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Advanced Thermoluminescence Spectroscopy as a
Research Tool for Semiconductor and Photonic Materials:

A Review and Perspective

Farida A Selim

Thermoluminescence (TL) or thermally stimulated luminescence (TSL) spectros-
copy is based on liberating charge carriers from traps in the bandgap by providing
enough thermal energy to overcome the potential barrier of the traps. It provides a
powerful tool to measure the positions of the localized states/traps in the bandgap.
Despite that, its applications in semiconductors are very limited. Herein, the basics
of TL spectroscopy and the recent advances in the technique with focus on
cryogenic thermally stimulated photoemission spectroscopy (C-TSPS) which
extends TL measurements to cryogenic regime and allows the detection of very low
concentrations of shallow and deep localized states is discussed. One goal herein is
to introduce the reader to the use of TL and C-TSPS in the characterization of
semiconductors, explaining how it can be applied and demonstrating its advan-
tages as a powerful tool for measuring shallow donor/acceptor ionization energies
in semiconductors and as a method for characterizing compensating defects. The
article also discusses interesting potential applications of C-TSPS in new research
areas such as corrosion and formation of oxide layers on metal surfaces.

and electrical properties of bandgap mate-
rials?®* and it is vital to measure their
energy levels/depths to understand and
control the material properties. However,
the available techniques for energy-level
measurements are limited and often not
suitable for many material systems.

It is useful to first distinguish between
deep levels and shallow levels in terms of
their impact and methods of detection.
Point defects and impurities that occupy
states close to the conduction and valence
bands act as shallow donors and shallow
acceptors, respectively, providing electron
or hole conduction.”™® They also impact
light emission and the optical properties
of materials as they often act as trapping/
detrapping points for charge carriers,

1. Introduction

Point defects, impurities, and dopants often form localized states
in the bandgap of electronic and photonic materials. The position
of these localized states depends on many factors such as the
charge state, size, and chemistry of these point defects!!! and
it can be modified by external stimuli.””! The positions or energy
levels of these states in the bandgap dictate the electronic, optical,
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greatly affecting exciton dynamics and light
emission and luminescence from materi-
als.'” When point defects and dopants
occupy states with deeper energies, little bit further from the con-
duction/valence band or midgap states, they act as deep donors/
acceptors,'*? capturing and holding charge carriers at room
temperature which may decrease or completely suppress both con-
ductivity and light emission.’**? It is clear from the discussion
that developing new sensitive techniques and advancing current
techniques for detection of these localized states is crucial for char-
acterizing and improving the properties of photonic and electronic
materials and advancing their applications in many fields.

Only a handful of techniques are suitable for measuring
shallow donor and acceptor ionization energies that occupy states
close to the conduction or valence bands. Temperature-
dependent (TD) Hall effect measurements from around 10 K
to room temperature is the most common method for their
measurements in semiconductors."*® However, it is complex
and fitting of the TD curve of the charge carrier density can be
very challenging by the presence of multiple donor and acceptor
species. Additionally, it is limited by geometry constraints and
the need of making four contacts on the surface and cannot be
used for resistive samples. Thus, powder, nonuniform shape,
insulating, and resistive samples cannot be characterized by this
technique. Electron paramagnetic resonance (EPR), photolumi-
nescence (PL), and temperature dependent photoluminescence
(TDPL) can be used to measure the donor/acceptor ionization
energies.'”'®1 However, their applications have been limited
because of different factors such as the collapse of exciton and
broadening of the PL peaks.'® Deep-level transient spectroscopy
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is the most common method for measuring deep trap levels in
semiconductors.'”) However it can only measure trap levels with
energy level more than 1 eV and it requires the fabrication of p-n
junction or Schottky barrier as it works by applying forward/
backward bias to inject majority or minority carriers into the
depletion layer and measuring the capacitance.?>?" Deep-level
optical spectroscopy is another method for measuring deep traps,
but also limited for traps with energy more than 1eV.*? Other
methods for accessing the electronic signature of defects include
positron annihilation spectroscopy (PAS)!** and cathodolumines-
cence (CL).**! PAS mainly reveals the nature, size, and charge
state of defects.>2”) However, temperature-dependent PAS can
be effectively used to measure their activation energy.”® CL is
essentially useful to provide information on the distribution of
traps as a function of depth and map quantum defects.”” It is
worth noting the difference between TL and CL. While TL gives
the position of the localized states in the bandgap without infor-
mation on their depth distribution, CL is a unique technique to
probe the spatial distribution of defects in the samples.*”

Thermoluminescence (TL) is a perfect tool for dosimetry and
dating applications (e.g.,*"*?)); it is also a great tool for the detec-
tion of traps and measuring their energy levels.*>** Other meth-
ods based on thermally stimulated processes such as thermally
stimulated conductivity (TSC) and thermally stimulated polariza-
tion and depolarization current can be also used to measure the
trap levels.”>**) TL or TSL has been widely applied for measuring
deep and relatively shallow traps in optical and photonic materi-
alst”*® and has been quite useful for optical studies of
single crystals, films, phosphors, and transparent ceramics
for lasers, scintillators, and solid-state lighting applications
and more.”**>% However, its applications in semiconductors
has not been realized until recently®®>* and are still very
limited. The goal of this article is to explain the basics of TL,
inform the reader about its capability as a great tool for measur-
ing the energy levels of donors and acceptors in semiconductors,
and bring the attention to the development of cryogenic ther-
mally stimulated photoemission spectroscopy (C-TSPS)** which
extends TL or thermally stimulated emission measurements to
cover the entire range of shallow and deep levels in bandgap
materials. Examples on successful applications of TL for the char-
acterization of deep and shallow donors and acceptors in
semiconductors®®*% are discussed in detail revealing how this
technique can be a powerful tool in the study of the electrical
transport properties of semiconductors. Finally, the potential
applications of C-TSPS in new research areas such as corrosion,
radiation damage, ion implantation, and defects in oxides and
other bandgap materials are discussed.

2. Basics of TL and C-TSPS and Measurement
Techniques

Theory of TL and long-period phosphorescence were introduced
by Randall et al.®" very early in 1945 and methods for finding the
depths of electron traps in phosphors were developed. Figure 1
explains the basics of TL mechanism in detail illustrating the dif-
ferent processes that take place and lead to emission. Four main
processes take place: electron pumping to the conduction band
leaving holes behind, electron and hole trapping at localized
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Conduction band

Valence band

Figure 1. Schematic showing the simplified model of the mechanism of
TL: a) electrons are pumped to the conduction band, b) electrons and
holes are captured by trapping centers (Tr) and recombination centers
(R), <) release of electrons from traps by thermal stimulation where
they move through the conduction band, d) electrons and holes
recombine through recombination centers. E¢: Fermi energy, E: trap depth.
Reproduced under the terms of the CC-BY open access license.*
Copyright 2017, The Authors, published by MDPI.

states, detrapping of electrons and holes by thermal stimulation,
electron-hole recombination and photoemission. In many cases,
after detrapping, electrons may be retrapped again; this will be dis-
cussed in detail below. TL mechanisms take place in bandgap
materials if radiative recombination centers or activators centers
are present. In standard TL, charge carriers are generated, and elec-
trons are pumped to the conduction band at room temperature.
Thus, electrons and holes are mostly trapped at deep states, which
hinders the capability of the technique in detecting shallow levels.

The basic idea of C-TSPS is to generate charge carriers at cryo-
genic temperature less than 10 K using a relevant photoexcitation
source. The name of C-TSPS is more relevant than TL when pho-
toemission may extend beyond visible light-to-ultraviolet and
near-infrared regions. Two modes of excitations can be used;
the first is photoexcitation source with energy above the bandgap
energy to pump electrons from the valence to the conduction
band. This can be xenon lamp, deuterium lamp, or X-ray source.
Using high-energy photons is necessary for ultrawide-bandgap
materials. The other mode is the use of photoexcitation energy
within the bandgap to pump electrons from defect levels in the
bandgap to the conduction band. Laser diodes or intense light-
emitting diodes (LEDs) are good options for that. The selection of
one of the two excitation modes is determined by the goal of the
measurements. Since the excitation is carried out at 10K, the
electrons are captured by trapping centers, both in shallow
and in deep states. Long photoexcitation time is necessary to fill
up all available states. Releasing the charge carriers and emptying
the traps is done by thermal sweep. As electrons and holes are
released, they can lead to photoemission through several possible
routes: their recombination (electron & hole), transferring their
energy to luminescence centers, or capturing them by their orig-
inal atoms. Collecting emission and measuring it as a function of
temperature from 10 K up to room or higher temperature allow
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one to obtain the temperature-dependent emission known as
glow curve.*” Information on wavelength emission is useful
in characterizing the emission or luminescence centers.
Photoemission can be collected in different ways. If all emitted
photons regardless of their wavelength are collected simulta-
neously as a function of temperature, this method does not pro-
vide information about luminescence centers. To obtain spectral
information, diffraction grating with a charge-coupled device
(CCD)!**'may be used to record the spectrum at each temperature
in a specific wavelength range (e.g., from UV to NIR) controlled
by the diffraction grating setup. This may not be efficient for
weak light emission and cannot detect the low-density traps in
the material. In the recently developed C-TSPS,”* a sensitive
photomultiplier tube (PMT) connected to single-photon counter
is used to capture any photoemission and achieve high-sensitivity
trap detection. If spectral information is desirable with this setup,
a monochromator is added before the PMT and accustomed to
certain wavelengths. The measurements can be repeated at dif-
ferent wavelengths to explore the spectral range of the emission.
Analysis of the temperature-dependent emission or glow
curve®* in TL or C-TSPS can provide useful information,
the energy levels (activation energies) of traps/defects, their den-
sity, capture cross section, and the degree of kinetics which is
dependent on the trapping/detrapping processes. In first-order
kinetics, the charge carriers give emission directly after their
release from traps. This can be easily recognized from the asym-
metric shape of the glow curve as shown in Figure 2. If the
charge carriers are being retrapped, detrapped before giving
emission, this represents second- or higher-order kinetics
(Figure 2). If retrapping is slow, the kinetics is considered first
order and the asymmetric shape of the glow curve is maintained.
Many factors determine the degree of kinetics such as the prox-
imity between the traps and emission centers in the system, the
density of traps, the density of emission centers, and their spatial
distributions in the material, and the mobility of charge carriers.
In most situations, the glow curve forms of several overlapped

1004 ——(a) 1" order kinetics
- - = -(b) 2" order kinetics
7.5
3
8 50
=
2.5 -
0.0
300 800
Temperature (K)

Figure 2. Graphic of TL glow curves illustrating first-order and
second-order kinetics.
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peaks because of the presence of several traps with different tran-
sition levels. Deconvolution of the glow curve demands a rigorous
analysis to resolve into its individual peaks and calculate the param-
eters of traps/localized states and several codes and algorithms
have been developed to fit the glow curve and extract the param-
eters of the localized states.*>~ Since the focus of this article is to
review TL applications in semiconductors, demonstrate its advan-
tages in this area, and guide the reader on data interpretation and
their physical meaning, the mathematical description of TL and the
different methods for trap parameter calculations will not be dis-
cussed here. For that, we refer the reader to Ref. [55] where the
fitting and calculation procedures are explained in detail, showing
all parameters that can be extracted from the glow curves. Further
information on TL theory, analysis of complex glow curves, and the
mathematical models of first-order, second-order, and higher-order
kinetics can be found in Refs. [61,71-76]. The two common meth-
ods used to calculate the activation energy (depth) of traps, initial
rise method, and variable heating rate method are well explained in
the literature, see, e.g.*>*%4,

Before describing TL and C-TSPS applications in semiconduc-
tors, limitations of TL methods and possible challenges in glow
curve analysis should be briefly discussed. In some materials, non-
radiative recombination between electrons and holes can interfere
with the radiative recombination process suppressing or decreas-
ing the TL or photoemission. This represents the biggest drawback
of the technique as it may hinder TL spectroscopy and prevent its
applications in some materials.””) Thermal quenching with
increasing temperature may occur in some thermoluminescent
materials, leading to a decrease in the TL intensity, and it may
disturb the shape of the glow peaks. The simulation of its effects
on the TL signal, shape of glow curve, and calculations of trap
parameters is described in detail in Ref. [78].

3. Applications of TL and C-TSPS in
Semiconductors

3.1. Measurements of Donor and Acceptor lonization Energies
in Semiconductors

Figure 3 shows schematics illustrating the measurements of
donor and acceptor ionization energies by TSPS process. The
existence of radiative emission centers in the material is a must
for TL or C-TSPS. In oxide semiconductors, oxygen vacancies are
often present and most likely lead to emission in the visible
region. Other native defects and impurities in semiconductors
may also act as photoemission centers. In n-type semiconduc-
tors, the conductivity is driven by electron conduction and
shallow donors are dominant, occupying states close to the con-
duction band, as shown in Figure 3a. In C-TSPS when electrons
are pumped from the valence to the conduction band at 10K,
they move through the conduction band until they are captured
by the shallow donors, as shown in the figure. By providing
energy through thermal sweep, the electron can escape the shal-
low donor to the conduction band and then recombine with holes
at radiative recombination centers emitting photons. From the
dependence of the emission on temperature, the ionization
energy of the shallow donors can be calculated. In p-type semicon-
ductor, the conductivity is driven by hole conduction and the
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Figure 3. Schematics showing the detection mechanism for a) shallow donors and b) shallow acceptors in semiconductors by TSPS. Reproduced under
the terms of the CC-BY open access license.’! Copyright 2020, The Authors, published by Springer Nature.

shallow acceptors are positioned close to the valence band. After
photoexcitation at 10 K, created holes may be trapped at these
acceptor states, as shown in Figure 3b. By thermal stimuli, holes
recombine with electrons in radiative centers, leading to photo-
emission at specific temperature. The ionization energy of the
acceptor levels can be calculated as explained in the case of donors.
From the temperature dependence of the emission, other impor-
tant parameters such as the density of donors/acceptors and their
capture cross sections can be calculated. One of the advantages of
this method is its ability to detect many donor and acceptor species
at the same time including both majority and minority carriers.
Their relative densities in the material can be obvious from the
difference in the intensities of the peaks. A limitation of this tech-
nique is its inability to distinguish between donors and acceptors.
However, combining other measurements with TL allows us to
easily identify the shallow traps as donors or acceptors.

The first application of TL in characterizing donors in semi-
conductors was carried on ZnO single crystals®where TL meas-
urements from 77 K to room temperature revealed the ionization
energies of three different hydrogen species in ZnO and solved a
long-time controversial issue on the nature of H donors in ZnO.
In that work, three hydrogen donor species were detected, and
their ionization energies were obtained from their glow curves
and found to be 36, 47, and 55 meV, which are consistent with
the previously reported donor ionization energies in Zn0.”-#"
This work demonstrated the great capability of TL in the study of
donors in semiconductors as it enabled identifying the three H
donor species and measuring their ionization energies in a single
experiment while each ionization energy was identified before
using the different techniques which led to the controversy on
the nature and ionization energy of H donors in ZnO. The
51 meV ionization energy was measured by TD Hall effect,®?
35 meV by EPR,*® and 47 meV by PL."”! TL enabled the meas-
urements of the three ionization energies and associated them
with three different species of hydrogen'® and the study further
showed how to switch from one hydrogen specie to another.

Phys. Status Solidi A 2023, 220, 2200712 2200712 (4 of 9)

Very recently TL was applied to measure both donor and
acceptor ionization energies in the important emerging semicon-
ductor Ga,05P! and further correlate their measurements with
the electrical transport properties of Ga,O; (Figure 4). These
TSL measurements revealed the ionization energies of a novel
acceptor forming Ga vacancy with 2H and novel donor forming
Ga vacancy with 4H, associated with remarkable hole and elec-
tron conduction in Ga,0s;. The nature and structure of the
donors and acceptors were measured by PAS and their formation
was verified by density function theory calculations.

3.2. Measurements of Density and Energy Level
of Compensating Acceptors in Semiconductors

The electrical transport properties of semiconductors are often
characterized by the resistivity, carrier density, and mobility.
The carrier density “electron or hole concentration” should
be equal to the dopant (donor or acceptor) concentrations.
However, in many situations the electron density can be reduced
or diminished by the presence of deep traps capturing electrons
and acting as compensating acceptors. As mentioned in the
Introduction, these deep traps can be measured by DLTS if
p—n junction is made on the surface. Recently, TL has been applied
to detect compensating acceptors in n-type Ga,0Oj; films grown by
metal-organic chemical vapor deposition (MOCVD) and measure
their density and depth in the bandgap.®® The films were homo-
epitaxially grown on semi-insulating Fe-doped Ga,0j; single crys-
tals and doped with Si to achieve n-type conductivity. Details on
the film growth, structural characterization, and impurity meas-
urements can be found in Ref. [57]. TL measurements were suc-
cessful in the detection of deep traps in the film and calculating
their density and energy level.>® Figure 5 shows an interesting
correlation between these traps and film resistivity. The increase
of their TL peak intensity with the increase in film resistivity
clearly indicates their role as compensating acceptors. Their con-
centration per centimeter square was labeled as sheet trap number
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Figure 4. lonization energies of hydrogen-related a) acceptors and b) donors in Ga,03 measured by TL Reproduced under the terms of the CC-BY open
access license.’! Copyright 2020, The Authors, published by Springer Nature.
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Figure 5. Detection of compensating acceptors in Ga,O3 films by TL. a) The TL glow curve shows the strong rise in emission with the increase in sheet
resistance. The sheet resistance is given next to the sample label. b) TL peak intensity as a function of sheet resistance. Reproduced with permission.*®!

Copyright 2020, The Authors, published by AIP Publisher.

adding a new parameter to the common electrical transport
parameters, sheet carrier number (carrier concentration per
cm?), sheet resistance, and carrier mobility.

Spectral investigation of the TL emission from the resistive
Si-doped Ga,0; films revealed the interaction between the com-
pensating acceptors and the radiative emission centers
(Figure 6). The 3D TL emission as a function of temperature
and wavelength in Figure 6 displays an emission peak around
700 nm. Previous studies®®* suggested that the 700 nm emis-
sion is common in oxides and associated with low level of Fe
impurities. Fe impurities most likely diffused from the substrate
into Ga,0; film and acted as radiative recombination centers.
The contour plot in Figure 6 shows a peak at 700 nm spreading
over 100 nm, suggesting broad emission associated with more
than one impurity or defect center.

3.3. Measurements of Defects and Impurities in
Semiconductors

While the two applications described above are still in infancy
and not well known, applications of TL in the detection of native
and extrinsic defects associated with impurities have been

Phys. Status Solidi A 2023, 220, 2200712 2200712 (5 of 9)

relatively known with several TL measurements reported on
important semiconductors such as ZnO and recently
Ga,03.5%%% Most of these studies have identified deep traps
but did not correlate them with the semiconducting properties;
however, they demonstrate the effectiveness and relevance of TL
in the study of defects in bulk crystal, film, powder, and nano-
particle semiconductors. TL has been applied very early to study
ZnO before recognizing ZnO as a potential semiconductor for
devices because of its strong emission and potential applications
as phosphors, scintillators, and light emitters. Earlier studies
identified the point defects and impurities that act as deep traps
in ZnO powders and polycrystals.®># Several studies also used
TL and studied extrinsic defects induced by irradiation.”®%
Recently with the increase interest in Ga,0;, TL was applied
to characterize point defects in Ga,05 and revealed the energy
levels of several point defects and impurities often formed in
Ga,0s lattice.f*?3 An important finding from TL studies is
that doping the crystals for instance by Fe or Mg significantly
modified the levels of the original native traps in Ga,O; probably
due to the formation of complex defects. The measurements in
Ref. [93] reveal the direct connection between the increase of trap
density and the semi-insulating properties of the crystals. Other
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Figure 6. a): 3D TL emission as function of temperature and wavelength associated with the compensating acceptors and emission centers in n-type
Ga,0; films. b) Projection of the 3D graph on x—y plane showing the contour plot. Reproduced under the terms of the CC-BY open access license.?”!

Copyright 2021, The Authors, published by Elsevier.

studies showed that a Cr’* impurity provides a trap with energy
of 0.55eV below the conduction band, O-vacancy is associated
with a trap with 0.94 eV, while O-vacancy with Cr*™ or Fe*"
defect complexes result in trap levels around 0.7eVP? and
Fe’"/Fe*" was found to form a trap level at 0.84eV.[°¥ The
TL study in Ref. [59] further showed that the transition levels
of Cr and associated defects in Ga,0; strongly depend on the
level of Cr doping (Figure 7). The trap structures in Cr doped
Ga,0; nanowires were also investigated by TL measurements.*
With respect to other semiconductors such as Si and GaN, only
few TL studies were reported Refs. [95,96]. In hydrogenated
amorphous silicon (a-Si:H),”>'TL was applied in one study to
investigate the nature of defects introduced by light soaking,
y-irradiation, hydrogen removal, and rehydrogenation and
indeed revealed important information about them and showed
that defects induced in all cases share similar character and
nature.

4. New Potential Applications of TL and C-TSPS

Enhancing the capability of measuring very-low-density traps and
extending the detection limit to ultrashallow traps through the
use of C-TSPS open up possibilities to apply TL and thermally
stimulated photoemission in new avenues such as corrosion,
radiation damage, and ion implantation. While the focus of this
article is to introduce the reader to the use of TL in semiconduc-
tor characterization, it is still worth to discuss some new uses that
are enabled by the development of C-TSPS. One interesting
example is detection of corrosion-related defects which may have
great impact on material strength and behavior in many applica-
tions. Corrosion leads to formation of oxide layers on the metal
surface in oxidizing environments; such layers containing a vari-
ety of point and extended defects impacting the material strength
and corrosion rate and resistance.””*®! C-TSPS can be effective
in detecting the defects induced during the formation of oxide
layers. To test that, Fe foil was immersed in water at 70 °C for
24 h, which led to the formation of different phases of Fe oxides
on the surface, as shown in the X-ray diffraction (XRD) pattern
(Figure 8).
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Figure 7. TL glow curves of p-Ga,0O; crystals doped with various concen-
trations of Cr. a) Background concentration of Cr’*, b) 0.005% Cr*",
c) 0.01% Cr**, and d) 0.05% Cr**. Reproduced under the terms of the
CC-BY open access license.”® Copyright 2020, The Authors, published
by IOP Publishing.

C-TSPS measurements were used to examine the Fe foil after
corrosion in water for 24 h. The foil was first photoexcited at 9 K
using a deuterium lamp for 15 min. After that, the lamp was
turned off and the light was collected using a monochromator
setting at 450 nm during thermal sweep from 9 to 300K.
The glow curve in Figure 9 reveals several overlapped peaks indi-
cating the presence of different trap levels formed in the oxide
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Figure 8. XRD pattern of Fe foil before a) and after b) heating in water at 70C for 24 h. Heating in water led to the formation of Fe oxide phases.
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Figure 9. TSPS after heating Fe foil in water at 70 °C for 24 h. The emission
monochromator was set at 450 nm. The glow curve shows the formation
of several trap levels associated with corrosion-related defects in the oxide
layers formed at the surface.

layers associated with corrosion-induced defects. These measure-
ments illustrate the capability of C-TSPS of detecting formation
of oxides and structural changes during corrosion. By monitor-
ing the change of emission intensity after varied corrosion time,
the measurements may be utilized to estimate corrosion rate. In
addition, they can detect the defects formed in the oxide layers
and then enable the investigation of their effects on corrosion
resistance and species transport. C-TSPS can be also an effective
method in characterizing point defects induced by irradiation
and ion impanation.

5. Conclusion

The principles of TL in measuring localized states and the recent
developments in C-TSPS are explained and various examples of
its applications in characterizing semiconductors are discussed.

Phys. Status Solidi A 2023, 220, 2200712 2200712 (7 of 9)

Extending TSPS to the cryogenic regime enables the detection of
ultrashallow traps and the use of sensitive PMTs and single-
photon counting allows one to efficiently measure the
low-density traps in the bandgap. The few examples of applying
TL on ZnO and Ga,0; illustrate the capability of the technique
and its potential as an important tool in the study of semiconduc-
tors and oxides in addition to its common applications in optical
and photonic materials. Potential applications of C-TSPS in
investigating corrosion-induced defects are demonstrated.
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