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Metal halides RbCdClz:Sb** and Rb,CdClg:Sb>*
with yellow and cyan emissions obtained via a
facile hydrothermal process
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It is of great interest to obtain multiple luminescent products from a single reaction, such as existing
core-shell nanomaterials and heterojunction nanomaterials, all with the aim of enriching the photo-
electric properties of the materials. Here, we report a hydrothermal approach for creating crystals of
needle-shaped RbCdCls:Sb** and bulk-shaped RbsCdCle:Sb**, two antimony doped-cadmium based
metal halides. Two crystal materials with different shapes and phases can be synthesized simultaneously
at the same stoichiometric ratio. RbCdCls:Sb>" is needle-shaped, whereas Rb,CdClg:Sb>* is bulk-
shaped. Under 320 nm excitation wavelength irradiation, blue emission (490 nm) of Rb,CdClg:Sb** and
yellow emission (560 nm) of RbCdCls:Sb>* can be attained. Interestingly at low temperatures
RbCdCl5:Sb*" shows double peaked emissions (460 and 560 nm). This study investigates Sb*"-doped
RbCdCls crystals that exhibit double luminescence as a result of intrinsic host self-trapped excitons and
extrinsic dopant-induced self-trapped excitons (STEs), which are referred to as host STEs and Sb>*
dopant STEs, respectively. The construction of multicolor light-emitting devices is made possible by
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1. Introduction

With the gradual deepening of research based on metal halides
and their applications, the requirements for the properties
of metal halides will become more precise and demanding.
Therefore, it can be expected that how to further develop the
synthetic chemistry of metal halides will remain the core of
their future research.'” However, the synthetic chemistry of
metal halides has already passed the early stage of exploration
and has gradually formed a fixed synthesis mode and system.
In order to break through the existing synthetic bottlenecks to
achieve further development, it is necessary to systematically
study the influence of various factors on the growth behaviour
of metal halides during the synthesis process, so as to make
relevant improvements. Phosphors with multiexcitonic emissions
are necessary for building illumination devices like white light-
emitting diodes (LEDs), as they improve their color rendering
index performance.*” Now, fluorescence/phosphorescence and
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exciton phase-space filling are the main methods used to produce
multiexcitonic emissions in organic fluorophores and hetero-
structured semiconductor quantum dots. However, the main
drawbacks of these types of multiexcitonic emissions are low
controllability driven by the monodirectional intersystem cross-
over and low efficiency caused by quenching due to Auger
recombination.>® Because of their high tolerance for structural
defects, which effectively prevents nonradiative energy losses,
metal halides have recently demonstrated tremendous poten-
tial in lighting applications.” Given their great designability and
tenability, metal halide variants with a vacancy-ordered struc-
tural arrangement have evolved in particular in recent years.®
These so-called metal halides, such as Cs,SnClg, Rb,CdClg, and
Cs,ZrClg, have closely packed photogenerated charge carriers
which foster charge recombination and light emission.”"* The
addition of different dopant ions, which produce additional
energy levels for sustaining excitons of adjustable energies in
the host lattice, also makes it possible to easily adjust the
emission lines of these crystals. For instance, Sb**-doped metal
halides with coordination-dependent emission have been
found to exhibit highly effective and low-toxic multicolor
photoluminescence properties.'>** Although controlling the
luminescence of metal halide crystals has been very effective,
rational regulation of many excitonic emissions in a single
reaction still has to be achieved. The dopant self-trapped
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excitons (STEs) often predominate the emission spectra regardless
of the excitation conditions, because of the strong interaction
between the host and dopant STEs in a great deal of doped metal
halide materials. In this study, two different types of metal halides
(RbCdCl;:Sb** and Rb,CdCle:Sb**) are produced in a reactor under
the same reaction conditions. RbCdCl;:Sb*" exhibits yellow emis-
sion (at about 560 nm) under 320 nm UV light irradiation, while
Rb,CdCl,:Sb*" exhibits cyanotic emission (at about 490 nm).
RbCACl;:Sb*" has another characteristic at a low temperature of
—180 °C. A pure blue emission peak of the host appears, mixing
with the yellow emission peak to form a single-phase white light
emission. Therefore, the categorisation of multi-resonance emis-
sion in Sb** doped RbCdCl,:Sb*" and Rb,CdClg:Sb** metal halides
was investigated by spectroscopic measurements. We demonstrate
that the different luminescence peaks of the RbCdCl;:Sb*" mate-
rial resulting from host and dopant STEs are independent of each
other. By precisely varying the temperature, dynamic color trans-
mission can be achieved using multi-resonance emission.

2. Experimental

2.1 Chemicals

All chemical reagents were used without further purification: CdO
(cadmium oxide, Aladdin), RbCl (rubidium chloride, Aladdin), HCI

aqueous solution, SbCl; (antimony chloride, Aladdin). All reactions
were performed under ambient conditions.

2.2 Synthesis of RbCdCl;:Sb*" and bulk-shaped Rb,CdClg:Sb**

RbCdCl;:Sb** and bulk-shaped Rb,CdCls:Sb>" were synthe-
sized by using a hydrothermal method. RbCl (3 mmol), SbCl;
(0.1-0.3 mmol) and CdO (1 mmol) were added into a 25 mL

g

0.5mm

View Article Online

Journal of Materials Chemistry C

Teflon-lined autoclave. Then, 10 mL of HCI aqueous solution
was added and heated at 150 °C for 2 h and then slowly cooled
at 2 °C h™* to room temperature. Finally, the obtained single
crystal particles were washed two times with ethanol and dried
at 80 °C for 1 h in a furnace. It is vital to note that only one
reaction can produce two crystals.

2.3 Characterization

Phase identification was confirmed by X-ray diffraction using a
D8 Focus diffractometer (Bruker) with Cu-Ko radiation (4 =
1.5405 A). Analysis of the elements was performed using an
energy-dispersive spectrometer equipped with a scanning elec-
tron microscope (S-4800; Hitachi, Japan). X-ray photoelectron
spectroscopy (XPS) spectra were recorded employing a VG
ESCALAB MK II electron spectrometer using the Mg Ko
(1200 eV) line as an excitation source. Photoluminescence (PL)
spectra and temperature-dependent (at —180 to 150 °C) PL spectra
were recorded on a photoluminescence spectrophotometer with
a 450 W xenon lamp as the excitation source equipped with
a temperature controller (an Edinburgh Instrument FLS-920).
Photoluminescence quantum yield (PLQY) values were collected
on an absolute PL quantum yield measurement system (Hama-
matsu Photonics K.K., C9920-02 Japan). The electroluminescence
(EL) performance of the fabricated WLED devices was evaluated
using a HAAS 2000 photoelectric measuring system (380-
1100 nm, EVERFINE, China).

3. Results and discussion

Given their exceptional photoluminescence performance, metal
halides are selected as host materials. To introduce dopant

© @ Rb
. O Cd
o Cl

(c) needle RbCACL:Sb™| () bulk Rb CdCl:Sb*"
-~ -~
= =
s - | .” N
N’ N’
.‘E’ ; W T T
172} 172}
S | 5 | PDF#60624
< PDF#18-1103 =
— | | I
| ]
L Ll dind |
i UL ] "‘|'|[H;mu i o I A Lk ok g I
10 20 30 40 50 60 70 20 40 80

2-Theta (degree)

60
2-Theta (degree)

Fig. 1 (a) and (b) Photographs of needle-shaped RbCdCls:Sb>* and bulk-shaped Rb4CdCle:Sb>*, respectively. (c) and (d) XRD patterns of RoCdClz:Sb>*
and Rb4CdClg:Sb**, respectively. (e) and (f) Structural and compositional characterization of the RbCdCls:Sb** and Rb,CdClg:Sb>* crystals, respectively.
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STEs by creating Sb*'-based polyhedrons, the Sb** ion with
an ns” electronic configuration was chosen. SbCl;, CdO, RbCl,
and HCI aqueous solutions were used as the starting materials
in a co-precipitation process to create RbCdCl;:Sb®* and
Rb,4CdCl:Sb>" metal halides. The reaction process cools down
very slowly. In the Experimental section, the synthesis process
is described in extensive detail. After four days of controlled
cooling, centimeter-sized crystals appeared. It is interesting

View Article Online
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to note that the synthetic crude product includes samples
that resemble needle-shaped RbCdCl;:Sb** and bulk-shaped
Rb,CdClg:Sb*" (Fig. 1a). The needle-shaped RbCdCl;:Sb*" mate-
rial has a length of approximately 1 cm. The bulk Rb,CdClg:Sb**
material’s maximum width is roughly 0.5 cm. XRD was used to
determine the material’s phase (Fig. 1b and c). The needle-
shaped RbCdCl,:Sb>" and bulk-shaped Rb,CdClg:Sb*" show dis-
tinct Pnma and R3¢ space groups (Fig. 1d and e). The structural

(a) s —PRb —cd
-~ -~ ~
= 5 =
. Cd . .
8 Cl N S
£ |Rr C =y =y
w v wn 172}
= = =
D [-*3 "]
N N -
= = =
o Ll Ll
0 200 400 600 800 1000 1200 106 108 110 112 114 116 118 120 400 405 410 415 420
Binding energy (eV) Binding energy (eV) Binding energy (eV)
—aq ——5Sb —cC
-~ -~ -~
= = =
« < «
A N’ N’
w w w2
= = =
D [} %
N - N
= = =
] o L]
192 196 200 204 208 525 530 535 540 545 280 284 288 292 296
Binding energy (eV) Binding energy (eV) Binding energy (eV)
(b) cd —Rb —cd
-~ -~ —~
= = =
« < <
£l a =y iy
172} C wn wn
Z | Rp = £
D [-*] %]
N - -
= = =
=] =1 L]
0 200 400 600 800 1000 1200 106 108 110 112 114 116 118 120 400 405 410 415 420
Binding energy (eV) Binding energy (eV) Binding energy (eV)
—ql ——5Sb —cC
-~ -~ -~
= = =
[~ < «
N’ A N’
> > >
- - p
£ = £
D "] "]
N - N
= = =
oy L] L]
192 196 200 204 208 525 530 535 540 545 280 284 288 202 296
Binding energy (eV) Binding energy (eV) Binding energy (eV)

Fig. 2 (a) and (b) XPS spectra of the RbCdClz:Sb®* and Rb4CdCle:Sb>* crystals, respectively.
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components of RbCdCl; are depicted in Fig. 1d as [CdCl¢]*~ and
[RbClo]®~ polyhedrons. It is known that Sb*" ions preferentially
occupy the 6-coordinated Cd>* sites. The structural unit of
Rb,CdCls is the polyhedron composed of [CdClg]*~, [RbClg]>~
and [RbClg]”~ polyhedrons. With the development of a Cl vacancy
([Va]") to maintain the charge balance, we determined that the
Sb** dopant most likely existed as [Sbeq]".”

X-ray photoelectron spectroscopy (XPS), which verified the
existence of Rb, Cd, Cl, and Sb elements in the RbCdCl;:Sb**
and Rb,CdClg:Sb*" crystals, also provided confirmation for the
successful doping of Sb** ions (Fig. 2a and b). Fine peaks of Rb,
Cd, Cl, and Sb are presented. The Rb 3ds,, orbital binding
energies of the two materials are between 108 and 112 eV. The
binding energy of Cd 3ds,, orbitals of both materials is located
at 405 eV, and that of the other 3d;, orbitals is located at
412 eV. The binding energy of Cl 2p,, orbitals of the two
materials is located at 200 eV, and that of the other 2p;,
orbitals is located at 198 eV. The Sb 3ds/, orbital binding energy
of the two materials is located at 531 eV. Fig. 3a and b displays
the SEM images of RbCdCl;:Sb*" and Rb,CdClg:Sb*".
RbCdCl;:Sb*" is primarily needle-like, with a minimum length
of around 30 pm and a maximum length of about 1 cm. The
elemental distribution obtained from SEM mapping images is
displayed in order. Rb,CdCls:Sb*" has a significantly different
shape. It appears as a bulk with a minimum width of more than
30 um and a maximum width in centimeters, as in daylight
photographs. The SEM mapping images of the Rb, Cd, Cl and
Sb elements in Rb,CdClg:Sb** are shown in Fig. 3, respectively.

The optical characteristics of the Sb**-doped RbCdCl;:Sb**
and Rb,CdCl:Sb*" crystals were then investigated. Photolumi-
nescence excitation (PLE) demonstrated that Sb** doping adds
extra excitation peaks in the 250-360 nm range to the sample

g
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I ———
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(Fig. 4a and b). According to the results of the simulation,
the large absorption peaks at 250-300 nm and 300-360 nm,
respectively, were attributed to the *S,—'P; and 'S,—>P; transi-
tions of Sb>* ions.® As a result, the Sb** dopant also increased
the emission intensity of the RbCdCl; and Rb,CdCls host
crystals. An optimal doping concentration of 20% was found
by connecting the emission intensity and luminous quantum
yield with the amount of Sb** present, at which point the
greatest quantum yield of doping-induced emission was mea-
sured at 78%. Higher dopant concentrations may cause poly-
hedral cluster formation and a drop in the particle size and
crystallinity, leading to a fall in emission intensity.

The photoluminescence (PL) spectra of the RbCdCl;:Sb**
and Rb,CdClg:Sb*" crystals were recorded in order to investi-
gate the recombination processes in the Sb*>"-doped RbCdClj,
and Rb,CdCls phosphors. The undoped Rb,CdCls phosphor
had a weak emission peak centered at 490 nm under excitation
at 297 nm, which was in line with a prior result.”® RbCdCl; was
much weaker and did not show the phenomenon of lumines-
cence. Due to strong electron-phonon interactions in the
metal halide materials with a soft lattice, the Rb,CdClg host
STEs were thought to be responsible for the broad emission
band with a significant Stokes shift of 193 nm. The [CdCl¢]*",
[RbCle]>~ and [RbClg]"~ charge transition was attributed to the
solitary peak at 490 nm in the emission spectra. Numerous
instances of this charge transition were also seen in metal
halides. In addition to the host excitation band at 290 nm, a
novel excitation band centered at 320 nm was found for
the RbCdCl,:Sb** and Rb4CdCle:Sb*" crystals. The direct excita-
tion of Sb** ions through the 'S, — 'P; transition, which
was also frequently observed in Sb**-doped metal halides
such RbCdCl;:Sb*" and Rb,CdCle:Sb**, was assigned to the

(b)

fCd

Fig. 3 (a) and (b) SEM images and elemental mapping of RbsCdCls:Sb®* and RbCdCls:Sb** showing the uniform distribution of Cd, Cl, Rb and Sb

elements.
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Fig. 4 (a) and (b) PLE of the RbCdCls:Sb**" and Rb,CdClg:Sb** crystals, respectively. (c) and (d) PL of the RbCdCls:Sb** and RbsCdClg:Sb** crystals,
respectively. (e) Luminescence photos of RbCdClz:Sb>* and Rb,CdCle:Sb>" crystals under ultraviolet light irradiation at 365 nm.

excitation band at 320 nm. Rb,CdCls:Sb** has cyan emission
(490 nm) under 320 nm excitation (Fig. 4d). However,
RbCACI;:Sb** has broadband yellow emission (560 nm) under
320 nm excitation (Fig. 4c). It was most likely dopant-induced
STEs in the [SbCl¢]>~ polyhedrons that were responsible for
the related broad emissions in the 400-700 nm region under
320 nm excitation. Photographs of the luminescence of the
RbCACl,:Sb*" and Rb,CdCls:Sb*" materials under 365 nm exci-
tation are shown in Fig. 4e.

The dynamic process of electronic changes was then inves-
tigated. When the RbCdCl;:Sb** crystals were excited at
320 nm, their broad emission showed a gradual decline with

Teconm = 4.3 ps
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~
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Log Intensity
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a long lifetime of 7.9 us, which is compatible with the STE
emission (Fig. 5a). The STE emission of the Rb,CdCls:Sb*"
crystals had a lifetime of 4.2 ps, which was a little bit shorter
than that of RbCdCl;:Sb>*(Fig. 5b). This energy transfer from
the host to Sb>* could be accelerated by increasing the concen-
tration of Sb*" dopant.’

In addition, we used temperature-dependent PL spectra
to investigate the thermal stability of RbCdCl;:Sb®* and
Rb,CdCle:Sb*" crystals. Fig. 6a depicts the change in the PL
spectra of RbCdCl;:Sb** with temperature in the —180 to 150 °C
range. Interestingly, there was a double emission peak (460 and
560 nm) at low temperatures. The fact that isolated units exist
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Fig. 5 (a) and (b) Decay curves of RbCdClz:Sb>* and Rb,CdClg:Sb** crystals, respectively.
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respectively.

in the vacancy-ordered metal halides is largely responsible for this
result, which shows that the emission processes of host STEs and
dopant STEs are mutually independent. The RbCdCl,:Sb**

~~~
V)
| —

crystals’ double luminescence is also made possible by the
little energy transfer from host to dopant STEs, which would
otherwise extinguish the host emission. At this time, white light
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Fig. 7 (a) EL spectra with the composition 340 nm chip, yellow emission
luminescence of the encapsulated LED device after applying current.
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emission can be obtained by mixing blue light and yellow light
(Fig. 6b). The intensity of the emission peak at 460 nm
decreases rapidly with increasing temperature, however, the
intensity of the emission peak at 560 nm decreases slowly and
the intensity of the emission increases at a certain temperature
(—30 to 20 °C). It is noteworthy that the intensity of the
emission peaks of Sb>* ions is well maintained relative to the
charge transition band of the host. Fig. 6¢c demonstrates that
the PL spectra of Rb,CdClg:Sb*" change as a function of tempera-
ture in the —180 to 100 °C range. The intensity of the emission
peak at 490 nm decreases with increasing temperature and the
peak position is blue-shifted. This phenomenon is common;
as the temperature increases, the lattice of the Rb,CdCle:Sb**
material expands, resulting in a weakening of the crystal field
strength, and the °S, — °S,/°P; transition energy of Sb®" increases
as the crystal field strength decreases, resulting in a shift of the
emission peaks towards higher energies.

Due to defects caused by the Sb** dopant, which disrupted
the electron cloud and encouraged carrier entrapment in
the nearby [CdClg]*~ octahedra, as previously reported,** the
charge transition band recombination was slowed down.® The
RbCdCl;:Sb** crystals displayed a double-exponential decay
with a short component of 2.7 ps and a long component of
7.6 ps (Fig. 6d), which corresponded to the two emission
components (460 and 560 nm). It is important to note that
the Sb>* dopant in metal halide structures was responsible for
the lifetimes of the dopant STEs being essentially constant
when the temperature varied. Finally, the light-emitting
diode (LED) device is obtained by using both fabricated
RbCdCl;:Sb** (560 nm) and Rb,CdCle:Sb* (490 nm) materials.
LED device results show that a good color rendering index (91)
and correlated color temperature (4303 K) can be obtained
using synthetic RbCdCl;:Sb®>" and Rb,CdCle:Sb*" materials
(Fig. 7a and b).

4. Conclusions

In summary, the same reactor produces two distinct crystal
types with various crystal phases and shapes. This process
of simultaneous synthesis of materials is also distinctive.
RbCdCl;:Sb** needle-shaped crystals with yellow emission
(560 nm) and Rb,CdClg:Sb>" bulk-shaped crystals with blue
emission (460 nm) are synthesized. A new multi-resonance
luminescence is found in Sb®" doped RbCdCl; crystals at
low temperatures. The bimodal emission of the RbCdCl,:Sb**
crystals is attributed to the host and dopant STEs, respectively.
The crystal structure of the RbCdCl;:Sb*" metal halide is vacancy-
ordered, which is principally responsible for the isolation of
the host and dopant STEs. The temperature-dependent spectra
demonstrate that energy transfers from the host to Sb*" as
temperature rises. White light emission is obtained at —180 °C,
slowly changing to yellow light emission as the temperature
increases. The simultaneous acquisition of RbCdCls:Sb** and
Rb,CdClg:Sb>" crystals largely simplifies the synthesis process
and adds members to the luminescent material family.
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