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Cs,SnClg perovskite has recently attracted attention as a promising optoelectronic material owing to its
better stability and reduced toxicity than its lead counterparts. However, its luminescence performance
hardly satisfies the requirements. Hence, a series of Bi*"-doped Cs,SnClg (Cs,SnClg:Bi®*) with enhanced
luminescence were synthesized by a solution-phase route. The results show that the initial
concentration of Sn®* can adjust the nucleation density and the quality of the crystal nucleus growth,
which will affect the Bi*" doping amount, crystal morphology, and photophysical properties of
Cs,SnClg:Bi®™. Cs,SNnClg:Bi** shows excellent stability in the atmosphere with a photoluminescence (PL)
of around 456 nm and a photoluminescence quantum yield (PLQY) of 31%. The luminescence
performance results from [Bign++>* + V| defects caused by the Bi** doping. The blue LED based on the
Cs,SnClg:Bi** phosphor exhibits a long life of about 120 h and a Commission Internationale de
L'Eclairage (CIE) color coordinates of (0.14, 0.11). This work demonstrates a strategy for Bi-doped
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Lead halide perovskites have been extensively studied for their
excellent performance in photovoltaics, light-emitting diodes
(LEDs), and photodetectors. However, the toxic lead and
dissatisfied stability of the lead halide perovskites suppress
their practical applications, particularly the high solubility of
Pb>" in water, severely threatening the biological system and
human health. Therefore, non-toxic Sn-based perovskites could
be an ideal alternative."> Sn**-based CsSnCl; barely shows any
optoelectronic application due to its low PLQY, oxidation, and
humidity,® while Sn**-based Cs,SnCls exhibits high anti-
oxidation stability along with promising optoelectronic prop-
erties." Cs,SnClg has a vacancy-ordered double perovskite
structure with isolated [SnClg]*” octahedra, improving the
photoluminescence by quantum confinement effect.*

Several strategies have been reported to enhance the pho-
toluminescence of Cs,SnClgs, and impurity doping has been
demonstrated to be a facile and effective method.>** The
defects in doped Cs,SnCls cause a charge imbalance, which
must be rectified by the localization of electrons and holes or by
the generation of impurity states within the bandgap, and this
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would add the localized level and affect luminescence properties.®
Numerous types of heteroatoms have been employed. Ce**-doped
Cs,SnClg could tune the [Cesps* + V] defect density with different
Ce®" concentrations, affecting the crystal emission and exhibiting an
achievable PLQY of 6.54%.% Bi*"-doped Cs,SnCl, (Cs,SnClg:Bi*)
exhibited a higher PLQY of around 80% due to the hetero-valent
replacement of Sn*" by Bi*" and exhibited a bandgap of about
3.05 eV,* which was aspirational for the blue emitter. The defect
density can also be affected by the doping process such as annealing
temperature, subsequently changing the emission properties.> The
excellent Cs,SnClg:Bi*" shows great potential for practical applica-
tions. Cs,SnCl, originates from Sn**, but previous studies certified
that only Sn*" could not achieve the abundant doping of Bi*".
Although abundant studies have been carried out, the precursor
concentration effects of Sn** and Sn** on the Bi*" doping are still
unknown, and the changes in morphology and photophysical
properties caused by the doping process still need to be systemati-
cally reported. Simultaneously, the application of Cs,SnClg:Bi*" in
LED devices, particularly the device stability, still needs more study.

In this study, Cs,SnCle:Bi*" was synthesized by a solution-
phase route with varied precursor concentrations. The nucle-
ation density and the quality of crystal nucleus growth can be
tuned by the initial Sn*" concentration, which can affect the
crystal morphology, Bi*" doping amount, and the photophysical
properties of Cs,SnClg:Bi**. The nucleus growth process is
accompanied by [Bigy+** + V(] formation, which enhanced the
luminescence intensity and extended the exciton delay time.
The adjusted sample shows a PL peak of around 456 nm, PLQY
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of 31%, and good stability. More importantly, the blue LED
based on Cs,SnClg:Bi** phosphor exhibits a blue emission at
the CIE coordinates of (0.14, 0.11), an external quantum effi-
ciency (EQE) of 6.24%, and a luminescence power of 4.6 Im
W', The device can continue to work for 120 h with blue
luminescence.

The synthesis process of Cs,SnClg is shown in ESIL.T In brief,
two stages occurred as shown below. Sn*>* instead of Sn*" was
selected as the Sn precursor. By changing the amount of HCI
added, the precursor solution's concentration (refers to the
initial Sn®>" concentration) can be adjusted, affecting the
nucleation density and quality of the crystal nucleus growth,
then the morphology and photophysical properties of the
product.

Stage 1: the nucleation process

SnCl, + 2HCl + 0, — SnCl,| + H,O
SnCl, + 2HCI — H[SnCl3]
SnCl, + 2HCI — H,[SnClg]
H,[SnClg] + 2CsCl — Cs,SnClg| + 2HCI

H[SnCl;] + CsCl — CsSnCls| + HCI

Stage 2: the oxidation of CsSnCl; and the further growth of
Cs,SnClg

CsSnCl; — CsCl + SnCl,
SnCl, + 2HCI + O, — SnCly| + H,O

SnCl, + 2HCI — H,[SnClg]

H,[SnCl¢] + 2CsCl — Cs,SnClg| + 2HCI
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It can be concluded that Cs,SnClg originates from Sn**, but
previous studies certified that only Sn** cannot achieve the
doping of Bi**.* Therefore, an Sn**-poor/Sn>*"-rich mixture was
employed to facilitate the incorporation of Bi*" into Cs,SnCls.
Therefore, SnCl, was used as the precursor. It is still unclear at
which step Bi** is doped. With the adjustment in the amount of
HCI added, the concentration of Sn*" in the precursor and Sn**
produced in the reaction process can influence the Bi** doping.
The amount and concentration of each reactant are listed in
Table S1.7 Monoclinic CsSnCl; is observed when the precursor
concentration of Sn*" is too high (higher than 0.143 mol L '), as
shown in Fig. S1.T The monoclinic CsSnCl; would significantly
suppress luminescence and hinder Bi** doping. Consequently,
the concentrations of the precursor of Sn>* were investigated as
0.143, 0.125, 0.111, 0.100, and 0.091 mol L.

The scanning electron microscopy (SEM) images in Fig. 1
show the effects of the precursor concentration on the morphology
of the Bi**-doped Cs,SnClg (Cs,SnClg:Bi*") perovskite. The particles
agglomerated to reduce the inherently high surface energy with
a particle size less than 10 pm featuring phosphors' characteris-
tics.” Numerous small quasi-spherical particles adhered to the
particles with high crystallinity, indicating that the crystal growth
process is similar. The formation process of Cs,SnCls includes two
stages: (1) the nucleation process of the initial Cs,SnCls and
CsSnCl; crystals and (2) the further growth of Cs,SnClg along with
the oxidation of CsSnCl;. Both processes were related to the
concentration of the initial reactants.

High concentration of Sn** precursors (0.143 mol L™ " and
0.125 mol L") led to the abundant and dense nucleation of the
initial Cs,SnClg and CsSnCl; crystals in the first stage,
consuming a considerable number of initial reactants. There-
fore, there were not enough reactants for the continuation of
the crystal growth, leading to some particles being agglomer-
ated together without total growth (Fig. 1(a) and (b)). As the
concentration decreased (0.111 mol L™, 0.100 mol L"), the

EIt. Atomic (%)
Cl 57.53
Sn 12.37
Cs 29.37
Bi 0.73
#

"3

s 10 15
Photon Lnergy (keV)

Fig.1 SEM images of Cs,SnClg:Bi** synthesized at different precursor concentrations: (a) 0.143 mol L™ (b) 0.125 mol L™%; (c) 0.111 mol L™%; (d)
0.100 mol L™%; () 0.091 mol L™ (f) EDS results of Cs,SnCle:Bi** obtained at 0.100 mol L%,
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Fig. 2 Structure and luminescence properties of Cs,SnClg:Bi** synthesized at different precursor concentrations: (a) room-temperature XRD
patterns and the enlarged (220) peak as an inset. (b) PL spectra of Cs,SnClg:Bi** (Aex = 362 nm). (c) Time-resolved PL decay curve of Cs,-

SNClg:Bi** (Aey = 375 Nnm and Aem = 456 Nm).

nucleation of the initial Cs,SnClg and CsSnCl; crystals
decreased, and the crystals could grow fully. Fig. 1(c) and (d)
show more large particles with good crystalline and clean
surfaces, and the inset image of Fig. 1(d) shows the details of
Cs,SnCl, tetrahedral with thin particles. When the concentra-
tion decreased to 0.091 mol L™, the second stage was severely
suppressed due to the overdispersed nucleus. As a result,
Fig. 1(e) shows only some small quasi-spherical particles with
an insufficient crystal growth. Small-sized particles possessed
higher chemical potentials, solubility and surface energy, which
may not help improve the stability of Cs,SnClg:Bi**. Therefore,
it can be concluded that the sample in Fig. 1(d) can exhibit
higher stability. Further, the EDS of the sample at a concentra-
tion of 0.100 mol L™ " was characterized (Fig. 1(f)). 0.73% atomic
Bi*" was doped into the host material Cs,SnClg, and the Bi*'-
doped Cs,SnClg (Cs,SnClg:Bi*") was obtained.

The crystal structure properties of Cs,SnClg:Bi** synthesized
at different precursor concentrations are shown in Fig. 2(a). All
of the XRD patterns are indexed to the Cs,SnCls phase (ICSD
29030, Fm3m, a = 10.369 1—°\),8 and no impurity phases can be
observed, indicating its highly crystalline nature. However, the
diffraction peaks show relatively small deviations when
compared to that of the standard Cs,SnClg phase. The Rietveld
refinement results show an enlargement of the lattice param-
eter within 0.41% for all the doped Cs,SnClg (Table 1 and
Fig. $21), which is ascribed to the different sizes between Bi**

© 2021 The Author(s). Published by the Royal Society of Chemistry

(1.01 A) and sn** (0.71 A).° More specifically, the strongest
diffraction peaks that oriented towards the (220) direction
demonstrate a left shift, as shown in the inset of Fig. 2(a), which
implied the formation of chlorine vacancies [Big,+** + V] when
the Bi*" cations randomly substituted Sn** cations.>**

The evolution of the structure and change in morphology are
inherently related. When the concentration gradually decreased
from 0.143 to 0.100 mol L™, the (220) peak demonstrated
a right shift, indicating a smaller interlayer spacing caused by
the [Bishh3+ + Vg| formation. However, as the concentration
decreases to 0.091 mol L™, the (220) peak demonstrated a more
significant left shift, which is attributed to a larger lattice
parameter due to the larger ionic radius of Bi**. The sample
with 0.100 mol L™" gained the highest density of [Big,+*" + V¢i].
Simultaneously, the sample possessed the morphology of large
particles, so it can be roughly recognized that the doping
process of Bi** mainly occurred in the nucleation process (stage
1 mentioned above) and [Bigy+>" + V] formed during the
nucleus growth process with the consumption of Bi**(stage 2).

The precursor concentration affects the morphology and
phase composition, which further affected the perovskite's
luminescence properties. Fig. 2(b) shows the PL spectra of the
crystals under 362 nm excitation. The luminescence intensity of
Cs,SnClg:Bi*" increases initially and reaches a maximum at
0.100 mol L™, which rapidly decreases the PL intensity with the
decrease in the concentration to 0.091 mol L', as shown in

RSC Adv, 2021, 11, 26415-26420 | 26417
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Table 1 The Rietveld refinement results of Cs,SnClg:Bi®* synthesized
at different precursor concentrations (4 = (@ — ag)/ag x 100%, ag =
10.369 A)*

Concentration a=b=c

(mol LY (A4) 4(%) R, (%) R (%) X
0.143 10.402 0.315 7.35 9.81 4.03
0.125 10.402 0.314 7.64 10.00 4.84
0.111 10.404 0.339 7.37 9.66 4.78
0.100 10.401 0.309 6.86 9.40 6.56
0.091 10.411 0.403 7.14 9.92 4.54

“ Ry,: the reliability factor of the profile. Ryy: weighted profile factor.

Fig. S5.1 It could be attributed to the structural changes that
were associated with [Big+*" + V] formation, as no emission was
observed from the undoped Cs,SnCle.** The excitation and emis-
sion peaks, full width at half maximum (FWHM), CIE color coor-
dinates, and color purity luminescent materials are listed in Table
S2.7 All the samples showed a deep blue emission with an emis-
sion at around 456 nm and an FWHM of 65 nm. The color purity of
Cs,SnClg:Bi*" is determined to be more than 90%, indicating that
Cs,SnClg:Bi*" featured a higher color purity than the commercial
blue-emitting compound BAM: Eu** (C = 88.0%).' Since Cs,-
SnClg:Bi** (0.100 mol L") showed the highest PL intensity among
all the samples studied in this study, it was applied to the PLQY
measurement with a PLQY value of 31%.
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More insights into the luminescence mechanism are ob-
tained from the time-resolved PL measurements, as shown in
Fig. 2(c). The luminescence decay curve shows a single expo-
nential decay behavior as evidenced by a linear curve when
plotted on a logarithmic scale (Aex = 375 nm and Aep,, = 456 nm)
(see the formula in ESIT).****> Samples display a similar single-
exponential luminescence decay behavior at different delay
times, indicating that the concentration did not change the
luminescence mechanism. The main part of the decay curve is
fitted well by an exponential function. The decay time t shows
a tendency similar to PL intensity, as it extended from 359.71 ns
(0.143 mol L™ ") to 378.44 ns (0.100 mol L™ ") and then shortened
to 334.60 ns (0.091 mol L™"). Similar to MAPb (Ig.05Bro.05)3
perovskite films reported by Wang et al.,”* the PL intensity of
films increased as the proportion of the radiation recombina-
tion time 7 increased, ascribing to the repairing of the deep-level
defects of the perovskite surface.>**

Wavelength-dependent PL and PL excitation spectrum (PLE)
measurements were employed to study the luminescence
mechanisms. As shown in Fig. 3(a), the excitation spectra show
a redshift (=6 nm), and the shape changes as the monitoring
wavelength varies from 430 nm to 490 nm. The emission spectra
are collected and shown in Fig. 3(b), which also show a shift
(=9 nm) as the exciting wavelength changes from 320 nm to
380 nm. In general, the doping-included ionoluminescence is
vulnerable to the excitation energy. Furthermore, the change in
the exciting energy leads to an apparent peak position shift and
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(a) Wavelength-dependent photoluminescence excitation spectrum. (b) Wavelength-dependent PL spectra. (c) Diffuse reflectance

spectra (DRS). (d) High-resolution XPS spectra of Bi 4f of Cs,SnClg:Bi** obtained at 0.100 mol L.
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a shape change for photoluminescence because the excitation
and the recombination rates depend primarily on the ion
energy levels and their resonances.*** The possible state of
dopant Bi in the Cs,SnClg host is [Big, + V] instead of Bi** due
to the broad excitation plateaus.*® The luminescence mecha-
nism also proved that [Big, + V] vacancies were introduced
during the process when the Bi** cations randomly substituted
the Sn*" cations, consistent with the redshift of the (220) peak.
Alternatively, [Bis, + V1] is the primary source of Cs,SnClg:Bi**
luminescence, rather than Bi*".

UV-Vis diffuse reflectance spectra (DRS) of Cs,SnClg:Bi**
were recorded to investigate the optical band gaps of the
0.100 mol L™ sample, as shown in Fig. 3(c). The bandgap of
Cs,SnClg:Bi*" can be estimated according to the following
equation:*®

[F(Ro)]" = A(hv — E,) 6))]
where hv, A and E, are the photon energy, proportional
constant, and bandgap, respectively. For a direct bandgap of
Cs,SnClg, n = 2.7 From the linear extrapolation of function
[F(Rx)r]* = 0, as shown in the inset of Fig. 3(c) (namely the
Tauc plot),"'® we can estimate the direct optical band gap to be
3.75 eV. The experimental value of E, is lower than the

~
=
N’
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theoretical value of 0.25 eV,'” such a shift of several nanometers
could be attributed to the different defects associated with the
absorption edge.™

X-ray photoelectron spectroscopy (XPS) measurement was
carried out to further verify the product elemental composition.
As shown in Fig. 3(d) and S3,T the XPS survey spectrum shows
the characteristic peaks for Cs, Sn, Cl and Bi. The spectrum of Bi
4f exhibits Bi 4f5/, and Bi 4f,/, with binding energies of 164.8 eV
and 159.0 eV, respectively, indicating Bi*" is doped into the
Cs,SnClg host material and form [BiCl;]>~ emission center
(Fig. 3(d)). The peaks at 496.3 eV and 487.8 eV correspond to
Sn** 3d;, and 3ds/,, respectively, proving that Sn>* was oxidized
entirely to Sn*" after the reaction process in the reactor. The XPS
spectroscopy directly proved the formation of [Bis,, + V] defects
and further verified the XRD pattern and luminescence
mechanism.

The high quantum efficiency, good thermal stability, and
blue emission of Cs,SnClg:Bi** made it a promising candidate
for blue-emitting LEDs. To demonstrate the application of
Cs,SnClg:Bi*", a blue-emitting LED based on 365 nm UV-LED
chips was fabricated. As shown in Fig. 4, the PL intensity
increases gradually accompanied by an increase in current from
10 to 60 mA, and no apparent shift of the emission peak is
found under different driving currents. The emission peaks
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Fig. 4 Blue LED device performance of Cs,SnClg:Bi** (0.100 mol L™Y: (a) the photoluminescence spectra at different currents. (b) CIE chro-
maticity coordinates of the blue LED. (c) EQE and luminescence efficacy at different currents. (d) Luminescence efficacy spectra of 120 h. Inset:

photo images of the devices.
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were located at 460 nm, satisfying the commercial requirement
of the blue light device (<480 nm).*® All of the spectra under
different currents showed similar CIE chromaticity coordinates
(0.14, 0.11), showing the high emission stability of Cs,SnClg:-
Bi’" blue LED.

Furthermore, a maximum EQE of 6.24% and a luminous
efficiency of 4.6 Im W' were obtained at 40 mA. More impor-
tantly, the device demonstrated an excellent stability, and time-
dependent luminescence efficacy spectra appeared after 59.08
hours of continuous current. After 120 hour work, the device
still showed good blue emission. The TGA measurement also
showed a good thermal stability of the sample (Fig. S4t). The
high thermal stability and the pure blue emission of Cs,-
SnClg:Bi** made it a promising potential candidate for the blue-
emitting LEDs.

A Bi**-doped Cs,SnCl, was synthesized via a solution-phase
route with varied precursor concentrations. The nucleation
density and the quality of crystal nucleus growth could be tuned
by the precursor concentration, which could affect the crystal
morphology, the Bi*" doping amount, and the photophysical
properties of Bi**-doped Cs,SnCle. The nucleus growth process
was accompanied by [Big,, + V] formation, which enhanced the
luminescence intensity and extended the exciton delay time.
The larger crystallite size was synthesized at 0.100 mol L'
concentration, with a highest PL intensity (456 nm, PLQY =
31%) and a most extended lifetime (378 ns) by suppressing the
non-radiative process. Additionally, the samples demonstrated
excellent stabilities, and the Bi*'-doped Cs,SnCls blue LED
showed a blue emission with CIE coordinates of (0.14, 0.11), an
external quantum efficiency (EQE) of 6.24%, and a lumines-
cence power of 4.6 Im W', The device continued to work for
120 hours. This work suggested that Cs,SnClg:Bi*" possessed
great potential in future light-emitting applications.
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