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Abstract: 

 
Two different trapping and de-trapping processes of charge carriers have been investigated in 

GdAlO3:Ce
3+

,Ln
3+

 (Ln= Pr, Er, Nd, Ho, Dy, Tm, Eu and Yb) and GdAlO3:Ln
3+

,RE
3+

 (Ln=Sm, Eu and 

Yb, RE= Ce, Pr and Tb). Cerium is the recombination centre and lanthanide co-dopants act as electron 

trapping centres in GdAlO3:Ce
3+

,Ln
3+

. Different lanthanide co-dopants generate different trap depths.  

The captured electrons released from the lanthanide recombine at cerium via the conduction band 

eventually producing the broad 5d-4f emission centred at ~360 nm from Ce
3+

. On the other hand, 

Sm
3+

, Eu
3+

 and Yb
3+

 act as recombination centres, while Ce
3+

, Pr
3+

 and Tb
3+

 act as hole trapping 

centres in GdAlO3: Ln
3+

,RE
3+

. In this situation we find evidence that recombination is by means of 

hole release instead of the more commonly reported electron release. The trapped holes are released 

from Pr
4+

 or Tb
4+ 

and recombine with the trapped electrons on Sm
2+

, Eu
2+

 or Yb
2+

 and yield 

characteristic trivalent emission from Sm
3+

, Eu
3+

 or Yb
3+

 at ~600 nm, ~617 nm or ~980 nm, 

respectively. Lanthanum was introduced to engineer the valence band energy and change the trap 

depth in Gd1-xLaxAlO3:Eu
3+

,Pr
3+

 and Gd1-xLaxAlO3:Eu
3+

,Tb
3+

. The results show that the valence band 

moves upwards and the trap depth related to Pr
3+ 

or Tb
3+

 decreases. 
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Introduction: 
  

The trapping and de-trapping processes of electrons and holes are of current interest due to the 

necessity to better understand the mechanism of afterglow and storage phosphors. An afterglow 

phosphor (or storage phosphor) is composed of the host lattice, the recombination (luminescence) 

centre and the trapping centre. The trapping centre can be either an electron or a hole trapping centre
1
. 

For afterglow phosphors, the captured electrons/holes are spontaneously released at room temperature 

from the trapping centre and recombine in the luminescence centre, eventually causing emission that 

can range from UV to even near infrared depending on the luminescence centres and host lattices
2-3

. 

For storage phosphors, deeper traps are needed to prevent the thermal fading at room temperature
4
.  

   

The electron trapping and de-trapping process has been widely investigated
5-6

. A good example is the 

well-known afterglow phosphor SrAl2O4:Eu
2+

,Dy
3+

. EXAFS confirmed that the concentration of 

trivalent europium increases after exposing the sample to UV light, indicating that Eu
2+

 is the electron 

donor and electrons are released due to photoionization
7
. The released electrons move freely in the 

conduction band and will be captured by the electron trapping centre. The nature of the trap is still 

under debate. The trapped electrons are released slowly and recombine with the europium
 

recombination centre and eventually generates Eu
2+

 emission centred at ~520 nm
8
. The trap depth in 

this case is the distance between the electron trapping level and the bottom of the conduction band 

(CB). The trap depth can be adjusted by the so-called band gap engineering technique. For example, 

Ga has been used to substitute Al in Gd3Al5-xGaxO12:Cr
3+

,Eu
3+ 9

, Y3Al5-xGaxO12:Ce
3+

,Cr
3+ 5

 and Zn(Ga1-

xAlx)2O4:Cr
3+

,Bi
3+10

. It was claimed that substitution of Al by Ga lowers the CB that moves more close 

to the trapped electron level therefore decreasing the trap depth.  

  

Instead of electrons being released from the electron trapping centre to recombine with a luminescence 

centre through the CB, holes can also be released from a hole trapping centre to recombine with a 

luminescence centre via the valence band (VB). However, rarely reports are published discussing 

about hole trapping and de-trapping processes. One of the few examples is MgS:Ce
3+

,Sm
3+

. 

Chakrabarti et al reported that samarium acts as a recombination centre and cerium as the trapping 

centre that capture holes after UV irradiation
11

. The holes migrate from cerium to samarium producing 

Sm
3+ 

characteristic emission during the TL readout. Similar phenomenon was also reported in 

YPO4:Sm
3+

,Tb
3+

 by Bos et al
12

. They observed that only Sm
3+ 

characteristic emission in YPO4: Sm
3+

, 

Tb
3+

 at 530 K during the TL readout, which indicates that holes are released from Tb
4+

 to recombine in 

the samarium luminescence centre.  

 

The rare reporting on hole trapping and de-trapping processes is likely caused by a lack in our 

knowledge on how to identify a hole trapping centre and particularly on the depth of such trap. One 

needs knowledge on the location of the trapping levels with respect to the valence band maximum 

(VBM ). One also needs to know whether the hole releases at lower temperature than the trapped 

electron. The knowledge on the energy at the VBM is also needed in other fields, for instance the 

“natural valence band offset” in semiconductor materials
13-16

 or for photocatalytic materials
17

. In those 

fields the VBM of a compounds is always specified with respect to that of another reference 

compound. It is not until 2012 that a model, called the chemical shift model, was developed to 

construct a Vacuum Referred Binding Energy (VRBE) diagram that makes it possible to compare the 

binding at the VB maximum in different compounds with respect to a same reference energy
18-20

. A 

finding from this model is that the VRBE in the 4f
n
 ground state for lanthanides (both divalent and 

trivalent) is almost independent with type of compounds
21-24

. Therefore, the lanthanide related hole 

trap depths can be adjusted by changing the VRBE at the top of the VB and electron trap depths by 

changing the VRBE at the bottom of the CB.  

  

The objective of this study is to reveal electron and hole trapping and de-trapping processes. GdAlO3 

has been chosen as host lattice because of its simple structure with only one site to substitute for a 

trivalent lanthanide without the need for charge compensation
25

. We prepared two groups of materials, 

one group is GdAlO3: Ce
3+

, Ln
3+

 (Ln= Pr, Er, Nd, Ho, Dy, Tm, Eu and Yb). Here Ce
3+

 will turn out to 

be the recombination and luminescence centre and the lanthanide co-dopants act as the electron 
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trapping centre with for each lanthanide a different trap depth. The other group is GdAlO3:Ln
3+

,RE
3+

 

(Ln=Sm, Eu and Yb, RE= Ce, Pr and Tb). Here Ln
3+

 ions appear to be the recombination and 

luminescence centres and RE
3+

 ions act as hole trapping centres. The holes release from the RE
4+

 and 

recombine with Ln
2+

 producing Ln
3+

 emission via the VB. The trap depth of Pr and Tb can be adjusted 

by VB engineering techniques. Substitution of Gd by La will decrease the band gap but moves the 

absolute position of the valence band energy upwards, therefore the trap depths related to Pr and Tb 

hole trapping centres decrease.  

  

2. Experimental 
 

All starting materials were purchased from Sigma-Aldrich and used without further treatment. The 

appropriate stoichiometric mixture of Al2O3 (99.99%) and rare earth oxides with the purity of 5N 

(99.999%) were weighted according to the chemical formula and milled homogeneously with the help 

of acetone. After drying ,the powder was synthesized at 1500°C for 10 h in a corundum crucible with 

the atmosphere of N2/H2 (N2:93%,H2:7%). After that, the obtained compounds were cooled down to 

room temperature.  

  

All powders were checked with a PANalytical XPert PRO X-ray diffraction system with Co Kα (λ = 

0.178901 nm) x-ray tube (45 kV, 40 mA). The photoluminescence excitation (PLE) and 

photoluminescence emission (PL) measurement were measured with a set-up that consists of an 

UV/VIS branch with a 500W Hamamatsu CW Xe lamp and Gemini 180 monochromator and a 

VUV/UV branch using a deuterium lamp with an ARC VM502 vacuum monochromator. The Perkin 

Elmer MP-1913 photomultiplier was exploited as a detector connected at the exit slit of a Princeton 

Acton SP2300 monochromator. The sample is placed in an evacuated sample chamber. 

 

TL measurements above room temperature (300-600 K) were performed with a RISØ TL/OSL reader 

model DA-15 and a controller model DA-20. Samples were irradiated with a 
90

Sr/
90

Y beta source with 

a dose rate of 0.7 mGy s
−1

. Low temperature TL measurements (90-450 K) were recorded with a 

sample chamber operating under vacuum (P = 10
−7

 mbar), a 
90

Sr/
90

Y beta irradiation source having a 

dose rate of ∼0.4 mGy s
−1

 and a Perkin-Elmer channel PM tube (MP-1393). Liquid nitrogen was used 

as a cooling medium. A 3 mm C5-58 filter from about 350 to 470 nm was placed between the sample 

and PMT during the measurements of GdAlO3:Ce
3+

,Ln
3+

 (Ln= Pr, Er, Nd, Ho, Dy, Tm, Eu and Yb). 

For the measurements of GdAlO3:Ln
3+

,RE
3+

 (Ln=Sm, Eu and Yb, RE= Ce, Pr and Tb), a 600 nm 

bandpass filter (600FS40-50) was placed between the sample and PMT
26

.  

  

TL emission spectra (TLEM) were measured using an UV to VIS spectrometer (Ocean Optics, 

QE65000) and a NIR spectrometer (Ocean Optics, NIRQ512) with a HR composite grating (300 

lines/mm) and an entrance aperture of 100 mm resulting in a 3.3 nm (FWHM) wavelength resolution. 

The spectral range is 200 to 900 nm for QE65000 and 900 to 1700 nm for NIRQ512. 

 

The TL excitation spectra (TLE) were measured by first illuminating the samples during 600 s with a 

monochromatic photon beam produced with a 150 W Xenon arc lamp (Hamamatsu L2273) filtered by 

a 1/8 monochromator (Oriel Cornerstone 130) with wavelength resolution of 0.8 nm/0.1 mm slit 

width. Next, the system is programmed to record all the TL glow curves from room temperature to 

350 °C with changing illumination wavelength. The plot of the integrated TL glow peaks versus the 

illumination wavelength is called a TL excitation spectra. A 600 nm bandpass filter (600FS40-50) was 

placed between the sample and PMT.  
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3. Results 

 

3.1 X-Ray diffraction spectra, photoluminescence spectroscopy and vacuum referred binding 

energy diagram of GdAlO3 

 
 
Fig. 1 shows XRD patterns of GdAlO3 with different content of lanthanum. The peaks of the 

synthesized phosphors exhibit a slight shift toward smaller 2θ angles with respect to the pattern of 

pure GdAlO3. This confirms that the lanthanum ions enter into the gadolinium site and increase the 

cell volume because lanthanum has larger ionic radius than gadolinium. A solid solution can be 

achieved provided that the La content remains less than 0.5. Two separate phases of GdAlO3 and 

LaAlO3 appear when the content of La is 0.75 (Fig. S1 in the Supporting Information). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 XRD patterns of the as-prepared samples of GdAlO3, Gd0.75La0.25AlO3, Gd0.5La0.5AlO3 and LaAlO3.  

 

Fig. 2 shows low temperature excitation and emission spectra of Eu
3+

 for different values of the La 

fraction x. The host exciton creation band can be observed in the VUV and decreased from 7.29 eV 

(170 nm) for GdAlO3 to 6.38 eV (195 nm) for LaAlO3, which implies that the band gap decreases with 

increasing lanthanum content. The exciton energy found for GdAlO3 and LaAlO3 is close to values in 

previous reports, i.e., 7.08 eV (175 nm) for GdAlO3
27

 and 5.5 (225 nm)-6.5 eV (190 nm) for LaAlO3
28-

31
. The broad excitation band in the UV between 200 nm and 290 nm for GdAlO3 is due to electron 

transfer from the valence band to Eu
3+

. It shifts towards longer wavelength with increase of x. The 

energy of the charge transfer band for Eu
3+

 decreases from 4.86 eV (255 nm) for GdAlO3 to 3.93 eV 

(315 nm) for LaAlO3. The values are similar with those in previous reports: e.g., 4.68 eV (265 nm) for 

GdAlO3 and 3.95 eV (314 nm) for LaAlO3
32

. Fig. 2(b) shows the emission spectra of Eu
3+

 in Gd1-

xLaxAlO3 with different content of La excited at the peak of the charge transfer band. All the samples 

show Eu
3+

 characteristic red emission. 
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Fig. 2 PLE (a) and PL spectra (b) of Gd1-xLaxAlO3:0.01Eu
3+

,0.01Tb
3+

 (x=0, 0.25, 0.5 and 1). The excitation 

spectrum from 150 to 320 was measured by deuterium lamp excitation (solid line). The excitation spectrum from 

250 nm to 400 nm was measured by Xe lamp excitation (dotted line). The excitation spectra were recorded at 

592 nm emission and the emission spectra were excited at the charge transfer peak maxima. All measurements 

were performed at 10 K. 

 

Fig. 3 displays the vacuum referred binding energy (VRBE) scheme for GdAlO3. The zigzag curves 

labelled curve 1 and curve 2 connect the VRBE of an electron in the lowest 4f
n
 levels of the trivalent 

and the divalent lanthanides, respectively. All those VRBEs are fully determined from knowledge on 

the Coulomb repulsion energy of U(6,A)=6.75 eV as provided in Ref 
22

. The Eu
3+

 charge transfer 

energy of 4.86 eV as obtained from Fig. 2(a) and indicated by arrow 2 in Fig. 3 provides then the 

VRBE Ev= -8.80 eV at the top of valence band. The mobility band gap EVC, or the energy between the 

bottom of the CB and the top of the VB, is obtained from the host exciton creation energy of 7.29 eV 

(Fig. 2) and an estimated value for the exciton binding energy. For wide band gap compounds it is 

estimated around 8% of the exciton creation energy, resulting in EVC = 7.87 eV.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
Fig. 3 Low temperature vacuum referred binding energy diagram for GdAlO3. Arrow 1 shows the transition of 

host exciton creation.  Arrow 2 indicates the charge transfer from O
2-

 to Eu
3+

. 

 

The VRBE diagram predicts that electrons trapped by Pr
3+

, Nd
3+

, Sm
3+

, Dy
3+

, Ho
3+

, Er
3+

, Tm
3+

 or Yb
3+ 

will be released at lower temperature than the holes trapped by Ce
3+

 and recombine with Ce producing 

Ce
3+

 5d-4f emission. For combinations of Tb
3+

/ Pr
3+

 with Sm
3+

, Eu
3+

 or Yb
3+

 the scheme predicts that 

the holes release earlier from Tb
4+

 and Pr
4+

 than electrons from the deep traps by Sm, Eu, Yb to 

produce characteristic Sm
3+

, Eu
3+

, Yb
3+

 emission.  
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3.2 Thermoluminescence glow curves of GdAlO3: Ce
3+

,Ln
3+

 (Ln= Pr, Er, Nd, Ho, Dy, Tm, Eu and 

Yb) 

 

In Fig. 4 the normalised TL glow curves from Ce
3+

 5d-4f emission in GdAlO3:Ce
3+

, Ln
3+

 (Ln= Er, Nd, 

Ho, Dy and Tm) are shown. The TL maximum temperatures are spread out from 150 K for 

GdAlO3:Ce
3+

,Er
3+

 to 413 K for GdAlO3:Ce
3+

,Tm
3+

. No TL glow peaks with Ce
3+

 emission were 

observed for the samples co-doped with Pr
3+

, Sm
3+

, Eu
3+

 or Yb
3+

.  

  

The trapping parameters of the Tm
3+

 trapping centre in GdAlO3:Ce
3+

,Tm
3+

 were determined using the 

variable heating rate method
5, 33-34

 (Fig. S2). For the trap depth a value of 1.26 eV and for the 

frequency factor a value of 3x10
14

 s
-1

 was found. Since all co-dopants Er
3+

, Nd
3+

, Ho
3+

, Dy
3+

 and Tm
3+

 

replace Gd
3+

 in the host it is plausible to assume that the frequency factor remains the same
35

. Then, 

the trap depths for the co-dopants Er
3+

, Nd
3+

, Ho
3+

, Dy
3+

 were found using the Tm from Fig, 4 and 

employing  

 

                                                          
𝛽𝐸

𝑘𝑇𝑚
2 = 𝑠 exp(−

𝐸

𝑘𝑇𝑚
)                                              (1) 

 

where β = 1K s
-1

 is the heating rate, k is the Boltzman constant (eV/K), s = 3x10
14

 s
-1

, and Tm is the 

temperature (K) at the glow curve peak maximum. The values of the trap depths are shown in the 

legend of the figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 Normalized thermoluminescence  glow curves of GdAlO3:0.01Ce

3+
,0.01Ln

3+
 (Ln= Er, Nd, Ho, Dy and 

Tm). The glow curves of Er, Nd, Ho and Dy co-doped samples were measured by the low-temperature TL setup 

from 90 to 450 K after 1600 s irradiation by its β source. GdAlO3:Ce
3+

,Tm
3+

 was  recorded by the RISØ TL-

reader from 300 to 700 K after 1600 s irradiation by its β source. The heating rate was 1 K/s for all TL-

recordings. The TL glow curves were measured with a Hoya 3 mm C5-58 bandpass filter from about 350 to 470 

nm to transmit the 5d-4f Ce
3+

 emission (at 343 nm and 362 nm). 

  

3.3 Thermoluminescence properties of GdAlO3:Ln
3+

, RE
3+

 (Ln=Sm, Eu and Yb, RE= Ce, Pr and 

Tb) and Gd1-xLaxAlO3:Ln
3+

, Eu
3+

 (Ln= Sm and Eu). 

  

Thermoluminescence emission (TLEM) spectra were measured for GdAlO3:Ln
3+

, RE
3+

 (Ln=Sm, Eu 

and Yb, RE= Ce, Pr and Tb) samples in order to identify the luminescence and recombination centre 

during TL read-out. Fig. 5(a), (b) and (c) show typical TLEM spectra of GdAlO3:Eu
3+

,Tb
3+

, 

GdAlO3:Sm
3+

,Tb
3+

 and GdAlO3:Yb
3+

,Tb
3+

. Similar figures for other dopant combinations can be found 

in Fig. S3.  

 

Characteristic red Eu
3+

 emission with the associated TL glow curve centred at ~460 K (heating rate 5 

K/s) can be observed for GdAlO3:Eu
3+

 (Fig. S3(a)), GdAlO3:Eu
3+

,Tb
3+

 (Fig. 5(a)), GdAlO3:Eu
3+

,Pr
3+
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(Fig. S3(b)) and for GdAlO3:Eu
3+

,Ce
3+

 (Fig. S3(c)) samples. This glow peak will be referred to as peak 

2 and will later be attributed to hole release from a host related defect. No emission from Tb
3+

, Pr
3+

 or 

Ce
3+

 is observed indicating that only the Eu
3+

 ions act as the recombination (luminescence) centre in 

these samples. An additional shoulder (peak 4) in the TL-glow is observed at ~435 K in the 

GdAlO3:Eu
3+

,Tb
3+

 sample (Fig. 5(a)). For the GdAlO3:Eu
3+

,Pr
3+

 sample, the shoulder (peak 3) is at 15 

K higher temperature ~450 K (Fig. S3(b)).  

    

Similarly, a characteristic emission from Sm
3+

 with again the TL glow peak 2 centred at ~460 K is 

observed in GdAlO3:Sm
3+

 (Fig. S3(d)), GdAlO3:Sm
3+

,Tb
3+

 (Fig. 5(b)), GdAlO3:Sm
3+

,Pr
3+

 (Fig. S3(e)) 

and GdAlO3:Sm
3+

,Ce
3+

 (Fig. S3(f)) samples. Again no emission from Tb
3+

, Pr
3+

 or Ce
3+

 is monitored. 

For GdAlO3:Sm
3+

,Tb
3+

 the shoulder peak 4 at ~435 K appears in Fig. 5(b). A similar shoulder peak 3 

at ~445 K is observed for GdAlO3:Sm
3+

,Pr
3+ 

in Fig. S3(e).  

   

The Yb
3+

 characteristic emission from the 
2
F7/2 level to the 

2
F5/2 ground state is centred at ~980 nm and 

is observed both in GdAlO3:Yb
3+

 (Fig. S3(g)) and GdAlO3:Yb
3+

,Tb
3+

 (Fig. 5(c)). The glow peak 2 for 

both samples are found at ~460 K (heating rate 5 K/s). The GdAlO3:Yb
3+

,Tb
3+

 sample (Fig. 5(c)) 

shows a glow peak 4 at ~445 K, which is the same as those in Fig. 5(a) and Fig. 5(b). Yb
3+

 emission is 

absent in the GdAlO3:Yb
3+

, Pr
3+

 and GdAlO3:Yb
3+

, Ce
3+

 samples. 

 
Fig. 5 The thermoluminescence emission (TLEM) spectra of (a) GdAlO3:0.01Eu

3+
,0.01Tb

3+
, (b) 

GdAlO3:0.01Sm
3+

,0.01Tb
3+

 and (c) GdAlO3:0.01Yb
3+

,0.01Tb
3+

. The samples (a) and (b) were measured by the 

UV to VIS spectrometer (Ocean Optics, QE65000) from 300 to 800 K, sample (c) was measured by the NIR 

spectrometer (Ocean Optics, NIRQ512) from 300 to 520 K. The heating rate for all of these samples is 5 K/s 

after exposure to irradiation of 2.5 kGy from a 
60

Co source. 

  

Fig. 6(a) and (b) show TL glow curves of GdAlO3:Eu
3+

, RE
3+

 and GdAlO3:Sm
3+

, RE
3+

 (RE= Ce, Pr 

and Tb). All samples share the same glow peaks 5 and 2 at ~350 K and ~450 K and an additional one 

at ~510 K (heating rate 1 K/s) hereafter referred to as peak 1. Glow peaks 4 and 3 appear at ~415 K 

and ~430 K for GdAlO3:Eu
3+

,Tb
3+

 and GdAlO3:Eu
3+

,Pr
3+

 in Fig. 6(a), respectively. These two peaks 

can also be observed at ~420 K or ~430 K for the samples co-doped with Tb
3+

 or Pr
3+

 in Fig. 6(b). 

Peaks 2, 3, and 4 appear also in the TLEM spectra (Fig. 5) at somewhat different temperature because 
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of the different heating rate. We conclude that peak 1 and 2 are from host related hole traps, peak 3 

from Pr
4+

 and peak 4 from the Tb
4+

 hole trapping centre. No additional TL peaks are observed for Ce
3+

 

co-doped samples. The trap depths were calculated with Eq. (1) using a frequency factor of 3x10
14

 s
-1

. 

Peak temperatures Tm and calculated trap depths are listed in Table 1. Since the TL intensity of Eu
3+

 

doped samples are about twice higher than that of Sm
3+

 doped ones, the studies presented below were 

focused on the Eu
3+

 doped samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 Thermoluminescence glow curves of (a) GdAlO3:0.01Eu

3+
,0.01 RE

3+
, (b) GdAlO3:0.01Sm

3+
, 0.01RE

3+
 

(RE= Ce, Pr and Tb). Fig. 6(a) and (b) were measured with the RISØ TL-reader from 300 to 600 K with 1600 s 

irradiation by its β source. The heating rate was 1 K/s for all TL-recordings. A 600 nm bandpass filter (600FS40-

50) was placed between the samples and PMT. The peak intensities are calibrated by mass.   

  
Table 1 List of samples, TL glow peaks and estimated trap depths 

 

sample glow peak  trap depth E (eV) 

GdAlO3:Eu
3+

 2 1.39 ± 0.02 

GdAlO3:Eu
3+

, Tb
3+

 4 and 2 1.28 ± 0.02 and 1.39 ± 0.02 

GdAlO3:Eu
3+

, Pr
3+

 3 and 2 1.33 ± 0.03  and 1.39 ± 0.02 

GdAlO3:Eu
3+

, Ce
3+

 2 1.39 ± 0.02 

GdAlO3:Sm
3+

 2 1.39 ± 0.02 

GdAlO3:Sm
3+

, Tb
3+

 4 and 2 1.29 ± 0.02 and 1.39 ± 0.02 

GdAlO3:Sm
3+

, Pr
3+

 3 and 2 1.33 ± 0.03 and 1.39 ± 0.02 

GdAlO3:Sm
3+

, Ce
3+

 2 1.39 ± 0.02 

 

Fig. 7(a) shows the normalized TL glow curves for Gd1-xLaxAlO3:Eu
3+

,Tb
3+

 with different content of 

lanthanum. The as measured TL glow curves are shown in Fig. S4(a). One observes that the glow peak 

maxima shift towards lower temperature with increasing content of lanthanum. When the lanthanum 

content is 0.25 (x=0.25), peak 2 has weakened and shifted to 440 K. Peak 4 at 415 K for x=0 becomes 

much broader and shifts towards 390 K and 365 K for x=0.25 and 0.5, respectively. Peak 4 seems 

missing in the LaAlO3 sample.  
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Our main conclusion is that peak 4 broadens and shifts towards lower temperature with increase of La 

concentration. The frequency factor for LaAlO3 can be deduced as 6.5×10
13

 s
-1

 by the variable heating 

rate plot of LaAlO3:Eu
3+

,Tb
3+

 (Fig. S5). However, the frequency factor for x=0.25 and 0.5 samples 

cannot be determined with this method because the TL glow peaks are much broadened. Considering 

that the compounds are quite similar, the frequency factor of Gd1-xLaxAlO3 for x=0.25 and 0.5 samples 

are fixed as 3x10
14

 s
-1

, sharing the same value of GdAlO3. The average traps depths are then estimated 

by Eq. (1) and the results are listed in Table 2 . 

 

Fig. 7 Normalized thermoluminescence glow curves of (a) Gd1-xLaxAlO3:0.01Eu
3+

,0.01Tb
3+

, (b) Gd1-

xLaxAlO3:0.01Eu
3+

,0.01Pr
3+

. All glow curves were measured by the RISØ TL-reader from 300 to 600 K with 

1600 s irradiation by its β source. The heating rate was 1 K/s for all TL-recordings. A 600 nm bandpass filter 

(600FS40-50) was placed between the samples and PMT in order to select the Eu
3+

 emission.      

                             Table 2  The glow peak positions and trap depths of Gd1-xLaxAlO3:0.01Eu
3+

,0.01Tb
3+. 

 

Fig. 7(b) shows the normalized TL glow curves of Gd1-xLaxAlO3:Eu
3+

,Pr
3+

 with different content of 

lanthanum. The as measured TL glow curves are shown in Fig. S4(b). Similar to Fig. 7(a), the TL glow 

peaks below appear to shift to lower temperature when increasing the concentration of lanthanum. The 

clear double peak observed for x=0 is not observed for the La diluted samples. Trap depths are listed 

in Table 3.  

 
Table 3 The peak positions and trap depths of Gd1-xLaxAlO3:0.01Eu

3+
,0.01Pr

3+. 

 

x peak position Tm (K) trap depth E (eV) frequency factor s (s
-1

) 

0 415 ± 5 and 450 ± 5 1.28 ± 0.02 and 1.39 ± 0.02 3.0×10
14

 

0.25 390 ± 5 and 440 ± 5 1.20 ± 0.02 and 1.36 ± 0.02 (3.0×10
14

) 

0.5 365 ± 15 and 395 ± 5 1.12 ± 0.05 and 1.22 ± 0.02 (3.0×10
14

) 

1 400 ± 5 1.18 ± 0.02 6.5×10
13

 

x peak positions Tm (K) trap depths E (eV) frequency factor s (s
-1

) 

0 430 ± 10 and 450 ± 5 1.33 ± 0.03 and 1.39 ± 0.02 3.0×10
14

 

0.25 415 ± 5 1.28 ± 0.02 (3.0×10
14

) 

0.5 400 ± 5 1.23 ± 0.02 (3.0×10
14

) 

1 400 ± 5 1.18 ± 0.02 6.5×10
13
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Figure 8(b) shows the Thermoluminescence excitation spectrum of LaAlO3:Tb
3+

 Eu
3+

. A broad band 

centred at ~315 nm is observed. For comparison the Eu
3+

 luminescence excitation spectrum from Fig, 

2a is shown as well (Fig. 8(a)).  The broad TLES band peaking at 315 nm corresponds with the broad 

CT-band also observed in the luminescence excitation spectrum. 
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LaAlO
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(a) PLE

  

Wavelength (nm)  

Fig. 8. The comparison of (a) photoluminescence excitation spectra of LaAlO3:0.01Eu
3+

 recorded at 592 

nm emission and (b) thermoluminescence excitation spectrum of LaAlO3:0.01Eu
3+

,0.01Tb
3+

. The sample has 

been excited by a Xe lamp from 200 to 450 nm for 600 s before measuring. The thermoluminescence excitation 

spectra were obtained by plotting the integrated TL from 300 to 600 K as function of the excitation wavelength. 

The heating rate for TL readout is 1K/s and the wavelength step is 5 nm. The sample was illuminated at room 

temperature.  

The iso-thermal decay spectra of Gd1-xLaxAlO3:0.01Eu
3+

,0.01Tb
3+

 and Gd1-

xLaxAlO3:0.01Eu
3+

,0.01Pr
3+

 can be found in Fig. 9. The measurements were only carried out with the 

lanthanum content x=0.25 and 0.5 because these samples contain the significant tails at ~360 K that 

benefits to afterglow properties. One can observe that Gd0.5La0.5AlO3:0.01Eu
3+

,0.01Tb
3+

 has the best 

afterglow properties among all of the samples indicating a proper trap depth. 

 
 Fig. 9 The room temperature iso-thermal decay spectra of (a) Gd1-xLaxAlO3:0.01Eu

3+
,0.01Tb

3+
, (b) Gd1-

xLaxAlO3:0.01Eu
3+

,0.01Pr
3+

 with x=0.25 and 0.5. All the samples were irradiated by β source for 1600 s and the 

intensity was corrected by mass.   
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4. Discussion 

 
To discuss the trapping and de-trapping process of charge carriers in GdAlO3, we will exploit the 

VRBE diagram in Fig. 3. The charge carriers generated by β irradiation can move freely through the 

conduction band and the valence band. Electrons are then trapped by electron trapping centres (like 

Nd, Sm, Dy, Ho, Er, Tm, Yb) and holes by hole trapping centres (like Ce, Pr, Tb). Such prediction of 

hole release, hole trapping and hole transport from a VRBE scheme (in contrast to the case of 

electrons) has never been really tested experimentally. Below we will provide evidence that the 

predictions fully agree with the observations. Note that holes tend to be shared between two oxygen 

anions to form a so-called Vk centre
36-38

. Often movement of such a centre is thermally activated and in 

a VRBE diagram one should place the Vk-hole state higher than above the top of the valence band with 

an amount equal to the binding energy of the Vk-centre
39

. 

   

A. Electron trapping and electron release  

  

Fig. 4 shows that the TL glow peak temperatures Tm are different for different lanthanides in Ce
3+

 and 

Ln
3+

 (Ln= Er, Nd, Ho, Dy and Tm) co-doped GdAlO3. The change in Tm implies that the type of 

lanthanide co-dopants influence the trap depth significantly.  

 
In Fig. 10 the trap depths listed in the legend of Fig. 4 are compared with the VRBE levels in Fig. 3. 

They fully agree with the prediction made from the VRBE diagram however with a systematic shift. 

The diagram predicts that Tm has the deepest trap depth among the above five co-dopants (Er, Nd, Ho, 

Dy and Tm), resulting in its TL glow peak at the highest temperature. On the other hand, Er has the 

shallowest trap depth, which produces a TL glow peak at the lowest temperature. No TL glow peaks 

with Ce
3+

 emission can be found for (Ce,Pr), (Ce,Sm), (Ce,Eu) and (Ce,Yb) co-doped samples. The 

electron trap depth of Pr is predicted as very shallow and its glow peak temperature then will fall 

beyond the temperature range of our TL-facility. The trap depth of Sm
2+

 in the VRBE diagram is 1.83 

eV which would correspond with  Tm = 587 K if s = 3.0×10
14

 s
-1

 and β = 1 K/s. Ce
3+

 emission GdAlO3 

is totally quenched at this temperature
28

. The trap depths of Eu
2+

 and Yb
2+

 are even deeper than that of 

Sm
2+

 and absence of Ce
3+

 TL-emission for these co-dopants is also attributed to thermal quenching of 

Ce
3+

 emission.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10, Comparison of the VRBE predicted by the VRBE diagram (▲) and TL experiments () 

 

 

Although the trap depths predicted by the VRBE diagram follow the values derived from the TL 

experiments there is one deviating data point. The VRBE diagram shows a trap depth of Nd
2+

 0.03 eV 

deeper than that of Ho
2+

. So one expects that the TL glow peak maximum temperature of Nd
2+

 is at a 

higher temperature than the one of Ho
2+

. However, this is not the case (see Fig. 4). The same 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
-3

-2

-1

0

1

GdLa

V
R

B
E

 (
e
V

)

number of electrons n in the 4f shell of Ln
3+

Ce Pr Nd Pm Sm Eu Tb Dy Ho Er Tm Yb

CB



12 
 

phenomenon has been also found in TL glow curves in YPO4 reported by Bos
12

. This may indicate that 

the shape of curve 2 in Figure 2 needs a minor adjustment regarding the value for the ground state 

Nd
2+

. 

   

The agreement of the VRBE diagram prediction and TL experiments prove that indeed the Ln
3+

 (Ln= 

Er, Nd, Ho, Dy, and Tm) co-dopants are the electron trapping centres and Ce
3+

 is the recombination 

centre in GdAlO3:Ce
3+

, Ln
3+

. During heating the electrons release from the lanthanide co-dopants and 

return through the conduction band to eventually recombine with Ce
4+

 producing emission from Ce
3+

. 

 

B. Hole trapping and hole release 

   

In Fig. 5 a comparison was made of samples with the same hole trapping centre (Tb) but different 

electron trapping centres (Eu, Sm and Yb). All the samples show TL glow peaks at the same 

temperature (peak 1, peak 2 and peak 4 as assigned above) but with significantly different emission 

spectra. Peak 1 and 2 can be monitored in all the samples shown in Fig. 5, Fig. 6 and Fig. S3. 

Therefore, those peaks are assigned to an unidentified host related hole traps. Peak 4 appears only in 

the samples co-doped with Tb. The trap depth of peak 4 has been calculated as 1.28 ± 0.02 eV shown 

in Table 1. The estimated Eu
2+

, Sm
2+

 and Yb
2+

 electron trap depths are 3.08 eV, 1.83 eV and 2.65 eV, 

thus much deeper than the trap depth for peak 4. The VRBE diagram predicts that the Tb
3+

 ground 

state is above the VB and Tb
3+

 may act as a hole trapping centre. During the TL readout, the activation 

energy needed to release holes from Tb
4+

 (1.28 ± 0.02 eV) is smaller than to release electrons from the 

electron trapping centres. Therefore, the holes release from Tb
4+

 earlier than electrons from Eu
2+

, Sm
2+

 

or Yb
2+

 producing characteristic Eu
3+

, Sm
3+

 or Yb
3+

 4f-4f emission. 

    

A new peak (peak 3) appears in the Pr co-doped samples (Fig. 6). Again, no emission from Pr
3+

 can be 

found in the TLEM spectra shown in Fig. S3(b) and (e). This confirms that Pr
3+ 

is not the 

recombination centre. The trap depth of peak 3 is 1.33 ± 0.03 eV as shown in Table 1, which is also 

much smaller than the electron trap depth of Eu
2+

 and Sm
2+

. Considering that the ground state energy 

of Pr
3+

 and Tb
3+ 

in the VRBE diagram is quite similar, also Pr
3+

 acts as the hole trapping centre. No 

Yb
3+

 emission was monitored in (Yb, Pr) co-doped sample. The explanation can be the energy transfer 

from Yb
3+

 
2
F7/2 to Pr

3+ 1
G4 level that quenches the Yb

3+
 emission.  

    

Ce
3+

 also acts as the hole-trapping centre according to the VRBE diagram. However, that trap is too 

deep to release a hole in the measurement range which explains that no TL extra peak(s) can be 

observed related to hole release from Ce
4+

 (Fig. 6, Fig. S3(c) and (f)).  

    

The trap depth for Tb
4+

 and Pr
4+

 in Table 1 are 1.28 ± 0.02 eV and 1.33 ± 0.03 eV which are lower than 

predicted by the VRBE diagram (1.61 eV and 1.44 eV for Tb
4+

 and Pr
4+

). The explanation can be that 

the released holes are not moving through the valence band but form a so-called Vk centre (a hole 

shared between two oxygen ions). The migration of a Vk centre is thermally activated and it will 

migrate to recombine at Eu
2+

, Sm
2+

 or Yb
2+

 generating characteristic Eu
3+

, Sm
3+

 or Yb
3+

 4f-4f 

emission. 

  

The thermoluminescence excitation (TLE) spectrum in Fig. 8 shows a broad band centred at ~315 nm 

which coincides with the Eu
3+

 CT-band in Fig. 2(a). During CT-band excitation electrons are excited 

from the valence band to the Eu
2+

 4f
7
(

8
S7/2) ground state leaving a hole in the valence band. Those 

holes can be captured by Tb
3+

 to become Tb
4+

. Some holes will be also captured by the host related 

hole trapping centre. In LaAlO3, Tb
3+

 will provide a very shallow hole trap depth, and they will be 

released immediately at room temperature. During the TL readout, the holes release from the hole 

trapping centres, forming the Vk centre and recombine with Eu
2+

 producing Eu
3+

 characteristic 

emission.  
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C. Engineering the trap depth by valence band tailoring   

  

The above discussion of the hole trapping and hole release process confirms that the trap depths of the 

Tb
3+

 and Pr
3+

 hole trapping centres are related to the valence band maximum energy, indicating that 

the TL glow curves can be shifted by engineering the valence band.  

   

Fig. 11 shows the VRBE diagrams for Gd1-xLaxAlO3 with different fraction of x. The data to construct 

the diagrams are listed in Table 4. The VRBE in the 4f ground state of Eu
2+

 (EEu
2+

) is fixed at -3.98 eV 

because changes of EEu
2+

 
22-23

 within the same type of compounds are insignificant. The charge transfer 

energy of Eu
3+

 in Gd1-xLaxAlO3 is shown in Fig. 2 and the detailed data are listed in Table 4. The 

decrease of the charge transfer energy of Eu
3+

 implies that the valence band maxima increases (Table 

4). The ground state energy of Tb
3+

 and Pr
3+

 is like that for Eu
2+

 fixed for all the compounds.  
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Fig. 11 VRBE diagram of Gd1-xLaxAlO3 (x=0, 0.25, 0.5 and 1) 

Fig. 11 displays that the valence band goes upwards and the energy difference between Tb
3+

/Pr
3+

 

ground states and the valence band maxima decreases with increasing lanthanum concentration. The 

diagram agrees with the observed TL peak shift in Fig.7 where the Tb TL peak (peak 4) shifts from 

415 ± 5 K (1.28 ± 0.02 eV) for x=0 to 365 ± 15 K (1.12 ± 0.05 eV) for x=0.5. A large uncertainty 

exists for x=0.25 and x=0.5 samples due to the very broad TL glow curves that make it tough to 

identify the exact TL peak maximum. The TL glow curves also shift to lower temperature with 

increasing lanthanum concentration in Fig. 7(b). However, the Pr TL peak can be only distinguished 

for x=0. The missing of peak 4 for x=1 (LaAlO3:Eu
3+

,Tb
3+

/Pr
3+

) is due to the very shallow hole trap 

depth in Pr
4+

 and Tb
4+

 creating a TL=peak far below the room temperature. 

 

The ground state level of Pr
3+

 is ~0.17 eV lower than that of Tb
3+

 shown in the VRBE diagram 

indicating the TL glow peak maximum temperature of Pr
3+

 should be at a lower temperature than the 

one of Tb
3+

. However, the TL experiments displays that the Pr TL peak (peak 3) Tm is ~10 K higher 

than that of the Tb peak  (peak 4) shown in Fig. 6 and Table 1.  
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Table 4 The parameters to construct the VRBE diagram of Gd1-xLaxAlO3:Tb
3+

/Pr
3+

, Eu
3+

 (x=0, 0.25, 0.5 and 1). 

The units for all the parameters are all eV. 

 

X E
ex

 E
CT

 EV EC ETb
3+

 EPr
3+

 

0 7.29 4.86 -8.80 -0.92 -7.12 -7.29 

0.25 7.08 4.68 -8.67 -1.02 -7.12 -7.29 

0.5 6.88 4.48 -8.49 -1.05 -7.12 -7.29 

1 6.36 3.93 -7.91 -1.22 -7.12  -7.29 

  

 

So far, we conclude that the trap depth of Tb hole trapping centres can be engineered by valence band 

tailoring with substitution of gadolinium by lanthanum.  

   

 

5. Conclusion 

 

The trapping and de-trapping process of electrons and holes have been studied in this paper. In 

GdAlO3:Ce
3+

, Ln
3+

 (Ln= Er, Nd, Ho, Dy and Tm), the Ln
3+

 co-dopants are the electron trapping 

centres and Ce
3+

 is the hole trapping centre as well as the recombination centre. The captured electrons 

released from Ln
2+

 recombine with Ce
4+

 producing Ce
3+

 5d-4f emission (at 343 nm and 362 nm). For 

GdAlO3:Ln
3+

, RE
3+

 (Ln=Sm, Eu and Yb, RE= Ce, Pr and Tb), the Ln
3+

 is the electron trapping centre 

as well as the recombination centre and RE
3+

 is the hole trapping centre. The holes release earlier (i.e. 

at lower temperature) than electrons and therefore recombine with Ln
2+

 generating Ln
3+

 4f-4f 

characteristic emission during TL readout. The energy of the valence band maximum can be 

engineered by substitution of Gd by La therefore adjusting the trap depth of Tb
3+

. Such valence band 

engineering may be a potential method to “deliberately design” the hole traps for afterglow phosphors.   
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