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A B S T R A C T

The incorporation of first principles computational methods in Thermoluminescence (TL) enables the compre-
hensive investigation of the luminescent characteristics exhibited by solid materials. These calculations offer
valuable insights into the electronic structures and thermal behavior, providing a deeper understanding of the
underlying mechanisms. Density Functional Theory (DFT) is a powerful tool for predicting the electronic
structure properties, as the Density of States (DOS) of materials. By theoretically depicting the electronic states
arising from electron transitions, the present study focuses on the DFT study of undoped BeO and of BeO with
substitutional Si4+, Mg2+ and Cr3+, Mg2+ doping, and the connection of TL emission caused by recombination of
electrons in centers, as outlined in the One Trap – One Recombination (OTOR) center model. This approach
offers essential details regarding the origins of electron traps, facilitating a deeper exploration of the intrinsic
contribution of DFT in Stimulated Luminescence (SL) analysis.

1. Introduction

Thermoluminescence (TL) is a physical phenomenon in which
certain insulating or semiconducting materials, when exposed to
ionizing radiation or high-energy particles, absorb a fraction of this
energy. When the material is subsequently heated or thermally stimu-
lated, a fraction of the absorbed energy is re-emitted as photons in the
visible spectrum [1]. This re-emission of light is used in materials sci-
ence for dosimetry applications, as it provides information about the
cumulative radiation exposure of the material. TL has been used in
dosimetry since 1953 and finds a wide range of applications in nuclear,
medical, and environmental sciences [2,3]. Such materials, commonly
referred to as thermoluminescent dosimeters (TLDs), are utilized with

each TLD being suitable for specific dosimetric applications within
certain dose region. Naturally, the distinctive characteristics of these
TLDs may vary based on their structure, composition, or their size, and
the specific environmental conditions to which they are subjected [4–6].

The present study emphasizes on a comprehensive examination of
Beryllium oxide (BeO), mainly from a theoretical standpoint while
delving into its composition, properties, and experimental TL charac-
teristics. A significant portion of experimental literature [7–21] and a
substantial number of works that explicitly delve into TL phenomena
from a theoretical perspective [21–42] have extensively explored
various stimulated luminescence (SL) phenomena in BeO and other
preeminent TLDs, such as dose response [15,21], Optically Stimulated
Luminescence (OSL) characteristics [8–14,17,18], dosimetric properties
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[7,19,20], etc. Investigations of this kind form the basis for exploring a
wide range of different physical approaches and exert a significant in-
fluence on experimental analysis. BeO is a commonly used TLD during
the last two decades, even though it is an insulator, its thermal con-
ductivity is higher than the one of many metals. This ensures a rapid and
consistent heat transfer during the TL signal readout stage, resulting in a
sensitivity comparable to other TLDs [42–44]. Secondly, its near-tissue
equivalence (Zeff = 7.14) is very similar to those of biological tissues
(Zeff = 7.35 − 7.65) and water (Zeff = 7.51), thus, it is ideal for medical
dosimetry [42,45]. Moreover, it is insoluble in water, it is non-reactive
with the majority of chemical agents, it is durable to mechanical
forces, and can be formed into discs or rods at high temperature envi-
ronment [44,45]. Despite being widely available and having a low price,
its powder is extremely toxic [44–46].

The most widely used BeO dosimeter is Thermalox 995, manufac-
tured by Materion Inc. It has a stable response after multiple uses and
almost zero noise signals [44]. BeO Thermalox 995 (BeOT) has a purity
percentage of 99.5 % for the major phase and its main impurities include
Si and Mg, while it also contains traces of Fe,Ca,Al,Cr and Ti [43,44].
BeOT TL glow curve yields one main peak within the temperature region
100 − 250◦C and another one at ∼ 350◦C [44]. On the other hand, a
more recent version of BeO dosimeter has been available commercially
by the Turkish company Radkor (BeOR). Aşlar et al. [47] showed that the
composition of BeOR is similar to BeOT both in terms of structure and
composition, with higher dopant concentration of Cr in BeOR in com-
parison to the counterpart of BeOT. However, experimentally, their main
difference lies in their glow TL curves, where BeOR has a double peak in
the main dosimetric region [43,44].

The numerous advantages and characteristics of BeO TLDs have been
a research topic for many studies. Their applications in in-vivo dosimetry
have been recently studied in detail by Kara et al. [48] and by Santos
et al. [49] since the response of the material was crucial for applications
in medical dosimetry. Beryllium oxide has been doped with various el-
ements such as B, N [50–52], Cu [53] and even Eu [54]. Moreover, many
researchers focus on the comparison of BeO with other dosimeters such
as Al2O3 and LiF [55,56]. Theoretically, the geometry and the electronic
structure of C-doped BeO nanotubes [57] and N- or B- doped BeO
monolayer have been investigated via Density Functional Theory (DFT).
However, to our knowledge, the electronic structure of BeO doped with
Mg, Si (Thermalox 995), and Mg,Cr (Radkor), specifically in relation to
the investigation of their theoretical TL signal replication, has not been
studied yet.

The current investigation aims at exploiting first principles calcula-
tions, and more precisely the combination of Density Functional Theory
(DFT) calculations with simulations based on the well-established One
Trap - One Recombination center (OTOR) model [31,37,38]. Consid-
ering the above, the present study pursues a fourfold objective: (a) to
methodically reconstruct the crystalline structures of BeOT and BeOR by
accounting for the unit cell dimensions analogous to impurities, thereby
ensuring a realistic representation that accommodates actual conditions
while being within the computational limitations; (b) to investigate the
electronic structures of the examined cases by performing comprehen-
sive calculations, including analyses of electronic band structures and
density of states (DOS) across various configurations; (c) to use DFT
calculations towards extracting as many parameters required to recon-
struct each individual TL glow peak and thus to generate theoretical TL
glow curves via the OTOR model for each material. These parameter-
s/results obtained by DFT were integrated as initial simulation param-
eters for the OTOR simulations; finally (d) to ultimately compare the
theoretically reconstructed TL glow curves to their experimental coun-
terparts for both BeO-based dosimeters.

The present work aims to develop a theoretical framework that
combines DFT and OTOR. This approach seeks to offer comprehensive
insights into the intrinsic properties of any TLD material. By incorpo-
rating DFT calculations within the OTOR model, this methodology aims
to enhance the predictive understanding of artificial materials beyond

phenomenological and empirical observations.

2. Method of analysis

2.1. Density functional theory (DFT)

Density Functional Theory (DFT) was introduced by Hohenberg and
Kohn (1964) [58,59], and is based on the assumption that all observ-
ables, for example the total energy, are functionals of the electron
density. Through the Kohn-Sham construction [60] of an auxiliary single
particle system, it became a mainstream and versatile theoretical
framework. It is a very powerful tool for the calculation of the electronic
structure of molecules and materials [58–60]. Within DFT framework,
many different approximations known as exchange and correlation
functionals are available today, suitable for diverse systems and
properties.

In the case of materials with defects, i.e., the formation energy that is
required in order to create a defect or an impurity X in charge state q, is
defined as:

Ef [Xq] =Etot[Xq] − Etot[Material, bulk] −
∑

i
niμi + q[EF +EV +ΔV] (1)

The total energy, denoted as Etot[Xq], is obtained through a supercell
calculation in the presence of a single impurity or defect, X, within the
cell. Etot [Material, bulk] is the total energy for the corresponding supercell
containing only bulk material (in the present case BeO). Respectively, ni
indicates the number of host or impurity atoms of type i that have been
introduced (ni > 0) or eliminated (ni < 0) from the supercell when that
defect was created. μi denotes the corresponding chemical potentials of
the material and represents the energy of the sources involved in the
exchange of atoms. EF is the Fermi energy level and EV is the energy of
the valence-band that expresses the formation energies of charged
states. Lastly, according to the Makov–Payne approach, ΔV indicates the
energy formation for a stable compound that serves as a corrective factor
to align the reference potential to the defective supercell [27,28,61].

2.2. One trap – One recombination center (OTOR) model

The One Trap - One Recombination center (OTOR) model has been
widely used to describe the thermoluminescence process in most ma-
terials. According to the model, each electron trap is associated to a
single recombination center. When an electron becomes trapped in a
defect, it can recombine with a hole after being thermally stimulated to
the conduction band, releasing a photon detectable in a TL measure-
ment. The initial phase in this simulation involves the irradiation stage,
where electron transitions between traps are characterized by the
following set of differential equations [29,31,62,63].

dT
dt

= β (2)

dR
dt

=X (3)

dn
dt

= nc ⋅An ⋅ (N1 − n) − n ⋅ s⋅e

(

−
E

kB ⋅T

)

(4)

dm
dt

=Ah ⋅ nv ⋅ (M1 − m) − m ⋅Am⋅nc (5)

dnc
dt

=X − nc ⋅An ⋅ (N1 − n) − m ⋅Am ⋅ nc + n ⋅ s⋅e

(

−
E

kB ⋅T

)

(6)

dnv
dt

=X − Ah ⋅ nv⋅(M1 − m) (7)
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Where, T(t) = T0 + β⋅t represents the heating function, in which T0 =

273 Κ, β is the heating rate (Ks), X signifies the rate of formation of
electron-hole pairs and the excitation dose, which is proportional to the
dosage rate; the dose-rate will be X = R(t), where t is the irradiation
exposure measured in s. The time-depended variables nv(t) and nc(t),
measured in units of cm− 3, represent the concentrations of free holes in
the valence and the conduction band, respectively. N1 (cm− 3) represents
the electron trap concentrations with instantaneous occupancies of n(t),
while An

(
cm3s− 1) is the trapping probability coefficient. M1 (cm− 3)

denotes the concentration of recombination centers with instantaneous
occupancym(t), the Ah

(
cm3s− 1) is the probability coefficient of holes in

luminescence centers and Am
(
cm3s− 1) is the electron recombination

probability coefficient [29].
The relaxation stage is simulated by solving the same set of differ-

ential equations for an additional period after the excitation is switched
off, specifically by setting Х = 0. The relaxation stage lasted 10 s in all
simulation processes. In the final simulation stage, the heating or stim-
ulation stage, the following set of differential equations describes the
transfer of electrons between traps [29,31,62,63]:

dni
dt

= nc ⋅An ⋅ (Ni − ni) − ni ⋅ s⋅e

(

−
Ei

kB ⋅T

)

(8)

dnc
dt

=
∑

i

⎧
⎪⎨

⎪⎩
ni ⋅ s ⋅ e

(

−
Ei

kB ⋅T

)

− nc ⋅An ⋅ (Ni − ni)

⎫
⎪⎬

⎪⎭
+m ⋅Am ⋅ nc (9)

dm
dt

= − Am⋅nc⋅m (10)

Where, Ni (cm− 3) represent the electron trap concentrations of trap i
with instantaneous occupancies of ni(t), in the present case when i = 1
then n1 = n. The parameters s

(
s− 1) and Ei (eV), represent the frequency

factor, and the activation energy of the trap respectively (E1 = E), while
kB = 8.617⋅10− 5 ( eV ⋅K− 1) is the Boltzmann constant. For i = 1, 2,3,…,

it describes an interactive system of multiple traps, whereas for i = 0,
the system is considered as non-interactive [63].

2.3. The rationale behind the combination of DFT analysis and the
simulations using the OTOR model

Each TL glow peak is characterized by the following parameters; the
maximum intensity of the peak, Im, the temperature corresponding to
the maximum intensity, Tm (◦C or K), the activation energy E (eV), the
kinetics order, b, the frequency factor, s (s− 1) and the total integrated
intensity of the peak, being directly associated to the total trapped
charge, n0 [31].

In the framework of the present study, DFT provides the initial values
for some among these aforementioned parameters; the theory can
definitely provide values for both activation energy and the total inte-
gral, thus defining the value of the parameter Im as well. The kinetics
order parameter is directly related to the geometrical/symmetry fea-
tures of the TL peak and thus to the FWHM, ω, making it hardly feasible
to get initial value of the corresponding parameter using the DFT. The
temperature of the maximum TL intensity, Tm it depends largely on the
activation energy and to a lesser extent on the frequency factor, ac-
cording to the standard TL theory. The case for the frequency factor is
more complicated, as DFT cannot directly provide an initial value for it.
Nevertheless, this quantity is correlated with the Debye frequency which
can be implemented as the frequency factor, s [38]. In the present study,
besides the value of the Debye frequency, the values from the corre-
sponding literature will be also used.

Specifically, concerning the process flow, the DFT analysis is run
initially. DFT-derived parameters, including trap energy levels and

concentrations, are extracted from the DOS plots and fed into the OTOR
model for TL simulations. These values were used as inputs, where the
initial electron trap concentration and activation energies were cali-
brated based on DFT outputs. More precisely, the trap depth was
determined by identifying energy states below the conduction band, and
the trap occupancy was normalized based on the electron densities.
First-order kinetics were assumed for all cases unless otherwise indi-
cated by the comparison with experimental data.

2.4. Computational details

All electronic and structural calculations were performed using the
QUANTUM ESPRESSO (QE) software [64], an implementation of DFT
for periodic systems which is based on plane waves expansion of the
orbitals and pseudopotentials. It is a popular used code for materials
modeling at the nanoscale, applying periodic conditions. The total en-
ergy, electronic, and structural properties were obtained out utilizing
the Perdew-Burke-Ernzerfhof (PBE) exchange-correlation functional
within the Generalized-Gradient-Approximation (GGA) framework
[65]. For the present study, the implemented valence electronic con-
figurations in the pseudopotentials are: [Be: 1s2 2s2], [O: 1s2 2s2 2p4],
[Si: 1s2 2s2 2p6 3s2 3p2], [Cr: 1s2 2s2 2p6 3s2 3p6 3d3], and [Mg:
1s2 2s2 2p6 3s2]. Following the acquisition of DFT results, numerical
integration of the One Trap-One Recombination center (OTOR) model
was conducted in Python, specifically using the scipy.integrate.odeint.
This process aimed to simulate the interaction between ionizing radia-
tion and various crystal arrangements for each specific case.

2.4.1. Self-consistent field (SCF) calculations
Based on the Hohenberg-Kohn (HK) theorems and Kohn-Sham (KS)

equations, the electron density for a system of N electrons is defined as
the following multiple integral:

ρ( r→)=N
∫

…
∫

|Ψ(χ1
→, χ2

→… χN
̅→

)|
2ds1d x1̅→…d xN̅→ (11)

Where, N is the number of electrons, and Ψ(χ1
→, χ2

→… χN
̅→

) denotes the
wave function of the system. The probability of finding any of the N
electrons, within the volume element dr1→ of arbitrary spin, is given by
the integral over all spin coordinates and one spatial variable [66].

The HK theorem asserts that the ground-state energy is a functional
of the electron density and is minimized only when this function accu-
rately represents the true ground state of the system [59,66]. In the KS
formalism, the system of interacting electrons is replaced by an auxiliary
system of non-interacting electrons subject to an effective potential, the
Kohn-Sham potential. The auxiliary KS system is defined to reproduce
the same electron density as the system of interacting electrons. KS
potential has a term known as exchange and correlation that needs to be
approximated. It is a functional of the density, thus, KS equations have to
be solved self-consistently. The kinetic energy is defined as:

T= −
1
2
∑N

i
〈Φi

⃒
⃒∇2⃒⃒Φi〉 (12)

T differs from the actual kinetic energy of the system. To address this
disparity, the residuals of the true kinetic energy are incorporated as
exchange-correlation energy. The energy expression for this system can
be described as the sum of kinetic energy and the energy arising from the
interaction with the external potential [60,66].

Self-Consistent Field (SCF) employs an iterative method,
commencing by arbitrarily selecting an electron density function. Sub-
sequently, the KS Equations are solved based on this function, yielding a
set of orbitals utilized to derive a new electron density function. The
process involves a convergence check, where the new electron density
function is compared to the previous one. If the difference falls within
the desired scale, the calculation proceeds to determine the total energy
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of the system and other properties using the converged density function
[66].

2.4.2. Supercell size and optimization
To model the simultaneous presence of various point defects result-

ing from either doping or the interaction of ionizing radiation with the
crystal, an initial system was created by considering a multiple BeO unit
(primitive) cells, known as a supercell. The selection of the optimum
supercell size was made based on the maximization of the capacity for
simulating point defects simultaneously. To fully comprehend the
impact of each point defect on the electronic properties of the host
material, it was essential to identify the minimum interaction between
two defects.

The Crystallographic Information File (CIF) was downloaded from
the Materials Research project, an open-access database [67].

Three different structures were examined, each with varying di-
mensions.

1. A structure with dimensions 3× 3× 1, consisting of 27 Be and 18 O
atoms. The substitution of one Be atom corresponds to an approxi-
mate doping percentage of 3.7%.

2. A structure with dimensions 3× 3× 2, containing 45 Be and 36 O
atoms. Substituting one Be atom in this case results in an approxi-
mately 2.2% doping percentage.

3. A structure with dimensions 3× 3× 3, composed of 63 Be and 54 O
atoms. Substituting one Be atom in this structure leads to an
approximate doping percentage of 1.6%.

A 3× 3× 1 structure provides a balanced doping percentage and
computational efficiency, staying below the 10% threshold, which is
deemed satisfactory. Additionally, for a second substitution (Mg), the
doping percentage approaches 7.4%, still below the 10% limit. Experi-
mental studies in artificial dosimeters have demonstrated doping per-
centages higher than 10% [17,43,44]. For structure optimization, the
primary significance lies in determining the most stable and energeti-
cally favorable arrangement of atoms in a given system. The primary
focus of this study centers on the substitution of a native Be atom with a
foreign one, specifically Si, Cr, or Mg, within the compact structures of
BeO. Through a meticulous examination of several different placements,
it was observed that the results did not exhibit significant differentiation
based on the specific location of the foreign atom within the crystal
structure. The 3× 3× 1 solid supercells structures of BeO and the ones
doped with Cr and Si as well as with both Cr, Mg, and Si,Mg were

obtained by modelling in each case a different substitutional position
(Fig. 1 and 2) (see Fig. 3).

The calculations were carried out by alternating the Si, Cr and Mg
(substitutional atoms/dopants) between two equivalent positions for
each structure. As previously mentioned, the DFTmethodology based on
the generalized gradient approximation (GGA) with the Per-
dew–Burke–Ernzerhof (PBE) functional to describe the electron ex-
change and correlation in order to minimize their energy [65]. The PBE
pseudopotentials of QE, i.e., Be.pbe-rrkjus.UPF, O.pbe-rrkjus.UPF, Si.
pbe-rrkj.UPF, Cr.pbe-sp-van.UPF, Mg.pbe-spnl-rrkjus_psl.1.0.0.UPF,
were used [68], while taking into account the effect of long-range in-
teractions that were added according to the DFT-D3 [69] dispersion
corrected functional. The kinetic energy cut-off was set to 25 Ry, the SCF
convergence threshold to 10− 6 and the residual forces criteria to 10− 3.
For the reciprocal space sampling, a 10× 10× 5× 0× 0× 0
Monkhorst-Pack mesh was used for all calculations.

2.5. Validation of the simulation results

The validation of the initial conditions has been assessed through
classical TL analysis methods such as Computerized Glow Curve
Deconvolution (CGCD) method [70–73] and Peak Shape method (PSM)
[74–77]. In PSM, by defining the quantities δ = Τ2 − Τm, τ = Τm − Τ1,
ω = Τ2 − Τ1 and μg = δ/ω, the derivations of the mathematical ex-
pressions are given in form:

Cω =
ω⋅Іm
β⋅n0

(13)

Cδ =
δ⋅Іm
β⋅nm

(14)

Cτ =
τ⋅Іm

β⋅(n0 − nm)
(15)

Where, Im expresses the maximum intensity of the TL peak, β is the
heating rate, nm =

∫∞
Tm I dt is the concentration of trapped electrons at

maximum (half integral at high temperature maximum) cm− 3, n0 =
∫ Tmax
0

I dt is the initial concentration of trapped electrons (total integral) cm− 3

and Cω,Cδ,Cτ are the quantities that characterizing the degree by which
the area of a single glow peak approaches the area of a triangle [74–77].

The estimation of kinetic order is based on ω and the integral sym-
metry factor (or characteristics factor), defined as the ratio of the con-
centration of trapped electrons at maximum (nm) over the initial
concentration of trapped electrons (n0), thus μǵ = nm

n0 . The kinetic order
of a TL glow-peak is determined using an iteration method [76] by the
following mathematical expression:

μ’
g =

[
b

1+ (b − 1)⋅Δm

]
1

1− b (16)

Where, Δm = 2⋅kB⋅Tm/Еα; the activation energy parameter (Еα) was
determined based on the initial conditions and it was set according to
DFT calculations. The parameter Tm corresponds to the temperature at
which the maximum TL intensity (Im) occurs.

The activation energy, denoted as Ea, has been estimated through the
following expression:

Ea = Cω⋅
(

b
b

b− 1

)

⋅
kB⋅T2

m
ω − 2⋅kB⋅Tm (17)

Concerning the validation of theoretical results via CGCD, as
described by Konstantinidis et al. (2021) and Kitis and Pagonis (2023)
[34,73], the mathematical expressions are deriving by utilizing the
Lambert-W function. In the present study, the validation of this premise
was investigated through the following expressions [71]:

Fig. 1. BeO primitive cell (mp-2542, https://doi.org/10.17188/1200608),
which contains 3 Be and 2 O atoms.
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Fig. 2. Crystal structures and arrangements of each studied case. Beryllium is depicted in light green, Oxygen in red, Chromium in blue, Magnesium in dark green
and Silicon in pink. Cells (a) and (b) show the BeO undoped structure, cell (c) presents the BeO doped with Cr while (d) corresponds to BeO doped with both Cr and
Mg, corresponding to the Radkor BeO structure. Similarly, cell (e) presents BeO doped with Si and (f) the BeO doped with Si and Mg, which corresponds to the BeO
Thermalox structure.

Fig. 3. A deconvolved experimental TL signal of BeO Thermalox 995 using CGCD. In this graph each TL peak (I, II, III) corresponds to an energy trap state below the
Conduction Band.
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I = Im exp
(
E⋅(T − Tm)
kB⋅T⋅Tm

)
W[ezm ] +W[ezm ]2

W[ez] +W[ez]2
(18)

z =
R

1 − R
− ln

(
1 − R
R

)

+
Ee

E
kB ⋅Tm

kB⋅T2
m

F(T, E)
1 − 1.05⋅R1.26 (19)

F(T,E) = T⋅e−
E

kB ⋅T +
E
kB

⋅Ei
(

−
E

kB⋅T

)

(20)

Where T(t) = t + T0 represents the temperature value at each time point,
and t is a specific point in time, T0 = 273 K, Im (a. u.) is the maximum TL

intensity, R is the re-trapping ratio, and Ei(x) =
∫x

− ∞

et

t
dt stands for the

exponential integral function.
Τhe quality of fit was assessed by evaluating the goodness of fit

through the optimization of the four free fitting parameters (Im,Tm,Ea,R),
as well as the figure of merit (FOM). The FOM is defined as:

FOM=

∑⃒
⃒
⃒y0i − yfi

⃒
⃒
⃒

∑ ⃒
⃒
⃒yfi

⃒
⃒
⃒

(21)

This function is commonly applied in cases of CGCD deconvolution
analysis, as described by Horowitz and Yossian (1995) [78]. In this
function y0i corresponds to the simulated data points, while yfi represents
the theoretical data points deriving by alterations of the free parameters.

In the validation process, both deconvolution analysis and PSM were
employed to cross-check and validate the simulation results. CGCD de-
composes the experimental TL glow curve into individual TL peaks and
adjusts kinetic parameters using non-linear fitting algorithms to achieve
the best match with the theoretical model, with the goodness of fit
assessed through statistical criteria, the figure of merit. PSM, in contrast,
relies on the geometric properties of the glow peaks, such as FWHM and
peak temperature, to estimate kinetic parameters through an analytical
and geometrical approach. Parameters obtained from deconvolution
process were cross-checked against those from PSM, ensuring consistent
and accurate resolution of overlapping peaks and a robust TL glow curve
analysis.

2.6. Electronic band Structure and density of states

The electronic band structure and density of states (DOS) are crucial
for understanding the properties of materials. The electronic band
structure provides information on the reciprocal-space dependence of
the energy levels, while the DOS gives the distribution of electronic
states with respect to their energy. In TL, the accurate depiction becomes
pivotal, as it enables the identification of trapped states that exert in-
fluence below the lowest energy level of the conduction band in each
specific case.

The process of calculating both electronic band structure and DOS
first involves obtaining a converged density through a standard self-
consistent field (SCF) calculation. Subsequently, this density is used to
perform a non-self-consistent calculation to obtain the electronic band
structure and DOS [64,79] for a selected k-path and an enriched uniform
mesh respectively. It is crucial to note that the present study adheres to a
theoretical framework, the study proposes that since electron traps in
artificial materials are formed by impurities or structural defects they
are related to the DOS. Specifically, high DOS at a specific energy level
indicates the presence of traps responsible for these electron transitions.
Moreover, it is indicated that high DOS could also be related to high
electron traps concentration that leads to a higher TL intensity.

2.7. TL signal reconstruction based on OTOR

Thermoluminescence signal reconstruction, particularly within the

framework of the One Trap One Recombination center model, involves a
phenomenological process reliant on the electron band structure [31,
71]. Attention is directed toward identifying the lowest point of the
dense conduction band limits, which serves as a reference for setting the
minimum energy level. Below this threshold, each emerging energy
state (due to doping) is deemed as an electron trap, TL analysis relates
electron trap’s energy level to be relative to the conduction band [80].
Estimating this minimum energy level value entails a statistical
approach, which involves considering the repeatability of energy values
representing the conduction band’s dense zone. This statistical assess-
ment ensures the robustness and reliability of the chosen energy
threshold, facilitating accurate characterization of electron traps within
the material.

Once the minimum energy level corresponding to the dense con-
duction band limit is established, the process advances to identifying
electron traps based on the DOS diagram. The energy trap value is
assessed by fitting each DOS curve and obtaining the mean value (in this
case E) through a Gaussian distribution. According to the OTOR model,
electron traps, are located below that minimum energy level, and serve
as sites capable of capturing electrons following radiation exposure.
These trapped electrons remain localized until stimulated by a thermal
or optical stimulus, leading to their subsequent release and emission of
luminescence. Furthermore, the OTOR model provides a theoretical
framework for interpreting the TL signal and trapping parameters. The
peak characteristics and kinetics of this emitted TL signal offer insights
about each material. By analyzing those characteristics, including peak
temperatures (Tm), activation energies (Ea), and emission spectra (Im),
the underlying implications can be considered accordingly for various
applications, ranging from material science, medical dosimetry to
archaeological dating [71,73,78].

3. Results and discussion

3.1. Undoped beryllium oxide

In this configuration, an undoped beryllium oxide (BeO) with wurt-
zite structure was assumed, characterized by the following lattice pa-
rameters: a = 2.69 Å, b = 2.69 Å, c = 4.38 Å, with angles α and β equal
to 90◦ and angle γ equal to 120◦. These parameters were based on
computational analysis and are consistent with those reported in the
Materials Project database [67]. Specifically, the crystallographic data
corresponds to the material identified by the Materials Project as
mp-2542 (https://doi.org/10.17188/1200608), providing a reliable
reference for the structural properties of BeO in its wurtzite phase. The
calculated electronic band structure and density of states for BeO are
depicted in Fig. 4.

In the undoped configuration, a direct bandgap is observed at the Γ
point. The valence band is primarily constituted by O p states, whereas
the conduction band exhibits comparable proportions of Be and O s
states, with a relatively higher amount of Be (red) compared to O
(green). The energy bandgap of BeO was estimated to be 7.55 eV,
demonstrating good agreement with the reported value of 7.46 eV (mp-
2542). Thus, BeO is a wide bandgap insulator. Furthermore, the Fermi
energy level was estimated to be at 4.93 eV above VBM. The location of
EFermi is determined by charge neutrality, this ensuring that the total
charge, including contributions from probable charged defects and any
other type of carriers within the bands, balances out to zero. This
principle is absent in insulators like BeO and maintains the material’s
electrical neutrality [79].

In this configuration, the reconstruction of the TL signal is not
feasible due to the assumption of an undoped structure. The TL theory
applies when forbidden energy levels attributable to a potential defect,
impurity, or vacancy, which captures electrons after material’s exposure
to radiation. Since no defect, impurity, or vacancy has been considered
in this case, the necessary conditions for TL signal reconstruction, such
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as the presence of trapping centers (electron traps), are not met. The TL
signal reconstruction, in which the present study primarily focuses, is
addressed for the other configurations.

3.2. Si-doped, and Si, Mg co-doped configuration

Two distinct approaches have been considered in this section, each

one investigating the intricate behavior of foreign atoms within the BeO
crystal lattice. The first case entails the singular insertion of a Si atom
that is effectively displacing a Be atom from its lattice position.

The calculated electronic band structure and density of states for BeO
are depicted in Fig. 5.

In Fig. 5, it is evident that new states emerge following the insertion
of a Si atom into the lattice. These states, while being absent in Fig. 4,

Fig. 4. (left) Electronic band structure and (right) Density of States of wurtzite BeO. The blue bands represent the energy valence and conduction bands (negative and
positive energies respectively). The zero level in the energy scale is set at the Valence Band Maximum (VBM). On the right, the density of states is presented, as well as
the atom projected DOS for Be and O atoms in different colors.

Fig. 5. (left) Electronic band structure and (right) total and atom projected DOS of Si doped BeO. The newly emerged states resulting from the addition of the Si
dopant are shown in blue on the right graph.
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manifest in the energy range around ∼ 7.5 eV. Positioned at the lower
limit of the conduction band subsequent to displacing a Be atom, this
area exhibits comparable proportions of Be, O, and Si s states, each
present in similar amounts. The Fermi energy level is estimated to be
5.93 eV, slightly higher than the reported values ranging from 5.11 to
5.67 eV, potentially influenced by other defects [79,81]. Moreover, the
energy band gap undergoes broadening, increasing by approximately
6% to 7.93 eV from the initial value of 7.46 eV.

The second case examines the coexistence of two substitutional
atoms, namely Si andMg, within the crystal lattice, further approaching
the properties of BeOT. Here, both Si and Mg atoms simultaneously
replace two Be atoms. The calculated electronic band structure and
density of states for BeO are depicted in Fig. 6.

In Fig. 6, the influence of Mg appears to be relatively negligible.
Within the studied energy range, no discernible emergence of new states
is observed, suggesting thatMg has minimal to no impact. Following the
insertion of Si andMg atoms into the lattice the same states as previously
manifest around ∼ 7.5 eV, remain unaltered. The Fermi energy level is
estimated to be 5.91 eV, in comparison with the previous value of
5.93 eV. The energy band gap also remains relatively unchanged at
7.94 eV. From this configuration, it can be safely stated thatMg appears
to have minimal impact, particularly near the conduction band.

3.2.1. TL reconstruction of Si and Mg co-doped configuration
For the reconstruction of the TL signal based on the OTOR model,

several initial parameters must be conditioned. These parameters
include the energy associated with each electron trap, the initial con-
centrations of these traps denoted as N

(
cm− 3) with instantaneous oc-

cupancies represented by n(t), and other parameters such as the
frequency factor s

(
s− 1), and the kinetic order b. While the energy of

each electron trap and the initial concentrations can be derived from
DFT calculations and the DOS, the frequency factor and kinetic order
need to be assumed from physical considerations. More precisely, as
previously mentioned, the frequency factor (s) is linked to the Debye
frequency, which characterizes the highest-frequency normal mode of
atomic vibration in a solid, representing the upper limit of vibrational
frequencies within the lattice [38]. For a glow-peak produced with

activation energy between 0.1 and 1.6 eV, the frequency factor corre-
sponds to a value between 109 and 1013 s− 1 [74–77]. Particularly, s
corresponds to the frequency of thermal activation events involving
each trap state. It can be conditioned based on existing reported
experimental values or estimated for each thermal event. Opting for
existing reported experimental values is usually advantageous since
material properties and TL parameters have already been well-reported
through literature [31]. While it’s also possible to estimate values for
each thermal event, typically corresponding to the temperature at which
the TL signal emerges, firstly, is necessary to ensure an accurate repre-
sentation of the crystal structure. Secondly, when estimating the fre-
quency factor through phonon dispersion, it’s essential to accurately
correlate it with the normal modes for all branches and selected di-
rections in the crystal.

Regarding the kinetic order b, it’s noteworthy that beryllium oxide
(BeO) demonstrates first-order kinetics behavior, akin to other artificial
thermoluminescent dosimeters (TLDs) [5,7–14,17–20]. Therefore, a
value between 1 and 1.1 has been also assumed for all cases in the
present study. This value is in excellent agreement to the related liter-
ature, as it is well-reported that BeO predominantly exhibits first-order
kinetics [7–14,17–20,42–44,46]. However, there are studies reporting
that the second, high-temperature, TL peak may exhibit
intermediate-order kinetics [11,12]. Nevertheless, for consistency and
to align with the prominent assumptions in TL research, first-order ki-
netics were assumed in all cases unless a significant discrepancy be-
tween experimental and theoretical results was observed. In that case, a
slight increase in the retrapping probability was assumed to account for
a higher kinetic order value.

The experimental BeO TL curves presented in this section, which are
used as a reference, were measured by our group and have been pub-
lished in previous works; see Aşlar et al. (2019); Konstantinidis et al.
(2020) and Polymeris et al. (2021) [11,42,43]. BeO doped with Si and
Mg was used under controlled laboratory conditions. These data serve as
a benchmark for comparing theoretical predictions based on DFT and
OTOR simulations.

As evident in Fig. 7, the above plot showcases a narrowed area,
present in the DOS graph, corresponding to the region below the

Fig. 6. (left) Electronic band structure and (right) total and atom projected DOS of Si, Mg doped BeO. The newly emerged states from the addition of the Si dopant
are shown in blue, and those from the Mg dopant are shown in dark yellow, on the right graph.
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conduction band, as illustrated in the vertical plot of Fig. 6. In this plot,
the lower limit of the conduction band serves as the reference point.
Each state emerging below this threshold is denoted by negative values
in order to signify their distance relative to the conduction band. This
identification process is facilitated through the utilization of tools such
as scipy.signal.find_peaks. Additionally, in cases where multiple DOS
curves overlap, particularly evident in the energy region around − 1 eV,
these overlapping values can be accurately extracted using Gaussian
fitting techniques.

Regarding the TL signal reconstruction in Fig. 7b, the process begins
by identifying the maximum DOS value on the y-axis, which correlates
with the concentration of electrons at a specific energy level. Simulta-
neously, the energy, in which that maximum responds, is determined
and represents the activation energy of the trap. These two values serve
as initial conditions for the OTOR model. However, since the DOS graph
provides arbitrary units on the y-axis, normalization of TL intensity is
necessary to establish a direct correlation between photon emission and

electron trap concentration. Normalization is achieved by dividing each
data point by the maximum intensity value of the entire TL glow curve,
resulting in a final TL plot where intensity values range between 0 and 1.
The same process was also applied to the experimental data, as depicted
in Fig. 7b. This approach ensures that TL intensity accurately corre-
sponds to the photon emission originating from these traps. By
normalizing the TL intensity values, the experimental measurements
become more easily correlated with the reconstructed TL signal.

In both theoretical and experimental TL signals, the temperature
ranges from 300 to 650 K, which corresponds to the operational tem-
perature range of the Harsaw Thermoluminescent Dosimeter (TLD)
reader. In this range three prominent TL peaks emerge: the 1st peak
occurs around ∼ 340 K, the 2nd peak at approximately 450 K, and the
3rd peak near ∼ 590 K. These peaks signify specific energy levels at
which trapped electrons are thermally released, leading to luminescence
emission.

Theoretical predictions based on the DOS suggest the presence of

Fig. 7. (a) DOS of Si, Mg doped BeO that emerge below the conduction band and (b) the theoretical TL signal deriving through DFT calculations, along with the
experimental TL signal deriving after 1 min of radiation exposure. The samples and literature data used in this experiment were BeO doped with Si and Mg, as
published in Aşlar et al. (2019), Konstantinidis et al. (2020) and Polymeris et al. (2021) [11,42,43].
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electron traps near 7 eV from the VBM, corresponding to the energy
levels responsible for the TL peaks observed experimentally. The close
alignment of peak temperatures between theoretical (347 K, 448 K, 585
K) and experimental (334 K, 449 K, 587 K) data further validates the
accuracy of our model. The visual representation in Fig. 6b highlights a
noteworthy observation, the alignment of TL peaks between theoretical
and experimental data is remarkably close. However, a notable
discrepancy arises in the experimental TL data, particularly in the in-
tensity of the 1st peak. In comparison to the theoretical predictions, the
intensity of the 1st peak exhibits a luminescence intensity reduction.

The observed reduction in the intensity of the first TL peak in the
experimental data is attributed to the nature of the corresponding trap.
Since the delocalization temperature is around 350 K, the trap is shallow
and has a short lifetime. Essentially, the thermal vibrational modes at
room temperature facilitates the pre-release of a large fraction of trap-
ped electrons, even at ambient temperature, resulting in a decrease in
the overall TL intensity associated with this specific peak. This reduction
underscores the importance of considering environmental factors and
pre-existing conditions when interpreting TL data, especially in mate-
rials with intricate trapping and recombination mechanisms.

Finally, the validation of both theoretical and experimental TL sig-
nals was achieved through the analysis methods of CGCD and PSM.
While CGCD is applicable across all cases, as it effectively deconvolves
each TL peak, enabling comprehensive analysis, PSM is specifically
employed for TL peaks that do not overlap. In this approach, each peak is
analyzed separately to ensure accurate validation. These validation re-
sults are depicted in Table 1.

The comparison between experimental and theoretical results re-
veals a close alignment, with values falling within a small deviation of
approximately∼ 1 - 2%. Both the CGCD and PSM effectively validate the
initial conditions, further reinforcing the theoretical framework of the
present study. Furthermore, the temperature values corresponding to
the maximum intensity of the TL peaks, were found to closely align with
the actual experimental values. The accuracy and reliability of these TL
signals further justify the predictive capabilities of the present protocol.

3.3. Cr-doped, and Cr, Mg co-doped configuration

As outlined in Section 3.2, two distinct approaches have also been
explored here, each one investigating the interactions of foreign atoms
within the BeO crystal lattice. The first case entails the singular insertion
of a Cr atom that is displacing a Be atom from its lattice position.

The calculated electronic band structure and density of states for BeO
are depicted in Fig. 8.

In Fig. 8, once again new states emerge following the insertion of a Cr
atom into the lattice. These states are absent in Fig. 4 and manifest in the
energy range around ∼ 7.5 eV. This area exhibits comparable pro-
portions of Be, O, while closer to the lower limit of the conduction band,
higher proportions of Cr s states seem to emerge. The estimated Fermi
energy level is 5.43 eV, falling within the reported range of values from
5.11 to 5.67 eV [79]. However, in this case the energy band gap expe-
riences a slight narrowing, decreasing by approximately 7% to 6.93 eV

from its initial value of 7.46 eV.
The second case examines the coexistence of two substitutional

atoms, Cr and Mg, simultaneously replacing two Be atoms within the
crystal lattice. This configuration emulates the properties of BeOR, as
reported by Aşlar et al. (2021) and Konstantinidis et al. (2022) [44,47].
The calculated electronic band structure and density of states for BeO are
depicted in Fig. 9.

In Fig. 9, similar to the Si,Mg configuration, the presence of Mg ap-
pears to have no negligible impact on the energy states, reinforcing that
particular conclusion. After introducing Cr andMg atoms into the lattice,
similar states as before are observed around ∼ 7 eV. Nevertheless, the
Fermi energy level is estimated to be 5.33 eV, showing a slight decrease
compared to the previous value of 5.43 eV. However, there is a slight
increase in the energy band gap, reaching 7.04 eV, which reduces the
previous deviation to approximately ∼ 5.8 %.

Based on the findings from both configurations outlined in Sections
3.2 and 3.3, it is clear that Mg exerts minimal influence. To dispel any
uncertainties, the configuration involving a single Mg dopant was also
examined. It was determined that the presence of Mg within the BeO
crystal lattice has little to no effect, especially near the lower limit of the
conduction band, which is the primary focus of this study.

High levels of Mg doping may influence the TL behavior through
indirect mechanisms, even if the direct impact on the density of states
(DOS) appears minimal. One potential mechanism is lattice strain, as the
incorporation of Mg atoms compared to the host material can distort the
crystal lattice. This strain can alter the local electronic environment,
affecting charge carrier mobility and trapping centers, which are crucial
for TL processes. Additionally, higher Mg concentrations may lead to
defect formation, such as vacancies or interstitials, which could intro-
duce new energy states or modify existing traps. These lattice distortions
and defects, while not prominently reflected in the DOS, may still play a
significant role in modulating TL behavior by influencing the energy
levels available for charge carrier recombination and trapping.

3.3.1. TL reconstruction of Cr and Mg co-doped configuration
Following the same theoretical procedure as detailed in Section

3.2.1, the TL signal was reconstructed using the OTOR model. In this
process, the initial parameters were adjusted based on insights obtained
from the DOS diagram. This adjustment ensured that the parameters
were appropriately set to accurately reflect the electronic structure and
energy distribution. Specifically, the energy associated with each elec-
tron trap (Еα), the initial concentrations of these traps denoted as
N
(
cm− 3) with instantaneous occupancies represented by n(t), and the

frequency factor s
(
s− 1), and kinetic order b.

The experimental TL glow curves for Cr and Mg co-doped BeO,
presented here, were also measured by our group and were previously
reported by Aşlar et al. (2019, 2021, 2022) and Konstantinidis et al.
(2022) [11,12,44,47]. These literature data, as already mentioned,
allow for direct comparison with our theoretical reconstructions to
validate the model’s predictive capabilities.

In Fig. 10b, the TL signal reconstruction process initiates by identi-
fying the peak DOS value on the y-axis, corresponding to the electron
concentration at a specific energy level. Initially, the energy values were
identified, followed by the normalization of the TL intensity over the
maximum corresponding value. This normalization process resulted in a
final TL plot where the intensity values were scaled to range between
0 and 1.

The temperature ranges from 0 to 650 K, aligning with the opera-
tional temperature range of the TLD reader. In this range three promi-
nent TL peaks emerge: the 1st peak occurs around 440 K, the 2nd peak at
∼ 475 K, and the 3rd peak near ∼ 590 K. In contrast to Fig. 6b, Fig. 9b
displays a noticeable deviation between the theoretical and experi-
mental TL signals, making this particular case more challenging to
accurately evaluate.

The theoretical TL signals correspond well to the experimental peaks

Table 1
Activation energy of the trap (eV) and Temperature (K) in BeO:Si,Mg and The-
malox 995.

BeO:
Si, Mg

Activation Energy (eV), Temperature (K)

Experimental (Thermalox 995) Theoretical (DOS -
OTOR)

CGCD PSM

Peak
#1

0.85 ± 0.01 eV, 334
K

0.84 ± 0.02 eV, 334
K

0.82 ± 0.02 eV, 347 K

Peak
#2

1.04 ± 0.02 eV, 449
K

1.05 ± 0.01 eV, 449
K

1.04 ± 0.07 eV, 448 K

Peak
#3

1.23 ± 0.02 eV, 587
K

1.23 ± 0.04 eV, 586
K

1.20 ± 0.06 eV, 585 K
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at 440 K and 590 K, though the broader experimental peaks suggest the
need to consider other attributes. The introduction of Cr states near 7 eV
from the valence band significantly affects electron trapping, as evi-
denced by the 1st TL peak. Specifically, the experimental 1st peak ap-
pears slightly broader compared to the theoretical peak. Several factors
could account for this observation, with the most likely explanation
being the kinetics behavior. While the theoretical model assumes first-

order kinetics in all cases, experimental observations suggest that the
1st peak most probably exhibits an intermediate order of kinetics [44,
47]. Additionally, discrepancies in the actual structure compared to the
simulation, or the presence of other dopants such as Sn or Er in the
material, could contribute to the differences observed in the final TL
signal [44].

The theoretical and experimental TL signals were validated using

Fig. 8. (left) Electronic band structure and (right) total and atom projected DOS of Cr doped BeO. The newly emerged states resulting from the addition of the Cr
dopant are shown in purple on the right graph.

Fig. 9. (left) Electronic band structure and (right) total and atom projected DOS of Cr, Mg doped BeO. The newly emerged states from the addition of the Cr dopant
are shown in purple, and those from the Mg dopant are shown in dark yellow, on the right graph.
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Fig. 10. (a) DOS of Cr, Mg doped BeO that emerge below the conduction band and (b) the theoretical TL signal deriving through DFT calculations, along with the
experimental TL signal deriving after 1 min of radiation exposure. The samples and literature data used in this experiment were BeO doped with Cr and Mg, as
published in Aşlar et al. (2019, 2021, 2022) and Konstantinidis et al. (2022) [11,12,44,47].
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both CGCD and PSM techniques, wher possible. As previously
mentioned, CGCD, which deconvolves each TL peak, allows for
comprehensive analysis and is applicable to all cases. Conversely, PSM is
utilized for TL peaks without overlap. The results of these validation
methods are presented in Table 2.

In this specific instance, although the theoretical values align, falling
within a small deviation of approximately ∼ 1 - 2% with the experi-
mental values, the influence of other parameters complicates the TL
reconstruction process. Due to the overlap of Peak #1 and Peak #2, PSM
could not estimate the activation energy corresponding to these states.
Nevertheless, the CGCD effectively validates the initial conditions.
Concerning the temperature point associated with each peak, the
experimental signal shows higher readings compared to the theoretical
signal derived from OTOR. This suggests that due to the broadened
signal, a slightly higher temperature is required before electron
recombination initiates. Especially for this case, it is essential to explore
additional adjustments or alternative configurations to further refine the
existing protocol without overlooking the computational cost of the
process.

4. Conclusions

The aim of the present study is to examine the electronic band
structure and density of states of Beryllium Oxide (BeO) and the effect of
substitutional Si, Mg and Cr doping on BeO, by employing DFT, in
conjunction with the OTOR model as an alternative approach to TL
analysis. Various configurations were examined with the aim of simu-
lating the TLD structures of Thermalox 995 and Radkor. Initially, the
supercell size was defined, and its structure optimized, followed by an
investigation into the undoped BeO structure. The results showed good
agreement with values reported in the literature. Two distinct cases
were analyzed: the Si-doped and Si-Mg co-doped configuration, and the
Cr-doped and Cr-Mg co-doped configuration. Despite multiple adjust-
ments, DFT calculations demonstrated that the specific location of the
dopant had minimal impact on the overall results. In both cases, the
insertion of Si or Cr appeared to have the most significant effect on the
DOS and band structure, whileMg showed negligible impact. To confirm
this observation, a BeO configuration doped withMg only was explored,
further supporting the conclusion that Mg had minimal impact, espe-
cially near the lower limit of the conduction band.

The obtained results served as initial conditions for the OTOR
model’s differential equations 5–13 to theoretically and qualitatively
reconstruct the TL signals. These signals were compared with actual
experimental measurements, and electron trapping parameters on both
reconstructed and experimental results were validated through CGCD
and PSM. TL signals were displayed for both cases within the tempera-
ture range of 0 – 650 K, the operational temperature range of TLD
reader. In the first case, three prominent TL peaks were observed, with
temperatures around 340 K, 450 K, and 590 K. While the theoretical and
experimental TL peaks aligned well, a reduction in intensity was
observed for the experimental 1st peak, attributed to ambient room
temperature’s influence in releasing trapped electrons. In the second

case, again three prominent TL peaks were observed, with temperatures
around 440 K, 475 K, and 590 K. Unlike the first case, a noticeable de-
viation between theoretical and experimental TL signals was observed,
with the experimental 1st peak appearing slightly broader than the
theoretical peak. Several factors, including the material’s intermediate
kinetics behavior and the presence of other dopants contributing to the
final TL signal, may be responsible for this deviation. Thermalox 995,
due to its high purity and fewer secondary dopants, was less demanding
on its simulation conditions compared to the more complex structure of
Radkor.

Overall, the employed theoretical framework successfully demon-
strated the feasibility of simulating TL behavior. However, further
investigation and additional research is needed in order to ensure
further understanding and practical applications. In particular, it is
essential to verify the consistency of results for larger crystal structures
exceeding dimensions of 3× 3× 1 and higher k points, while exploring
the potential contributions of other calculations, such as phonon density
of states or the temperature dependance of density of states, to the
reconstruction process. Phonons, representing thermal lattice vibrations
at ambient temperatures, play a crucial role in influencing charge carrier
dynamics, particularly in materials where lattice vibrations affect trap-
ping and recombination processes. Incorporating phonon DOS enables
the capture of interactions between lattice vibrations and electronic
states. This approach not only enhances the understanding of the fre-
quency factor, a parameter with significant impact on TL research, but
also aids in its validation. Additionally, temperature-dependent calcu-
lations could account for shifts in energy levels and trap states as the
material is heated, refining the modeling of TL glow curves under
varying thermal conditions. This approach could bridge the gap between
theoretical simulations and experimental observations, leading to more
precise predictions of TL phenomena.

Finally, investigations into larger structures, coupled with the
simultaneous addition of other dopants, may offer valuable insights into
their experimental TL properties while also extend the understanding of
experimental TL research.
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Table 2
Activation energy of the trap (eV) and Temperature (K) in BeO:Cr,Mg and
Radkor.

BeO:
Cr, Mg

Activation Energy (eV), Temperature (K)

Experimental (Radkor) Theoretical (DOS -
OTOR)

CGCD PSM

Peak
#1

1.02 ± 0.12 eV, 442
K

– 1.02 ± 0.10 eV, 436 K

Peak
#2

1.18 ± 0.08 eV, 472
K

– 1.18 ± 0.26 eV, 469 K

Peak
#3

1.93 ± 0.09 eV, 587
K

1.90 ± 0.09 eV, 586
K

1.91 ± 0.12 eV, 588 K
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