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Abstract

Afterglow is an important phenomenon in luminescent materials and can be desired

(e.g. persistent phosphors) or undesired (e.g. scintillators). Understanding and pre-

dicting afterglow is often based on analysis of thermally stimulated luminescence (TSL)

glow curves assuming the presence of one or more discrete trap states. Here we present

a new approach for the description of the time-dependent afterglow from TSL glow

curves using a model with a distribution of trap depths. The method is based on the

deconvolution of the energy dependent density of occupied traps derived from TSL glow

1



curves using Tikhonov regularization. To test the validity of this new approach, the

procedure is applied to experimental TSL and afterglow data for Lu1Gd2Ga3Al2O12:Ce

ceramics co-doped with 40 ppm of Yb3+ or Eu3+ traps. The experimentally measured

afterglow curves are compared with simulations based on models with and without the

continuous trap depth distribution. The analysis clearly demonstrates the presence

of a distribution of trap depths and shows that the new approach gives a more accu-

rate description of the experimentally observed afterglow. The new method will be

especially useful in understanding and reducing undesired afterglow in scintillators.

Introduction

Point defects are mainly responsible for significant delay of light emission in luminescent

materials due to temporary charge carrier trapping. This effect finds practical applications,

e.g. for the production of emergency signs and luminous paints using persistent phosphors.1

In other cases, e.g. medical imaging systems and radiation protection the delayed scintillation

response to ionizing radiation is undesired.2 The understanding of the mechanisms underlying

the appearance of slow tails of luminescence (also called afterglow3) thus represents an

important practical problem.

The influence of the traps on charge carrier transport towards the luminescence centers is

generally investigated with thermally stimulated luminescence (TSL) methods or measure-

ments of isothermal decay for the afterglow. The evaluation of the thermal release of carriers

from traps with TSL or afterglow methods aims at determination of three trap parameters:

the thermal trap depth (Et), the frequency factor (s) and the kinetic order (b). The most

used approaches for processing of the TSL data are first4 or second5 kinetic order one trap

one recombination center (OTOR) models and interactive kinetics6 model for traps with

discrete energy levels.

Luminescent materials can have more than one type of point defects, which leads to

complex TSL peak structures or multi-component afterglow decay and makes evaluation
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of experimental data challenging. Several measurement techniques such as varying heating

rate method7 and fractional-heating method8 have been developed in order to separate

contributions from different traps. While these methods procure reliable trap parameters,

their implementation is a time-consuming process requiring strict temperature control. The

complex glow curve structures have been also considered from the deconvolution point of

view.9

In research on amorphous materials and glasses an approach of continuous distribution

of the energy levels of defects over the band gap is routinely used.10,11 Rise and decay of the

photocurrent in amorphous semiconductors have been explained by subsequent trapping and

release of the carriers from the traps with a continuous distribution of the energy depths.12

The same approach has shown a wide trap energy level distribution in evaporated CsI:Tl

layers.13 The model of continuous trap distribution has also been used for wide band-gap

phosphors, e.g. in.14,15 Simulation of the afterglow curves shape16 with the trap level en-

ergy distribution has offered an explanation for very slow decay, following a t−p law, with

0 < p < 1. It should be noted however, that these trap distribution models are very sensitive

to the concentration of the traps and capture and release probabilities for trapping and re-

combination centers,16 which are extremely difficult to obtain from afterglow measurements.

TSL is much better suited to access the distribution and properties of the localized

states. The evidence of trap depth distribution in luminescent materials is provided by

experimentally detected shift of a TSL peak maximum with variations in the pre-heating

temperature Tstop.
4,10,17,18

Garnet crystals of (Lu,Y)3Al5O12:Cr reveal the distribution of luminescent centers levels

in the range of 30-50 meV19 due to the variations in Y/Lu-ions distribution around Cr3+

ions. Moreover, non-monotonous broadening of the FWHM of the trap distribution between

50 to 150 meV has been observed for Y3(Al,Ga)5O12:Ce,Cr with varying composition.20

In this paper we describe a new method to analyze time-dependent afterglow of garnet

scintillators using their TSL glow curves and the trap depth distribution model. The mathe-
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matical procedure requires a pre-calculated (with use of the classic models) frequency factor

(s) and consists of two stages. The first step is the deconvolution of the function of the

occupied trap density from the experimental TSL signal. The second step is the modeling of

the time-dependent afterglow signal at given temperature using the reconstructed occupied

trap density function via classical afterglow decay models.

The objects under study are mixed garnet Lu1Gd2Ga3Al2O12:Ce ceramics. The samples

have been left nominally pure or co-doped with 40 ppm of Yb3+ or Eu3+ ions, known21

to be efficient electron traps.22 Using TSL and afterglow experimental measurements and

corresponding numerical modeling, we unambiguously demonstrate the evidence for the dis-

tribution of thermal trap depth in the studied samples.

The article is organized into the following sections. At first, we describe experimental

evidence of correlation between TSL and afterglow curves and provide evidence for the exis-

tence of trap depth distribution through thermal cleaning experiments and the dependence

of afterglow curve on irradiation conditions and time. Then we present the mathematical ap-

proach for analysis of afterglow using classic (discrete trap depth) TSL models and our new

method. Finally, we analyze the results by comparing simulated afterglow behavior based

on the different models to experimental data and draw conclusions on the applicability of

the new approach.

Experimental

All Lu1Gd2Ga3Al2O12:Ce 0.2 mol. % garnet ceramic samples used in this work, nominally

pure or co-doped with 40 ppm of Yb3+ or Eu3+ ions, were prepared in Philips Research

Eindhoven facility by sintering of a mix of base oxides of 4N-purity in air in the form of pills

of 14 mm diameter and 2 mm thickness. Cr, Yb and Eu ions are present as impurities in

amounts of less than 1 ppm for starting oxides (supplier information). On the basis of X-ray

diffraction patterns it was concluded that all samples consist of a single garnet phase.
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The TSL curves were obtained in the 80-550 K temperature range after irradiation with

X-rays (55 kV and 10 mA X-ray tube with molybdenum anode), detected with PMT R6357

in the range of 200-900 nm. The irradiation took place during 5 minutes; the samples were

positioned 3 cm away from the tube. The waiting time between irradiation of the samples

and start of the measurements was 10 minutes; all of the TSL curves shown in the present

work were recorded with β=15 K/min heating rate.

Afterglow curves were measured in the 300-450 K temperature range after 1-6 sec of

irradiation with X-rays (120 kV, 20-120 mA, 20 cm distance and tungsten anode) detected

with a Hamamatsu silicon photodiode and a pico-ammeter Keithley M6485. The estimated

absorbed dose was around 20 mGy/s. The curves were recorded in 10 - 3000 ms and 1-

10000 s time range and were normalized to the X-ray luminescence intensity of the ceramics

at the end of the irradiation pulse.

Experimental results

Connection between TSL and afterglow

In this section we provide the experimental TSL and afterglow curves for the set of

Lu1Gd2Ga3Al2O12:Ce ceramics, either doped with Eu3+ or Yb3+ ions or left nominally pure.

We determine the contribution of Yb- and Eu-related traps to the glow curves and correlate

both experimental methods with each other.

In the Fig. 1 TSL glow curves of the Lu1Gd2Ga3Al2O12:Ce ceramics, nominally pure

(reference, curve 1) and doped with Eu3+ (2) or Yb3+ (3) are presented. The samples are

characterized by a complex glow curve structure: a TSL peak around 100 K, attributed to

anti-site defects23 and a series of TSL peaks in the room temperature (RT) region. The

latter peaks are related to various residual impurities such as transition metal ions Cr3+,24,25

Ti,26 V26 and rare earth (RE)-ions Yb3+ 27 and Eu3+ 21 . Doping of Lu1Gd2Ga3Al2O12:Ce

ceramics with 40 ppm of Yb3+ leads to a significant increase of the TSL peak at 305 K (curve
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Figure 1: TSL glow curves for Lu1Gd2Ga3Al2O12:Ce ceramics, nominally pure (1) and doped
with Eu3+ (2) or Yb3+ (3).

3), while doping with 40 ppm of Eu3+ leads to an appearance of an intense peak at 462 K

(curve 2).

Previous experiments (partially published in25,28) have shown that selection of raw ma-

terials sources and co-doping with rare-earth ions or 3d transition metals has a strong cor-

relation to experimentally observed TSL peaks. The integral TSL peak intensity is increase

with impurity (co-dopant) content, and any aforementioned impurity-related TSL peak cor-

responds only to the presence of a specific impurity.

The exact microscopic mechanism of electron capture by impurity-related traps in garnets

is still a matter of debate in the community. For phosphates it has been shown indirectly

by TSL measurements for RE3+/2+ ions29 and directly by correlation of EPR and TSL for

Eu3+/2+ 30 that impurity ions themselves are responsible for storage of electrons and creation

of specific TSL peaks. On the other hand, using EPR spectra, defect complexes of O- or

oxygen vacancies were shown to be responsible for TSL in perovskites.31
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In,20 it was concluded that in YAGG:Ce,Cr, Cr3+/2+ ions on octahedral sites are re-

sponsible for storage of electrons and creation of specific TSL peaks, whereas in32 oxygen

vacancies were proposed to act as charge carrier trapping centers. Recently, it has been

experimentally shown with transmission spectroscopy that in YAGG:Ce,Yb Yb3+ acts as

trap by capturing an electron on its 4f shell.22 In this work we simply refer to TSL peaks

associated with impurities as ”Eu- or Yb- related peaks”.
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Figure 2: Afterglow curves for Lu1Gd2Ga3Al2O12:Ce ceramics, nominally pure (1) and doped
with Eu3+ (2) or Yb3+ (3): a) measured at RT (303 K) and b) measured at 423 K.
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Figure 2 displays afterglow curves in the range of 10 ms to 2 hours for the studied

samples at two temperatures. The curves are normalized to 100% at t=0, under steady

X-ray excitation. In the Fig. 2a one can see that the reference and Eu-codoped samples

(curves 1, 2) have very similar afterglow curve shape at RT, while Yb-co-doped ceramics has

significant additional afterglow component in the time range of 10−2-102 s (curve 3). The

energy levels of the traps related to Eu3+ ions are located deeply in the band gap and they

do not contribute to the afterglow of Lu1Gd2Ga3Al2O12:Ce garnets at room temperature.

However, at much higher temperature of 423 K (2b) the afterglow curve for Eu-codoped

garnet ceramics has an additional component at 100-104 s (curve 2), while the afterglow of

the Yb-codoped sample resembles the reference curve (curves 1, 3).

Comparison of the afterglow and TSL curves shows clear correlation between the two

experiments. With course of time or with rise of the temperature the electrons released

from the traps migrate to the recombination centers (Ce ions with captured holes) and

generate emission. The characteristic de-trapping time (also called lifetime of carriers on

traps3) depends on the trap parameters, such as energy depth and frequency factor. In our

case, Eu-related traps are observed in the TSL curve (Fig. 1) at much higher temperature,

compared to the Yb-related ones, and thus have larger trap depth and higher de-trapping

time, exactly as we observe in the afterglow measurements presented in the Fig. 2.

Signs of trap depth distribution

The direct evidence for the existence of a trap depth distribution for

Lu1Gd2Ga3Al2O12:Ce,Yb ceramics is obtained from the evolution of TSL glow curves

shape with pre-heating procedure in Fig. 3. It was obtained with a special procedure:

the sample had been repeatedly irradiated with the same dose, pre-heated up to a Tstop

of 265-315 K, then cooled down and the TSL curve has been measured. The comparison

between the obtained curves shows that the TSL peak related to Yb-impurity undergoes

a strong shift of the temperature corresponding to the peak maximum (Tm) to higher
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values with increase of the temperature Tstop. Continuous distribution of trap depths Et

can explain the monotonic shift of the TSL peak maximum as a function of subsequent

preheating treatments, resulting in the depletion of progressively deeper traps.

With initial-rise method5 we check the changes in the trap depths with increased Tstop

temperature, see inset in Fig. 3. The smooth variation in the trap depth is an indication of

existent trap distribution in our materials.18
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Figure 3: TSL glow curves for Lu1Gd2Ga3Al2O12:Ce ceramics, doped with Yb3+, measured
after irradiation with X-rays at 77 K, with no pre-heating (1) and with pre-heating to Tstop

temperature 265 K (2), 285 K (3), 295 K (4), 305 K (5) and 315 K (6).

The signs of the trap depth distribution can be also seen in afterglow measurements. For

instance, very slow components corresponding to the range of 10−1-102 s and following t−1/2

or slower power law decay are clearly visible in the curve 2 of the Fig. 2b. Simulation of the

time-dependent afterglow16 showed that the observed behavior is consistent with the trap

depth distribution model. Moreover, the superposition of several exponentially decaying

components leads to slowing down of the overall afterglow curve until the observed curve
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resembles the hyperbolic t−2 law16 (see Fig. 2a, curve 3, 100-102 s time range).
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Figure 4: Afterglow curves for Lu1Gd2Ga3Al2O12:Ce ceramics, doped with Eu3+, measured
at 403 K after irradiation with X-rays at 403 K (1), 423 K (2), 443 K (3) and 483 K (4) with
fast cooling down to measurement temperature afterwards.

Pre-heating treatment or irradiation at higher temperature with consequent fast cooling

down to measurement temperature in the case of the continuous trap density leads to the

narrowing of the trap depth distribution and changes in afterglow curve shape. The corre-

sponding results are shown in the Fig. 4. The Lu1Gd2Ga3Al2O12:Ce ceramics, doped with

Eu3+, have been irradiated with X-rays at 403 K, 423 K, 443 K and 483 K and afterwards

cooled down to the measurement temperature 403 K. The afterglow curves were not recorded

for the period of cooling down process, which took 100-250 s. The resulting curves reveal

continuous decrease in afterglow intensity with higher irradiation temperature. The observed

variation in the afterglow decay order (from nearly second order (b=2) for curve 1 and 2,

Fig 4 to a far slower kinetic order b=1/3 for curve 4, Fig. 4), like in case of TSL behavior

in Fig. 3, is related to the depletion of the shallower part of the trap depth distribution.
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However, curve 4 in Fig. 4 has a limited dynamic range and alternatively can be attributed

to influence of deeper traps.
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Figure 5: Afterglow curves for Lu1Gd2Ga3Al2O12:Ce ceramics, doped with Yb3+, irradiated
with X-ray tube with conditions of 120 kV, 120 mA for 1 s (1), 120 kV, 40 mA for 3 s (2)
and 120 kV, 20 mA for 6 s (3).

Additional factor that we have to take into account is potential variation in the intensity

of the experimentally observed afterglow at the time range comparable to the irradiation

duration. Afterglow intensity can be diminished due to a competition between the rate of

filling the shallow traps with carriers and fast release of the carriers from them. Fig. 5

illustrates this effect: Lu1Gd2Ga3Al2O12:Ce ceramics codoped with 40 ppm of Yb3+ ions has

been irradiated several times with a constant dose, but varying dose rates. The X-ray tube

was set with a constant anode voltage of 120 kV and varying current from 20 to 120 mA for

the duration between 6 and 1 s, keeping absorbed dose constant. One can see that longer

irradiation time leads to a decrease in afterglow intensity in the time range of 10−2-100 s.

The dependence of afterglow curve on irradiation conditions can lead to a significant
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discrepancy between expected results and experimentally observed curves, especially in time

windows immediately after x-ray excitation stops, which is highly relevant in the performance

of scintillators in e.g. CT scanners. We develop and implement a simple addition to our

models to account for this effect later on in section ”Simulation of the afterglow curves”,

Fig 12.

Theoretical

Having determined the contribution of Yb- and Eu-related traps to the glow curves of

Lu1Gd2Ga3Al2O12:Ce ceramics and established the evidence for trap depth distribution,

we can formulate the models for theoretical simulation of the afterglow.

The band gap diagram of the Fig. 6 illustrates the thermoluminescence mechanism we

use as the basis for our simulations. e-h pairs are generated due to absorption of X-ray

photons with the rate X, cm−3s−1. Free carriers then become localized at the trapping

centers. Based on various experimental studies23,24,33–39 of Ce-doped garnets in our scheme

we take into account only electron recombination on Ce3+ ions, acting as hole traps.23,40 The

corresponding capture rate for recombination center (RC) can be calculated as product of

the concentration of the free electrons ne, cm−3, the concentration of Ce3+ ions having holes

captured m, cm−3 and recombination probability coefficient Am, cm3·s−1.

As for electrons, we account for the possibility of their capture by the centers of various

origin with different trapping energies Et, for which we consider both cases of a discrete and

continuous distribution. The latter can appear due to the fluctuations of the the bottom of

the conduction band appearing in mixed solid solutions41,42 and distortion of the vacuum

levels of the defects due to statistical variation of the cations distribution in the second

coordination sphere around the defect.19,43 In the Fig. 6 fluctuations of the bottom of the

conduction band and energy level of the defects are schematically shown by two bell shaped

curves.
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Figure 6: The band diagram, describing the discrete and distributed trap levels located inside
the band gap. Free carriers are created by X-ray irradiation with rate X and then become
trapped. The holes are trapped on Ce3+ ions40 which thus act as recombination centers
for the electrons with corresponding recombination probability coefficient Am. Electrons are
trapped at centers with distributed energy levels. The probability coefficient for the electron
capture by the i-trap with energy Ei is denoted as Bni and corresponding release rate as Pi.

Discrete trap levels model

In this model free electrons created by the irradiation are partially captured by trapping

centers with discrete set of the energies Ei. The trapping rate on the center i is calculated

as a product of the concentration of the free electrons ne, cm−3, the concentration of the

unoccupied centers of this type Ni, cm−3, and probability coefficient of the electron capture

Bni, cm3·s−1.

The escape rate of the electrons from the traps of the type i Pi follows Boltzmann

statistics:3

Pi = se−
Eti
kT , (1)

where Eti is the thermal depth of the trap counted from the bottom of the conduction band
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(CB) (thermal ionization energy of the trap), s is the frequency factor, T is the sample

temperature and k is the Boltzmann constant. The frequency factor is usually in the order

of the Debye frequency, i.e. is proportional to the number of times per second the trapped

charge carrier interacts with phonons.4

For simulation of the afterglow generated by discrete number i of traps we need to

determine the lifetime of the carriers (or de-trapping time) corresponding to the traps of

type i (τi). The lifetime of carriers τi can be either extracted from experimental afterglow

curves28,44 or calculated from trap parameters Et and s:3

τi =
1

Pi

=
1

s
e
Eti
kT , (2)

Later we implement I(t) · t -approach28,45 to extract the values for lifetime of carriers on

Yb- and Eu-related traps.

The specific form of the TSL response is determined by several trap parameters: thermal

trap depth, frequency factor and kinetic order. For the traps visible in TSL, we use the

connection of trap parameters to experimental TSL glow curves via the following expression

for 1st order kinetics:14

βEti

kT 2
max

= s · e−
Eti

kTmax , (3)

where β is the heating rate, Eti is the discrete thermal trap depth, k is the Boltzmann

constant, Tmax is the TSL maximum, s is the frequency factor.

The shape of the afterglow curve with exponential decay (first order discrete trap depth

model) is well described by the equation:

Idiscr/exp(t) =
J∑

i=1

C · ni

τi
· e−

t
τi , (4)

while for the hyperbolic decay (second order discrete trap depth model) it can be described

as:
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Idiscr/hyp(t) =
J∑

i=1

C · ni ·
τi

(t+ τi)2
, (5)

where Idiscr/exp(t) is the simulated afterglow curve using discrete trap levels model with

exponential decay, Idiscr/hyp(t) is the simulated afterglow curve using discrete trap levels

model with hyperbolic decay, J is a number of types of traps identified by TSL, ni is the

integral intensity of the TSL peak, related to i-trap, C is the normalization coefficient, τi is

the de-trapping time on i-trap.

Trap depth distribution model

In order to simulate the afterglow generated by the continuous distribution of traps we

first need to define a way to evaluate the continuous occupied trap density η(Et) from the

experimental TSL glow curve. The latter is described by the following integral equation:4,46

ITSL(T ) =

∫
∆E

η(Et)Ker(T,Et)dEt, (6)

where Et is the thermal trap depth, ∆E is the integration range covering thermal depths of

the considered traps, η(Et) is occupied trap density (the function we want to find), Ker(Et,

T) is the response or kernel function. We have selected the kernel function Ker(Et, T)

following first order kinetics:14

Ker(T,Et) = s · e−
Et
kT · e−

s
β

∫ T
T0

e
− Et
kT ′ dT ′

, (7)

where T is the current temperature during linear heating with rate β, s is the frequency factor,

k is the Boltzmann constant. This formula is defined only by intrinsic trap parameters (s)

and (Et) and does not contain other parameters, namely the total number of traps and their

occupations at the beginning of the experiment.

We assume the re-trapping probability at the same dEt interval to be negligible (which
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Figure 7: The modeled 3D-plot of the kernel function for the first order kinetics TSL glow
curve corresponding to the frequency factor s=1012s−1.

is plausible when the selected sampling interval dEt is small enough) which allows us to

use exponential approximation for the kernel function (7). Any number of captures of the

electron, which escaped dEti trap interval, by any other dEtj interval is included in the

occupied trap density as the effective shift of the trap depth5,7 (in the same manner as TSL

glow peak is distorted to a more symmetrical shape with a higher Tmax temperature47).

3D-plot of a kernel function for the first order kinetics TSL glow curve is presented in the

Fig. 7.

Eq. (6) is Fredholm integral equation of the first kind. Its direct solution presents

certain difficulties, because the problem falls into the class of so-called ill-posed problems

with respect to the processing of the experimental data.48,49 We have used the regularization

approach proposed by Tikhonov50 (see Supporting Information for the details).

When trap depth distribution is found, the afterglow curves can be simulated4,46 as:
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Idistr(t) = C ·
∫

∆E

η(Et) ·
1

τ(Et)
e
− t
τ(Et) · dEt (8)

where η(Et) is the trap occupation distribution (Fig. 9), C is the normalization coefficient,

τ(Et) is trap depth dependent lifetime, calculated by using Eq. (2) for the specific tempera-

ture of the measurement for every dEt sampling interval.

It would also be interesting to develop the distribution model for 2nd order kinetics with

corresponding modifications to kernel function. The main challenge is that 2nd order kernel

becomes at least a 3-dimensional function of frequency factor (s), thermal trap depth (Et)

and initial population of filled traps (n0). In which the initial population (n0) depends on

the irradiation dose and X-ray photons penetration depth.

Solving a rate equations system for charge carrier trapping processes and/or additional

experiments on saturation of trap filling are required in order to modify the kernel function

to accommodate 2nd order kinetics case. It is one of the limitation of the proposed approach

and is reason we have conducted experiments (section ”Signs of trap depth distribution”) to

show that trapping/de-trapping in our garnet samples follows 1st order kinetics before using

the distribution model. The discrete 2nd order model is used as a contrast.

Discussion

Evaluation of the glow curves

Since our modeling requires knowledge of additional parameters, we utilize standard methods

to extract them from the TSL51 and afterglow curves.44 To estimate the lifetime of the

carriers on Yb and Eu-related traps (τY b,Eu) the functions I(t) · t have been constructed

from afterglow curves of the Fig. 2a,b. The I(t) · t curves for Lu1Gd2Ga3Al2O12:Ce afterglow

measured at RT are presented in Fig. 8). The observed maximum of the curve (3) corresponds

to the lifetime of carriers on Yb-related traps (τY b) at RT (for detailed explanation of the
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procedure please see Refs.28,45). Corresponding lifetimes of carriers on Yb and Eu-related

traps are presented in Table 1.
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Figure 8: Time-dependent [I(t) · t]-functions, constructed from the afterglow curves of Fig. 2a
for Lu1Gd2Ga3Al2O12:Ce ceramics, nominally pure (1) and doped with Eu3+ (2) or Yb3+

(3). The maximum of the curve corresponds to the lifetime of carriers on the traps.

The trap depth (Et) and frequency factor (s) are connected with experimental TSL curves

by eq. (2) and with lifetime of carriers on traps (τY b,Eu) by eq. (3). We treat eq. (2) and

eq. (3) as an equation system describing the same process with two unknown variables (Et)

and (s). The single solution to the system renders the trap depths EY b
t = 0.80±0.03 eV and

EEu
t = 1.22± 0.03 eV and frequency factor s=4·1011±1 s−1. For details of the method please

see Ref.28

Comparable frequency factors, in the range of s=1011 ÷ 1013 s−1, are reported in the

literature for the deep and/or impurity-related traps in complex garnets.20,52 The data is

presented in the Table 1.
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Table 1: Parameters of impurity-related traps in Lu1Gd2Ga3Al2O12:Ce ceramics.

Experimental lifetime τi, s
Co-
dopant

T=303 K T=323 K T=423 K TSL peak
Tmax, K

Solving eq. (2)
and eq. (3) as an
equation system

Trap
depth,Et

eV
Yb3+ 30 7 - 306 −→ 0.80 ± 0.03
Eu3+ - - 500 462 s=4·1011 s−1 1.22 ± 0.03

We have assigned the constant frequency factor of s=4·1011 s−1 to all the impurity related

traps in order to simulate afterglow of Lu1Gd2Ga3Al2O12:Ce ceramics in later sections.

Calculation of effective density of the occupied traps

The analysis of the properties of the TSL peaks related to Yb and Eu impurities shows that

their shape is nearly symmetrical and the so-called geometrical shape factor7 µ=0.48-0.49

(kinetic order b=1.7) for both TSL peaks. Symmetrical shape of a TSL peak is attributed

to the dominant contribution of re-trapping of charge carriers (either by the same kind of

traps or by traps of another kind6). On the other hand, processing of the afterglow curves

for co-doped Lu1Gd2Ga3Al2O12:Ce ceramics with May-Partridge method44 gives the value

for the kinetic order b=1.5. This discrepancy can be attributed to the presence of several

kinds of traps with similar de-trapping time.3

Turning to the trap depth distribution model it is worth noting that in the literature,

Gaussian53 or uniform16 spread of traps depth is normally used. In this work, however,

we find suitable distribution shape directly from experimental data using regularization

approach without any initial assumptions. The result is presented in the Fig. 9. The FWHM

of the trap depth distribution is estimated to be 100 meV for both Eu and Yb-related traps

which is in good agreement with existing experimental data.19,20

The distribution peaks in the occupied trap density function exhibit nearly Gaussian

shape. Probably, this shape of the trap density peaks results from binomial distribu-

tion due to the disorder in the nearest Al/Ga (and Lu/Gd) cation distribution of the
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Figure 9: The reconstructed thermal trap depth distribution for nominally pure and co-doped
with Yb3+ and Eu3+ Lu1Gd2Ga3Al2O12:Ce samples.

Lu1Gd2Al3Ga2O12:Ce solid solution. The sensitivity of localized sites to the surrounding

cation distribution have been observed with TSL methods in Y3(Al,Ga)5O12:Ce20 and with

high-resolution luminescence spectroscopy of (Lu,Tb)3Al5O12:Cr3+.19 Additional distortion

to the distribution shape may be introduced by weak re-trapping from shallow to deeper

traps.47

One of the restrictions to the model we use is a necessity to use pre-calculated value for

the frequency factor (s). In calculations shown in this section we have used the same value

for s=4· 1011 s−1 as in previous section for discrete trap models.

The constant value for frequency factor is an assumption we have to make here in order

to simplify the procurement of the trap occupation density. The frequency factor is under-

stood to be dependent on temperature,3,54 also TSL peaks might have varying underlying

luminescence mechanisms (e.g. the case for LYSO:Ce55 ). Instead of the selected frequency
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factor s=4· 1011 s−1, a value lower or higher by an order of magnitude can be used (with

corresponding change to Et), leading to 20% change in the values of calculated de-trapping

lifetimes. Overall modeled afterglow curve changes its intensity only by a factor of three over

nine orders of magnitude change in frequency factor. Details are provided in the Supporting

information.

A further development of the proposed model is allowing that the frequency factor differs

from trap to trap or even from the left to the right shoulder of the same TSL peak, as the

TSL peak in our model is considered to be due to responses from many different traps.

Simulation of the afterglow curves

In this section we provide the results of the modeling of afterglow curves using two main

approaches: first and second order kinetics discrete trap depth models (in short ”discrete

models”) and trap depth distribution model (in short ”distribution model”).

We first compare the modeled afterglow curves with the experimental curve for the refer-

ence sample of Lu1Gd2Ga3Al2O12:Ce ceramics measured at 303 K (see Fig. 10). As absolute

values for the trap occupations η(Et) and probability coefficients (Bni and Bm) are unknown

the integral area under the simulated afterglow curves is normalized to its experimental

value. Comparing experimental afterglow signal and the curves calculated from TSL data

one can see that at this temperature the main contribution to the afterglow is given by the

Cr- and Yb-related traps.

The first order discrete model is far off the experimental results, while the second order

discrete model and distribution model show much better fits. Such a tendency has been

obtained for all simulated curves, thus for clarity of the figures we will not show the results

of first order kinetics discrete modeling anymore.

To demonstrate further the applicability of our approach we compare the simulated af-

terglow with experimental data for 323 K, see Fig. 11. One can clearly see that the modeled

curves fit well to the experimental data for the Lu1Gd2Ga3Al2O12:Ce ceramics, both refer-
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Figure 10: Afterglow curves for nominally pure Lu1Gd2Ga3Al2O12:Ce ceramics at 303 K:
measured (1) and modeled with continuous trap depth distribution (2) or discrete trap
levels with exponential (3) and hyperbolic decay (4).

ence sample and co-doped with 40 ppm of Yb3+ one over the whole available time range of

10−2-104 s. Though with discrete trap model inflection points in the simulated curves are

visible, while the inflections are absent in both experimental and distribution model after-

glow. Based on pre-heating TSL measurements (Fig. 3) and the afterglow simulations we

reason the existence of trap distribution in Lu1Gd2Ga3Al2O12:Ce ceramics.

At much higher temperature of 423 K, the simulation of afterglow curves for

Lu1Gd2Ga3Al2O12:Ce ceramics co-doped with Eu3+ with any model is far off the experi-

mental observations in the ms time range, see dashed curves 2 and 3 Fig. 12.

Simulating afterglow from TSL glow curves we need to keep in mind the difference in

the irradiation conditions of TSL and afterglow experiments. Low-temperature TSL glow

peaks located close to the irradiation temperature are regularly distorted,56 as they are being

partially emptied before the heating-up starts. The same principle holds for the afterglow
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Figure 11: Afterglow curves for Lu1Gd2Ga3Al2O12:Ce ceramics at 323 K: measured for nom-
inally pure sample (1) and co-doped with 40 ppm of Yb3+ one (1’) and simulated with
continuous trap depth distribution (2, 2’) or discrete trap levels with hyperbolic decay (3,
3’) models.

measurements. As was shown above in Fig. 5, afterglow intensity can be diminished at the

time scales shorter or comparable to the duration of the irradiation pulse.57 The loss function

L(Et) is an estimation of the loss of the trap population due to these artifacts in afterglow

experiment:

L(Et) =
τ(Et)

tirrTSL
· (1− e−

tirrAG
τ(Et) ). (9)

where L(Et) is the signal loss for an afterglow experiment, τ(Et) – trap depth dependent

lifetime, tirrTSL – duration of the irradiation for TSL measurement.

The derivation of the function is provided in Correction of modeled afterglow chapter

of Supporting information. The loss function is especially needed when there is a huge

population of shallow traps with lifetimes smaller than (or comparable to) irradiation-pulse
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Figure 12: Afterglow curves for Lu1Gd2Ga3Al2O12:Ce ceramics co-doped with 40 ppm of
Eu3+ at 423 K: measured (1) and simulated with continuous trap depth distribution (2) and
discrete trap depth model with hyperbolic decay (3) models with (2’, 3’) and without (2,3)
the addition of loss function L(Et), see Eq. (10) and Eq. (11).

duration.

Eq. 9 is based on a simple model and does not account for the variation in cross-sections

of different traps and probability for multiple re-trapping on various traps. In order to

perform a better estimation for the occupation of shallow traps during irradiation process

more complex expression based on non-linear balance equation16 has been proposed.

The simulated afterglow curve with trap depth distribution model Isuppresseddistr (t) adjusted

for the the signal loss L(Et) can be computed as:

Isuppresseddistr (t) = C ·
∫

∆E

η(Et) · L(Et) ·
1

τ(Et)
e
− t
τ(Et) · dEt, (10)

where η(Et) is the trap occupation distribution (Fig. 9), C is the normalization coefficient,

τ(Et) is trap depth dependent lifetime, calculated using Eq. (2) for the specific temperature
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of the measurement for every dEt sampling interval.

For the discrete trap levels model adjusted for the the signal loss L(Et) the afterglow

curve follows expression:

Isuppresseddiscr/hyp (t) =
J∑

i=1

C · ni · L(Ei)
τi

(t+ τi)2
, (11)

where J is a number of identified traps, ni is the integral intensity of the TSL peak, related

to i-trap, C is the normalization coefficient, τi is the carriers’ lifetime on i-trap.

The use of the additional term L(Ei) results in a good fit of the simulated afterglow

curves to experimental ones, curve 2’ and 3’ in Fig. 12 . However, the application of this

additional L(Ei) term in equations (10) and (11) may lead to the worsening of the fit. This

is due to the oversimplified model for the signal loss equation (9).58,59

Taking more detailed look at the two models (second order discrete and distributed

model), one can notice different results at the inflection points, where the contribution to the

afterglow signal from the shallow traps (e.g. Cr) has stopped and the release of the carriers

from deeper traps (e.g. Yb) starts playing major role (see curves depicted at the Fig. 10

at 100-101 s time range). Experimental afterglow curve exhibits no discernible inflection

points, which demonstrates the role of the continuous trap depth distribution. The latter

can be attributed to the various physical reasons: variations in the nearest surrounding of

the defect provided by Ga/Al statistical spread over the lattice,19,43 Anderson localization

and fluctuations in the bottom of the conduction band for the electron traps,41,42 effective

broadening of the TSL glow peak due to re-trapping processes and polycrystalline nature of

the samples.60

Conclusion

We have developed a new approach for modeling the time dependent afterglow from TSL

glow curves based on a distribution of trap depths instead of discrete trap states as is com-
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monly done. The validity of the approach is tested by simulation of TSL glow curves for

Lu1Gd2Ga3Al2O12:Ce ceramics co-doped with 40 ppm of Yb3+ or Eu3+ traps. Comparison

of the experimentally observed afterglow with simulated curves based on a continuous dis-

tribution or discrete trap depths models reveals that a continuous distribution gives a better

description, including the absence of an inflection point which is predicted by discrete trap

depth models but not observed experimentally. The trap depth distribution in the new ap-

proach is rationalized by disorder in the crystal which leads to a variation of trap depths for

the same type of trap. The better understanding of the cause of the afterglow at different

time scales and its relation to TSL glow curves can be used to reduce afterglow in time

intervals that are relevant for scintillators in different applications. In general, the role of

a distribution of trap depths is important in the analysis of TSL glow curves and afterglow

behavior of materials. Including trap depth distributions in TSL and afterglow models can

provide more accurate and physically correct modeling of these important phenomena.
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