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A B S T R A C T   

The success in synthesizing light-emitting lead-based halide perovskites from cesium halides (CsX, X: I, Br, and 
Cl) has stimulated great interests in the applications of halide perovskites and in the development of lead-free 
halide perovskites and related light-emitting materials. In this work, we explore the feasibility of synthesizing 
Sn-doped CsX powders (microcrystals) via mechanochemical processing and investigate the optical character
istics of the prepared Sn-doped CsX powders. The prepared Sn-doped CsX powders emit light with ultra-wide 
emission peak under UV light of 365 nm in wavelength, which is attributed to self-trapped exciton emission. 
The emission peak intensity decreases with the increase in temperature in the Sn-doped CsXs due to thermal 
quenching. The characterization of the optoelectronic response of the prepared Sn-doped CsX powders reveals 
that the current intensity passing through the Sn-doped CsX powders decreases with the increase of the intensity 
of the incident white light under the same applied voltage. Light emitting diodes are constructed from the 
prepared Sn-doped CsX powders and exhibit an ultra-wide spectrum spanning the range of entire visible light. 
The method presented in this provides a simple technique to prepare light-emitting materials of Sn-doped CsXs 
via mechanochemical process.   

1. Introduction 

The progress in the solution-based synthesis of inorganic and 
organic-inorganic lead-based halide perovskites has stimulated great 
interests in the applications of halide perovskites in a variety of areas, 
including imaging and energy conversion [1–7]. In the heart of the ap
plications of lead-based halide perovskites are the tunable optical 
characteristics through the control of crystal size and chemical compo
sition. However, the applications and commercialization of lead-based 
halide perovskites have been hindered by the concerns on the lead 
toxicity from the degradation products [8–10] to the earth and human 
health as well as on the use of hazardous solvents, such as dime
thylformamide (DMF) and/or dimethyl sulfoxide (DMSO), in the prep
aration of precursor solutions. There is a great need to develop 
eco-friendly methods to synthesize lead-free halide perovskites for po
tential applications in optoelectronics and energy storage. 

A variety of alternatives for the replacement of lead in lead-based 

halide perovskites, including tin (Sn), copper (Cu), silver (Ag), bis
muth (Bi), indium (In), antimony (Sb), and germanium (Ge), have been 
explored, and lead-free halide perovskites and lead-free double halide 
perovskites have been successfully synthesized [11–16]. Some lead-free 
halide perovskites and lead-free double halide perovskites have 
exhibited excellent optoelectronic performance and great power con
version efficiencies. However, the synthesis of the lead-free halide pe
rovskites and lead-free double halide perovskites has relied mostly on 
the solution-based processes, which use DMF and/or DMSO. To mitigate 
the potential hazards of organic solvents to the environment and human 
health, mechanochemical and aqueous-based approaches have been 
demonstrated to produce lead-free halide perovskites and lead-free 
double halide perovskites. 

Tang et al. used an aqueous solution to produce Cs2SnCl6 [17] and 
Cs2SnI6 [18] microcrystals, from which Cs2SnCl6 [17] and Cs2SnI6 [18] 
nanocrystals were produced under ultrasonication. Ma et al. [19] used 
mechanical grinding to form lead-free hybrid manganese halides of 
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microsizes at room temperature, which exhibited green emission. Bre
ternitz et al. [20] produced lead-free double perovskite Cs2[AgIn]Br6 
with a bandgap of 2.36 eV via a planetary ball. Using ball milling, Kumar 
et al. [21] prepared Cs2AgBiBr6 nanoplates from CsBr, AgBr, and BiBr3 
in a glovebox, and pointed out the dependence of crystallization on the 
milling time. Saski et al. [22] performed mechanochemical syntheses of 
ASnX3 (A = MA, FA, Cs; X = I, Br) and mixed-halide MASnIxBr3-x pe
rovskites in a ball mill in a glovebox filled with argon, while they did not 
report the photoluminescence (PL) characteristics of the prepared pe
rovskites. All these works reveal the possibility of eco-friendly produc
ing lead-free halide perovskites using aqueous solutions and/or 
mechanochemical approaches. 

There are reports on the light emission of CsX (X = I, Br and Cl) with 
the emission wavelengths centered at 310 nm and 560 nm for CsI under 
X-ray irradiation at room temperature [23,24], the photoluminescence 
centered at 3.54 eV and 4.68 eV for CsBr at 11 K under UV light of 7.75 
eV, and the photoluminescence centered at 2.95 eV for CsCl at 11 K 
under UV light of 8.5 eV. Xu et al. [25] observed that CsBr:Zn nano
crystals exhibited light emission centered at 415 nm and 438 nm under 
the excitation of UV light of 360 nm in wavelength. Hawrami et al. [26] 
prepared CsI:Ti cuboids with the vertical Bridgeman method, and re
ported the light emission of the CsI:Ti cuboids at 543 nm under X-ray. 
Kimura et al. [27] demonstrated that CsCl:Ce transparent ceramics, 
which were produced through mechanical punching and thermal sin
tering, emitted light centered at 380 nm and 410 nm under X-ray. These 
results demonstrate that CsX halide compounds with and without 
metallic elements can emit light of different wavelengths under UV light 
or X-ray. 

The bandgaps of CsI, CsBr, and CsCl are 3.5 [28], 4.24 [29], and 5.46 

eV [30], respectively. Recently, Adhikari et al. [31] prepared a precursor 
solution with DMF as the solvent and 1:1 ratio of CsBr to SnBr2, and used 
a fluidic system to obtain Sn(II)-doped CsBr with orange emission at a 
wavelength of ~615 nm. Their results show that doping Sn (II) in CsBr 
can reduce the bandgap of CsBr and result in orange emission under the 
irradiation of UV light of 365 nm in wavelength and suggest that the 
bandgap of halides can likely be changed by doping metallic element. 
This work is aimed at using an environmentally conscientious mecha
nochemical process to dope Sn in CsX (X: I, Br and Cl) halide compounds 
under ambient conditions without any organic solvent and investigates 
the optical characteristics of the prepared Sn-doped CsXs. This approach 
not only represents a straightforward and eco-friendly synthesis process 
but also presents the promise to avoid the issues associated with the 
detrimental effects of organic solvents on the environment and human 
health. 

2. Experiment details 

The materials used in this work were CsI (99.9 %, Alfa Aesar), CsBr 
(99.9 %, Beantown chemical), CsCl (99.9 %, Alfa Aesar), SnI2 (99 %, 
Strem Chemical), SnBr2 (99 %, Beantown chemical), and SnCl2 (99 %, 
Sigma Aldrich). No further purification was conducted prior to the use of 
the materials. 

A suspension consisting of 0.04 mmol SnI2 (14.9 mg SnI2), 0.04 
mmol SnBr2 (11.1 mg SnBr2), or 0.4 mmol SnCl2 (75.8 mg SnCl2) and 3 
mL DI water was prepared in a vial and stirred under 120 rpm at 40 ◦C 
for 30 min. A mixture with 0.4 mmol CsX (104 mg for CsI; 85.1 mg for 
CsBr; and 67.3 mg for CsCl) and 10 μL of the corresponding suspension 
(1.33 × 10−4 mmol of SnI2 and SnBr2; 13.33 × 10−4 mmol of SnCl2) was 

Fig. 1. (a) Optical images of the prepared Sn-doped CsXs powders (X: I, Br, and Cl) under white light and UV light of 365 nm in wavelength, and (b) SEM images of 
the prepared Sn-doped CsXs (X: I, Br, and Cl). 
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placed in a ceramic mortar. Mechanical grinding of the mixtures of CsI 
+ SnI2, CsBr + SnBr2, and CsCl + SnCl2 for 10 min, 5 × 10 min, and 10 
min, respectively, at 19 ◦C and a relative humidity of 22 % led to the 
formation of Sn-doped CsX powders with commendable light emission. 
Note that the preparation of Sn-doped CsBr powders is slightly different 
from the other two. Briefly, after the first 10 min grinding, an additional 
10 μL of the suspension of SnBr2 was added to the ground materials for 
further grinding. Such a process was repeated four times, i.e., the total 
grinding lasted 5 × 10 min. The Sn-doped CsX (X: I, Br and Cl) powders 
of 0.4 mmol were deposited onto a glass substrate, which was then 
placed on the top of a commercial LED (light-emitting diode) of 3 W in 
power and 365 nm in wavelength to form simple LEDs. 

The crystal structures of the Sn-doped CsX powders were analyzed on 
an X-ray diffractometer (XRD) (Bruker D8 Discover) with a radiation of 
CuKα (λ = 1.5406 Å). The morphologies and chemical constituents of the 
Sn-doped CsX powders were imaged and analyzed, respectively, on a 
scanning electron microscope (SEM) (JEOL JSM-5900lLV) equipped 
with an energy-dispersive X-ray spectroscope (EDS). 

The PL characteristics of the Sn-doped CsX powders were analyzed 
on a spectrometer (Ocean Optics) under a UV light of 365 nm in 
wavelength. The absorbance spectra of the Sn-doped CsX powders were 
acquired on a UV–Visible spectrophotometer (EVOLUTION 201). The 
photoresponse of the Sn-doped CsX powders was characterized, using a 
Keithley 2400 power meter (SMU instrument) and a 150 W fiber optic 
dual gooseneck illuminator (B&B Microscopes LTD). 

3. Computational details 

The bandgaps of Sn-doped CsX halide compounds were numerically 
calculated, using Quantum ESPRESSO [32] of a plane-wave quantum 
simulation code. For Sn-doped CsI, a supercell consisting of 8 CsI atoms 
and 1 interstitial Sn atom was constructed with 4.04 Å in the Cs–I 
interatomic distance. For Sn-doped CsBr, a supercell consisting of 36 
CsBr atoms and 1 interstitial Sn atom was constructed with 3.80 Å in the 

Cs–Br interatomic distance. For Sn-doped CsCl, a supercell consisting of 
36 CsCl atoms and 1 interstitial Sn atom was constructed with 3.59 Å in 
the Cs–Cl interatomic distance. 

4. Results 

Fig. 1 presents optical and SEM images of the prepared Sn-doped CsI, 
Sn-doped CsBr, and Sn-doped CsCl powders. According to Fig. 1a, all the 
Sn-doped CsX (X: I, Br, and Cl) powders are white under white light, and 
exhibit orange-light emission for the Sn-doped CsI powders, yellow-light 
emission for the Sn-doped CsBr powders, and light green-light emission 
for the Sn-doped CsCl powders under the UV light of 365 nm in wave
length. The yellow-light emission of the Sn-doped CsBr powders is 
different from the orange-light emission of the submicron Sn-doped CsBr 
crystals reported by Adhikari et al. [31]. The reason for the difference in 
the light emission is unclear and might be due to the difference in the use 
of solvent. Adhikari et al. [31] used DMF as the solvent in the prepa
ration of the precursor solution, while we used DI water in the mecha
nochemical synthesis. As pointed out by Tang et al. [18], the emission 
wavelength of a semiconductor is dependent on the thermodynamic 
state of the semiconductor, including size, stress, and surrounding ma
terial. The mechanical grounding and the use of DI water during the 
mechanochemical synthesis of the Sn-doped CsBr powders likely intro
duced different stress state in the Sn-doped CsBr powders as well as 
different surrounding material from the ones formed by the fluidic 
system [31], which results in the difference in the emission wavelength 
[33]. Also, the size of the Sn-doped CsBr powders produced in this work 
is larger than the ones reported by Adhikari et al. [31]. 

The SEM images shown in Fig. 1b reveal the plate-like structures of 
the prepared Sn-doped CsXs powders, as expected, due to the shear and 
compression during the mechanical grinding. The enlarged views point 
to that the plate-like structures consist of an aggregation of micron and 
sub-micron particles. From the SEM images, we determine the size dis
tributions of the prepared Sn-doped CsXs powders. Fig. S1 in 

Fig. 2. XRD patterns of the prepared Sn-doped CsI powders (a, d), Sn-doped CsBr powders (b, e), and Sn-doped CsCl powders (c, f).  
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Supplementary Information depicts the size distributions of the pre
pared Sn-doped CsXs powders, which span from 100 nm to 1.4 μm for 
the Sn-doped CsI powders, from 200 nm to 900 nm for the Sn-doped 
CsBr powders, and from 100 nm to 500 nm for the Sn-doped CsCl 
powders. Such differences in the particle sizes are likely due to the dif
ferences in the solubilities of CsI, CsBr, and CsCl in water, which are 848 
g/L, 1230 g/L, and 1910 g/L at 25 ◦C, respectively. The larger the sol
ubility, the easier the disintegration, and the smaller the particle size. 
Therefore, the Sn-doped CsCl powders have the smallest particle sizes. 

Fig. S2 in Supplementary Information presents the EDS mappings of 
the prepared Sn-doped CsX powders. In general, the mechanical 
grinding of the mixtures led to uniform distribution of Sn in the prepared 
Sn-doped CsX powders. Using the EDS spectra in Fig. S3 in Supple
mentary Information, the molar ratio of Cs to X is found to be approx
imately 1:1, indicating the doping of Sn in the CsX powders during the 
mechanochemical processing. 

Fig. S4 in Supplementary Information shows the XPS spectra of the 
prepared Sn-doped CsX powders. The binding energy of Sn-3d5/2 for Sn- 
doped CsI is 485.6 eV which is in accord with 485.8 eV of Sn (II) in 
CsSnI3 and less than 486.81 eV of Sn (IV) in Cs2SnI6 reported by Zhang 
et al. [34]; the binding energy of Sn-3d5/2 for Sn-doped CsBr is 486.3 eV 
in accord with 486.6 eV of Sn (II) in Sn-doped CsBr reported by Bingol 
et al. [31]; and the binding energy of Sn-3d5/2 for Sn-doped CsCl is 
485.5 eV, which is in accord with 485.6 eV of Sn (II) in CsSnCl3 [35] and 
less than 487.0 eV of Sn (IV) in Cs2SnCl6 reported by Zhang et al. [36]. 
The slight difference of the binding energies of Sn 3d5/2 between the 
Sn-doped CsCl (485.5 eV) and CsSnCl3 (485.6 eV) can be likely attrib
uted to the difference in the thermodynamic states of Sn. The grinding 
introduces internal stress in the Sn-doped CsCl powders, and CsSnCl3 is 
at a stress “free” state. Also, the coordination number of Sn in the 
Sn-doped CsCl is likely different from that in CsSnCl3. 

Fig. 2 illustrates the differences of XRD patterns between pristine 
cesium salts and the prepared Sn-doped ones from respective mixtures. 
The red lines represent the XRD patterns of the prepared Sn-doped ones, 
and the blue lines represent the XRD patterns of the corresponding 
pristine cesium salts. The XRD pattern of the pristine CsI matches well 
with the ICDD card of PDF#00-001-0722 for cubic CsI (Fig. 2a). For the 
Sn-doped CsI, the XRD peaks centered at 27.7◦, 39.5◦, 48.9◦, 57.1◦, 
64.5◦, 71.6◦, and 78.3◦ correspond to (110), (200), (211), (220), (310), 
(222), and (321) crystal planes of cubic CsI, respectively. There is a left 
shift of the XRD peak of the (110) plane with 0.201◦ in 2θ for the Sn- 
doped CsI, compared with the XRD peak of the (110) plane of the pris
tine CsI. According to Bragg’s law  

nλ = 2dsinθ                                                                                    (1) 

with n as the diffraction order, λ as the diffraction wavelength, d as the 
interplanar spacing, and θ as the diffraction angle, the left shift of the 
XRD peak suggests the increase in the interplanar spacing of the 

corresponding crystal plane. Thus, doping Sn in CsI causes the increase 
of the interplanar spacing of the (110) plane of the CsI, as expected. The 
increase of the interplanar spacing of the (110) plane of the CsI is found 
to be 2.2 × 10−3 nm for n = 1. 

The XRD pattern of the pristine CsBr matches well with the ICDD 
card of PDF#00-001-0843 for cubic CsBr (Fig. 2b). For the Sn-doped 
CsBr, the XRD peaks centered at 20.7◦, 29.6◦, 36.6◦, 42.3◦, 47.5◦, 
52.3◦, 61.2◦, 69.3◦, and 77.0◦ correspond to (100), (110), (111), (200), 
(210), (211), (220), (310), and (222) crystal planes of cubic CsBr, 
respectively. There is a 0.127◦ left shift of 2θ for the XRD peak centered 
at 29.6◦ from the pristine CsBr to the Sn-doped CsBr, as shown in Fig. 2e, 
in a similar trend to the Sn-doped CsI. The left shift again suggests that 
doping Sn in CsBr leads to the increase of the interplanar spacing of the 
(110) plane of the CsBr. The increase of the interplanar spacing of the 
(110) plane of the CsBr is found to be 1.2 × 10−3 nm for n = 1. 

The XRD patterns of the pristine CsCl presented in Fig. 2c matches 
well with the ICDD card of PDF#00-001-0936 for cubic CsCl. For the Sn- 
doped CsCl, the XRD peaks centered at 21.8◦, 30.9◦, 38.0◦, 44.1◦, 49.7◦, 
54.7◦, 64.0◦, 68.4◦, 72.7◦, and 76.8◦ correspond to (100), (110), (111), 
(200), (210), (211), (220), (300), (310), and (311) crystal planes of 
cubic CsCl, respectively. There is a 0.084◦ left shift of 2θ for the XRD 
peak centered at 30.9◦ from the pristine CsCl to the Sn-doped CsCl, as 
shown in Fig. 2f, in a similar trend to the Sn-doped CsI and CsBr. The left 
shift again suggests that doping Sn in CsCl leads to the increase of the 
interplanar spacing of the (110) plane of the CsCl. The increase of the 
interplanar spacing of the (110) plane of the CsCl is found to be 7 × 10−4 

nm for n = 1. 
It should be pointed out that the change in the interplanar spacing is 

dependent on the crystal structure and bonding strength of the material. 
It also depends on the atomic fraction of dopant presented in the 
material. 

Fig. 3a–c depicts the PL spectra of the prepared Sn-doped CsX pow
ders prepared with 0.4 mmol CsI in a 10 μL SnI2 solution, 0.4 mmol CsBr 
in 5 × (10 μL SnBr2 solution), and 0.4 mmol CsCl in a 10 μL SnCl2 so
lution, respectively. All the PL spectra exhibit ultra-wide emission peak, 
which is the characteristic of self-trapped exciton (STE) emission. Thus, 
the prepared Sn-doped CsX powders can be categorized as STE emission 
materials [37]. The PL peaks are centered at 610 nm (2.03 eV), 565 nm 
(2.19 eV), and 556 nm (2.23 eV) for the Sn-doped CsI powders, Sn-doped 
CsBr powders, and Sn-doped CsCl powders, respectively. The corre
sponding FWHMs (full width at half maximum) are 515.75 meV, 478.83 
meV, and 565.40 meV for the Sn-doped CsI powders, Sn-doped CsBr 
powders, and Sn-doped CsCl powders, respectively. The smallest FWHM 
is 478.83 meV for the Sn-doped CsBr powders, suggesting that the 
Sn-doped CsBr powders possess the least variation in powder sizes 
among the three prepared Sn-doped CsX powders. 

Following the same process, we prepared Sn-doped CsX powders by 
adding the same amount (10 μL) of the SnX2 suspension in the ceramic 

Fig. 3. PL spectra of the prepared Sn-doped CsI powders (a), Sn-doped CsBr powders (b), and Sn-doped CsCl powders (c). The insets are optical images of the Sn- 
doped CsXs powders (X: I, Br, and Cl) under white light and UV light (365 nm in wavelength), respectively. 
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mortar after each grinding multiple times. Let “N” be the times of the 
same amount of the SnX2 suspension used to prepare the Sn-doped CsX 
powders. Fig. S5 in Supplementary Information presents the PL spectra 
of the Sn-doped CsX powders with different Ns. It is evident that the PL 

peaks of the prepared Sn-doped CsX powders are independent of the 
total amount of the mixture of CsX and the SnX2 suspension used in the 
manual grinding. The emission intensities of the prepared Sn-doped CsI 
and Sn-doped CsCl compounds decrease with increasing number (N) of 

Fig. 4. Absorbance spectra of the prepared Sn-doped CsI powders (a), Sn-doped CsBr powders (b), and Sn-doped CsCl powders (c). The insets are Tauc plots of the 
corresponding Sn-doped CsX powders. 

Fig. 5. Temperature-dependence of the PL spectra of the prepared Sn-doped CsI powders (a), Sn-doped CsBr powders (b), and Sn-doped CsCl powders (c); 
temperature-dependence of the PL peak intensities of the PL spectra of the prepared Sn-doped CsI powders (d), Sn-doped CsBr powders (e), and Sn-doped CsCl 
powders (f); and temperature-dependence of the FWHMs of the PL spectra of the prepared Sn-doped CsI powders (g), Sn-doped CsBr powders (h), and Sn-doped CsCl 
powders (i). 
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adding the same amount of the SnX2 suspension in the ceramic mortar, 
while the emission intensity of the prepared Sn-doped CsBr compound 
increases with increasing number (N) of adding the same amount of the 
SnBr2 suspension in the ceramic mortar. The mechanism for the opposite 
trend of the variation of the emission intensity of the Sn-doped CsBr 
compound with the number (N) to the Sn-doped CsI and Sn-doped CsCl 
compounds is unclear. It might be associated with the difference in the 
solubilities of Sn in CsX compounds. Adding more SnBr suspension 
during the grinding for N less than or equal to 5 causes more Sn to move 
into non-doped CsBr compound, leading to the increase in the emission 
intensity of the prepared Sn-doped CsBr compound. Note that the 
emission intensity of the prepared Sn-doped CsBr compound decreases 
with increasing number (N) for N ≥ 6, as shown in Fig. S5d. 

To examine if solvent plays a role in the light emission of the ground 
mixtures, we used isopropyl alcohol as the sole solvent in the grounding 
of the mixtures under the same conditions as the corresponding ones 

with DI water as the sole solvent. The ground mixtures of CsI + SnI2 and 
CsCl + SnCl2 do not emit light under UV light of 365 nm. We further 
used a mixture of DI water and isopropyl alcohol in a 1:1 vol ratio as the 
solvent in the grounding of the mixtures under the same conditions. 
Fig. S6 in Supplementary Information shows the PL spectra of the 
ground mixtures formed with the mixture of DI water and isopropyl 
alcohol as the solvent. It is evident that the ground mixtures of CsI + SnI2 
and CsCl + SnCl2 emitted light under the UV light of 365 nm with the 
emission peak wavelength the same as the corresponding ones prepared 
with DI water as the solvent. For the ground mixture of CsBr + SnBr2, 
there is a blue shift of 21 nm, compared to the corresponding one pre
pared with DI water as the solvent. These results likely reveal that sol
vent plays an important role in the light emission of the ground 
mixtures. 

Fig. 4a–c presents the absorbance spectra of the prepared Sn-doped 
CsX powders. Using the absorbance spectra, we construct Tauc plots 

Fig. 6. Temporal variations of the PL peak wavelength and PL peak intensity over a period of 7 days for the prepared Sn-doped CsX powders: (a) PL peak wavelength, 
and (b) PL peak intensity. 

Fig. 7. I–V curves of the prepared Sn-doped CsX powders with 0.8 mmol CsX under different luminous intensities of white light: (a) Sn-doped CsI powders, (b) Sn- 
doped CsBr powders, and (c) Sn-doped CsCl powders. I–V curves of the prepared Sn-doped CsX powders under periodic irradiation of white light of 2 × 105 lux in 
luminous intensity and a voltage sweeping at a constant rate of 200 V/306.8 s with the largest voltage of 200 V: (a) Sn-doped CsI powders, (b) Sn-doped CsBr 
powders, and (c) Sn-doped CsCl powders. (Gray columns represent the dark condition, and white columns represent the illumination under white light of 2 × 105 lux 
in luminous intensity.) 
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and present the Tauc plots as an inset in the corresponding figures. From 
the Tauc plots, the bandgaps of the prepared Sn-doped CsX powders are 
calculated to be 2.20 eV, 2.31 eV, and 2.48 eV for the Sn-doped CsI 
powders, Sn-doped CsBr powders, and Sn-doped CsCl powders, respec
tively, which are larger than the corresponding ones of 2.03 eV, 2.19 eV, 
and 2.23 eV. The large Stokes shift between the bandgap from the 
absorbance measurement and the optical bandgap from the PL mea
surement is the STE characteristic, supporting that the light emission of 
the prepared Sn-doped CsX powders is controlled by the STE emission. 

Fig. 5a–c displays the PL spectra of the prepared Sn-doped CsX 
powders at different temperatures under the UV light of 365 nm in 
wavelength. The peak intensity of the emission light of the prepared Sn- 
doped CsX powders decreases with the increase of temperature. The 
peak wavelength of the emission light exhibits blue shifts of 609 nm at 
300.15 K to 601 nm at 380.15 K for the Sn-doped CsI powders, 565 nm at 
294.15 K to 560 nm at 364.15 K for the Sn-doped CsBr powders, and 556 
nm at 297.15 K to 542 nm at 377.15 K for the Sn-doped CsCl powders. 
Such a decreasing trend for the temperature dependence of the peak 
wavelength of the emission light is similar to that of inorganic halide 
perovskites. 

Using the data shown in Fig. 5a–c, the temperature dependencies of 
the peak intensity and the PL FWHM of the emission light under UV light 
of 365 nm in wavelength are presented in Fig. 5d–f and Fig. 5g–I, 
respectively. It is evident that the peak intensity of the emission light 
exhibits a nonlinear decreasing trend with the increase of temperature 
and the PL FWHM exhibits an increasing trend with the increase of 
temperature. In general, the decrease of the peak intensity of emission 
light can be attributed to that increasing temperature increases the 
probability of the non-radiative recombination losses, associated with 
the redistribution of carriers into various energy levels. Also, increasing 
temperature can enhance electron–phonon interactions, leading to the 
increase in the PL FWHM of emission light. 

The long-term optical stability of the prepared Sn-doped CsX pow
ders was examined at ambient conditions for a period of 7 days. Fig. S7 
in Supplementary Information depicts the PL spectra of the prepared Sn- 
doped CsX powders over the period. From Fig. S7, the temporal varia
tions of both the PL peak wavelength and PL peak intensity of the pre
pared Sn-doped CsX powders are determined and presented in Fig. 6. It 
is evident that there are no observable changes of the PL peak wave
length of the Sn-doped CsX powders. The PL peak intensities fluctuate in 
the range of 13161 and 14291 for the Sn-doped CsI powders, 11751 to 
13398 for the Sn-doped CsBr powders, and 6383 to 7442 for the Sn- 
doped CsCl powders. The fluctuation in the intensity of the emission 
light might be due to the slight differences in the location and/or in
tensity of the excitation light of 365 nm in wavelength between different 
measurements. In general, the prepared Sn-doped CsX powders exhibi
ted excellent long-term stability over a period of 7 days under ambient 
conditions. 

The photoresponses of the prepared Sn-doped CsX powders with 0.8 
mmol CsX were examined under white light, using the structure shown 
in Fig. S8 in Supplementary Information. Fig. 7a–c presents the I–V 
curves of the prepared Sn-doped CsX powders under different luminous 
intensities of white light, whose PL spectrum is depicted in Fig. S9 in 
Supplementary Information. In general, the electric current is a non
linearly increasing function of the applied voltage, suggesting the 
nonlinear conducting characteristic of the prepared Sn-doped CsX 
powders. It is interesting to note that the electric current decreases with 
the increase of the intensity of the white light under the same applied 
electric voltage. The mechanism for such behavior is unclear and might 
be associated with light-induced heating, which increases the scattering 
of electrons and causes the increase in the resistance to the motion of 
electrons. 

Fig. 7d–f presents the I–V curves under periodic changes between a 
dark environment and a white light environment of 2 × 105 lux in lu
minous intensity for the prepared Sn-doped CsX powders under the 
voltage sweeping at a constant rate of 200 V/306.8 s with the largest 

voltage of 200 V. The time for each interval was 20 s. From Fig. 7d–f, we 
note that exposing the Sn-doped CsX powders to white light caused the 
drop of the electric current immediately and switching to the dark 
environment led to the increase of the electric current immediately for 
all the three Sn-doped CsX powders, which is qualitatively in accord 
with the results shown in Fig. 7a–c. For the same time interval, the 
prepared Sn-doped CsI powders exhibited the largest change in the 
electric current and the prepared Sn-doped CsCl powders exhibited the 
smallest change in the electric current. Such results are in consistence 
with the trend shown in Fig. 7a–c. 

5. Discussion 

The temperature dependence of the PL peak intensity of the emission 
light of a semiconductor under UV light can be expressed as [38]. 

I(T) =
I0

1 + Ae(−Ea/kBT)
(2)  

where I0 is the PL peak intensity at 0 K, Ea is the nominal activation 
energy, kB is the Boltzmann constant, A is a constant, and T is the ab
solute temperature. Using Eq. (2) to fit the data shown in Fig. 5d–f, we 
obtain the nominal activation energies of 1343.1, 106.3, and 256.2 meV 
for the Sn-doped CsI powders, Sn-doped CsBr powders, and Sn-doped 
CsCl powders, respectively. For comparison, the fitting curves are 
included in the corresponding figures. It is evident that Eq. (2) describes 
well the temperature dependence of the PL peak intensity of the emis
sion light. Such large nominal activation energies suggest that the 
decrease of the PL peak intensity with the increase of temperature is 
attributed to thermal quenching. 

The configuration-coordinate model has been used to describe the 
STE emission of semiconductors. According to the configuration- 
coordinate model, the temperature dependence of the FWHM of STE 
emission, Γ(T), can be described as [39–42]. 

Γ(T) = Γ(0)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

coth
(

ℏω
2kBT

)√

(3)  

with Γ(0) as the half-line width at 0 K and ℏ ω as the phonon energy. 
Using Eq. (3) to fit the data shown in Fig. 5g–i, we obtain the half-line 
widths at 0 K and the phonon energies as (459.43, 28.68), (465.93, 
42.50), and (400.26, 14.20) in the units of (meV, meV) for the Sn-doped 
CsI powders, Sn-doped CsBr powders, and Sn-doped CsCl powders, 
respectively. For comparison, the fitting curves are included in the 
corresponding figures. It is evident that Eq. (3) describes well the tem
perature dependence of the PL FWHM of the emission light. 

From the half-line width at 0 K, the Huang-Rhys factor, S, which is 
the mean number of phonons emitted in absorption, can be calculated 
from the following equation [43]. 

S =

(
Γ(0)

2.36ℏω

)2

(4) 

Using the fitting results of Γ(0) and ℏ ω, we obtain the Huang-Rhys 
factor as 46.1, 21.6, and 142.6 for the Sn-doped CsI powders, Sn- 
doped CsBr powders, and Sn-doped CsCl powders, respectively. The 
large numerical values of the Huang-Rhys factor are in good accord with 
the general condition for STE emission [44]. This result confirms that 
the physical process for the light emission of the prepared Sn-doped CsX 
powders under the UV light of 365 nm in wavelength is controlled by the 
STE emission. The highest phonon energy, ℏ ω, for the Sn-doped CsBr 
powders suggests that the Sn-doped CsBr powders exhibited the largest 
emission of photons under the same conditions. The smallest 
Huang-Rhys factor for the Sn-doped CsBr powders suggests that the 
Sn-doped CsBr powders experienced the least recombination of excited 
electrons and holes during the excitation process. 

We performed the first principles calculations to analyze the effect of 
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Sn-doping on the bandgaps of CsX (X: I, Br, and Cl) halide compounds, 
using Quantum ESPRESSO [32] of a plane-wave quantum simulation 
code. Fig. 8 presents the changes of the crystal structures of CsXs to 
Sn-doped CsXs, the supercells of Sn-doped CsX halide compounds and 
the corresponding band structures. Note that the limited power of the 
computer made it very difficult to perform the DFT calculation for 
Sn-doped CsX lattices with more than 36 atoms/ions. 

The interatomic distances of the Sn-doped CsXs are 4.04 Å for Cs–I, 
3.80 Å for Cs–Br, and 3.59 Å for Cs–Cl. The angles of the supercells are α 
= β = γ = 90◦. From the band structures, we obtain indirect bandgap of 
2.08 eV for the Sn-doped CsI, direct bandgap of 2.12 eV for the Sn-doped 

CsBr, and direct bandgap of 2.36 eV for the Sn-doped CsCl. The wave
lengths corresponding to the bandgaps of 2.08, 2.23, and 2.36 eV are 
597, 584, and 525 nm, respectively, which exhibit a decreasing trend 
qualitatively in accord with the trend of the PL peak wavelengths for the 
Sn-doped CsXs (X: I, Br, and Cl), as observed in the experimental study. 
The first principles calculations qualitatively support the experimental 
observation that doping Sn doping in CsXs (X: I, Br, and Cl) reduces the 
bandgap of the corresponding pristine CsXs. 

Considering the potential applications of the prepared Sn-doped CsX 
powders in lighting and displays, we prepared simple light emitting 
diodes (LEDs) from the prepared Sn-doped CsX powders. Briefly, 0.4 

Fig. 8. Changes of the crystal structures of CsXs to Sn-doped CsXs, supercells and bond structures of Sn-doped CsXs: (a) Sn-doped CsI with Sn at a tetragonal site, (b) 
Sn-doped CsBr with Sn at an orthorhombic site, and (c) Sn-doped CsCl with Sn at an orthorhombic site. 

X. Huang et al.                                                                                                                                                                                                                                  



Journal of Luminescence 271 (2024) 120614

9

mmol of Sn-doped CsXs (X = Cl, Br, I) powders were coated on the 
surface of a glass substrate, respectively, which was then placed on the 
top of an LED of 365 nm in wavelength. The prepared LEDs exhibited an 
ultra-wide spectrum spanning the range of entire visible light, as shown 
in Fig. 9a. The optical micrographs embedded in Fig. 9b show the 
lighting of the LEDs at 400 mA, as required by the LED of 365 nm in 
wavelength. Transforming the PL data to the CIE diagram, the corre
sponding coordinates are (0.47, 0.45), (0.41, 0.50), and (0.35, 0.47) for 
the LEDs made from the Sn-doped CsI powders, Sn-doped CsBr powders, 
and Sn-doped CsCl powders, respectively. Such results suggest that the 
Sn-doped CsX powders have the potential for applications in lighting. 

6. Conclusions 

In summary, we have demonstrated the facile method of forming Sn- 
doped CsX (X: I, Br, and Cl) halide powders via mechanochemical pro
cessing under ambient conditions. The XRD analyses have revealed the 
increase in the interplanar spacing of the (110) plane of the CsXs with 
the presence of Sn, which validates the formation of Sn-doped CsX 
halide powders. The prepared Sn-doped CsX powders emit light with the 
PL peak wavelengths of 610, 565, and 556 nm for the Sn-doped CsI 
powders, Sn-doped CsBr powders, and Sn-doped CsCl powders, respec
tively, under UV light of 365 nm in wavelength. The physical process for 
the light emission of the prepared Sn-doped CsX powders is the self- 
trapped exciton emission, as evidenced ultra-wide emission peak and 
supported by the large numerical values of the Huang-Rhys factor from 
the analysis of the temperature dependence of the PL and FWHM of the 
emission light. The thermal quenching controls the temperature 
dependence of the PL peak intensity of the prepared Sn-doped CsX 
powders. We have performed the first principles calculations of the band 
structures of Sn-doped CsX halide compounds and obtained the bandg
aps qualitatively in consistence with the corresponding ones obtained 
from the PL measurements. 

The I–V behavior of the prepared Sn-doped CsX powders exhibited 
nonlinear characteristics; exposing the prepared Sn-doped CsX powders 
to white light led to the decrease in the electric current under the same 
applied voltage. Using the prepared Sn-doped CsX powders, we have 
constructed simple LEDs. The PL spectra of the LEDs exhibited an ultra- 
wide spectrum spanning the range of entire visible light. These results 
suggest that the Sn-doped CsX powders have the potential for applica
tions in lighting. This study provides a simple avenue for developing 
light-emitting materials of Sn-doped CsX materials via mechanochem
ical process, which have potential applications in lighting and display 
technologies. 
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