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Promising luminescent CsCdX3 (X = Cl, Br) single crystals, both nominally-pure and doped with bismuth,
have been studied comprehensively by X-ray diffraction, X-ray synchrotron radiation, and X-ray ab-
sorption spectroscopy. Crystal structure refinement shows vacancies in the Cs crystallographic site and
partial substitution of Cd** ions by Bi>* ones in both CsCdCl; and CsCdBrs (point defects BiZq), which is
consistent with the results of X-ray absorption spectroscopy. The assumed presence of Bi!" ions in the
Cs!* sites of doped CsCdX3 (X = Cl, Br) crystals is not confirmed. In the photoluminescence spectra of Bi-
doped CsCdCl; and CsCdBrs crystals, a single band in the near-IR spectral range with a maximum around
1000 nm is caused by point defects Bi¢q. Photoluminescence spectra and decay kinetics of Bi-doped
CsCdX3 (X=(l, Br) indicate their promising use as luminescent materials.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Luminescent materials with high photoluminescence (PL) effi-
ciency in the near-IR spectral range (900—1600 nm) are useful in a
variety of applications, in particular, in photonics, medicine, and
metrology. These include halides doped with the Bi'* jons, which
are promising materials for new tunable lasers and optical ampli-
fiers [1—3]. In addition, halide crystals are transparent in a wide
spectral range and possess high resistance to optical damage.

Although some spectral characteristics of bismuth centers in
several crystalline compounds are known [4,5] and optical prop-
erties of Bi-doped halides are partially studied [6—8], a location of
the Bi'* cation in these crystal matrices has not yet been precisely
defined as well as its formal charge has not been confirmed
(Table 1). Only Vtyurina et al. [8], according to X-ray diffraction and
X-ray absorption spectroscopy, revealed a presence of Bi'* ions,
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which can occupy interstitial (Bif) and Tl (Bif]) sites and only
interstitial (Bif) sites in the structures of Bi-doped TICdCls and
TICdI3 crystals, respectively. In addition, a correlation between
optical centers and point defects in the structures of the above-
mentioned crystals was determined [8], which makes it possible
to perform a controlled synthesis of both these and new optically
active media.

With regards to the CsCdXs (X=Cl, Br) crystals, it was only
suggested that the Bi'* jons can isomorphically substitute the Cs!*
ions in the CsCdCls crystal matrix due to their similar ionic radii [9].
Wolfert and Blasse suggested that the Bi** ions are incorporated
into the CsCdBr3 and CsMgCls lattices [10]. However, any experi-
mental evidence of both structural location and formal charge of Bi
cations in the CsCdX3 (X =Cl, Br) structures is absent in the litera-
ture. The present study was undertaken to clarify this point.

2. Material and methods

To obtain Bi-doped CsCdCl; (CsCdCls:Bi) and CsCdBrs
(CsCdBrs3:Bi) single crystals, double chlorides and bromides taken
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Table 1
Luminescent parameters and optical centers in several complex halides.

Crystal PL band maximum, nm Characteristic PL decay time, ps Optical centers
KMgCls:Bi [1] 950 400 (Big)*®
KAICl4:Bi [1] 980 525
RbPb,Cls:Bi [4] 1080 140 (Bigp)*®
TICdCl5:Bi'* [8] 1025 150 and 170 (Biqy)*"

1253 Bif®
TICdI5:Bi'* [8] 1175 30 and 35 Bit®
CsCdCls:Bi** (present work) 980 540 Bigq”
CsCdBr3:Bi** (present work) 1056 260 Bigg”

a
b

it was assumed based on the close ionic radii.
it was found by X-ray diffraction and/or EXAFS/XANES measurements.

in a molar ratio of CdCl,: CsCl : BiCl3 =59.8 : 39.8 : 0.4 and CdBr5:
CsBr : BiBr3 =54.5 : 44.5 : 1, respectively, were used. A metallic
bismuth was added in a molar ratio of Biye/BiCl3 = 0.03 and Bipze/
BiBr3 = 1, assuming a formation of Bi!* ions. Due to the hygroscopic
nature of reagents, all the procedures such as weighing and mixing
of components and their placing into a quartz ampoule were car-
ried out in an argon-filled Labconco glove box. The filled ampoule
was removed from the box, pumped out to the forevacuum, blown
with helium, re-pumped out and then sealed off at the preformed
waist.

The nominally-pure CsCdBr3 and Bi-doped CsCdBr3 and CsCdCl3
single crystals were grown by the Bridgman-Stockbarger technique
at an ampule lowering rate of 2 mm h~L. The temperatures in the
upper and lower zones of the furnace were, respectively, 580 and
530°C for the CsCdCl3:Bi and 450 and 380 °C for the CsCdBrs:Bi.
After completion of the growth process, the crystals were cooled to
room temperature at a rate of 0.33 °C min~".

The as-grown CsCdCls:Bi crystal had a pale green-blue color
(Fig. 1a) and consisted of many single crystals a few millimeters in
size. Polycrystalline boule could be formed due to the non-
stoichiometric composition of the melt or due to the presence of
BiCl3 in the initial batch. The largest individual single crystals taken
from the lower part of the boule were selected for the investigation;
optically-transparent samples with surfaces parallel to the main
optical axis of the crystal (the 6-fold axis) were fabricated. Ac-
cording to the energy-dispersive X-ray microanalysis (FEI Quanta
200 3D), the Cd, Cs, and Cl content in the CsCdCls:Bi crystal is 20.67,
20.20, 59.95 at.%, respectively. According to the inductively coupled
plasma mass spectrometry (ICP-MS) data (Thermo Scientific iCAP Q
ICP-MS), the content of bismuth in the CsCdCls:Bi is 0.4 at.%.

The as-grown CsCdBr3:Bi crystal had a yellow-green color
(Fig. 1b) and consisted of a polycrystalline mass at the top and a
significant single-crystal part at the conical base. Single-crystal
samples were separated from the boule and then polished. The
largest individual single crystals were selected for the investigation.
According to the energy-dispersive X-ray microanalysis (FEI Quanta

‘--T -
2 1mm

Fig. 1. Photos of Bi-doped CsCdCls (a) and CsCdBr3 (b) single crystals.

200 3D), the Cd, Cs, and Br content in the CsCdBr3:Bi and CsCdBr3
crystals is 19.92, 16.85, 63.23 and 20.35, 20.91, 58.74, respectively.
According to the ICP-MS data (Thermo Scientific iCAP Q ICP-MS),
the content of bismuth in the CsCdBr3:Bi is 0.8 at.%.

The X-ray diffraction (D) analysis of the CsCdBr3, CsCdBr3:Bi, and
CsCdCls:Bi microcrystals ~0.1 x 0.1 x 0.1 mm> in size was per-
formed with an Enraf-Nonius CAD-4 single-crystal diffractometer
at room temperature (AgK,, graphite monochromator, w - scan
mode). To reduce an error associated with absorption, the X-ray
diffraction data were collected over the entire Ewald sphere. The
preliminary data processing was carried out using the WinGX pack
[11].

The CsCdBrs, CsCdBrs3:Bi, and CsCdCls:Bi crystals were studied
using X-ray synchrotron radiation (S) on a Swiss-Norwegian
Beamlines (SNBL) at the European Synchrotron Radiation Facility,
Grenoble, France at room temperature (A =0.69990 A). The single-
crystal data were preprocessed with the SNBL Tool Box [12], the
integral intensities were extracted from frames with the CrysA-
lisPro software [13].

Crystal structures were refined with the SHELXL-14 [14]. The
atomic coordinates, atom displacement parameters of all atoms,
and occupancies of cation and oxygen sites were refined using the
SHELXL-14 software package [14], taking into account atomic
scattering curves for neutral atoms, with a semi-empirical
(azimuthal scan) correction of absorption [15].

The structural parameters were refined in several steps. Initially,
the positional and displacement parameters were simultaneously
refined in isotropic and anisotropic approximations. Then the
refinement of displacement parameters together with occupancy of
Cs site was performed with fixed occupancies of Cd and Cl/Br sites.
Then the refinement of occupancy of Cd site was carried out with
fixed occupancy of Cl/Br site, and, finally, occupancy of Cl/Br site
was refined with fixed occupancy of Cd site. Due to the well-known
correlation between displacement parameters and site occupancies
we used the strategy of crystal structure refinement developed by
us for both present objects and other complex oxides and described
in detail [8,16]. After each refinement step, the residual electron
density, displacement parameters, and interatomic distances were
analyzed. The real compositions taking into account the electro-
neutrality, the correct values of the displacement parameters, the
lowest values of the R factors, and the absence of residual electron-
density peaks serve as criteria for the accuracy of the structure
refinement and the correctness of the determination of
compositions.

X-ray absorption spectroscopy (EXAFS/XANES) measurements
(~100 mg) were performed at room temperature at the Structural
Materials Science end-station at the Kurchatov synchrotron radia-
tion source [17]. Samples (~100 mg) were ground to a powder and
evenly applied on the adhesive tape, having small X-ray absorption
coefficient. The energy scans were performed using Si(220)-crystal
monochromator with the energy resolution AE/E~2-10"%. The
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XAFS spectra were collected at the Cs and Cd K edges in a trans-
mission mode, placing the sample between two ionization cham-
bers connected to picoammeter (Keithley), which also serves as a
voltage source. The intensity of the monochromatic beam, incident
on the sample and passing through it, was measured in air ioni-
zation chamber and chamber filled with pure Ar up to atmospheric
pressure, respectively.

A standard processing of experimental spectra was performed
using IFEFFIT program package [18]. A character of the atom's im-
mediate environment was revealed by analyzing a radial distribu-
tion function ¢(r) obtained by Fourier transform of k- (k) function
during the experiment, where the multiplication by k> was used to
compensate attenuation of Fourier transforms with distance from
the absorption edge. Fourier transforms of EXAFS oscillations were
extracted in the range of photoelectron wave number (k) from 2 to
12.0 A~ at the both edges and modeled in the range of interatomic
distance (dgxars, A) from 1.0 to 3.5 A at the Cs edge, and from 1.0 to
3.2 A at the Cd edge.

Photoluminescence (PL) spectra for the Bi-doped CsCdBrs
sample were studied on an SDH-IV spectrometer (Solar Laser Sys-
tems, Belarus) in the range of 880—1700 nm at T= 77 and 300 K. An
Osram HBO 150W xenon lamp combined with LOMO MDR-12
monochromator was used as a variable wavelength light source.
PL spectra for the Bi-doped CsCdCls crystal are published in
Ref. [19].

Photoluminescence decay kinetics for Bi-doped CsCdClz and
CsCdBr3 samples was studied with an Edinburgh Instruments
FLS920 spectrofluorimeter equipped with a 450 W xenon lamp.

3. Results and discussion
3.1. Crystal structure studies

The CsCdBr3 (CCB) and CsCdCl; (CCC) compounds belong to the
perovskite family (space group Pm3m, Z=1; ag ~ 2(réy + Rx) A or
ap ~ \/2(r>c(§I + Rx) A, where ¥, il and Ry are ionic radii for the
cd?*, Cs!*, and X=Br, Cl [20] depending on the coordination
number (CN)) and crystallize in the space group P63/mmc with the
unit cell parameters a = 7.675(3) A (a ~ ap\/2), ¢ = 6.722(3) A (co ~ 2/
3apy/3) and a = 7.418(4) A (a ~ apy/2), c =18.39(3) A (co ~ 2ap+/3),
respectively [21,22]. In the CsCdBr3 (Fig. 2) and CsCdCls (Fig. 3)
crystal structures, Cd atoms are located in octahedra (CNCd =6)
and Cs atoms occupy hexagonal cuboctahedra (CNCs = 12).

An initial CaTiOs; perovskite structure can be described as a
cubic packing (c-packing) of trigonal CaOs layers with the Ti** ions

in octahedral voids. The CsCdBrs (CsNiCls-type structure) and
CsCdCl3 (CsMgFs-type structure) crystal structures can be
described, respectively, as a two-layer hexagonal packing (h-pack-
ing) of the CsBrs trigonal layers (Fig. 2b) and a mixed six-layer
hexagonal packing (hcc-package) of the CsCls trigonal layers
(Fig. 3b), in which octahedral voids are occupied by the Cd*>* ions
[23].

The radii of the Cs'* and Bi'* as well as Cd** and Bi>" ions are
similar, hence, a substitution of the Cs!* ions (i£) = 1.88 A) by the
Bi'* ones (r§'=1903A) (A,=0.023A) or the cd*'* ions
(rdl = 0.95 A) by the Bi>* ones (] = 1.03 A) (A, = 0.08 A) is possible.
According to the isomorphism theory [24], in addition to the atomic
sizes, electronegativity values () of the components should also be
taken into account. Hence, the Bi>* ions are most likely to substi-
tute for the Cd** ones (ycs1+ =0.7 a.u. and ypi1; =14 a.u, Ay =0.7
a.u.; Ycd2+ = 1.5 a.u. and g3 =18 a.u, Ay =0.3 a.u.).

A refinement of the CsCdBr3 crystal structure based on the X-ray
diffraction (D) and synchrotron (S) data (Tables 2 and 3) resulted in
the compositions CsCdBr; g76(42) (almost stoichiometric composi-
tion taking into account the standard deviation) and CsCdBr3
(stoichiometric composition) (Table 4), respectively. A crystal
structure of CsCdBr3 consists of linear chains formed by the CdBrg
octahedra with six equal Cd—6Br interatomic distances, elongated
along the c¢ axis and interconnected by the Cs'* ions (Fig. 2c,
Table 3). The distance between two Cd?* ions in the chain (3.360(1)
A (D) and 3.3822(1) A (S)) is less than half of that between the
chains (~7.6 A), i.e. the structure is quasi-one-dimensional. In a
hexagonal cuboctahedron, there are two types of distances
CNCs = 6Br + 6Br (Table 3, Fig. 2a).

A refinement of site occupancy in the CsCdBrs:Bi(D) structure
revealed a decrease and an increase in the occupancy of Cs and Cd
sites, which indicates a deficiency of the Cs site (V¢s'; V - vacancies)
and a presence of the Bi>* ions in the Cd site (Bicge), since a site oc-
cupancy is proportional to atomic number of the element (N(Cs) = 55,
N(Cd) =43, N(Bi) = 83). Hence, a composition of the CsCdBr3:Bi(D)
micropart can be written as (CSQ_990(1)\:l0'010)(Cd0.991(2)Bi3+0_009)
Brag7o30) (- vacancies) (0 — V¢’ + Bigg, Equation (1)). A
similar refined composition was obtained for the micropart taken
from another region of the as-grown CsCdBrs:Bi crystal:
(Cs0.976(10)[0.024)(Cdo.967(47)B> Y0033)Brs  (Eq. (1) is applied)
(CsCdBr3:Bi(S)) (Table 4). If the standard deviation of the Br site
occupancy value in the refined composition of the CsCdBrs;:Bi(D)
sample is not taken into account, the vacancies in the Br site (Vg;) can
be added: (Cso990(1)J0.010)(Cdo991(2)Bi**0.009)(Br297030)J0.030)
(0 - 2V¢4 + Bigg + VB, Equation (2)).

N s

Fig. 2. Crystal structure of the CsCdBr; with polyhedra for the Cs (a) and Cd (b,c) atoms.
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Fig. 3. Crystal structure of the CsCdCl; with polyhedra for the Cs (a) and Cd (b,c) atoms.

It should be noted that in the structures of CsCdBrs crystals
doped with the Pr3* [25] (i =0.99 A), Ho>* [26] (1, = 0.90 A),
Tm>* (¥, =0.88 A) [27], and Yb** (¥}, = 0.87 A) [28] ions, a sub-
stitution of the Cd** (r}=0.95A) cations located in quasi-one-
dimensional linear chains for rare-earth ions (Ln>*) was estab-
lished by electron paramagnetic resonance and selective excitation
and fluorescence spectroscopy studies. In this case, dimers (Ln>* —
Vcg! — Ln?*) are formed in the chain, the total electric charge of
which is equal to that of three substituted Cd?* ions. This type of
substitution preserves an electroneutrality of crystal without any
participation of additional charge compensators. A formation of
asymmetric dimers, in which two Ln®>" jons substitute for the
neighboring Cd?* ions and the Cd?>* vacancy (V¢¢”') is located close
to one of the Ln>* ions, is also possible [26]. A comparison of en-
ergies of lower excited electronic levels measured for the isolated
ion and symmetric dimer with the data obtained for a similar
sample using laser selective excitation spectroscopy allowed to
uniquely identify optical spectra and conclude that the center
responsible for an up-conversion luminescence in the
CsCdBr3:Tm>* crystals is the symmetric dimer Tm>* — V¢! — Tm>*
(0 = V¢d'’ + 2Tmeg; Equation (3)) [27]. It follows that the structural
behavior of Ln®>* and Bi>* ions in the CsCdBrs crystal matrix is
similar.

Fig. 4 shows the unit cell parameters of un-doped and Bi-doped
CsCdXs crystals depending on the type of X anion (X =Cl, Br). It can
be seen that the a and c unit cell parameters are varied antibatically
with increasing (decreasing) radius of the X anion. The unit cell
parameters of CsCdBr3 (D and S) crystals are larger than those of
CsCdBrs:Bi (D and S) ones (Fig. 4), the Cs—Br interatomic distances
in the CsCdBrz (D) structure being larger than those in the
CsCdBr3:Bi (D) one (Table 3). This behavior of the structural pa-
rameters supports Eq. (2), i.e. there are vacancies in the Br site (Vg;),
which in most cases reduces the unit cell parameters.

The crystal structure of CsCdCls differs from that of CsCdBrs3: the
atomic sites are doubled in the CsCdCl; unit cell compared to the
CsCdBrs one (Fig. 3). A refinement of site occupancy in the
CsCdCls:Bi(D) structure showed only vacancies in the Cs1 site and a
partial substitution of the Cd?* ions by the Bi** ones in both Cd
crystallographic sites: (CS]0.989(1)D0,011)CSZ(Cd]0.995(2)Bi3+0'005)

(Cd20.9962)Bi*10.004)Cls = (Cs0.995(2)10.005)(Cdo.996(2)Bi> " 0.004)Cl3
(Eq. (1) is applied) (Tables 3 and 4).

In the structure of CsCdCls:Bi(S) crystal determined at 200K,
the occupancies of Cs1 and Cs2 sites decrease and those of Cd1 and
Cd2 sites increase, and the Cl sites are defect-free (Table 3).
The refined composition of the CsCdCls:Bi(S) sample can be written
as (Cs10.9948(2)[0.0052)(C520.9985(2) T 0.0015 )X Cd10.9873(7)BE> " 0.0127)
(Cd20.9972(43)Bi> " 0,0028)Cl6 = (C50.9966(2)10.0034)(Cdo.9923(25)Bi> Y 0.0077)
Clz (Eq. (1) is applied) (Tables 3 and 4). It does not contradict the
refined composition of the CsCdCl3:Bi(D) sample. A clear correlation
between the Bi>* content in the CsCdX3:Bi and a type of the X ion is
observed: for the X = Br (Rg; > Rc1), the concentration of Bi>* ions in
the crystal structure is higher (Table 4), which is confirmed by the
ICP-MS data. This is consistent with the theory of isomorphic mixing
of components [24], in particular, with the rule of assistance: an in-
crease in the size of structural unit (in our case, the X size) expands
the mixing ability (in our case, the Bi¢q content is greater in the
CsCdBr3:Bi; Rg; > Rci). Moreover, a small degree of isomorphic sub-
stitution of Cd>* ions by the Bi>* ones (Bi2q) is due to another rule of
isomorphism, namely, the rule of polarity: cations with larger radii
(in our case, the Bi** cations) are more difficult to enter into the
crystal lattice composed of cations having lower radii (in our case, the
Cd** cations; rg;j > req) and vice versa.

Therefore, a presence of Bi'* ions in the crystals under investi-
gation was not found by X-ray diffraction analysis.

3.2. X-ray absorption spectroscopy studies

The XANES spectra measured at the Cd K-edge for the CsCdBr3
and CsCdBr3:Bi samples are identical (Fig. 5a). The XANES spectrum
for the CsCdCls:Bi has a similar structure near the absorption edge,
while more distant oscillations differ due to a different local atomic
structures of chloride and bromide.

The EXAFS technique is element-specific; however, it is not able
to distinguish atoms of one element having different coordination.
Atoms of one element being located in different phases or in
different crystallographic sites in one phase, the EXAFS data rep-
resents an average picture for all types of coordination environ-
ment. The EXAFS fitting for these atoms requires normalization of



Table 2
Crystallographic data, experimental details and structure refinement statistics for undoped and Bi-doped CsCdXs5 (X =Cl, Br) crystals according to the X-ray diffraction (D) and X-ray synchrotron radiation (S) data.
Nominal composition CsCdBr3 CsCdBr3:Bi CsCdCls:Bi
Technique D S D S D S
Sample abbreviation CCB(D) CCB(S) CCB:Bi(D) CCB:Bi(S) CCC:Bi(D) CCC:Bi(S)
System, Space group Hexagonal, P6s/mmc
V4 2 6
a, A 7.762(4) 7.7167(2) 7.669(3) 7.7119(3) 7.397(1) 7.3608(2)
c, A 6.719(3) 6.7644(3) 6.715(2) 6.7605(2) 18.406(7) 18.3243(5)
v, A3 350.57 348.84 341.98 348.20 872.08 859.82
Dy, g cm™ 4.595 4618 5.725 4.740 4416 4.151
Radiation %, A Enraf-Nonius CAD-4, Synchrotron, 0.69990 Enraf-Nonius CAD-4, Synchrotron, 0.69990 Enraf-Nonius Synchrotron, 0.69990
AgKa, 0.55941 AgKua, 0.55941 CAD-4,
AgKa,
0.55941
Absorption j1, mm~! 13.42 25.32 20.78 63.31 8.60 16.39
T, K 295 200
Sample size, mm ~0.1 x 0.1 x0.1 >0.1 x 0.1 x 0.1 ~0.1 x 0.1 x0.1 >0.1 x 0.1 x 0.1 ~0.1 x 0.1 x 0.1 >0.1x 0.1 x0.1
Type of scan Q
20max, deg 49.46 49.79 49.80 50.44 43.81 50.82
Limits h, k, [ —-11<h<11, -7<h<7, -11<h<11, -8<h<s, -9<h<9, -8<h<s,
—-11<k<11, —-9<k<9, —-11<k<11, -6<k<6, -9<k<9, -6<k<6,
-10<1<10 -7<1<7 -10<1<10 -7<1<7 —24<1<24 -21<1<21
No. of reflections: 4941/266 1100/141 4907/265 1353/141 8652/461 3243/347
measured/unique (I >2a(I))
No. of parameters in refinement 10 9 10 9 26 24

Weighting scheme

Ry (I> 20(I)) WR;
S

1/[6%(F3) + (0.0570P)?
+7.30P]

0.0687
0.1625
1.115

1/[6XF3) + (0.1184P) + 6.17P]

0.0589
0.1799
1.215

1/[6X(F3) + (0.0379P)? + 16.01P]

P=(F}+2P)3

0.0391
0.1073
1.164

1/[cXF3) + (0.1409P) + 4.11P)

0.0690
0.0705
1311

1/[cX(F3) + (0.0165P) + 4.72P)

0.0287
0.0608
1.373

1/[c*(F3) + (0.1446P)?]

0.0680
0.2083
1.081

916
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Table 3
Coordinates of atoms and their equivalent thermal parameters Beq x 10% (A2), site occupancies p (SOF) and main interatomic distances d (A) in the structures of undoped and Bi-
doped CsCdX3 (X =Cl, Br) crystals according to the X-ray diffraction (D) and X-ray synchrotron radiation (S) data.

Nominal composition CsCdBr3 CsCdBr3:Bi CsCdCl3:Bi
Technique D S D S D S
Sample abbreviation CCB(D) CCB(S) CCB:Bi(D) CCB:BI(S) CCC:Bi(D) CCC:Bi(S)
Cs/Cs1
X 2/3 2/3 2/3 2/3 0 0
y 1/3 1/3 1/3 1/3 0 0
z 1/4 1/4 1/4 1/4 1/4 1/4
p 0.16667 0.16667 0.1650(2) 0.1627(2) 0.1648(2) 0.16575(3)
Beq 4.63(8) 4.2(1) 4.608(2) 3.3(2) 2.82(4) 5.4(1)
Cs2
X 1/3 1/3
y 2/3 2/3
z 0.08888(4) 0.08826(5)
p 0.16667 0.16642(3)
Beq 2.88(4) 5.5(1)
Bi/Bi1l
X 0 0 0 0
y 0 0 0 0
z 0 0 0.089(4) 0
p 0.0015(3) 0.006(8) 0.0008(3) 0.00212(12)
Beq 3.005(1) 24(2) 2.82(4) 4.8(1)
Bi2
X 1/3 1/3
y 2/3 2/3
z 0.08888(4) 0.83989(5)
p 0.00067(28) 0.00047(12)
Beq 2.88(4) 4.8(1)
Cd/cd1
X 0 0 0 0 0 0
y 0 0 0 0 0 0
z 0 0 0 0 0 0
p 0.16667 0.16667 0.1652(3) 0.161(8) 0.1658(3) 0.16455(12)
Beq 3.03(6) 3.2(1) 3.005(1) 24(2) 1.48(3) 4.8(1)
Cd2
X 1/3 1/3
y 2/3 2/3
z 0.84039(3) 0.83989(5)
p 0.1660(3) 0.16620(12)
Beq 1.38(3) 4.8(1)
Br/Cl1
X 1/6 1/6 1/6 1/6 0.1658(1) 0.16578(7)
y 1/3 1/3 1/3 1/3 0.8342(1) 0.83422(7)
z 1/4 1/4 1/4 1/4 0.91851(8) 0.9184(1)
p 0.496(7) 0.5000 0.495(5) 0.5000 0.5000 0.5000
Beq 3.31(8) 4.4(1) 3.348(1) 2.6(2) 2.99(4) 5.7(1)
Cl2
X 0.4932(2) 0.4938(2)
y 0.5068(2) 0.5062(1)
z 3/4 3/4
D 0.2500 0.2500
Beq 1.93(5) 5.1(1)
Cs — 6 x Br 3.881(2) 3.8583(1) 3.834(2) 3.8559(1)

4.038(1) 4.0499(1) 4.022(1) 4.0475(1)
— 6 xBr
[Cs—Br]avr 3.9595 3.9541 3.928 3.9517
Cs1 —6xCI2 3.6994(5) 3.6813(1)
6xdl 3.759(2) 3.740(2)
[Cs1—Cl]avr 3.7292 3.71065
Cs2 —6xCl1 3.7009(5) 3.6824(1)
3. c2 3.705(2) 3.694(1)
a.an 3.800(2) 3.775(2)
[Cs2—Cl]avr 3.7267 3.70845
Cd — 6 x Br 2.8004(9) 2.7968(1) 2.7782(8) 2.7951(1)
Cd1 — 6 x (Il 2.600(2) 2.589(1)
Cd2 —3 x (1 2.584(2) 2.576(1)
3.2 2.639(2) 2.626(2)
[Cd2—Cl]avr 2.6115 2.601
Cd—Cd 3.360(1) 3.3822(1) 3.358(1) 3.3802(1)

cd2 — cd2 3.327(2) 3.295(2)
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Table 4
Refined compositions of CsCdBr3; (CCB), CsCdBr3:Bi (CCB:Bi), and CsCdCls:Bi (CCC:Bi) crystals according to the X-ray diffraction (D) and X-ray synchrotron radiation (S) data (O
- vacancies).

Sample D Sample S

CCB(D) CstBr2,975(42) CCB(S) CsCdBr3

CCB:Bi(D) (Cs0.990(1)0.010)(Cdo.991(2)Bi* *0.009) CCB:Bi(S) (Cs0.976(10)00.024)(Cdo.967(47)B1> T0.033)
(Bra.97030)0.030) Brs

CCC:Bi(D) (Cslo.989(1)0.011)(Cs2) CCC:Bi(S) (Cs10.9948(2)00.0052)(CS20.9985(2)J0.0015)
(Cd10.995(2)Bi**0.005) (Cd10.9873¢7)Bi**0.0127)
(€d20.996(2)Bi* " 0.004)Cls = (Cd20.9972(43)Bi* 0.0028)Cle=
(C50.995(2) 0.005 ) Cdo.996(2)Bi> "0.004)Cl3 (Cs0.9966(2)  0.0034)(Cdo.9923(25)Bi* *0.0077)Cl3

a, A |—m—CsCdX,
78627 | A CsCdXyBi
] ® CsCdX;literature data
7.861 B CsCdXj,Bi literature data ®

7.860
7.760 3 o

7.740 4
7.720 4
7.700
7.680 4 @
7.660 5
74507
7.440
7.430 -
7.420
7.410 3
7.400 -
7.390 - = . :
Cl Br

AN\

18.420 - —m— CsCdXj;
1 A CsCdX;Bi
18.410 ® CsCdX;literature data
] B CsCdXj;Bi literature data

18.400

18.390

6.730 3

6.720

6.710

b

Fig. 4. The a (a) and c (b) unit cell parameters of the un-doped and Bi-doped CsCdX5 crystals (X =Cl, Br) according to our and literary [20,21] data.
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Fig. 5. The XANES spectra (a) and EXAFS Fourier transform curves (b) measured at the Cd K-edge for the CsCdBrs, CsCdBr3:Bi, and CsCdCls:Bi samples.

corresponding coordination numbers by relative number of atoms
in each type of coordination.

In the CsCdCl; structure, Cd atoms are located in two
nonequivalent, Cd1 and Cd2, sites coordinated by six Cl atoms with
equal Cd1—6Cl1 and two different Cd2—(3Cl1 + 3CI2) interatomic
distances, respectively (Fig. 3, Table 3). To model the environment
of each Cd atom in the CsCdCls:Bi structure, a model with three,
Cd1-ClI1, Cd2—ClI1, and Cd2—ClI2, scattering paths was used
(Table 5).

The EXAFS fitting procedure at the Cd K-edge for the CsCdCl3:Bi
sample (Fig. 5b, Table 5) results in the significantly increased
Cd2—CI2 interatomic distance (dgxars = 2.72 A) compared with the
structural data for the CsCdCls [21]. This means that there is an
additional electron density at a distance of ~2.7—2.8 A from the Cd
atom. It cannot be caused by a presence of Bi atoms at an above-
mentioned distance from Cd ones, since Bi and Cd are not directly
coordinated by each other, i.e. they are always separated by the
vertex of polyhedra containing Cl atoms. At the same time, the
relatively small values of the Debye factors () obtained for Cl
atoms (Table 5) indicate that the increased interatomic distance
cannot be explained by a structural disorder or a presence of
additional physically-nonequivalent Cd—Cl distance. Within the
framework of this model, the Cd2—CI2 distance has changed.
However, if a presence of Bi atoms at the Cd site or near it is
assumed, the CI1 atom, which enters the polyhedra of both Cd
atoms at the same time, is most likely to be shifted.

Thus, the EXAFS Fourier transform curves measured at the Cd K-
edge confirm a distortion of the Cd coordination polyhedron when

Table 5

Structural parameters of the Cd local environment, obtained from the modeling of
EXAFS Fourier transforms from the CsCdBrs;, CsCdBrs3:Bi, and CsCdCls:Bi samples (N,
number of atoms; dgxars, interatomic distance; 62, the Debye factor; Ry, the quadratic
discrepancy).

Sample Scattering path N dexars, A o2, A? R %
CsCdBr3 Cd—Br 6.0 2.73 0.0091 2.1
Cd—Cd 1.8 3.38 0.0078
CsCdBrs3:Bi Cd—Br 6.0 2.74 0.0094 0.8
Cd—Cd 23 3.36 0.0119
CsCdcls:Bi Ccd1—Cl1 2 2.60 0.0040 14
Cd2—CI1 2 2.56 0.0022
Cd2—CI2 2 2.72 0.0019

introducing Bi into the CsCdCls structure, it being impossible to
distinguish a presence of Bi atoms at the Cd site or near it. However,
since the interatomic distance Cd—Bi ~1.6 A is physically impossible
without a presence of vacancies in the Cd site, which were not
observed, the Bi and Cd atoms are located in different polyhedra,
having a common vertex, but with the similar environment.

The EXAFS Fourier transform curves measured at the Cd K-edge
for the CsCdBr3 and CsCdBrs:Bi samples differ slightly: the in-
tensities and positions for peaks of the first coordination sphere are
identical (Fig. 5b). However, for the second coordination sphere
with a maximum at 3.3 A occupied by the Cd atoms, a simultaneous
increase in the Debye factor and a small (within the error of +1)
increase in the coordination number is observed for the CsCdBr3:Bi
sample. It may be caused by substitution of Cd atoms for the heavier
Bi ones (Bi¢q) and the associated structural disorder.

Such conclusions do not contradict the structural data obtained.

3.3. Luminescent properties

The PL spectra for the CsCdBrs:Bi crystal were measured at room
temperature (Fig. 6a) and at T= 77 K (Fig. 6b). The PL band becomes
narrower with decreasing temperature (Fig. 6b) and its maximum
is shifted to the long-wave region of the spectrum (A ~ 1078 nm at
T=77K, A~1056 nm at T= 300 K).

The CsCdCl3:Bi exhibited PL in the near-IR spectral range having
one peak at 980 nmat T=300K and at 1032 nmat T= 77 K when
excited by light irradiation having a wavelength within the ab-
sorption bands in the visible range. Compared with the CsCdCls:Bi
[19], the PL band in the spectrum measured for the CsCdBr3:Bi is
slightly shifted to the long-wavelength region (Fig. 6).

The PL spectra measured for the TICdCl3:Bi and TICdI3:Bi single-
crystal samples excited by light having different wavelengths are
given in Ref. [8]. In addition, PL bands were correlated with point
defects revealed by X-ray diffraction and X-ray absorption spec-
troscopy. One broad PL band with a maximum at 1175 nm and two
PL bands having peaks at 1025 and 1253 nm were detected for the
TICdI5:Bi and TICdCl3:Bi samples, respectively [8]. The bands
around A ~1000 nm correspond to the emission of the Bi' cation
(Bity)*. The band around A ~1253 nm is associated with the inter-
stitial Bi* cations (Bi}), the broad intense PL band with a maximum
at A~1175nm being probably due to a high concentration of
interstitial Bi atoms (Bi{) in the TICdCl5:Bi (Table 1).
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Fig. 6. Photoluminescence spectra measured for the CsCdBr3:Bi at T=300K (excitation wavelength, 630 nm) (a) and at T= 77 K (excitation wavelength, 635 nm) (b).

The temporal decay curves corresponding to a monitoring peak
wavelength emission (around 1000 nm) for the Bi-doped CsCdCl;
and CsCdBrj3 crystals excited at a wavelength of 620 nm are given in
Fig. 7.

All decay curves measured were fitted to a single exponential
function with characteristic times of 540 ps for the CsCdCls:Bi
crystal and 260 ps for the CsCdBrs3:Bi crystal. It shows that the active
Bi cations responsible for the IR luminescence occupy only one site
(Table 1).

The PL decay from the TICdCls:Bi samples after photoexcitation
with a pulsed light source was studied in Ref. [8]. The characteristic
lifetimes were 150 ps and 170 ps. It was assumed that an appear-
ance of IR PL bands in the TICdCl3:Bi is apparently due to optical
transitions between energy levels of the Bi* cation located in a
crystalline environment (field), similar to the KMgCls:Bi crystals,
which also possess long-lived luminescence (Table 1) [1].

4. Summary

The firstly-performed study of the Bi-doped CsCdBr3 and CsCdCls
crystals by X-ray structural analysis and X-ray absorption spectroscopy
with the subsequent crystallochemical analysis of the results obtained
allows us to establish the crystal real compositions, which can be
described in general terms as (Cso_ggo(l)D0,010)(Cdo_991(Z)Bi3+o_oog)Br3
and (Cs0.995(2)[10.005)(Cdo.996(2)Bi> "0.004)Cl3, respectively, with va-
cancies in the Cs site (V') and partial substitution of Cd%* ions for
the Bi>* (Bi¢q) ones. The refined crystal compositions are confirmed
by the EXAFS/XANES results and the PL band in the near-IR

1000 4

100 4

Intensity, counts

1500 2000 2500 3000
Time, us

0 500 1000

a

spectral range with a maximum at A=1078 nm(T=77K)
and A=1056nm(T=300K) for the CsCdBr3:Bi and at
A=980nm (T=300K)and A = 1032 nm (T = 77 K) for the CsCdCl3:Bi,
which is found to be associated with the Bi¢gq point defects (Table 1).

The assumed presence of Bi'* ions in the structures of CsCdBr3
and CsCdCls crystals, similar to the TICdCl3:Bi'* and TICdI3:Bil™*
ones studied by our scientific group earlier [8], is not confirmed,
which is consistent with the theory of isomorphic mixing of com-
ponents [24]. A difference in the structural behavior of Bi ions in the
TICdIs:Bi (the Bi'* ions occupy interstitials, Bif) and TICACls:Bi (the
Bi'* ions occupy interstitial (Bif) and TI'* (Bij) sites) [8] and in the
CsCdCls:Bi and CsCdBrs:Bi (the Bi** ions substitute for the Cd**
ions, Bigq; it is found by X-ray diffraction and confirmed by EXAFS/
XANES) crystals is due to the chemical similarity of TI'*
(M'=1.70A, y11=1.5 a.u.) and Bi'*™ (15 = 1.903 A, i1, =14 a.u.)
ions, in contrast to the Cs'* and Bi'* ions. However, a large dif-
ference in the TI'* and Bi'* ionic sizes (Ar=0.203 A), despite a
small difference between the electronegativity values (Ay =0.1
a.u.), severely limits a substitution of TI'* ions for the Bi!* ones in
TICdX3:Bi structures and results in the location of a significant
number of Bi'* ions in the vicinity of the TI'* site (Bif), which is
possible only in combination with vacancies in this site (V). For
the TICdX3:Bi structures [8], the rules of assistance (the Bif content
is higher in the TICdI3:Bi compared to the TICdCls:Bi; R; > R¢j) and
polarity (the Bi'* jons do not replace the Ti!* ones in TICdX3:Bi
structures in the quantity defined by the XRD; rBi>rTl) are also
fulfilled. It should be noted that the rules of isomorphic mixing may
be useful in the analysis of systems in which a presence of Bi'* ions
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Fig. 7. Photoluminescence decay curves for the CsCdCls:Bi (a) and CsCdBrs:Bi (b) crystals excited at 620 nm.
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is assumed. The formal charge of Bi ions and their location in the
crystal lattice can be determined by structural analysis combined
with the X-ray absorption spectroscopy (EXAFS/XANES), followed
by the determination of correlation between the data obtained and
luminescent properties, as evidenced by the results of present
work.

Photoluminescent properties of known complex halides
(Table 1) indicate different PL decay times (the smallest and the
highest values were found for the TICdI3:Bi'* and CsCdCls:Bi®™,
respectively), which results in a wide range of their possible
application for both devices with a high-speed optical response and
long afterglow phosphors.
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