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Abstract

CrossMark

The luminescent structure of thallium-doped cesium iodide (CsI:Tl) and the behavior of
electrons during luminescence are studied at great length based on the conventional
first-principles calculation combined with ordinary spectroscopic analysis befittingly in this
work. The hybrid functionals based on a screened Coulomb potential (HSE) is used to
visualize the energy band structure of the experimental sample’s system, and the
corresponding relationship between the transition behavior of CsI: Tl energy levels and the
spectrum is studied more accurately. We show the complete energy conversion process clearly,
which involves the crystal beginning to receive the energy of a photon until the moment of
de-excitation. All the fluorescence process is completed by T1T ions that replace Cs™ ions.
Our results verify and complement the previous theories and potentially provide important
references for the adjustment and design of the detectors and imaging equipment in different

fields.

Keywords: the first-principles calculation, CsI(Tl), spectra

(Some figures may appear in colour only in the online journal)

1. Introduction

Scintillation detectors are widely used in high-energy physics,
nuclear medicine, geophysical exploration, and other fields.
Inorganic scintillators are usually coupled with photomulti-
pliers as scintillation detectors [1, 2]. As the core compo-
nent of these instruments, scintillators have a very important
research position, which is responsible for converting incident
photons into fluorescent photons. Alkali halide scintillators

* Author to whom any correspondence should be addressed.

1361-648X/22/215901+8$33.00

(mainly Nal and Csl families) play a particular role due to their
comparatively high efficiency and low cost of production [3].

The luminescence mechanism of CsI(Tl) is relatively
mature, some works have proposed some forms of the light-
emitting structure of CsI:Tl, but the way to verify the con-
clusion is different [4—6]. Therefore, we chose CsI(T1) as the
sample for the study, hoping to verify the feasibility of our
research method. It is important to have a clear understand-
ing of the mechanism of scintillator emission. On the basis
of previous research, a new research approach was adopted to
analyze its luminescence mechanism in this work. However, it

© 2022 |OP Publishing Ltd  Printed in the UK
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is difficult to study the mechanism of scintillator under radi-
ation irradiation in the field of nuclear physics, so our work
starts from the near-ultraviolet light source. CsI(T1) belongs to
a simple cubic crystal system with a simple periodic structure,
which is suitable for first-principles calculation.

A series of intermediate processes exist in the process of
crystal receiving energy and producing light. Although enough
spectral data have been measured by predecessors and a lot
of in-depth studies have been done on the mechanism of its
luminescence, the experimental values and theoretical values
have not been matched. In 1995, reference [5] provided a brief
energy level diagram and some parameters to explain the spec-
trum measured in their experiment, but did not actually cal-
culate the band structure of CsI: Tl. Schematic diagram of the
optically stimulated charge-transfer processes in CsI: Tl was
presented and demonstrated in reference [7] during 2002, the
energy relaxation model in alkali metal halides doped with
thallium-like activators was speculated in reference [3] later.
However, these conclusions are only obtained from experi-
mental data and are not supported by energy level data. In
this paper, a new way to study the luminescence mechanism
of scintillators is provided, and it is expected to verify or sup-
plement the conclusions obtained from the research and anal-
ysis. The first-principles calculation results are combined with
experimental data in this work to verify and supplement the
previous theories in order to better understand the lumines-
cence mechanism of CsI:T1. The existence form of Tl element
responsible for luminescence in the system was confirmed,
and the excitation and de-excitation modes of extranuclear
electrons were analyzed and discussed. Our work combines
traditional spectroscopy methods with density functional the-
ory, which can be used to study the microscopic luminescent
structure of scintillators, to gain a further understanding of
the luminescence mechanism of various crystals. Then, more
accurate performance parameters of scintillators such as light
yield and decay time are obtained. According to the under-
standing of the luminescence mechanism of scintillators, the
corresponding relationship between rays and channels can be
modified to obtain more real ray information, such as energy
and intensity, etc.

2. Experimental procedures

The characteristics of pure cesium iodide and cesium iodide
doped with thallium have already been investigated earlier. In
this paper, experimental data and theoretical calculation results
for Csl and CsI(TI) are presented. All the experimental sam-
ples in this work are several bulk single crystals purchased
from Shanghai Ucome New Material Co., Ltd. The presence
of thallium in the samples was confirmed by ICP-MS, and
the form of Tl in CsI(Tl) was predicted by XRD. Excitation
and emission spectra were measured to determine the exci-
tation wavelength and emission wavelength of the sample.
Finally, the fluorescence attenuation time of the sample was
determined by measuring the fluorescence lifetime.

The RIGAKU SmartLab SE placed in the Physics College
of Jilin University was used to perform an x-ray diffraction
(XRD) test on CsI(Tl) and CslI powder, using Cu target radi-

ation, A(kap) = 0.1540598 nm, A(kay) = 0.1544426 nm.
The tube voltage was 40 kV, the tube current was 30 mA,
the scanning mode was continuous scanning, the scanning
speed was 1°/min, and the scanning range was 10—60°. All the
above tests were carried out at room temperature. The types of
elements present in the sample were determined by inductively
coupled plasma mass spectrometry (iCAP Qc).

The excitation spectra and the photoluminescence spectra
were measured on an F-7000 Fluorescence Spectrophotome-
ter. The luminescence decay time spectrum was measured on
the FL920 fluorescence decay spectrometer. All the spectral
data were measured in Changchun Institute of Optics, Fine
Mechanics and Physics, Chinese Academy of Sciences.

3. First-principles calculation

Theoretical calculations were performed on CsI and CsI(TI)
using the first-principles calculation method based on the
hybrid density functions to study the band structure and the
density of states of CsI and Cs(TIl). The density of states
and the band structure of pure Csl is calculated in order
to verify the accurate degree of this method and compare
the changes after doping Tl. The method includes a cer-
tain amount of Hartree—Fock (HF) exchange, and has fur-
ther improved upon the PBE results [8, 9]. The hybrid
functionals based on a screened Coulomb potential (HSE)
algorithm is used in the theoretical calculation, which avoids
the problem of underestimating the band gap compared with
Perdew—Burke—Ernzerhof (PBE).

All the calculations have been done using CASTEP (Cam-
bridge Serial Total Energy Package) [10]. We expanded the
valence electronic wave functions in a plane-wave basis set up
to an energy cutoff of 440 eV for Csl and an energy cutoff
of 10 eV for CsI:T1. The electron—ion interaction is described
by the norm conserving pseudo-potentials. The convergence
accuracy is set to ultra-fine. The convergence accuracy in the
iteration process is 5 x 1077 eV/atom and the K points are set
to2 x 2 x 2and 1 x 1 x 1 for CsI and CsI: Tl separately. When
calculating the density of states, the Brillouin region is sam-
pled by Monkhorst—Pack method, and the convergence accu-
racy is 5 x 1077 eV/atom. The calculation models are shown
in figure 3.

4. Results and discussion

4.1. Lattice parameters by XRD and ICP-MS analysis

A small amount of powder sample was ground from massive
crystals and dissolved in distilled water to make liquid sam-
ples, using ICP-MS to detect the types of cations contained
in the samples. The average concentrations of Na, T1, and Cs
are 1.303 ppb, 36.158 ppb, and 115858.586 ppb respectively.
This indicates that T1 element is present in the crystal, although
there is a trace of Na element, the content of Na compared with
other elements is extremely weak.

After confirming the existence of Tl, the form of Tl in the
lattice was determined by XRD. The background was sup-
pressed by prolonging the measurement time, we detected
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Figure 1. XRD pattern of the ground powder from large CsI(TI) single crystals.

the weak small peak caused by the presence of Tl elements.
Figure 1 is a local magnification of the XRD curve. The
diffraction peaks caused by Tl element in XRD curves can
be observed, which indicates that Tl combines with other
elements to form crystalline phase. Due to the low content
of TI, the intensity of XRD diffraction peak formed is very
weak. Although the peak intensity measured in a short time is
extremely weak, it can be seen that the peak intensity increases
significantly with the extension of the measurement time. It
means that they are not the background but the diffraction
peaks.

The XRD measurements were used for derivation of the
lattice constants, and the deviation between theoretical simula-
tion and experimental results was minimized. Then obtain the
lattice structure closer to the actual sample based on the pro-
cessed experimental data. The XRD pattern of CsI(T1) powder,
which has been refined, is shown in figure 2. We reproduce the
XRD pattern of the sample theoretically and compared with
the experimental data to prove the reliability of the calculation
model [11]. It can be verified from the data that there is a good
agreement between the theoretical curve and the experimental
graph, diffraction peaks due to T1 elements are also simulated.
Thus, it is speculated that the T1 exists in the form of substi-
tution doping. And the crystal cell parameters obtained from
the processed data are a = 4.55516200, b = 4.555 16200,
¢ =4.56909900, o« = 5 =~ =90°.

We construct theoretical simulation models of CsI and
CsI(T1). The computational model of CsI(TI) was constructed
based on the unit cell parameters obtained by the analy-
sis results of XRD refinement and ICP-MS. The supercell
structure of CsI(T1) is shown in figure 3(b).

4.2. PLE spectra and PL spectra

Excitation and emission spectra of bulk crystal samples were
measured in this work. Even for the same type of crystal, the
peaks of the excitation spectrum and the emission spectrum
will have a certain deviation due to the influence of the doping
process of the sample and other factors. In order to cooperate
with the previous computational model derived from experi-
mental data, we measured the excitation and emission spectra
of the same sample. Excitation spectrum shows the photolu-
minescence wavelength of the sample, and emission spectrum
shows the photoluminescence wavelength under the excitation
of each peak value in the excitation spectrum.

The conclusion that can be drawn from the excitation spec-
tra data (figure 4(a)) is that the trends of the excitation spec-
tra which were measured at three wavelengths were roughly
the same, but the intensity is different. While the intensity of
the A\em = 410.6 nm is the lowest, and the A\, = 514.2 nm
is the highest. The spectral composition of the luminescence
induced by UV-light in CsI(T1) at room temperature is shown
in figure 4(b). We found two bands peaking at 410.50 nm
and 514.20 nm, among which the peak at 514.2 nm the cen-
tral wavelength of the scintillator sample. Fast intrinsic lumi-
nescence peaking at 300 nm has previously been observed
in Csl, and the central wavelength is redshifted by thal-
lium doping [3, 12, 13]. The position of the central wave-
length is quite different from previous results. The result
of ICP-MS shows that the proportion of TI is 0.02%, and
the content of the Na element was only 0.006%. We spec-
ulate that trace amounts of sodium are responsible for this
phenomenon.
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Figure 2. Magnified partial XRD curves of the CsI(T1) sample, respectively at 5 min, 30 min, 1 h time measurement.
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Figure 3. Crystal structures of (a) Csl, and (b) CsI(TI). The green, violet, and brown balls represent iodine, cesium, and thallium atoms,

respectively.

4.3. Band and density of states

From the calculated band structure of CsI(TIl), the contribu-
tion of elements to band composition and energy level dis-
tribution can be obtained. The calculation of the density of
states helps to obtain the element’s contribution to the band. By
analyzing these data, the band structure corresponds with the
spectral data. The luminescence mechanism of CsI(TI) can be
analyzed by studying the corresponding relationship between
band structures and spectra. Figures 5 and 6 severally show

the calculated band structures of CsI and CsI(TI). Both of
them are calculated by using HSE method. Compared with the
PBE method, the HSE method applies the screened Coulomb
potential to screen the long-range part of HF exchange [8].
As a result, it drastically reduces the cost of calculations for
large periodic systems and also weakens the problem of PBE
underestimating the band gap.

The band gap of pure Cslis 5.216 eV in this paper, while the
experimentally measured band gap in literature [14] is about
5.18 eV. It indicates that this method has good accuracy to
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Figure 4. (a) Excitation spectra of the CsI(Tl) sample monitored at 410 nm, 514 nm, and 550 nm. (b) UV and visible emission spectra of

CsI(T1) under 244 nm, 274 nm, and 297 nm excitation.
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Figure 5. HSE calculated band structures and corresponding density of states for Csl (E, = 5.216 eV). The states colored in violet and

green are for cation Cs™, and I, respectively.

calculate the CsI(TIl) within the allowable range of error. And
it can be seen that the bandgap of CsI(Tl) is more narrow than
Csl. Both CsI and CsI(T1) exhibit indirect bandgap, but the
difference is that if Cs™ cations are replaced by T1T ions, the
conduction band is made up of both Tl-6p, I-5s, and Cs-5p
orbitals while the valence band has a predominantly I-5p char-
acter with some mixing of Cs-5p and TIl-6s orbitals. And the
CBM no longer derives from the Cs™ 6s orbital, the conduction

band minimum (CBM) is mainly derived from TI 6p orbitals.
Thus, concludes from the density of states that TI* contributes
to the bottom of the band rather than T1™ causing the formation
of gap energy levels. And it can be inferred that thallium dop-
ing in Csl reduces the band gap of CsI crystal from 5.216 eV
to 4.308 eV, mainly due to the reduction of impurity conduc-
tion band caused by activator TIT. The parity of the bottom
of the conduction band will change accordingly. The valence
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Figure 7. Time decay curves of the CsI(T1) sample were monitored at different emission wavelengths under 274 nm excitation.
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band maximum (VBM) consists of I 5p orbitals and lies at Q
point [6, 15-19].

4.4. Time decay

The time-resolved decay curves of the luminescence regis-
tered at several emission wavelengths at room temperature
are shown in figure 7. The number of components respon-
sible for luminescence can be determined by measuring the
fluorescence lifetime of the sample at different emission wave-
lengths. All the oscillograms of luminescence pulses in visible
spectral regions were monitored at the excitation wavelength
of 274 nm. It can be seen that the kinetic is characterized by
the presence of monotonic decay. The obtained luminescence
lifetime is 574.65 ns for all emission wavelengths which are
chosen by us. And the obtained decay curves were fitted with
a one-component exponential decay function. The above indi-
cates that there is at most one exponential component in the
scintillation decay, which means that all the emissions come
from the same excited state [8]. Radiative time of excited T1
activator centers was close to experimentally obtained values
for CsI(TI1) under intra center photoexcitation, which was equal
to 1070 s [3].

5. Analysis and interpretation of results

XRD and ICP-MS were used to determine the existing forms
of Tl elements and the lattice structure of the actual sample
was constructed in this work. Then the energy band structure
of the CsI(TI) sample was calculated using the HSE method.
By analyzing the correspondence between spectra and band
structure, it is concluded that CsI(Tl) has only one type of
luminescent center. Besides the T1 doping model proposed in
this paper, no other luminescent structure exists in CsI(TI).
We get some conclusions by analyzing the theoretical calcu-
lation results and spectral data. The band structure of CsI(TI)
has changed compared with that of pure Csl. The composi-
tion of the conduction band and the origin of the orbitals at
the bottom of the conduction band are different, which have
been described in the results and discussion. The bandgap type
of CsI(TI) is an indirect bandgap. It means that the conserva-
tion of momentum and energy needs the assistance of phonons.

Due to the influence of TI, the bands contributed by Cs move
upward, and the parity at the bottom of the guide band also
changes. The three peaks of the excitation spectrum are used as
the excitation wavelength to stimulate the scintillator respec-
tively, aiming to explore the excitation path and luminescent
deexcitation path of CsI(Tl) crystals. The shapes of the emis-
sion spectra obtained are almost the same, which only show a
strong central peak position and an accompanying weak shoul-
der peak, indicating that CsI(T1) crystal has only one luminous
path as long as it is excited by a light source in the excitation
wavelength range that can make CsI(T1) crystal excited to pro-
duce visible light. The corresponding relationships between
the peak positions and energy states in the excitation spectrum
can be obtained by analyzing the energy band diagram. The
excitation peak peaking at 244 nm corresponds to the tran-
sition between Cs-p and I-p. The strongest excitation peak
peaking at 274.6 nm and the second strongest peak peaking
at 297.6 nm both correspond to the transition between TI-d
and I-p.

The inference from the above results is as follows and our
hypothetical process is shown in figure 8. The existence mode
of Tl elements was determined to be substitution doping by
analyzing the XRD curve and ICP-MS. The shapes of the
obtained excitation spectrum curves under different emission
wavelengths are the same, and the shapes of the obtained emis-
sion spectrum curves under different excitation wavelengths
are also the same. At the same time, except for the decay
time curves at the emission peaks, the shapes of the measured
decay curves under a series of randomly selected bands are
nearly the same and there is only one component. It demon-
strates the point made in this paper. After the crystal receives
photons with different energies, the corresponding electrons
in the valence band will relax to the same energy band con-
tributed by TIT after being excited. Then the fluorescence pro-
cess is completed by de-excitation from this energy band. The
valence electrons originally in the ground state of CsI(Tl) crys-
tal transition to the energy levels corresponding to the absorbed
energy values after receiving energy. Through lattice relax-
ation, they reach the conduction band contributed by T1™ ions.
All valence electrons that transition to the energy levels of
these T1" ions deexcite back to the ground state through the
same process releasing visible light photons.
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In conclusion, CsI(Tl) only passes through one optical path
during the entire fluorescence process. The electrons in the
valence band are excited and transition to higher energy states
and relax to the energy bands mainly contributed by T1T ions
which are doped only by substitution. The emission process is
mainly completed by this part of the electrons.
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