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Developing X-ray and y-ray detectors with stable operation at ambient temperature and high energy
resolution is an open challenge. Here, we present an approach to search for new detector materials,
combining binary photodetector compounds. More specifically, we explore quaternary TIPb,Brs_,ly
compositions, relying on materials synergy between TIBr, Tll, and Pbl, photodetectors. We discover a
broad solid solution in the TIPb,Brs—"TIPb,ls" section, which can be derived from a new quaternary com-
pound, TIPb,Brly, by partial substitution of Br by | atoms on the 4c site or by replacement of | by Br
atoms on the 16l site. We carry out a thorough crystallographic analysis of the new TIPb,Brl, compound
and prepare a high-quality standardized structure file. We also complete the phase diagram of the
TIPb,Brs—"TIPb,ls" section, based on 21 alloys. Furthermore, we synthesize a series of high quality
centimeter-sized TIPb,Brs_,l, single crystals (x = 2, 2.5, 3, 3.5, 4, 4.5) by the Bridgman—Stockbarger
method and study their structure and properties using a combination of experimental techniques (X-ray

diffraction,

rsc.li/materials-advances calculations.

“J.Dlugosz University Czestochowa, Armii Krajowej 13/15, Czestochowa, Poland.
E-mail: piasecki@ujd.edu.pl

? Imorganic Chemistry Department, Uzhhorod National University, 46 Pidhirna,
Uzhhorod, Ukraine

¢ Department of Inorganic and Physical Chemistry, Eastern European National
University, Voli Ave. 13, Lutsk, Ukraine

 Department of Inorganic Chemistry, Ivan Franko National University, Kyryla i
Mefodiya Str. 6, Lviv, Ukraine

¢ Frantsevych Institute for Problems of Materials Science, National Academy of
Sciences of Ukraine, 3 Krzhyzhanivsky St., Kyiv, Ukraine

/ Electrical Engineering Department, Czestochowa University Technology,

Armii Krajowej 17, Czestochowa, Poland

¢ Department of Experimental Physics and Information-Measuring Technology, Lesya
Ukrainka Eastern European National University, 13 Voli Avenue, Lutsk, Ukraine

" Thermoelectric Research Laboratory, Department of Inorganic Chemistry, Faculty
of Materials Science and Ceramics, AGH University of Science and Technology,
30 Mickiewicza Avenue, Krakow, Poland

! Department of Inorganic and Organic Chemistry, Lviv National University of
Veterinary Medicine and Biotechnologies, Pekarska St. 50, Lviv, Ukraine

J Yuriy Fed’kovych Chernivtsi National University, 2 Kotziubynskoho St., Chernivtsi,
Ukraine

K Institute for Electronics, Department of Information Technology and Electrical
Engineering, ETH Zurich, Gloriastrasse 35, Zurich, Switzerland.
E-mail: yaremam@ethz.ch

i Electronic supplementary information (ESI) available: Overview table of X-ray
and y-ray photodetectors, photos of single crystals, Rietveld refinement images
and tables, and survey XPS spectra. See https://doi.org/10.1039/d1ma01259b

4006 | Mater. Adv., 2022, 3, 4006-4014

X-ray photoelectron

spectroscopy, and absorption spectroscopy) and theoretical

Introduction

Room-temperature X-ray and y-ray photodetectors are advanta-
geous for a wide range of medical and industrial applications.
There is, however, a limited number of materials, which can be
utilized in such photodetectors, due to several stringent
requirements (i.e., high average atomic number, large physical
density, large electrical resistance, wide optical band gap, and
high value for a merit factor u-t, where p is carrier mobility and
7 is lifetime)." Furthermore, ease of synthesis and quality of the
obtained crystals imply additional limits. Apparently, none of
the existing detector materials meets all the requirements,
which stimulates the search for new detector materials.
Currently, the most known and commonly used materials
are CdTe and Cd,Zn, ,Te (CZT), featuring high energy resolu-
tion and stable operation at ambient temperature.> However,
despite decades of research, the spatial homogeneity of CdTe
and CZT crystals is insufficient, particularly for larger size
detector applications, while the fabrication of such large tell-
uride crystals is also expensive.> Thallium bromide (TIBr)
detector material has a number of advantages with respect to
CZT, including higher density, higher atomic numbers, and
larger energy band gap. Moreover, the relatively low melting
temperature of TIBr enables large high-quality crystals via

© 2022 The Author(s). Published by the Royal Society of Chemistry
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convenient melt methods. The disadvantages of thallium bro-
mide crystals, however, include relatively pure mechanical
stability and high sensitivity to polarization effects. These
apply to other binary halides, Pbl, and Hgl,, which are used
as detector materials. Apart from poor mechanical properties,
Pbl, and Hgl, detectors are unstable in time, and their -7 values are
lower compared to those of TIBr and CZT detectors.”™ Recently,
many ternary and quaternary materials have been studied as room-
temperature X-ray and y-ray photodetectors (Table S1, ESIt). Among
others, ternary halides and chalcohalides exhibit promising char-
acteristics (e.g., merit factors p-7. and p-ty, in CsPbBr;,” CsPbCls, "
TI,Cdlg," TleSely,'" and TISI,"? are on par with those of classical
detector materials).

In this paper, we investigate quaternary TIPb,Brs_,I, com-
positions as a promising system for X-ray and y-ray photode-
tector applications. Our approach is based to find principally
new material by studying the mutual interaction between
binary halides (in this case, TIBr, TlI, and Pbl,). It was found
beneficial to mix TIBr and TII, and TIBr,l, , crystals were more
mechanically stable compared to TIBr, which is very important to
minimize mechanical defects during device manufacturing."® Mix-
ing in the Pbl, moiety can tune the non-optimal optical band gap of
TIBr,I;_, crystals'* without deterioration of the y-t merit factor. In
line with our rationale, nuclear radiation detection was recently
reported for TIPb,Brs.'>

We therefore synthesize 21 alloys to explore the TIPb,Brs—
‘TIPb,I5’ phase diagram. We detect two solid solutions, high-
temperature phases, and new crystallographic structure for the
quaternary TIPb,BrI, compound. We investigate the structure,
and the electronic and optical properties of the new
TIPb,Brs_,I, materials using a combination of experimental
techniques (X-ray diffraction, X-ray photoelectron spectroscopy,
and absorption spectroscopy) and theoretical calculations.

Experimental section

Phase diagram of the TIPb,Brs—TIPb,I5’ section was deter-
mined by investigating the 21 alloys with preselected chemical
compositions (Fig. S1 and Table S2, ESIt). These alloys were
synthesized by melting the batches, soldered in evacuated
quartz ampoules in a shaft-type furnace. The 2 g batches were
composed of binary halides; the synthesis method and purifi-
cation techniques are same as those reported in detail
elsewhere.'®™® Briefly, the ampoules were heated to 870 K at
the rate of 30 K h™'. After 6 h of the exposure, alloys were
gradually cooled (20 K h™") to room temperature. The obtained
alloys were investigated by the X-ray diffraction (XRD) and
differential thermal analysis (DTA) methods. Powder XRD study
was performed using a Bruker D8 Advance diffractometer
(CuKa-radiation, 10° < 26 < 110° a scan step of 0.005°) and
a URD-6 diffractometer (CuKo radiation, 10° < 20 < 80° a scan
step of 0.05°). XRD patterns were analyzed using the FullProf
software package.'” The refinement of structural parameters
was performed by the Rietveld method (i.e., by comparison of
the theoretically calculated and the experimental diffraction

© 2022 The Author(s). Published by the Royal Society of Chemistry
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patterns). Differential thermal analysis curves were recorded
using Netzsch STA 409 in an inert Argon atmosphere.

High-temperature XRD was performed using a Rigaku Smar-
tLab 9 kW System, equipped with a rotating Cu anode and a 2D
solid state detector (HyPix-3000 SL). The high-temperature
stage (Anton Paar) consists of a ceramic plate, which is shielded
with an amorphous carbon dome. The high-temperature XRD
measurements were performed in a nitrogen atmosphere.
Temperature was controlled with a precision of +1 °C.

A series of single crystals were obtained for the TIPb,Br;_,I,
solid solutions with the composition in the range of
40-90 mol% ‘TIPb,I5’ with a 10 mol% step (i.e., x = 2, 2.5, 3,
3.5, 4, 4.5). The Bridgman-Stockbarger method was used for
their growth. The 15 g batches were composed of the calculated
amounts of binary halides, placed in the growth containers of
quartz glass, evacuated, and then soldered. After pre-annealing
in a shaft-type furnace, the containers were transferred to the
pre-heated two-zone growth furnaces. The temperature of the
upper zone was about 700 K, and that of the bottom zone was
520 K. After melting the alloys, the procedure required for the
formation of a seed crystal was performed. About 4-5 mm of
the melt was crystallized followed by the recrystallization
annealing for 50 h. Then 2-3 mm of the seed was melted,
and the crystal was gradually grown by slowly lowering (2 mm
per day) the ampoule into the bottom furnace. The temperature
gradient at the solid-melt interface was 12 K cm™ . After the
complete crystallization of the melt, the furnace was cooled at
the rate of 5 K h™" to room temperature. The single crystals of
the TIPb,Brs—TIPb,I5’ section obtained are shown in Fig. S2
(ESIt). The color of the TIPb,Brs_,I, crystals changes with
increasing iodine content from yellow to light-brown. The
obtained crystals were characterized by powder XRD and
X-ray photoelectron spectroscopy (XPS).

Crystals with parallel-plane high optical-quality surfaces of
0.05-0.08 mm thickness were used for optical measurements.
The surfaces were mechanically polished with diamond pastes
of various grain sizes. Absorption spectra were measured using
an MDR-208 monochromator with a silicon photosensor. The
resolution of the monochromator was 0.3 nm.

The XPS core-level and valence-band spectra of the
TIPb,Brs_,I, solid solutions were recorded using the UHV-
Analysis-System produced by SPECS Surface Nano Analysis
Company (Berlin, Germany). The UHV-Analysis-System is sup-
plied with a hemispherical PHOIBOS 150 analyzer and operates
at a base pressure less than 7 x 10~ *° mbar. The XPS spectra of
the TIPb,Brs_,I, solutions were excited by a Mg Ka X-ray source
(E = 1253.6 eV) and were acquired at a constant pass energy of
25 eV. The calibration technique of the spectrometer energy
scale was the same as that reported elsewhere.”® Since the
TIPb,Br;5_,I, solid solutions are semiconductors, we have taken
into account the surface charging effects with reference to the C
1s line (284.6 eV) of adsorbed from laboratory air adventitious
carbon as it is recommended for lead-based bromides and
iodides.>'**

The photoinduced changes in absorption were studied using
a He-Cd cw laser at 25 mW beam power as a probing light. A Si

Mater. Adv,, 2022, 3, 4006-4014 | 4007


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ma01259b

Open Access Article. Published on 23 March 2022. Downloaded on 4/12/2026 4:22:45 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

photodetector was used for the monitoring of the reflection
light at angles varying within 20-34°. The stability of this laser
was equal to about 0.1%. The beam diameter was equal to
about 2 mm. The TEM was used for laser control. As a photo-
inducing laser we have used a nanosecond Nd:YAG laser
(wavelength 1064 nm, pulse duration 8 ns), an Er:glass laser
(4 = 1540 nm, time duration 25 ns, pulse frequency repetition
10 Hz) and third harmonic generation of a CO, laser. The
corresponding polarizer allows varying continuously the power
densities up to 1 GW cm ™ using rotating polarizers.

Results and discussion
Phase diagram of the TIPb,Br;—‘TIPb,l;’ section

Ternary thallium lead bromide, TIPb,Br5, belongs to the group
of AB,X5 compounds, which crystallize in either the monoclinic
structure (NH,Pb,Cl; type, space group (SG) P2,c) or the tetra-
gonal one (NH,Pb,Br; type, SG I4/mcm). Beck et al.>* have found
that the AB,X; structure can be predicted based on the ratio of
ionic radii A/X to B/X, according to the structure field chart.
Boundary line of the fields is determined by the equation

(%)b: 1.85 (g)b—o.344 @)

where lower A/X and higher B/X values favor an occurrence of
the monoclinic structure type. For the TIPb,Br; compound, the
ratio TI'/Br~ to Pb>*/Br~ lies precisely on the boundary line
(eqn (1)). Therefore, the existence of polymorphism is not
surprising for this case. Low-temperature (LT) modification
LT-TIPb,Br; crystallizes in the monoclinic structure (SG P2,/c)
with the unit cell parameters a = 9.2957 A, b = 8.3407 A,
13.013 A, and f = 89.96°.° The structure of high-
temperature (HT) modification HT-TIPb,Brs is currently not
determined.

Phase diagram of the TIPb,Br;—‘TIPb,I5’ section is presented
in Fig. 1A. Ternary bromide TIPb,Brs; melts at 667 K, which is
close to the values reported before.>**® Partial substitution of
Br by I favors the stabilization of the HT-TIPb,Brs phase at
lower temperatures and leads to the formation of its solid
solution that exists in the wide concentration range. At the
same time, the main part of phase diagram is the homogeneity
region of the new quaternary phase, TIPb,Brs_,I,. Typical
diffraction patterns of alloys in this section are shown in
Fig. 1B. The uppermost pattern corresponds to the monoclinic
structure of LT-TIPb,Brs;. The same structure is observed for
TIPb,Br, ;51p,5 and TIPb,Br,,slpys alloys, which contain
5 mol% and 15 mol% of ‘TIPb,I;’. The change of unit cell
dimensions (Fig. 1C) shows that the o’-solid solution range of
LT-TIPb,Brs extends from 0 to ~18 mol% ‘TIPb,I5’. In agree-
ment, the diffraction patterns in the range of ~18-24 mol%
“TIPb,I5’ (i.e., TIPb,Br; oI, 1 alloy) contain a superposition of the
reflections of two phases. The patterns of alloys in the compo-
sitional range of TIPb,Br; ;51; ,5—TIPb,Br, 514 5 are single-phase
and are indexed in the tetragonal structure. A shift of the
reflections to lower angles is observed, indicating an increase
of the unit cell dimensions of the tetragonal cell (Fig. 1C), due

c =
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to the substitution of Br~ with larger I ions. The single-phase
region of y-solid solution (determined by the lattice period
variation) lies in the range of ~24-91 mol% ‘TIPb,ls’. The
diffraction pattern of 100 mol% ‘TIPb,ls’ is two-phase and
contains the reflections of TIPbl; and Pbl, compounds; the
pattern of TIPb,Bry,sl,75 is three-phase, having reflections
from y-solid solution, TIPbI;, and Pbl,.

It should be noted that compound TIPb,I; has been reported
previously, exhibiting a tetragonal structure with unit cell
parameters a = 8.902 A and ¢ = 15.132 A.*” At the same time,
other studies of the TII-PbI, phase diagram®®*° do not report
this phase, showing ‘TIPb,Is’ composition in the two-phase
region TIPbI; + Pbl,. The latter is in agreement with our
findings, and we hypothesize that the tetragonal TIPb,I5 phase
is stabilized by replacing a part of I" ions with smaller Cl™ ions,
which is supported by the existence of isostructural TIPb,Cls
compound®*®' and by the ratio of ionic radii A/X to B/X
criterion in AB,Xj5 compounds.24

The liquidus of the section (Fig. 1A) consists mainly of
primary crystallization lines of ao-solid solution range (HT-
TIPb,Br;s) and a wide extent of y-solid solution. Further increase
of iodine content leads to the formation of a maximum on the
peak of primary crystallization at 80 mol% ‘TIPb,I5’. The
mechanism of the y-solid solution formation (described in
the next section) indicates that the separation of the crystal-
lographic sites of halogens occurs at this composition. There-
fore, from crystallographic viewpoint, we can assume a
formation of the quaternary compound in this case. Its com-
position fits the formula TIPb,Brl, and melts congruently at
626 K. The section is non-quasi-binary near ‘TIPb,I5’, due to the
absence of the ternary iodide at the stable phase diagram. Since
the ‘TIPb,Is’ composition lies in the field of the primary
crystallization of TIPbI;,** the liquidus in this vicinity also
contains this field. The secondary crystallization is represented
by three-phase regions 8 and 9 (Fig. 1A), and the completion of
the crystallization in this section takes place on the horizontal
line at 600 K, which is a part of the four-phase non-variant
process in the system 2TII + PbBr, <> 2TIBr + Pbl,.

Fig. 1D summarizes the temperature-dependent powder
XRD analysis. Thermal expansion of the TIPb,Brs lattice leads
to a gradual shift of all Bragg reflections to shorter angles at
higher temperatures. Furthermore, a phase change of the
TIPb,Br; structure appears in the temperature vicinity of 290-
300 °C, which agrees well with the previously reported data.”®
This phase transition is indicated by many new XRD reflec-
tions, e.g. at 22.1°, 22.3°, 28.5°, 33.6°, 33.8°, etc.

Crystal structure of the TIPb,Br;_,I, solid solution

The crystal structure of TIPb,Brs ,I, and the mechanism of
solid solution formation were determined by X-ray structure
analysis. The isostructural RbPb,Br; compound was chosen as
a starting model for the computations (structure type
NH,Pb,Brs, space group I4/mcm, a = 8.4455 A, ¢ = 14.591 A),*°
replacing Rb atoms with TI. Experimental and calculated
diffraction patterns of TIPb,Br, 51, 5 as well as the residual line
are shown in Fig. S3 (ESIf) as an example. Table S3 (ESIY)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (A) Phase diagram of the TIPb,Brs—"TIPb,ls" section. Numbers indicate the following phase regions: (1) Liquidus (L), (2) L + o, (3) L + v, (4) L + TIPbls,

(5)a, (6) o+, (7) 7y, (B) L+ v + TIPbls, (9) L + TIPbls + Pbly, (10) o/, (11) o0 + o/, (12) o’ + 7, (13) v + TIPblz + Pbl,, and (14) TIPbls + Pbl,. (B) Diffraction patterns

of the alloys in the TIPb,Brs—

‘TIPb,ls" section, containing various concentrations of Br and I. (C) Composition-dependent lattice constants for the

TIPb,Brs—"TIPb,ls" alloys. Solid solution regions within the TIPb,Brs—"TIPb,ls" section are marked with vertical dashed lines. (D) High-temperature XRD
measurements for the TIPb,Brs powder with a temperature increment of 20 °C, presented as a contour plot. Dashed line indicates the temperature of

phase transition and arrows point to new reflections for HT-TIPb,Brs.

summarizes the refinement results of the structure parameters
for all 7 alloys, which belong to the TIPb,Br;_,I, solid solution
with a tetragonal symmetry.

The unit cell and coordination polyhedra of atoms in the
TIPb,Brs_,I, solid solution are shown for the TIPb,BrlI, struc-
ture in Fig. 2A. The coordination polyhedra for thallium atoms
are bi-capped square antiprism [TlIgBr,] with a coordination
number (CN) of 10. The coordination polyhedra of Pb atoms are
trigonal prisms with two additional atoms across the lateral
faces [PblI¢Br,], CN = 8. For halogen atoms, octahedra are
typical coordination environments (CN = 6), nearly symmetrical
for Br atoms [BrPb,Tl,], and strongly deformed for I atoms
[IPb,TL,1].

Halogen atoms occupy two crystallographic sites: 4c and 161
(Table S3, ESIT). When the iodine content is low, Br atoms
occupy the 4c site and statistically share the 16l site with I

© 2022 The Author(s). Published by the Royal Society of Chemistry

atoms. As the iodine content increases, the 16l site is first fully
replaced, while the 4c site remains filled with Br atoms. In the
TIPb,Brl, alloy (i.e., TIPb,Brs_I, with x = 4), this substitution
mechanism results in the separation of the crystallographic
sites between the halogen atoms (Table S4 and Fig. S4, ESIT).
Further increase of the iodine content leads to the substitution
of Br in the 4c site, but the structure becomes unstable after the
displacement of half of the Br atoms (ie., x > 4.5 in
TIPb,Br;_,I,).

The crystal structure of the TIPb,Brs_,I, solid solution can
be presented as the arrangement of halogen atom polyhedra,
alternating with the polyhedra of metallic components. The
peculiarity of an ordered quaternary structure, TIPb,Brl,, is that
the polyhedra of Tl atoms are surrounded by the polyhedra of
Br atoms (Fig. 2B), while the polyhedra of Pb atoms are
surrounded by the polyhedra of I atoms (Fig. 2C). The TI

Mater. Adv., 2022, 3, 4006-4014 | 4009
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Fig.2 (A) Unit cell and coordination polyhedra of atoms in the

TIPb,Brs_,l, solid solution, shown for the case of TIPb,Brl,. (B) Mutual
packing of the polyhedra of Tl and Br atoms in the TIPb,Brl, structure.
(C) Mutual packing of the polyhedra of Pb and | atoms in the TIPb,Brl,
structure.

polyhedra are connected by the vertices, forming continuous
layers. A layer of Br-centered octahedra forms in the same way
and the two layers alternate along the b-axis of the unit cell
(Fig. 2B). In contrast, polyhedra of Pb atoms are space-isolated
and each of them is surrounded by deformed octahedra of I
atoms (Fig. 2C).

The substitution of I atoms by Br in the TIPb,Is_,Br, phase
involves a small shift of atoms within the unit cell and this
leads to a decrease of the symmetry from tetragonal to mono-
clinic in the concentration range between 78 and 82 mol%
‘TIPb,15’. Fig. 3 illustrates a representative understanding of the
phase transition mechanism through local distortions, result-
ing in pronounced octahedral tilting.

4010 | Mater. Adv,, 2022, 3, 4006-4014
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X-Ray photoelectron spectroscopy studies

Survey XPS spectra of the TIPb,Brs_,I, solid solution were fully
indexed to constituent element core-levels or Auger lines
(Fig. S5, ESIt). We also observed the C 1s and O 1s levels, due
to adsorption of hydrocarbons and oxygen-containing species
from prolonged storage in air. However, the intensities of the O
1s line are relatively low (Fig. S5, ESIt), which indicates that
quaternary TIPb,Brs_,I, single crystals are little hydroscopic.
This property is highly demanded for stable operation of
TIPb,Br;_,I-based devices under ambient conditions.

Typical core-level XPS spectra for the surfaces of TIPb,Brs_,I,
single crystals are shown in Fig. 4A-C. In agreement with composi-
tion, the relative intensities of the Tl 4f and Pb 4f spin-orbit
doublets remain constant throughout the TIPb,Brs ,I, solid
solution, whereas the intensities of Br 3p and I 3d core-levels
monotonously change, in accordance. We also report no change
of the spin-orbit splitting for I 3d, Tl 4f, Pb 4f and Br 3p core-level
spectra in the TIPb,Brs_,I, solid solution.

Fig. 4D shows binding energies for I 3ds,, Br 3pz/,, Pb 4f;),
and TI 4f;,, core-level spectra as a function of bromine content
in the TIPb,Brs_,I, solid solution, including the TIPb,Brs
compound reported by us previously.'® While binding energies
of Pb 4f;,, core-level electrons remain constant, binding ener-
gies of Tl 4f;, core-level electrons increase towards high Br
content TIPb,Brs ,I, compounds. This observation is asso-
ciated with the increase of positive effective charge of Tl atoms,
changing from TIPb,Br,sl,5 to TIPb,Brs. Similarly, binding
energies of I 3ds, core-level electrons are composition-
invariant, while binding energies of Br 3p3/, core-level electrons
decrease from TIPb,Br,sI, 5 to TIPb,Brs, which indicates a
more negative charge state of Br atoms in TIPb,Brs_,I, com-
pounds with high Br content. Taken together, observed com-
position dependences of atomic binding energies suggest more
ionic nature of TIPb,Brs_,I, compounds with high Br content
and consequently, their wider band gaps.

Fig. 5A shows XPS valence-band spectra of TIPb,Brs ,I,
compounds. It is possible to distinguish three fine structures
of the valence band (denoted as A, B, and C) for all TIPb,Brs_,I,
compositions (Fig. 5A). Our previous first-principles calcula-
tions of TIPb,Brs; indicate that the Br 4p states are main
contributors to band A of the valence band, while Pb 6s and
Tl 6s states build bands B and C.'® We conclude that the
valence bands of TIPb,Brs ,I, compounds are built analo-
gously, such that band A consists of the Br 4p and I 5p states.
In agreement, we observe a decrease of the relative intensities
of band A from TIPb,Br;I, to TIPb,Br,sl, 5 (Fig. 5A), due to
smaller photoionization cross-sections for the I 5p states com-
pared to the Br 4p states.*?

Electronic structure calculations

We calculate the electronic structure of the quaternary TIPb,Brl,
compound, using the tight-binding linear muffin-tin orbital (TB-
LMTO) method in the atomic spheres approximation.'® For calcula-
tions, we use the experimental crystallographic data (Table S4, ESIt).
The total and partial densities of states (DOSs) for TIPb,Brl, are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(A—C) XPS spectra of | 3d, Br 3p, Pb 4f, and Tl 4f core-levels, measured for the TIPb,Brs_,l, solid solution. (D) Composition dependences of

Tl 4f7/, Pb 4f7/5, Br 3ps,2, and | 3ds/, binding energies in TIPb,Brs_,l, compounds.

shown in Fig. 5B. The DOS band gap in the proximity of Fermi
energy, Ep, suggests that the quaternary TIPb,Brl, compound
belongs to wide band gap semiconductors with a band gap energy
E, > 2 eV. Comparing calculated DOS with experimental XPS
valence-band spectrum (Fig. 5B) reveals a good agreement between
the two methods. In particular, the overall shape and energy

© 2022 The Author(s). Published by the Royal Society of Chemistry

positions of XPS fine structures can be clearly attributed to the
DOS regions within the valence band of the TIPb,Brl,
semiconductor.

The maximum electron localization function (ELF) for the
TIPb,Brl, compound appears around halogen atoms (Fig. 5B,
inset), while calculated electron localizations around Tl and Pb

Mater. Adv,, 2022, 3, 4006-4014 | 4011
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iso-surfaces of the electron localization function around atoms in the
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atoms are smaller. Apparent shift of the ELF from metals to
halogens can be associated with the ionic nature of bonding in
the TIPb,Brl, compound (e.g.;, complex [Brl,]’~ anions are
compensated by two Pb>" and one TI" cations).

The crystal orbital Hamilton population (COHP) indicates
that the strongest interactions exist between I and Pb atoms.
For the Pb-1 interactions (pp_; =3.076 A) the integrated COHP
(-ICOHPpy,_;) is 1.328 eV. The Pb-Br interaction is relatively
weaker (-iCOHPpy, 5, = 0.443 eV), while the Pb-Br distance is
larger (Opp_g: = 3.230 A). The distances between Tl and halogens
are notably larger than that for Pb and halogens (J11_; = 3.690 A
and g, = 3.813 10&), which cause relatively weaker interactions
of Tl with halides (-iCOHPy_; = 0.251 eV and -iCOHPyy_p, =
0.071 eV).

Optical properties
Absorption spectra of the TIPb,Brs ,I, compounds were col-
lected in the temperature range of 100-300 K (Fig. 6). All

investigated TIPb,Brs_,I, compounds are typical wide-gap
semiconductors, whose band gap energy (E,) varies with

4012 | Mater. Adv, 2022, 3, 4006-4014
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composition, narrowing with an increase of the I content in
the TIPb,Br;_,I, solid solution. For example, at room tempera-
ture, E, of TIPb,Br;l, is 2.53 eV, while E, of TIPb,Brysl, 5 is
2.39 eV (Fig. 6B). Such composition dependence of E, agrees
well with our electronic structure calculations and the color of
the synthesized TIPb,Brs_,I, single crystals (Fig. S1, ESIf).
Decreasing temperature widens the energy band gaps of
TIPb,Br;_,I, monotonously and E, of TIPb,Br;I, becomes
2.67 eV, while E, of TIPb,Br, 51, 5 becomes 2.48 eV (Fig. 6B).
The TIPb,Br;_,I, semiconductors have a large concentration
of defects, which is indicated by low-energy tails of the funda-
mental absorption edges (Fig. 6A). The tails exhibit a similar
slope for all TIPb,Br;_,I, compositions, which can be fit with
the Urbach rule for the disordered systems.>* Characteristic
energy 4 (i.e., a degree of crystal lattice disorder)*” attains large
values of 0.08-0.10 eV for the TIPb,Brs_,I, compound,
approaching the 4 values of amorphous systems. This indicates

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the prevailing role of the static disorder in the TIPb,Brs_,I,
compounds, e.g. by the fluctuation of charged defect concen-
tration to modulate the electric field randomly and thus distort
the periodicity of the electron potential.

Conclusions

In this paper, we have investigated the phase diagram of the
TIPb,Brs—TIPb,l5’ section, based on 21 alloys. We have discov-
ered a new quaternary compound with a composition of
TIPb,Brl,. This mixed halogenide is indexed in the tetragonal
structure (space group I4/mcm, structure type NH,Pb,Brs).
TIPb,Brl, melts congruently at 626 K, and has a wide homo-
geneity region in the range of 24-91 mol% ‘TIPb,ls’. The
TIPb,Brl, solid solution forms via gradual substitution of Br
by I on the 16l site, while the 4c Br site can be substituted only
partially and only after complete substitution of Br by I on the
16l site. We have also revealed the existence of high-
temperature TIPb,Brs modification, stable above a phase
change temperature of 290-300 °C.

We have grown six TIPb,Br;_ I, single crystals by the Bridgman-
Stockbarger method with composition varying from TIPb,Br,I; to
TIPb,Br, 51, 5. The structure and properties of these single crystals
are studied by X-ray photoelectron spectroscopy, X-ray diffraction,
and absorption spectroscopy. We have also performed the electronic
structure calculations for the TIPb,Brl, compound, using the tight-
binding linear muffin-tin orbital method.

Our results offer new compositions, showing potential for room-
temperature X-ray and y-ray photodetectors. Our approach involves
the development of new materials via continuous substitution of
simple compositions. This strategy can be successfully applied e.g.
for a series of quinary Cu,BaGe;_,Sn,Se, alloys (0 < x < 1) to fine-
tune the structural, optical, and electronic properties for photovol-
taic applications.
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