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Doping or alloying in perovskites and perovskite variants provides a promising way for modulating the
electronic and photoluminescence properties and the structural stability. In this work, a series of yellow-

emitting Rb,_,Cs,ZrClg:Te*" solid solution phosphors were prepared by a hydrothermal method, and
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their broad emission is assigned to the triplet *P;~!Sy self-trapped excitons (STEs). Upon increasing the
alloying ion Cs™, the yellow emission can be greatly enhanced by a stronger Jahn-Teller distortion.
Moreover, Cs,ZrClg:Te** shows a high photoluminescence quantum vyield (PLQY), and impressive

thermal and anti-water stability. This doping—alloying strategy presents a new direction towards

rsc.li/frontiers-materials

Introduction

Lead halide perovskites with general formula APbX; (where
A = CH;NH;" and CH(NH,),", and Cs'; X = Cl~, Br, and I")
have attracted great interest in many fields such as light
emitting diodes, solar cells and photoelectric detectors due to
their outstanding optoelectronic and optical properties.’™
However, the toxic nature of lead along with thermal and
moisture instability further limits commercialization.” To solve
these issues, various lead-free perovskites are being developed
now. Sn(u) and Ge(u) with low toxicity are considered as
promising candidates for Pb replacement because they have a
similar electronic configuration and the same valence.® How-
ever, the chemical instability of alternative elements and poor
optoelectronic performance give rise to limitations for their
practical application.” Meanwhile, use of the vacancy-ordered
perovskite variants (A,B(1v)Xs) with a 50% B(1v) defect molecular
salt structure featuring isolated [BX,]*~ octahedra have become
an effective way to solve the above issues due to their excellent
stability.>® Nevertheless, a large number of B(wv) vacancies in
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designing lead-free, high-performance and stable perovskite derivatives.

A,B(wv)X structures affect carrier migration and recombination,
leading to extremely low quantum efficiency.'® Hence, it is of
great practical significance to develop an effective method to
modify the optoelectronic properties of A,B(wv)Xe perovskite
variants.

Recently, doping or alloying has been demonstrated as an
effective method to modulate the structure and photolumines-
cence properties.'"'* Bi**, Sb®", transition-metal ions (Mn**
and Cu”"), and lanthanide ions (Tb** and Ce**) are usually
doped as luminescent centers in perovskites and perovskite
variants."*"> Amongst them, tetravalent tellurium (Te"") is an
important optically active luminescent ion, which has an ionic
radius and electronic configuration of 5s> similar to those of
Pb*". Indeed, several articles reported the luminescence of Te**
as a matrix or an activator in A,B(iv)X, perovskite variants, and
the yellow broad-band emission is caused by a strong Jahn-
Teller distortion of the [TeX¢]*~ octahedra.'®™°

In inorganic metal halides, A-site engineering is an impor-
tant means of changing the optical properties.”>>" Recently,
Zeng et al. reported that only a small amount of Rb* doping can
improve the luminescence intensity of Cs,ZrClg:Te*", while a
large amount of Rb" doping will reduce the luminescence
intensity. However, the explanation about the influence of
Rb" on the luminescence properties of Cs,ZrClg:Te'" is very
little and vague.> To the best of our knowledge, the introduc-
tion of alloying A-site ions into Te*'-doping A,B(1v)X, perovskite
variants, so as to tune the Jahn-Teller distortion of the [TeXq]*~
octahedra and the photoluminescence of Te*", has not been
reported to date. Herein, we fabricated a series of yellow-
emitting Rb,_,Cs,ZrClg:Te*" perovskite variants by a hydrother-
mal method. Combining the absorption spectra and Stokes
shift, the yellow emission of Te*" can be greatly enhanced by a
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stronger Jahn-Teller distortion by increasing the alloying ion
Cs*. Moreover, Cs,ZrCls:Te*" has excellent thermal and anti-
water stability, which has highly promising prospects in solid
state lighting. The design rule established here will provide an
efficient way to design luminescent materials with excellent
properties.

Experimental
Materials and preparation

Rb,_,Cs,Zry oClg:0.1Te*" perovskite variants were grown from
HCI solution by the hydrothermal method. All the chemicals
were commercially purchased and used without further purifi-
cation. Stoichiometric amounts of raw materials RbCl (99.99%,
Aladdin), CsCl (99.99%, Aladdin), ZrCl, (99.99%, Aladdin),
TeCl, (99.99%, Aladdin) and HCI solution were loaded into a
stainless steel Parr autoclave. A yellow powder was precipitated
from the solution upon heating at 453 K for 12 h. This obtained
Rb,_,Cs,Zr, oCls:0.1Te*" solid was rinsed with ethanol and
dried under reduced pressure overnight.

Characterization

The powder X-ray diffraction (XRD) patterns of Rb, ,Cs,
Zr.5Clg:0.1Te** samples were examined with a Germanic model
D2 PHASER (Bruker, Karlsruhe) using Cu-Ko radiation
(A = 0.1506 A), which was operated at 30 kv and 10 mA. The
powder diffraction pattern for Rietveld analysis was collected
with the same diffractometer, but the step size of 26 was 0.016°
and the counting time was 1 s per step. Rietveld refinement was
performed by using the TOPAS 4.2 software.>® The absorption
spectra were measured at room temperature using a Varian
Cary 5 ultraviolet-visible-near infrared spectrophotometer. The
room-temperature excitation (PLE) and room-temperature
emission (PL) spectra were recorded using an FS5 fluorescence
spectrophotometer (Edinburgh Instruments Ltd, U.K.). The
room-temperature decay curves were also recorded on the
FS5, and 365 nm pulse laser radiation was used as the excita-
tion source. Wavelength-dependent PLE spectra were recorded
using an FLS920 fluorescence spectrophotometer (Edinburgh
Instruments Ltd, U.K.). Temperature-dependent PL spectra
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were measured from 80 to 350 K using the FLS920, low tempera-
ture measurements using a liquid nitrogen cryostat on Oxford
Instruments attached to the FLS920, and high temperature mea-
surements using a connected heating equipment. The photo-
luminescence quantum yield (PLQY) was measured using the
integrated sphere on the same FLS920 instrument, and white
BaSO, powder was used as a reference to measure the absorption.
Thermogravimetric analysis (TGA) was performed on a Setaram
Labsys Evo at 10 °C min~ " in an argon flow from room tempera-
ture to 1000 °C. The Fourier transform infrared spectrum (FT-IR)
was recorded on a Thermo Scientific Nicolet iS10.

Results and discussion
Crystal structure

The expected crystal structure and doping mechanism of as-
prepared Rb,_,Cs,Zr,4Cls:0.1Te*" are presented in Fig. 1a. The
isolated [ZrCls]*~ octahedra and 12-fold coordinated Cs'/Rb*
cations are located in the cavities formed between the octahedra,
forming a 3-dimensional vacancy-ordered structure. Because Te*"
and Zr'" have similar coordination properties with Cl~, Te*"
should occupy the position of Zr**, so that the strains and lattice
defects caused by doping can be suppressed as much as
possible.'® The XRD patterns of the as-synthesized
Rb,_,Cs,Zro oClg:0.1Te** (x = 0, 0.5, 1.0, 1.5 and 2.0) samples are
exhibited in Fig. 1b, together with the standard patterns of
Rb,ZrCls (JCPDS 74-1000) and Cs,ZrClg (JCPDS 74-1011). All the
diffraction peaks are consistent with the standard cubic crystal
structure, indicating that Cs* and Te** ions could be successfully
incorporated in the host structure. Rietveld refinement was used
to further study the effect of Cs" on the crystal structure, and the
variation of cell volumes of Rb, ,Cs,Zr,oCls:0.1Te*" dependent
on x values is given in Fig. 1c. It can be obviously seen that the
cell volumes increase linearly, indicating that the bigger Cs"
substitutes for smaller Rb" in the lattice and the formation of
an iso-structural solid solution.

Optical properties

Te*" is a typical ion with the outer electronic configuration of
55> and the splitting of the energy levels can be described as

Fig. 1 (a) The crystal structure of sz,XCsXZrClé:Te‘”. (b) XRD patterns of Rb,_,Cs,Zrg 9C16:O.1Te4*, along with JCPDS 74-1000 and JCPDS 74-1011as a
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Fig.2 (a) Schematic diagram of luminescence process for Te?* in
Rb,_Cs,Zro.oCle:0.1Te**. (b) The v2 vibration mode of [TeXgl?>~ octahedra.

given in Fig. 2a, which is similar to those of Bi** and Sb*".>**®
The ground state is 'S,, whereas the excited state can be split
into four energy levels: singlet P, and triplet P, (n = 0, 1,
and 2). The °P state undergoes spin-orbit interactions and
Jahn-Teller interactions, in which the spin-orbit interactions
can split 3P into three energy levels 3Py, *P; and °P,, and the
Jahn-Teller effect can also cause the P state to split due to the
coupling between the *P state and the vibrational mode.*®
According to the transition rule, the 'S,~'P; transition is
allowed and the 'S,~’P; transition is partially allowed owing
to a spin-orbit interaction, while the 'Sy-’P, and 'S,—P,
transitions are completely forbidden at the electric dipole
transition level, which can be assisted by lattice vibration.
The photoluminescence in the visible light region is mainly
caused by the *P;-'S, transition.'® For the octahedral complex
MXg (M = s” and X = ligand), the vibrational modes are v2 and
v5. When the luminescent center relaxes to the excited state, it
shifts along the Jahn-Teller activated v2 and v5 modes. For
[TeXe]’~ octahedra, the luminescent center shifts along the
dominant v2 mode, and the [TeX¢]*~ octahedra are distorted
into a tetragonal shape, as shown in Fig. 2b.>® Hence, the
emission of Te*" is mainly caused by self-trapped excitons
(STEs), a strong Jahn-Teller distortion of the [TeXq]*~
octahedra.

Fig. 3a shows the absorption spectrum of Rb,Zrye
Clg:0.1Te*", which can be divided into two absorption regions
located at 300-360 nm and 380-470 nm. The shorter wave-
length region is attributed to the 'S,—P, transition, while the
longer wavelength region with an asymmetric doublet comes
from the 'So—°P; transition of Te*". The doublet asymmetric
phenomenon caused by the dynamic Jahn-Teller effect is
common for ions with an S> outer electron configuration like
Bi**, In", Sb*" and TI".">?*>?7?® The wavelength-dependent PLE
and PL spectra of Rb,Zr,oCls:0.1Te*" are presented in Fig. 3b
and c. Similar to the absorption spectra, the PLE spectra consist
of two parts, >360 nm assigned to the 'S,—>P; transition and
<360 nm assigned to the 'S,—>P, transition of Te**.>>*° Upon
excitation at 414 nm, Rb,Zr,,Cle:0.1Te*" exhibits a bright
yellow emission peaked at 574 nm with a Stokes shift of
160 nm and a full width at half maximum (FWHM)
of 116 nm, which is assigned to the triplet *P;~'S, transition
of Te*". Furthermore, both the wavelength-dependent PLE and
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Fig. 3 (a) The absorption spectra of Rb,ZrosClg:0.1Te**. Wavelength-
dependent (b) PLE and (c) PL spectra of RbyZrgoCle:0.1Te**. (d) Room-
temperature photoluminescence decay curve of RbZZrO_QCIG:O.lTe4+
(lex = 414 nm and ey = 574 nm).

PL spectra show nearly no change, indicating that this yellow
emission is not from surface traps or lattice defects but from
the intrinsic properties of the obtained samples. In order to
gain an insight into the luminous mechanism, the room-
temperature decay curve of Rb,ZryoCls:0.1Te* was carried
out (Fig. 3d). The decay curve can be fitted well with a
bi-exponential equation and the lifetime was calculated to be
235.62 ps. The broad yellow emission band, nearly unchanged
wavelength-dependent PLE and PL spectra, and relatively long
lifetime indicate a typical STEs emission, which is nearly
consistent with those of previous reports on Te*" doped
phosphors.

As is reported, doping or alloying has been demonstrated to
be an effective way to control the photoluminescence proper-
ties. Herein, the Cs" ion was used to improve the STE emission
of Te*" in Rb,ZrCl,:Te"". Fig. 4a shows the normalized absorp-
tion spectra of Rb, ,Cs,Zr,oCls:0.1Te*". With increasing
concentration of Cs', the energy difference between the two
components of the doublet bands ('Sp-°P; transition)
increases, which indicates the stronger dynamical Jahn-Teller
effect.”® Fig. 4b shows the room-temperature PLE and PL
spectra of Rb,_,Cs,ZryCls:0.1Te*". It can be seen that both
the PLE and PL spectra have similar spectral profiles, except for
the intensities and positions. With the introduction of Cs"
with larger radius, the Stokes shift increases gradually from
6732.99 cm ' to 6769.11 cm ', which quenches the spin-orbit
interaction, promotes the Jahn-Teller distortion and improves
the STE luminescence performance.”®***' Hence, a signifi-
cantly enhanced emission was observed in Rb, ,Cs,Zryo
Clg:0.1Te*. As the PLQY is an important parameter to be
considered for practical application, we measured it using an
FLS920 instrument and the result is given in Table 1. For better
comparison, Cs,Sn, oCle:0.1Te* was prepared using the same
experimental conditions as Rb,_,Cs,ZryoCl:0.1Te*". The

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2021 Mater. Chem. Front., 2021, 5, 4997-5003 | 4999


https://doi.org/10.1039/d1qm00302j

Published on 21 April 2021. Downloaded by State Public Scientific Technical Library, Siberian Branch of the RAS on 9/6/2021 8:45:17 AM.

Research Article

View Article Online

Materials Chemistry Frontiers

a S [Re.Cs2rnCli0.1Te" b | Ro,cszr, Cl:0.1Te* | 5 ¢ ]\ Ro,Cszr, Cl0ATe® ‘
oL, —x=0 - 3 curve time/ps
S — 1 - x=0 23562
=1 =5 2 . x=05 46725
. @ x=10 587.18
§ g, 5 . x=15 78615
2 > 2 1 1242.03
L = [
< \ ‘&% =
e} { = ©
[ONN ‘9 ﬂ 10 4
g (= = .
© . c
£ P —,
o o o i S—
z - =z
20000 25000 30000 35000 40000 300 400 500 600 700 0 2000 4000 6000 8000
E (cm™) Wavelength (nm) Time (ns)

Fig. 4 (a) Room-temperature normalized absorption spectra, (b) PLE and PL spectra, and (c) decay curves of Rbs_,Cs,Zrg oClg:0.1Te**.

Table 1 The PLQY values of Te**-doped A,BXg perovskite variants at
room temperature

Material Emission peak (nm) PLQY (%) Ref.
Rb,Zr, 9;Cls:0.03Te*" 574 31.78 This work
Rb,Zr, ¢Clg:0.1Te*" 574 20.45 This work
Cs,71¢.97,Cl:0.03Te*" 579 69.73 This work
Cs,Zr(.6Clg:0.1Te 579 41.81 This work
C5,SN,05Cls:0.05Te*" 573 42.3 16

Cs,Sng goTey.11Clg 580 95.4 17
Cs,SN.9Clg:0.1Te** 580 52.07 This work

relatively high PLQY indicates that Cs,ZrClg:Te*" has great
application potential in the field of solid-state lighting. On
the other hand, a slight red-shift of the emission spectrum is
observed, which is due to the expansion of Te-anion bonds and
strain variation of the [TeCls] octahedron.'®** The decay curves
of Rb,_,Cs,Zr,4Cls:0.1Te"" are presented in Fig. 4c. It was
observed that the lifetime values of Te*" tend to increase with
the increasing content of Cs* ions, demonstrating that radiative
transition is enhanced in Rb,_,Cs,Zr, oCls:0.1Te*".** Therefore,
Cs,ZrClg:Te*" was selected as the studied composition of the
potential yellow-emitting phosphors for solid-state lighting
field in the present series.

Temperature is a vital parameter affecting the luminescence
properties. Fig. 5a presents the temperature-dependent PL
spectra of Cs,Zr, oClg:0.1Te**. With an increase in temperature,
the shape of the PL spectra remains basically unchanged,
demonstrating no phase transition in this temperature range.
On the other hand, the PL quenching temperature of this
Cs,Z10.oClg:0.1Te*" s up to 350 K, superior to those of
other A,BXs perovskite variants such as Cs,SnClg:Bi*",
Cs,Sn;_,Te,Clg and Cs,Hf(Cl/Br)s:1%Te.'**** The tempera-
ture dependence of the phosphor can be expressed by the
Arrhenius formula:*

Iy

I(T) = m 1)

kT

where I, is the initial PL intensity, It is the PL intensity at
different temperatures, A is a constant, k is the Boltzmann
constant (8.62 x 107> eV), and E, is the activation energy for
thermal quenching. Usually, a larger activation energy E, will

o

@ Experimental data
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Fig. 5 (a) Temperature-dependent PL spectra of Cs,ZroClg:0.1Te** and
(b) plot of In(lo/I+ — 1) versus 1/KT of the Cs,Zro oClg:0.1Te** phosphor.

cause a lower probability of non-radiation, while a lower
activation energy E, will lead to severe thermal quenching
behavior.*® According to this equation, two E, values were
observed, 0.277 eV (E,;) at a high temperature and 0.049 eV
(E.1) at a low temperature, which indicate that two thermal
processes occurred in Cs,ZrooClg:0.1Te*" (Fig. 5b). E,; is a
thermal quenching phenomenon caused by nonradiative tran-
sitions at the intersection of excited and ground states. Hence,
the high-temperature process should be a thermal ionization
process and the temperature dependence of the multiple
thermal processes can be expressed using the following for-
mula:*”

Stability and application

Considering the stability of luminescent materials is another
crucial parameter for their future applications, their thermal
and anti-water stability of Cs,ZryoCl:0.1Te*” has been thor-
oughly investigated. We firstly carried out TGA analysis of the
as-prepared Cs,Zr, oClg:0.1Te*". As shown in Fig. 6a, the sample
retains a weight of 95% at 595 °C, which demonstrates good
thermal stability. Besides, the powder was put into a cuvette
with deionized water to measure the luminescence and struc-
tural stability against water. Cs,Zr,oClg:0.1Te*" exhibits strong
yellow emission under 416 nm excitation after 330 min soaking
in deionized water (Fig. 6b). XRD characterization implies no
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Fig. 6 (a) TGA data of as-synthesized Cs,ZroCle:0.1Te**. (b) PL stability
of Cs»ZroClg:0.1Te** after immersion into deionized water for different
durations. (c) XRD patterns and (d) FT-IR of the sample before and after
treatment.

detectable impurity of hydrated products such as CsCl, ZrCl,
and ZrO, (Fig. 6¢c). Moreover, the FT-IR result shows that no
other new vibration signals appeared (Fig. 6d). Hence, we
suspected that this good anti-water stability is possibly attrib-
uted to the formation of an amorphous alteration phase, which
is similar to Cs,SnClg and Cs,Sn;_,Te,Clg.*”8

The high PLQY, and good thermal and anti-water stability
endow Cs,Zr o,Clg:0.03Te*" with highly promising prospects in
solid state lighting. Hence, we constructed white light-emitting
diodes (WLEDs) by combining our Cs,Zr,¢,Cls:0.03Te** sam-
ple, the commercial blue phosphor BaMgAl,,O,,:Eu**
(BAM:Eu®") and NUV LED InGAN chips (lex = 395 nm). Fig. 7a
shows the PL spectra of the WLED devices at a current of
20 mA. The CIE color coordinate is (0.3407, 0.3561) related to a
warm white correlated color temperature (CCT) of 5182 K and a
color rendering index (CRI, R,) of 79. The above results indicate
that Cs,Zr.9,Cls:0.03Te*" could be considered as an excellent
candidate in the field of NUV WLEDs.

09
a
Ra=79 b
0.8
. Tc=5182K

BaMgAl, O, Eu”

aMOAL OB o - (0.3407, 0.3561) .
0.6
500-
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Fig.7 (a) PL spectra of WLEDs fabricated using our phosphor
Cs5Zr097Clg:0.03Te*" and commercial blue phosphor BAM:Eu?™ on
395 nm InGAN chips at 20 mA drive current. (b) CIE chromaticity diagram
of Cs,Zrg97Clg:0.03Te*t of the fabricated WLED.
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Conclusions

In summary, we synthesized a series of Rb,_,Cs,ZrClg:Te*"
lead-free perovskite variants with a yellow emission attributed
to the Jahn-Teller like STEs. By gradual substitution of Rb" with
Cs", the cubic lattice constants of the solid solutions increase
linearly and the emission enhance greatly by the stronger Jahn-
Teller distortion. Thanks to the high PLQY and excellent
thermal and water stability of Cs,ZrCls:Te*", we constructed a
warm WLED by combining this yellow phosphor with a com-
mercial blue phosphor and 395 nm LED chip. Such success in
Rb,_,Cs,ZrClg:Te*" will open up new avenues for the develop-
ment of novel lead-free perovskite variants for emerging opto-
electronic applications.
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