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Abstract. Two types of complex nanosized oxides – cerium doped Y3Al5O12 (YAG) and 
CaWO4 – have been studied by means of time-resolved luminescence spectroscopy. 
Comparative study of time-resolve luminescence characteristics of cerium doped YAG single 
crystal, nanopowders and nanoceramic as well as for CaWO4 macro- and nanocrystals has been 
done. Two components in the decay kinetic of Ce3+ related emission in YAG nanocrystals were 
detected and it was suggested that a different energy transfer rate to volume and surface Ce3+ 
ions takes place. It is shown that the segregation of Ce3+ ions near nanoparticles surface and/or 
dislocation lines plays a crucial role in degradation of light yield of cerium related 
luminescence in YAG nanocrystals. Time-resolved properties of sol-gel synthesized CaWO4 
nanocrystals depends strongly on the synthesis rout. It was shown that shallow traps have a 
strong influence on the luminescence decay times of nanosized CaWO4.  

1.  Introduction 

Inorganic phosphors and scintillators play an important role in various applications in scientific and 
industrial applications and increasingly for medical and security purposes [1-4]. Currently mainly 
inorganic single crystals are utilized in the mass production of scintillators and detectors. Fortunately a 
rapid development of nanotechnology allows replacing single crystalline materials with nanocrystals 
in the near future. However, a fabrication of transparent nanocrystalline ceramic is a significant 
problem which considerably restricts wide practical applications.  

Cerium doped yttrium aluminum garnet (Y3Al5O12 or YAG) and calcium tungstates (CaWO4) are 
well-known efficient materials for transformation of invisible radiation into visible light [5-8]. 
Therefore these materials could be good candidates to be raw starting materials for transparent 
nanocrystalline ceramic. Recently it was reported that translucent nanosized ceramic of cerium doped 
YAG was already sintered [9-10]. However luminescent properties (especially time-resolved 
characteristics) of nanocrystalline cerium doped YAG is poorly studied so far. In [11] it was shown 
that some luminescence characteristics of cerium doped YAG nanopowders differ from those obtained 
for a single crystal. However a deeper understanding of energy transfer processes as well as properties 
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of luminescence center in nanocrystals is absolutely necessary. Therefore in present study a 
comparative analysis of time-resolved luminescence characteristics for cerium doped YAG single 
crystal, nanopowders and nanoceramics was carried out. 

In contrast to cerium doped YAG, CaWO4 is self-activated phosphor. It means that each regular 
(WO4)2- anion complex can be a luminescence centre. Therefore luminescence properties of 
nanocrystalline CaWO4 do not depend on the distribution of impurity ions in nanoparticle as well as 
on their segregation on the grain borders in ceramics. To date the reports of preparation on nanosized 
CaWO4 are very rare and we have no reliable data about luminescence properties of nanocrystalline 
CaWO4.  

2.  Experiment 

2.1.  Samples. The cerium doped YAG nanocrystals (powders) with a grain size ~20 nm were obtained 
by the co-precipitation method. The peculiarities of the synthesis procedure are described in details in 
[12]. The structure of the nanopowders was controlled by X-ray diffraction analysis. Three samples 
each having a different cerium concentration (0.5%, 1.5% and 5%) were obtained and studied. The 
nanopowders obtained were used as raw starting materials for the synthesis of a nanostructured 
translucent ceramic. The nanoceramic samples were fabricated by means of a high pressure (up to 8 
GPa) and low temperature (up to 450oC) technique (see details in [9]). The XRD analysis and SEM 
images were performed in order to compare the lattice structure and grain size of the starting 
nanopowders to the sintered nanoceramic samples. It was detected that fabrication process did not 
cause change in the structure and there was no significant grain growth [9-10]. Luminescence 
characteristics of the YAG:Ce (5%) single crystal (grown by Czohralski method) have been measured 
for comparison. 

Nanocrystalline CaWO4 (nanopowder) has been synthesized by the simple sol-gel method using 
tungsten (VI) oxide and calcium nitrate tetrahydrate as starting materials. The detailed description of 
the synthesis rout is given in [13]. The XRD analysis, SEM images and IR spectroscopy were applied 
for characterization of obtained CaWO4 nanopowders [13]. Parameters of the sol-gel process have 
strong influence on the grain size and morphology of the final product. In this paper we present results 
for three different CaWO4 nanopowders denoted as AK0008, N221 and N222, which have similar 
average particle size (about 100 nm) but they were synthesized under slightly different conditions.  
However, there were no any significant differences in the XRD, SEM and IR spectroscopy data for 
these three samples. Commercial CaWO4 powder (99.78, Alfa Aesar) and the single crystal 
(Czohralski grown) as a reference material were measured too.   

2.2.  Luminescence measurements. Two types of excitation sources were applied for luminescence 
measurements: electron beam pulse accelerator and pulsed VUV synchrotron radiation. The pulsed 
electron beam (e-beam) applied for time-resolved measurements had the following parameters. The 
electron acceleration voltage 280 keV, pulse duration was 8 ns, and density of excitation was 1012 
el/cm2. Luminescence signals were measured via grating monochromator, detected by photomultiplier 
tube and recorded by storage oscilloscope TDS5052 (Tektronix). Time resolution of the set-up was 7 
ns. Photoluminescence measurements were carried out using pulsed synchrotron radiation at the 
SUPERLUMI station [14] at HASYLAB (DESY, Hamburg). 

3.  Results and discussion 

3.1.  YAG:Ce.  Cerium related emission in YAG:Ce single crystal arises due to transition from 5d 
excited state to 4f ground state of Ce3+ ion [15]. Ground state of Ce3+ ion consists on two levels: 2F7/2 
and 2F5/2, and therefore the emission band is split at low temperature. On the Figure 1 is shown the 
spectra of cerium related emission in Ce3+ doped YAG single crystal and 5% cerium doped 
nanopowders under band-to-band excitation (84 nm or 14.76 eV) at 10 K. As a result of the spectra 
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decompositions on two separate gauss bands at ~2.38 eV (band A) and ~2.13 eV (band B) have been 
retrieved in each case (on the picture the decomposition is shown only for the crystal). 
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Figure 1. Luminescence spectra of Ce3+

emission in YAG single crystal and 
nanopowder under VUV excitation (14.76 
eV) at 10 K. Decomposition on the Gauss 
is given for the single crystal. 
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Figure 2. Concentration dependence of
the ratio of intensities of the A and B 
emission bands (squares) which were 
excited by VUV excitation (14.76 eV) at 
10 K. The value for the single crystal is 
given for the comparison by red dash line.

 

Figure 3. Configurational coordinate model of Ce3+ in YAG single crystal (a) and nanocrystals (b). 

band “B” 

band “A” 

Q

E 

Q 

E

C 

D 

a b

Spectral positions and band widths of these bands are very close for single and nanocrystals. 
However, a ratio of intensities of the bands A and B is different for crystal and nanopowder and, 
moreover, it depends strongly on the Ce3+ ions concentration (Figure 2). Interpretation of these results 
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is based on the suggestion that a local environment around the luminescence centre is different for 
single crystal and nanopowders.  Due to some reasons (surface influence, impurity ions segregation 
and so on) a local crystalline field (electron-phonon interaction) is slightly distorted in nanocrystals. It 
leads to perturbation of the one of the adiabatic potential of ground state of Ce3+ ion and, as a result, 
potential curves of two ground states are intersected (point C on the Figure 3). Therefore a hole from 
lowest ground state can be thermally transferred to the next ground level and correspondingly the 
contribution of the radiative transition between excited state and lowest ground state decreases. If 
cerium concentration increases the perturbation of the luminescence centres increases too and cross 
point of potential curves shifts down (point D on Figure 3) thereby the thermal barrier for holes 
between two ground states decreases. 
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Figure 4. Semi-logarithmic plot of decay 
kinetics of cerium related emission under 
e-beam excitation in YAG nanopowders 
at different Ce3+ ions concentration at 
room temperature. The decay kinetic for 
the single crystal is given for comparison 
(open blue circles). 

Time-resolved luminescence characteristics of cerium related luminescence have been studied 
under band-to-band excitation using e-beam accelerator and VUV photons from synchrotron radiation. 
Decay kinetics of Ce3+ emission were the same and, in our measurements, did not depend on the 
excitation density and excitation mechanism of the luminescence centre. Decay kinetics of Ce3+ 
luminescence of YAG:Ce nanopowders under e-beam excitation at room temperature are depicted on 
the Figure 4. Corresponding decay kinetic for cerium doped YAG single crystal is also shown for 
comparison. The decay kinetic for the single crystal obeys the exponential law and characteristic 
relaxation time in that case is 70-80 ns and this value is in an excellent agreement with the literature 
data [16]. The decay kinetics and intensities of Ce3+ emission in YAG nanopowders are strongly 
dependant on the concentration of cerium ions. Such important parameters as emission decay time 
constants (τ) and luminescence light yield are very sensitive to the Ce3+ ions contents in nanopowders. 
In fact, the highest light yield was observed for the sample with 1.5% of Ce3+ and significant 
concentration quenching was observed at 5% of Ce3+ in YAG:Ce nanopowders (see details in our 
previous paper [17])  In the case of nanopowders each of the decay kinetic is not a straight line in semi 
logarithmic scales and therefore could not be fitted by a single exponent. On the other hand each of 
them can be approximated by the sum of two exponents with different time constants: fast (τ1) and 
slow (τ2): 
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where I1 and I2 are initial intensities of fast and slow processes correspondingly. Parameters of the 
luminescence relaxation such as τ1, τ2 and I1/I2 ratio are summarized in the Table 1. Here it is 
necessary to make short important remark. The deviation from single exponential decay of Ce3+ 
related emission was observed before in YAG single crystal due to the presence of shallow traps [18, 
19]. Charge carriers re-trapping on shallow traps leads to longer emission’s decay i.e. decay 
components with time constants longer than the main decay time constant (~80 ns) have been detected 
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[18]. However, in the case of the nanomaterials the additional decay component (τ1) is faster than the 
main one (τ2) and it can not be caused by influences of shallow traps in nanopowders. 

The ratio of the initial intensities of fast and slow components (I1/I2) shows the contribution of each 
component into entire relaxation process. If the cerium concentration in nanopowders increases both 
components of the decay kinetics become faster. Simultaneously the contribution of the fast 
component is dominated in heavily doped nanopowders. 

Table 1.  Parameters of Ce3+ related luminescence decay kinetics under e-beam excitation in YAG 
nanopowders with a different cerium concentration. 

Ce3+ concentration 0.5% 1.5% 5% 
Fast component (τ1) 33±3 ns 20±3 ns 14±3 ns 
Slow component (τ2) 134±5 ns 90±5 ns 60±5 ns 

I1/I2 ~0.8 ~2 ~3 

 It is supposed that there are two different regions in the nanoparticle: “volume” and “surface”. If 
Ce3+ ion is located in the “volume” region (Ce3+

V) its position in the lattice and its local surrounding 
are similar to the position and the local surrounding of the impurity ion in the YAG single crystal.  
Such Ce3+

V ions have a decay time constant (see data for 1.5% doped sample – the “brightest” 
nanopowders) close to the decay time of Ce3+ in the single crystal, i.e. it is supposed that Ce3+

V ions 
are responsible for the slow components of the decay kinetics. However, cerium ions in the surface 
region (Ce3+

S) are strongly perturbed by the surface states and their local symmetry of Ce3+
S is low.  

Therefore the decay kinetic of Ce3+
S is shorter than of Ce3+

V and the two-exponential decay kinetic of 
cerium related emission observed in YAG:Ce nanopowders arises from cerium ions being in two 
different regions of the nanoparticle. At low cerium concentration Ce3+ ions are uniformly distributed 
over the nanoparticle and the contribution of the fast and the slow components of the decay of the 
cerium related emission is approximately equal. If the cerium concentration increases Ce3+ ions tend to 
occupy positions in surface area that leads to the domination of the fast component. If cerium 
concentration is high (higher than ~2%) the Ce3+ ions segregation occurs near the surface that leads to 
the concentration quenching of the cerium related luminescence. Indeed, how one can see from Figure 
5 the luminescence light yield (the area under decay curve) of the heavily doped samples is obviously 
significantly lower than for the samples with the low cerium concentration. 
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Figure 5. Decay kinetic of cerium related 
emission in YAG single crystal, 
nanopowder and nanoceramic under e-
beam excitation at room temperature. 
Luminescence light yield for each sample is 
shown inset. 

 The question is naturally arises why cerium ions from different areas of a YAG nanoparticle have 
different decay times of luminescence? In fact, a transition from 5d excited state to 4f ground state is 
both parity-allowed and spin-allowed [20] and therefore a slight perturbation of the local symmetry of 
the luminescence centre could not exert a significant influence upon relaxation time. One of the 
possible explanations can be that decay time can depend strongly on the energy transfer from host 
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lattice to Ce3+ ions. For instance energy transfer rate to Ce3+
S is higher than to Ce3+

V ions. In fact it is 
known that in cerium doped YAG single crystal at room temperature a resonance energy transfer from 
self-trapped excitons to Ce3+ ions takes place [21]. It can be speculated that excitons in nanomaterials 
tend to diffuse to surfaces of nanoparticles. Hence energy transfer from excitons to surface cerium ions 
is more efficient than to “volume” ions. However such explanation is not correct because two 
components (fast and slow) in cerium related emission decay were also observed under direct 
excitation of Ce3+ ions in YAG nanopowders [11]. Therefore we suggest another simple model. It is 
known that the probability of transitions from excited state into ground one depends strongly on the 
wave functions overlapping [22]. If adiabatic potentials of the luminescence center (Ce3+) in 
nanomaterials are strongly perturbed the wave functions overlapping can be drastically changed. We 
suggest that the perturbation of Ce3+

S center leads to the stronger overlapping of wave functions of the 
excited and ground states. Hence in this case probability of the radiative transition increases and decay 
time becomes shorter.  

The production of the transparent ceramic from YAG nanopowders has high importance from 
practical application point of view. However sintering processes may change luminescence properties 
of the material. In fact, decay kinetics of cerium related emission under e-beam excitation obtained for 
the single crystal, nanopowder (0.5% Ce3+) and nanoceramic (0.5% Ce3+) (Figure 5) are different. 
Special experiment conditions were provided for in order to compare light yield of luminescence for 
these three samples. Luminescence light yield in each case was determined as area under the 
corresponding decay curve and results were summarized on Figure 5 inset. Noteworthy that cerium 
emission light yield is surprisingly low for the ceramic sample even comparing to raw starting 
nanopowder. Cerium related emission decay time constants τ1 and τ2 are very close for the 
nanoceramic and nanopowder samples; however the contribution of fast and slow components are 
different. The ratio of intensities of fast and slow components for the nanoceramic sample is about 5 
and this value approximately 5-6 times higher than for the nanopowder (see data from Table 1). 
Taking into account that grain size of nanoceramic is the same as particle size of the nanopowder 
peculiar behavior of time-resolved luminescence characteristics in the nanoceramic would be 
explained in the framework of the model suggested above for the nanopowders. So, significant 
contribution of the fast component of the Ce3+ emission decay kinetic for the nanoceramic shows that 
the distribution of cerium ions is changed during the sintering process: impurity ions are “forced” from 
“volume” region to surface region, i.e. Ce3+

V ions diffuse to the surface forming Ce3+
S. As a result Ce3+ 

ions concentration in grain boundaries becomes so high that concentration quenching appears. 
However, since nanoceramic was sintered at relatively low temperatures the diffusion of Ce3+ ions is 
highly unlikely. Therefore, obviously the change of the decay kinetic for nanoceramic is due to the 
high pressure applied. Most likely significant damages like dislocations are formed in the nanoceramic 
under high pressure. Since grain size of nanoceramic is relatively small (~20 nm) big dislocations may 
act as an “additional” surface and impurity segregation near dislocation lines likewise near grain 
surface is quite possible. 

3.2.  CaWO4. Luminescence spectra of CaWO4 nanopowders reveal a relatively broad band near 420 
nm that coincides with the emission band for the commercial powder and the single crystal. It is 
known that such intrinsic blue emission in CaWO4 arises due to the spin-forbidden 3T1→1A1 transition 
in (WO4)2- molecular complex [23]. On the other hand excited (WO4)2- complex can be represented as 
a self-trapped exciton and blue intrinsic luminescence band is emission of self-trapped exciton [24].  

Excitation spectra for this intrinsic luminescence of nanopowders are shown on Figure 6. It clearly 
seen that the excitation spectra for the samples N221 and N222 are shifted to long-wavelength side or 
they have an additional absorption band just below the conduction band edge. On the other hand the 
excitation spectrum for the sample AK0008 even slightly shifted to the short wavelength side 
relatively to the excitation spectrum of the commercial powder. Moreover it looks that the excitonic 
band is better resolved in AK0008 nanopowders than in commercial one. So, we can conclude that the 
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quality of sol-gel synthesized CaWO4 nanopowders is better than of the commercial powder and it is 
affected on their luminescence properties. 
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Figure 6. Excitation spectra of blue 
emission band (420 nm) at 8.5 K for 
three different CaWO4 nanopowders. 
The spectrum for the commercial 
CaWO4 is given for comparison.   

These results confirm that luminescence properties of sol-gel synthesized CaWO4 nanopowders 
depend strongly on the synthesis rout. In our opinion the powders N222 and N221 have a high 
concentration of some shallow traps therefore spectra for these samples have additional intensive 
excitation band. If one excites the nanopowders in this defect related band (for example by fourth 
harmonic of the YAG:Nd laser emitting at 266 nm) the same blue emission band at 2.9 eV is observed, 
i.e. the same 3T1 → 1A1 transition in (WO4)2- ion occurs. However decay kinetic of this blue emission 
is significantly faster than the decay kinetic of luminescence single crystal (Figure 7): the main 
component of the emission in nanopowder is ~35 ns that is at least two order of magnitude faster if 
compare with luminescence decay time for the single crystal. It is clear because if (WO4)2- ion is 
perturbed by nearest shallow trap the spin-forbidden 3T1→1A1 transition becomes partially-allowed 
that, in turn, leads to decreasing of luminescence decay time. 
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Figure 7. Decay kinetics of blue emission 
band in CaWO4 single crystal and  
nanopowders with high concentration of 
shallow traps under 266 nm laser 
excitation at room temperature 

τ~35 ns

It is necessary to note that the luminescence decay kinetics of “the best” nanopowder sample 
(AK0008) are almost the same like for the rather good quality single crystal. It is remarkably, that 
there were not any components in emission decay kinetics due to surface states in CaWO4 
nanopowders which play rather essential role in cerium doped YAG nanopowders. Quite possible that 
the reason of such discrepancy is that the average grain size of CaWO4 nanopowders was 
approximately in five times bigger than YAG nanocrystals and surface influence is not so high. 
Therefore the synthesis and study of CaWO4 nanocrystals with smaller particle size is actual task. 
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4.  Conclusions 

Time-resolved luminescence characteristics of prospective nanosized oxides have been studied. It was 
detected surface states have a significant influence on luminescence properties of cerium doped YAG 
nanopowders and nanoceramics. For instance it was shown that surface states may cause the 
perturbation of adiabatic potential of Ce3+ ion ground state in YAG nanopowders. Detailed analysis of 
the time-resolved characteristics of the cerium related emission in YAG nanocrystals allows us to 
suggest that there are two non-equivalent Ce3+ positions in nanoparticles: “volume” and “surface”. It 
was supposed that energy from the host lattice transfers faster to “surface” related Ce3+ ions. The 
model explained the considerable quenching of cerium related luminescence in heavily doped YAG 
nanopowders as well as YAG nanoceramic has been suggested and discussed. In according of this 
model the segregation of Ce3+ ions near nanoparticles surface and/or dislocation lines plays a crucial 
role. 

Luminescence properties of sol-gel synthesized CaWO4 nanocrystals depend strongly on the 
quality of the obtained material. The best CaWO4 nanopowders have luminescence properties 
comparable to the commercial macro powders and the single crystal. Varying the synthesis rout one 
can govern the time-resolved luminescence characteristics of CaWO4 nanopowders. It opens 
possibility for wider practical applications of such nanomaterials.  
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