We present the standard 
emission spectra acquired under laser excitation conditions, 
using a pulsed laser diode at 405 nm. The well-resolved 
emission peaks characteristic for Eu and Sm are shown in 
Figure 4 a-b and they correspond to the 

5
D0 – 

7
F0,1 transitions 

in Eu and 
4
G5/2 – 

6
H5/2, 9/2 transitions in Sm, discussed 

previously. In this case the characteristic splitting in 
monoclinic phase is not observed due to limited acousto-optic 
filter resolution limit of 5 nm. It has to be noted that the 
spectra were collected from small agglomerates of 
nanoparticles (shown on the right) dispersed in glycerol, 
which could have some quenching properties.  

In time-resolved fluorescence measurements reported here 
the time-dependent fluorescent signal excited by a nanosecond 
laser pulse is collected for a variety of emission wavelengths 
in the examined range. The resulting three dimensional plots 
of temporal evolution of fluorescence emission for monoclinic 
Gd2O3 nanoparticles with 10% Eu excited at 532 nm are 
presented in Figure 5(a)-5(b). These show the representative 
spectra collected at increasing time intervals following the 
excitation pulse. Initially, a very broad and intense emission is 
observed, which we tentatively assign to the 
photoluminescence originating from surface or defect states in 
Gd2O3 matrix. It has been recently shown, that band gap of 
Gd2O3 cubic nanoparticles doped with 5% Eu3+ ions slightly 
increases from 5.4 eV to 5.55 eV as the particle diameter is 
reduced from 50 nm to nm  [15], and at 532 nm excitation,  
 

 
Figure 3. Emission-excitation spectra for 10% Sm-doped Gd2O3 nanoparticles 
dispersed in methanol for emission at 405 nm excitation and excitation 
collected for 603 nm emission. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. The emission spectra of a) 10% Sm-doped Gd2O3 nanoparticles b) 10 
% Eu- doped Gd2O3 nanoparticles; collected using 405 nm laser diode 
excitation.  The spectra were taken in the Leica confocal microscopy system 
equipped with AOBS at 5 nm resolution. The spectra are shown on the left, 
the confocal fluorescence image on the right. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Time resolved spectra for 10% Eu: Gd203 nanoparticles excited at 
532 nm and collected in 2 ns time intervals. Time axis indicates real time 
interval from the excitation pulse when the spectra were taken. (a) The spectra 
as collected, (b) the spectra at 128, 192, 256 ns intervals multiplied 30 times, 
and in 46, 64 ns intervals multiplied 10 times as indicated in the graph. 
 
such matrix should be transparent. At higher, 10 % Eu doping 
levels, investigated here higher levels of defects can be 
expected. This emission decays very rapidly and after further 6 
ns its integrated emission intensity decreases 16 times as 

 

b) 

 

a) 

a) b) 
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compared to the maximum emission of this band. At higher 
delay times the Eu

3+ f-f transitions become visible, these are 
dominated by the most intense 

5
D0 – 

7
F2 transition band 

centred at 618 nm. This band is split and at least three 
emission peaks at 616, 623 and 626 nm characteristic to the A, 
B and C Eu

3+ sites in monoclinic phase can be observed in 
Figure 5(b). The shape of this spectrum is unchanged in the 
subsequent spectra, but its intensity decreases. The analysis of 
intensity evolution from data presented in Figure 5 allowed us 
to extract decay times in narrow spectral ranges, where Eu 
transitions were observed: 557-598 nm (Range 1), 608-635 nm 
(Range 2), 660-680 nm (Range 3) and 690-708 nm (Range 4), 
not shown here. For each spectral range our data show two 
characteristic times, a short in 2.8-3.6 ns range as well as long 
exponential decay tail with a lifetimes: 0.98, 3, 0.11 and 0.56 
ms and for ranges 1, 2, 3 and 4 respectively. These values 
describe only a net outcome of the radiative recombination, 
cross-relaxation from 

5
D1 to 

5
D0 and energy-transfer processes, 

so its physical meaning cannot be simply interpreted, but they 
are in good agreement with the averaged decay times reported 
previously  [16], [17]. Relatively good agreement in the 
observed short decay component for all measured wavelength 
ranges suggests that it originates from the same source, whose 
identity could not be clearly established. Presence of the 
similar band observed at short intervals from the excitation 
pulse in the time-resolved measurements for doped, and for 
pure Gd2O3 nanoparticles links the short decay component to 
the defects or surface states in the excited Gd2O3 matrix. 

Fluorescent, 20% Eu: Gd2O3 nanoparticles were used 
for visualization of human Raji cells in human lymphoma 
studies  [3]. The nanoparticles were coated with antibody (IgG 
mouse) molecules by physical adsorption. Our experiments 
showed that the Eu:Gd2O3 is a good biocompatible support for 
antibody immobilisation. Confocal microscope image (Figure 
6) shows that successful specific binding of the nanoparticles 
coated with anti mouse IgG on the Raji cell surface coated 
with Lym 1-Ab (mouse) was achieved. Control experiment 
using anti rabbit IgG - coated nanoparticles showed that there 
was no non-specific binding of particles on the cell surface 
(data not shown). 

 

 

 
 
 
 
 

CONCLUSIONS 
Fluorescent Eu: and Sm: Gd2O3 nanoparticles with 

average size of 50 nm, sharp, narrow emission lines, long 
milliseconds lifetimes and efficient excitation, suitable for 
biological labelling have been demonstrated. Surface 

properties of the Eu: Gd2O3 nanoparticles enable one-easy step 
bio-functionalisation of the particles with IgG molecules. 
Antibody-functionalised Eu: Gd2O3 nanoparticles can be used 
as reporters in a variety of immuno-detection systems. Further 
improvements in narrowing size distribution, enhanced 
fluorescence intensity and optimisation of nanoparticles 
functionalisation, in particular with regard to efficient 
antibody orientation and avoidance of aggregation, are 
required for commercial use.  
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Figure 6.  Confocal microscopy 
image of human Raji cells labelled 
with Eu: Gd2O3 nanoparticles. 
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