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A B S T R A C T   

Low temperature thermoluminescence of β-Ga2O3, β-Ga2O3:Al and β-Ga2O3:Ce has been investigated. Glow 
curves have been analyzed quantitatively using a rate equations model in order to determine the traps param
eters, such as activation energies, capture cross-sections and probabilities of recombination and retrapping.   

1. Introduction 

Although the present scintillator market is completely dominated by 
inorganic insulators, some semiconductors are at least considered by 
scientists as potential fast and bright scintillators [1]. One of the most 
promising candidates, β-Ga2O3 with a density of 5.96 g/cm− 3 and a 
bandgap of 4.85 eV, has recently been studied intensively by various 
scientific groups [2–8]. Although diverse dopants have been examined, 
according to the most recent reports it is undoped β-Ga2O3 crystal that 
displays the highest scintillation light output, based on its intrinsic 
luminescence, while for making its scintillation faster some Si doping is 
necessary (in fact, both light yield and scintillation decay times are 
driven by the free electron concentration and, unfortunately, anti
correlate with each other, i.e. the higher the yield the slower the scin
tillation decay [7–9]). 

Despite a variety of reports on β-Ga2O3 available in the literature, 
there is hardly any information about thermoluminescence (TL) of this 
material. There are only three preceding papers. Islam et al. [10] 
analyzed glow curves of pure and doped β-Ga2O3 crystals measured in 
the temperature range from 227 to 677 K. They also presented TL 
emission spectra and ascribed the detected traps to some impurities 
related to the presence of Fe in the crystals. Luchechko et al. [11] studied 
TL of β-Ga2O3:Mg crystals after their exposure to X-rays at 85 K and 
evaluated the trap depths. However, since doping β-Ga2O3 crystals with 
Mg makes them semi-insulating [12] the only publication describing low 
temperature TL (ltTL) of semiconducting β-Ga2O3 crystals (undoped and 
doped) is our recent work [9]. It explains the composition of the glow 
spectra between 10 and 350 K on the concentration of free electrons, 

which determines the conductivity of the crystal:  

a) for electrical insulators TL is formed by a glow peak at about 90–110 
K for β-Ga2O3:Ce, for some samples accompanied by two more peaks 
at higher temperatures;  

b) for normal semiconductors with low and moderate values of free 
electron concentration TL is dominated by a broad glow peak below 
60 K;  

c) for degenerate semiconductors with high values of free electron 
concentration no TL is observed in the entire experimental range 
(10–350 K). 

A simple model explaining this dependence by the position of the 
Fermi level in the bandgap has also been included. We note, however, 
that these results are not complete, because no parameters of the traps 
have been derived. 

In this Communication we continue our studies of the low temper
ature thermoluminescence of undoped and doped β-Ga2O3. We apply an 
extended quantitative glow curve analysis employing a model based on 
some specific rate equations, which let us find the parameters of all the 
detected traps. Some tentative interpretations are also provided. 

2. Materials and experiment 

High-quality bulk single crystals of β-Ga2O3 (either undoped or 
doped with Al or Ce) were grown by the Czochralski method along the 
<010> crystallographic direction as described in detail by Galazka et al. 
[8,13]. 5 × 5 mm2 and (0.50 ± 0.05) mm thick (100) oriented crystal 
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samples were prepared by cleaving parallel to the easy cleavage plane 
{100}. The list of the investigated samples, which are either electrical 
insulators or normal semiconductors, is presented in Table 1. The dopant 
concentrations are those in the melt (in mol%), while the free electron 
concentrations were determined by the Hall effect measurements. 

Low temperature TL glow curves were recorded with a typical set-up 
built of an Inel X-ray generator (45 kV/10 mA), an ARC SP-500i 
monochromator (set to the 0th-order), a Hamamatsu R928 photo
multiplier, and an APD Cryogenics closed-cycle helium cooler controlled 
by a Lake Shore 330 unit. Before the TL runs, the samples were irradi
ated with X-rays at 10 K for 10 min. The heating rate was 0.145 K/s. 

3. Results and discussion 

The ltTL measurements have been performed on a number of crystal 
samples. However, based on our recent conclusions [9], for clarity of 
presentation we have chosen just four characteristic glow curves 
recorded on the samples listed in Table 1. These curves are presented in 
Fig. 1a–d, containing the recorded luminescence intensity as a function 
of time (including the steady-state luminescence during X-ray irradia
tion, then afterglow and thermoluminescence), as well as the heating 
profile (by linear fitting a heating rate of 0.145 K/s has been found for all 
cases, with a maximum error of 0.002 K/s). In each run, first the back
ground is recorded for 120 s, then the sample is irradiated with X-rays 
for 600 s, next the afterglow signal is recorded for 2880 s, and finally the 
heater is switched on. Prior to the glow curve analysis, a sum of three 
exponential functions is used to fit the afterglow part, which is further 
extrapolated to the range of heating and subtracted in the next step, 
providing glow curves not affected by the presence of some afterglow. 
For such curves we have first checked the asymmetric geometry factors 
of all peaks. Since these factors significantly differ from the value of 0.42 
characteristic for a first-order peak [14], the glow curve analysis cannot 
be based on the classic Randall-Wilkins approach [15]. 

To describe correctly all the processes contributing to the observed 
glow curves, we have adopted a model presented previously by McKe
ever et al. [16], Chen and McKeever [17], and Chen and Pagonis [18]. 
The energy diagram employed by the model, presented in Fig. 2, in
cludes conduction and valence bands, several trapping levels and radi
ative recombination centers. The rate equations describing the 
excitation stage are as follows: 

dni

dt
= − pini +Ani (Ni − ni)nc, i= 1, 2,…, l (1.1)  

dmj

dt
= − Arj ncmv +Bmj

(
Mj − mj

)
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dmv
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=X −
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Bmj
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)
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=

dmv

dt
+
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j=1

dmj

dt
(1.4)  

where nc (cm− 3) is the density of free electrons in the conduction band 
(CB); mv (cm− 3) - the density of free holes in the valence band (VB); Ni 
and Mj (cm− 3) - the maximum possible charge densities in TL-active 
traps (Ti) and recombination centers (Rj), respectively; ni and mj 
(cm− 3) - the current occupancies of Ni and Mj levels, respectively; Ani ,

Bmj and Arj (cm3/s) - relevant transition probabilities: for a CB electron 
to become trapped in a trap, for a VB hole to become captured by a 
recombination center, and for a CB electron to recombine with an 
ionized luminescence center, respectively. Finally, pi is defined by the 
formula: 

pi = si exp
(

−
Ei

kBT

)

(2)  

and is the probability of electron release into the conduction band upon 
thermal ionization of a TL-active trap; herein Ei (eV) is the process 
activation energy, si (s− 1) - the frequency factor, kB - the Boltzmann 
constant, and T - the temperature (which is a function of time). More
over, it is assumed that the frequency factor is also a function of tem
perature and is given by the formula: 

si(T)= σi(T)Nc(T)v(T) (3)  

where σi is the capture cross section for capturing electrons, Nc - the 
effective density of states at the CB edge, <v> − the average thermal 
velocity if electrons; all these quantities are specified by the expressions: 

σi = σi
∞ exp
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−
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(4.1)  
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where m∗ is the electron effective mass, Eqi - the capture cross section’s 
activation energy, and h is the Planck constant. Ultimately, based on (2), 
(3), and (4.1-4.3) pi can be written as:   

We note that there is no general analytical solution for the set of 
equations (1.1) - (1.4). Therefore, to solve this set of equations we have 
introduced some assumptions and simplifications. We assume that we 
deal with several traps with different Ei and σi values and different 
trapping probabilities Ani , and a single recombination center (i.e. k = 1 
in equations (1.1) - (1.4)), which is created when a valence band hole 
self-traps on a single oxygen ion (self-trapped hole, STH). Self-trapped 
holes attract and bind a conduction band electrons (free or thermally 
released from electron traps) creating self-trapped excitons (STE). 
Decaying STE emit UV photons. Since we are interested in the time range 
after the X-ray irradiation, we put X = 0. Moreover, since the mobility of 
holes is significantly smaller than the mobility of electrons in β-Ga2O3, 
we approximate dmv/dt ≈ 0. 

For each glow curve we have put initial parameters into the set of 

Table 1 
The list of the investigated samples.  

ID formula free electron concentration (cm− 3) size (mm3) 

a β-Ga2O3:Al (5.0%) insulator 5 × 5 × 0.52 
b β-Ga2O3:Ce (0.1%) insulator 5 × 5 × 0.20 
c β-Ga2O3 insulator 5 × 5 × 0.54 
d β-Ga2O3 1.5⋅1016 5 × 5 × 0.57  

pi = σi
∞ exp

(

−
Eqi

kBT

)

2
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(5)   
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equations (1.1) - (1.4). Next, we have launched a fit using the nonlinear 
least-squares Levenberg-Marquardt method [19,20]. A fitting program 
employing the set of rate equations has been written in Python 3.7 with 
odeint package from SciPy extension. 

The resultant fitted curves together with the derived trap parameters 

are shown in Fig. 3a–d and Table 2. We have also calculated the 
following ratios: 

fi =
n0,i

Ni
(6.1)  

Ri =
Ani

Arj

(6.2) 

representing the initial filling and the relation between retrapping 
and recombination, respectively. 

For discussing the glow curves we refer to traps already reported for 
β-Ga2O3 (measured by the deep-level transient spectroscopy, deep-level 
optical spectroscopy, thermally stimulated current, photoinduced cur
rent transient spectroscopy, steady-state photo-capacitance spectros
copy, and micro-cathodoluminescence), the distribution and 
particularly concentrations of which differ in bulk single crystals and 
thin films, as summarized by Zhang et al. [21], Nakano [22] and Galazka 
[5]. Bulk crystals grown from the melt contained within an Ir crucible 
(Czochralski and EFG methods) have a number of residual impurities 
(typically at a level of single wt. ppm) arising from the metal crucible, 
starting material, and thermal insulation. The mostly occurring impu
rities in the Czochralski-grown crystals are Fe, Co, Ir, Al, Zr, Ca and Si 
[23], with some of them acting as trapping centers. There are several 
traps found in the melt-grown β-Ga2O3 that are distributed over the 
whole energy gap with typical concentrations of about 1014-1016 cm− 3. 
On the other hand, typical trap concentration in β-Ga2O3 films is about 
two orders of magnitude lower. Energetically, the traps in the Czo
chralski and/or EFG-grown crystals are typically located at 0.55–0.62 
(E1), 0.74–0.82 (E2), 1.00–1.04 (E3), 1.48 (E4), 2.16 (E5), and 4.4 (E6) 
eV below the conduction band, with dominating E2 trap (note the deep 
trap levels may differ to some extent depending on the technique). Some 
of the traps have been assigned to Fe, Co, Ir, and Mg impurities [24–27], 

Fig. 1. Full thermoluminesecence readout for all the samples from Table 1 (red squares - luminescence intensity, green circles - heating profile). (For interpretation 
of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 2. A scheme of the employed model.  
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as well as to gallium vacancies [24]. 
For electrically insulating β-Ga2O3:Al (Fig. 3a) we observe three 

traps peaking at 115, 220, and 310 K, respectively. Their activation 
energies Ei + Eqi obtained from the fitting procedure are 125, 549 and 
991 meV. The corresponding cross sections σi

∞ are 6.31⋅10− 16 cm2, 
8.91⋅10− 15 cm2 and 7.94⋅10− 13 cm2. The initial filling of all these traps is 
very low. The retrapping process is dominating for the shallowest trap, 
as opposed to the two remaining traps. 

The glow curve of electrically insulating β-Ga2O3:Ce (Fig. 3b) con
sists of two peaks located around 85 and 290 K. The parameters derived 
from the fitting procedure are 173 meV and 7.94⋅10− 16 cm2, and 1043 
meV and 2.51⋅10− 10cm2, respectively. For the shallower trap retrapping 
prevails, which is not true for the deeper trap. 

The undoped, electrically insulating β-Ga2O3 sample (Fig. 3c) shows 
in its ltTL two major peaks at 80 and 160 K, and one minor peak at 140 K. 
The corresponding depths are 85, 279, and 427 meV, and the cross 
sections are 3.98⋅10− 17, 1.58⋅10− 17 and 1.48⋅10− 13 cm2, respectively. 
The relation between retrapping and recombination processes is similar 

as for β-Ga2O3:Al, i.e. retrapping dominates for the shallowest trap, 
contrary to the two remaining traps. 

There is only one trap peaking around 35 K, with a depth of 23 meV 
and a cross section of 2.0⋅10− 15cm2, identified by ltTL of the semi
conducting β-Ga2O3 sample (Fig. 3d). Clearly, this trap is due to a partly 
compensated shallow donor, which is formed by Si and/or hydrogen 
[13]. The ionization energies of such donors assume values between 25 
and 16 meV depending on the concentration and are limited by a value 
of 36 meV consistent with the effective-mass theory [21]. The trap depth 
of 23 meV fits well into this range of values. Not unexpectedly for the 
shallow effective-mass like donor, this trap has the highest ratio between 
retrapping and recombination. Generally, we notice that the process of 
retrapping is stronger in the shallower traps. 

The nature of the remaining traps (with the sole exception of the trap 
peaking at about 300 K) identified in the three insulating samples, re
mains unclear. They may have become visible because of the lower 
Fermi level; in this case they could be due to some deep uncontrolled 
donor levels (such as iridium [28]) or are themselves responsible for the 
lowering of the Fermi level being some compensating deep acceptors 
(such as cobalt or magnesium [29]). The overall picture seems to be 
complex due to the presence of different impurities that interplay in 
between and with point defects. 

The 300 K trap can be with a high probability associated with a deep 
compensating acceptor level of Fe3+/2+, as proven directly by isothermal 
decays of photo-induced EPR signal of Fe2+ measured at temperatures 
between 290 and 310 K [30]. The 300 K TL glow peak is visible in two of 
the three insulating samples and, interestingly, for larger concentrations 
of Fe, the shallower traps are not populated (not present, or over
whelmed by Fe) during the irradiation phase in the ltTL measurement. 
We also note that the values of these trap depths from our fits at about 1 
eV, are larger than the previously established value of about 0.7–0.8 eV 
[25,30] which, at the moment is not understood. 

Fig. 3. Experimental and fitted glow curves of all samples from Table 1.  

Table 2 
Values of the trap parameters obtained with the fitting procedure.  

ID formula Ei + Eqi (meV) σi
∞ (cm2) fi Ri 

a β-Ga2O3:Al (5.0%) 125 6.31⋅10− 16 0.007 1.41⋅104 

549 8.91⋅10− 15 0.0007 4.90⋅10− 4 

991 7.94⋅10− 13 0.012 5.89⋅10− 2 

b β-Ga2O3:Ce (0.1%) 173 7.94⋅10− 16 0.4 6.92⋅102 

1043 2.51⋅10− 10 0.02 1.45⋅10− 2 

c β-Ga2O3 85 1.58⋅10− 17 0.003 2.09⋅102 

279 1.26⋅10− 16 0.00006 1.62⋅10− 3 

427 2.51⋅10− 14 0.005 5.25⋅10− 3 

d β-Ga2O3 22.4 2.00⋅10− 15 0.08 2.57⋅106 

The uncertainties of determination of E and σ are below 5%, while of f and R 
below 10%. 
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4. Conclusions 

In this study, we have measured and characterized quantitatively 
low-temperature thermoluminescence of four β-Ga2O3 crystal samples. 
We have shown that the semi-insulating samples display much richer 
ltTL structure than the semiconducting one. The use of a rate equations 
model has allowed us to fit the glow curves and to determine the most 
important trap parameters. Concerning the nature of the detected traps, 
despite the complexity of the issue, we have presented some preliminary 
interpretations. Nevertheless, a further analysis is still necessary and will 
be published elsewhere. 
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