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Abstract 

The photo- and thermally- stimulated luminescence of Gd2O3 and Gd2O3:Zn nanostructured powders has been investigated at 295 
and 90 K. Optically active impurities and intrinsic defects in the host lattice have been detected. The kinetics parameters of the 
charge trapping centers (order of kinetics, activation energy, frequency factor) were determined. The nature of defect states and 
their role in the processes of the energy relaxation are discussed. 
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1. Introduction 

The phosphors based on lanthanides represent a perspective class of materials for photovoltaic devices. One of 
the main features of rare earth (RE) ions is a large number of discrete energy levels that form the 4f electronic shell 
[1]. The variety of optical transitions in a wide spectral range has the potential to be used for down- and up-
conversion processes. These energy transfer mechanisms are the basis for the functioning of the so-called 
luminescent solar concentrators that are placed on the front or rear side of traditional Si solar cell as additional 
layers. Such structures allow one to use the additional fraction of solar spectrum in UV and NIR region, therefore, 
enhancing the conversion efficiency [2, 3]. 

Among the compounds containing the RE elements, the gadolinium oxide (Gd2O3) is a good candidate as host 
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matrix of luminescence layers. In fact, it has remarkable optical and chemical properties, such as the transparency in 
the visible spectral region (Eg = 5.6 eV), low energy of phonons (≈ 600 cm-1), high refractive index, good chemical 
durability and thermal stability [4, 5]. In addition, the similarity between the Gd3+ and RE3+ ionic radii and the 
electronic shell structures provide the possibility to create different pairs of rare earth ions (for example, Yb-Er, Yb-
Ho, Yb-Tm) [6]. All these features make Gd2O3 a promising material for down- and up-conversion applications in 
solar energy. 

The enhancement of the Si solar cells efficiency by means of the luminescence solar concentrators is directly 
determined by energy transfer mechanisms of the donor-acceptor couples in the optically active layers. Matrix 
imperfections are one of the main responsible for the energy migration processes. In general, one supposes that the 
structural defects in the host lattice lead to the decrease of the overall luminescence efficiency due to the creation of 
non-radiative relaxation channels [7]. However, there is information about improving the luminescence efficiency of 
RE-doped phosphors containing the structural distortions [8]. Thus, the investigation of the effect induced on the 
spectral-optical properties of RE-doped materials by intrinsic host lattice defects could be of great interest for 
improving the functional characteristics.  

2. Samples and methods 

The microstructured nominally pure Gd2O3 powder was prepared at Ural Federal University. Gadolinium nitrate 
(Gd(NO3)3) with a purity of at least 99.99 % was used as precursor and was dissolved in a mixture of water and 
isopropyl alcohol at concentration of 50 g/l. The suspension was firstly kept under stirring for 30 minutes and then 
was filtrated, dried and calcinated at 1000° C for 2 hours. The Gd2O3:Zn compacted powder was synthesized by sol-
gel method at the Institute of Physics Polish Academy of Sciences. The gadolinium (Gd2O3) and zinc (ZnO) oxides 
as starting materials were kept in 1M HCl solution for 24 h, the molar concentration being 80 and 20 % respectively. 
The solution was firstly centrifuged for 15 min at 22° C and the deposited material, separated by supernatant, was 
repeatedly washed with a mixture of water and ethanol by centrifuging at the same conditions. The obtained gel 
powder was dried in air and annealed at 1000° C for 2 hours.  

The XRD profile of Gd2O3 sample showed single cubic phase (Ia-3 space group) with lattice constant a = 10.81 
Å The Gd2O3:Zn sample has a monoclinic crystal phase (space group C2/m)  with lattice parameters a = 14.09 Å, b 
= 3,57 Å and c = 8,76 Å. The average particle sizes of both powders were estimated to be 10-40 nm by using the 
Debye-Scherrer’s method [9]. 

The photoluminescence (PL) and PL excitation studies were performed using a 400 W deuterium lamp, a R6358-
10 Hamamatsu photomultiplier and two prismatic DMR-4 monochromators with the spectral resolution of 1 nm in 
the visible spectral region. Low-temperature measurements were carried out in a cryostat at P = 10-4 Pa. The 
temperature of the sample was controlled by a platinum resistance thermometer HRTS-5760-B-T-1-12. The 
thermally stimulated luminescence (TL) spectra were recorded in the spectrally integrated mode in the region 300-
600 nm at a constant heating rate of 0.3 K/s. The samples were previously subjected to X-ray irradiation with 
exposure dose of 50 kR at room temperature. 

3. Results 

In Fig. 1(a) the PL spectrum emitted by Gd2O3 sample is reported. It is acquired at ambient temperature under 
interband excitation at 5.4 eV. It evidences strong and sharp lines at 2.4, 2.6 and 2.8 eV and a weaker band at 4.1 
eV. The observed emission in the visible region is characteristic of 4f-4f intraconfiguration optical transitions in 
europium (Eu3+), terbium (Tb3+) and praseodymium (Pr3+) ions. One can assume that these ions are in the Gd2O3 

matrix as micro impurities. The band observed at 4.1 eV can be attributed to the 2/7
86 SPJ optical transition in 

Gd3+ ion. Generally, the luminescence of host ions is not typical and can indicate the structure distortions in lattice. 
In order to obtain detailed information about the emission centers and luminescence mechanisms we performed low-
temperature measurements. 

As can be seen from Fig. 1(b) broad non-elementary band is observed under the excitation of 5.4 eV at 90 K. As 
shown by the black dotted lines it can be decomposed into two Gaussian components with maximums at 2.7 eV 
(FWHM ≈ 0.8 eV) and 3.3 eV (FWHM ≈ 0.9 eV). 
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Fig. 1 – PL spectra of Gd2O3 at temperatures of 295 K (a) and 90 K (b) and 5.4 and 4.5 eV excitations.  

Since the emission of both RE impurity ions and host Gd3+ ions are not detected at low temperature, we have 

tried to implement the selective excitation at 4.5 eV that corresponds to the JI6  high-energy state of Gd3+. It 

resulted in the qualitative change in PL spectrum. Along with the bands registered in the case of interband 
excitation, the new band with maximum at 2.3 eV and FWHM ≈ 0.4 eV has been detected by the Gaussian 
decomposition. The observed differences in comparison with the PL spectrum recorded at room temperature 
indicate that, on decreasing the temperature, other optical centers are active. Moreover, these centers act as killers of 
RE ions luminescence.  

The excitation spectrum of RE luminescence recorded at 295 K (blue, red and green lines) and that of the low-
temperature band of 2.7 eV (black line) are shown in Fig. 2. It can be seen that the excitation corresponding to 
interband transitions of the Gd2O3 host lattice is the most effective. In addition, the group of bands at 4, 4.5 and 4.8 

eV associated with JP6 , JI6  and JD6  excited states of Gd3+ ion have been registered [10].  

 

Fig. 2 – The excitation spectra of RE impurity ions luminescence and low-temperature 2.7 eV emission in Gd2O3. 

This fact, along with the absence of any bands corresponding to intracenter absorption of Pr3+, Er3+ and Eu3+ ions as 
well as the proximity of the positions of their energy levels with the excited levels of Gd3+ ions, indicates that the 
energy transfer from matrix Gd3+ ions to impurity RE centers takes place. Furthermore, the similarity of excitation 
spectra recorded for the band at 2.7 eV points out that Gd3+ ions also act as donors of energy to the optical centers 
which are responsible for the low-temperature luminescence.  
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The PL investigations allowed one to reveal optically active intrinsic defects in nanostructured Gd2O3 powder, 
however, the obtained data are not enough to establish the nature of these defect states, especially related to the low-
temperature luminescence. Since our hypothesis is that the energy levels induced in forbidden gap by the lattice 
distortions serve not only as luminescence centers but also as trapping centers, we have performed the TL 
measurements. To induce free charge carriers in conduction and valence bands, the Gd2O3 sample was subjected to 
X-ray irradiation. The dependence of the luminescence intensity on the temperature recorded in the range of 300-
475 K is shown in Fig. 3 by black triangles. Three maxima are observed at 344, 382 and 438 K. This finding 
indicates the creation of three types of traps.   

 

Fig. 3 –TL curves of Gd2O3 and Gd2O3:Zn samples after the X-ray irradiation at room temperature. 

It is known that in oxides the positive charged oxygen vacancies are the most common type of trapping centers 
[11-13]. In order to confirm or refute the hypothesis that traps in Gd2O3 are related to the defects of anionic 
sublattice we have studied also the TL of Gd2O3: Zn sample (red triangles in Fig. 3). It has been supposed that Zn2+ 
ions involved in Gd2O3 lattice would lead to violation of stoichiometry and to creation of oxygen-related defects. By 
comparing the two TL spectra, there are no qualitative changes in the structure of TL glow curve of Gd2O3: Zn and 
Gd2O3. However, the redistribution between intensities of maximums corresponding to highest and lowest 
temperatures is observed. So, intensity of 344 K peak increases approximately 1.5 times, while the intensity of 
maximum at 438 K decreases nearly 3 times. This fact indicates that the concentrations of various types of traps are 
changed after the introduction of Zn2+ ions. 

In order to give quantitative estimation of trapping parameters we used the Chen’s empirical equation [14]: 

m
m kT

kT
E 2
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,                                                                                                                            (1) 

where E  is the activation energy characterizing the depth of trap; k  is the Boltzmann constant; mT  is the peak 

temperature at the maximum TL intensity and  is the full width at half maximum determined as difference 
between values of  temperatures on either side of mT that correspond to the half-maximum intensity. The form factor 

(so-called geometry or symmetry factor) g is given as:  

m
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where 2T  is the temperature corresponding to half-maximum intensity by the side of peak’s decay. It is accepted 

that the value of g  is close to 0.42 for first order kinetics and 0.52 for second order kinetics. The frequency factor 

S can be calculated by using the values of activation energy E , order kinetics b  and heating rate  from the 

equation: 
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The trapping parameters calculated for all revealed peaks in TL curves of Gd2O3 and Gd2O3: Zn samples are listed in 
Table 1.   

Table 1. Parameters of trapping centers in Gd2O3 and Gd2O3: Zn samples. 

Tm, K Order of kinetics Activation energy E, eV Frequency factor S, s-1 

344 1 0.74 9.8×107 

382 1 0.82 5.2×106 

438 1 0.93 2.1×107 

4. Discussion 

As experimental results demonstrated, in spite of the Gd2O3 sample was implied as nominally pure, it has been 
found that it contains a certain percentage of impurities, in particular, the Eu3+, Tb3+ and Pr3+ ions have been 
revealed by the PL study at 295 K (Fig. 1(a)). Such situation is not surprising since RE even in very low 
concentrations (a few thousandths of a percent) are characterized by relatively high radiation intensity and can 
significantly influence the spectral composition of the luminescence of the material under investigation.  

The emission features of Gd2O3 are significantly changed on decreasing the temperature. The broad emission 
bands revealed at low temperature (Fig. 1(b)) can’t be attributed to optical transitions in the trivalent RE ions as they 
are characterized by the line structure of the luminescence spectra. At the same time the oxidation degree of some 
RE (for example, Ce and Eu) may be equal not only +3 but also +2. The luminescence of divalent RE is due to the 
5d→4f optical transitions. Since 5d electronic shell is subjected to the strong influence of internal crystal field the 
broad emission bands are typical for RE in divalent state [15, 16]. However, their spectral positions are not 
correlated with the bands obtained in our spectra. The nature of the low-temperature intrinsic luminescence in Gd2O3 
can be most likely related to the presence of anionic defects like F-centers. In literature [17] the broad band emission 
of Gd2O3 in the blue region of spectrum (≈ 3.4 eV) is assigned to the recombination of delocalized electron near the 
conduction band with the F+ - center. From this point of view, we can assume that the two emission bands observed 
at 2.7 and 3.3 eV are due to the oxygen-deficient centers with different charge states. 

The PL excitation spectra recorded at both 295 and 90 K indicate that one of the excitation channel of intrinsic 
emission in Gd2O3 is the energy transfer from host Gd3+ ions to the optically active centers (Fig. 2). It is likely that 
these ions can’t be located in regular positions of Gd2O3 lattice and represent the local defects of cationic sublattice. 
The formation of such defective states may be caused by various reasons. One of the possible mechanisms is the 
thermal lattice disordering which leads to emergence of interstitial Gd3+ ions. Another reason could be the 
association of regular lattice cations with nearest point defects. In all cases the appearance of Gd3+ energy levels in 
the region of Gd2O3 transparency indicates that electron structure of cationic states is distorted. It is also confirmed 
by the line at 4 eV which is attributed to the own Gd3+ emission (Fig. 1(a)). Its weak intensity in comparison with 

the luminescence of the RE impurity ions is resulted from the low probability of the radiative optical 2/7
86 SPJ  

transition in Gd3+ due to the high efficiency of energy transfer from the excited states of the Gd3+ ion to the RE 
impurity centers. The schematic representation of Tb3+, Eu3+ and Gd3+ energy levels as well as the most probable 
energy transfer pathways followed by radiative and non-radiative relaxations is shown in Fig. 4.  
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Fig.4 – The energy levels diagram of Tb3+, Eu3+ optical centers and defective (Gd3+)def  ions in Gd2O3 matrix. The 
energy transfer processes are shown by curved purple lines. Non-radiative relaxation and emission in visible spectral 
region are marked by black dotted and colored solid lines respectively. 

The low-temperature luminescence is the most efficiently excited in the regions of fundamental absorption edge 
and formation of separated electron-hole pairs (Fig. 2). Electrons in conduction band can be trapped by the F+ and 

F2+ - centers with the formation of excited (F)* and (F+)* - centers respectively followed by their radiative relaxation: 

,)( * hFFeF   (4) 

.)( *2 hFFeF   (5) 

Moreover, it has been observed that the energy transfer from Gd3+ ions represents another channel of excitation of 

the vacancy type luminescent-active defects (Fig. 2). Excitation corresponding to the JIS 6
2/7

8  optical transition 
in Gd3+ results in the appearance of new emission band at 2.3 eV (Fig. 1(b)). This band is most likely related to the 
radiative relaxation of another type of anionic defects – F2+ - centres.  Due to the energy transfer from gadolinium 
ions, the F2+ - center can directly pass to the excited state with the subsequent radiative transition to the ground 
state. The excitation of the F and F+ - centers can be realized by the analogous way that is confirmed by the 2.7 and 
3.3 eV emission bands under the excitation of the Gd3+ high-energy state. 

The obtained results evidence various types of intrinsic defects in Gd2O3 matrix. Several channels of excitation 

energy relaxation in defective Gd3+ ions have been revealed: (i) radiative transition 2/7
86 SPJ ; (ii) energy transfer 

to impurity RE centers; (iii) energy transfer to differently charged F – centers.  
In order to obtain more complete information about the nature of anion-defective centers we have performed the 

measurements of thermally stimulated luminescence. The presence of three peaks in TL spectra of Gd2O3 indicate 
that X-ray irradiation creates three types of trapping centers with energy levels located at different depths from the 
bottom  of conduction band (Fig. 3). Similar situation has been reported in [18] and the shallow and deep traps have 
been attributed to the oxygen-deficient centers. For more information about the nature of traps in Gd2O3 we also 
have studied the TL of Gd2O3:Zn sample. The ionic radii of Gd3+ (0.94 Å) and Zn2+ (0.83 Å) are close so it is more 
likely the Zn2+ ions occupy the cationic positions in Gd2O3 lattice by replacing the Gd3+ ions. For local charge 
compensation such substitution has to entail the creation of intrinsic defects in anionic sublattice. The mechanism of 
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charge compensation can be represented by following scheme: 

OOGd OVZnZnOGd 322 '
32 ,  (6) 

where in accordance with Kroger-Vink symbols the '
GdZn  stands for the Zn2+ ion which substitute the lattice site of 

Gd3+ with the formation of effective charge equal to -1; OV  represents the double charged oxygen vacancy and  
represents the oxygen at regular lattice position. Two acts of Gd3+ replacement by Zn2+ provide the formation of 
single oxygen vacancy with effective charge of +2. So the TL signal in Gd2O3:Zn is more probably related to the 
oxygen-deficient centers. Since the TL peaks positions remain unchanged after the introduction of Zn2+ ions in 
Gd2O3 lattice (Fig. 3) it can be a confirmation of the anion-defective nature of trapping centers in undoped sample. 
Thus we suppose that two maximums in TL curves are related to the ionization of F- and F+- centers that correspond 
to the oxygen vacancies with two and one trapped electrons respectively and one more TL peak is likely due to the 
ionization of F-type aggregate.  

In accordance with the scheme (eq. 6) the concentration of F-centres increases after the Zn2+ doping. The free 
charge carriers generated by the thermal ionization of F+ - centers migrate through the conduction band and can be 
trapped by the deeper F-centers. Since the introduction of Zn2+ ions increases the number of anion-defective states 
of this type, it can be expected that the probability of electron localization at the level of the F-center will also 
increase. At the same time the destruction of F-centers is accompanied by the formation of F+ - centers.  On the 
basis of experimental data which demonstrate increasing the intensity of 344 K peak and decreasing maximum at 
438 K we can suppose that the former peak is related to the F+ - centers while the latter – to the F-centers.  

Robertson et al. [19] have shown the results of calculation the position of oxygen vacancies energy levels in 
La2O3. It has been established that the level of F2+-center is the nearest to the bottom of the conduction band while 
the state of neutral oxygen vacancy is the most remote and the level of F+-center is localized between them. Taking 
into account the similarity of structure and properties of La2O3 and Gd2O3 one can suggest that the energy levels of 
anionic defects in Gd2O3 are located in the same order. In this case it’s additional evidence that the high-temperature 
TL peak can be assigned to the ionization of F-center and low-temperature – to the ionization of F+ - center. The 
nature of intermediate TL maximum at 382 K remains unclear at this stage of investigation. It can be supposed that 
there are aggregate centers of F-type or hole traps that are responsible for this peak.  

5. Conclusion 

The various types of intrinsic defects in Gd2O3 matrix have been revealed by investigation of photo- and 
thermally stimulated luminescence. It has been found that the Gd3+ ions occupying the irregular lattice positions act 
as donors of excitation energy to optically active anion-defective centers that are responsible for low-temperature 
emission. The luminescence bands at 2.3, 2.7 and 3.3 eV at this stage are attributed to the radiative relaxation of 
oxygen-deficient centers with different charge states (F2+, F+ and F- centres). It has been established that irradiation 
of samples by X-ray leads to the formation of traps corresponding to the 0.74, 0.82 and 0.93 eV activation energies 
and deeper and shallower centers are most likely related to the F+- and F- centers. Violation of oxygen 
stoichiometry by Zn2+ induces the redistribution of traps concentrations due to the increasing of F-states. The 
findings can be used for prediction of properties of down- and up-conversion materials based on lanthanides and 
also to act on the functional parameters of energy conversion devices.  
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