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emitting diodes and color down conversion†

K. P. O. Mahesh,‡*a Che-Yu Chang,‡b Wei-Li Hong,c Tzu-Hsiang Wen,a

Pei-Hsuan Lo,a Hao-Zhe Chiu,a Ching-Ling Hsu,b Sheng-Fu Horngc

and Yu-Chiang Chao *a

Organometal halide perovskites are attracting a great deal of attention because of their long carrier diffusion

lengths, wide wavelength tunability, and narrow-band emission. However, the toxicity of lead has caused

considerable environmental and health concerns. In this work, lead-free cesium tin halide nanocrystals

are synthesized and investigated. CsSnBr3 and CsSnI3 nanocrystals, 25 and 7 nm in size, are synthesized

by a facile hot injection method. Absorption spectroscopy, photoluminescence spectroscopy, and X-ray

diffraction were used to understand their structural and optical properties. CsSnBr3 and CsSnI3
nanocrystals show emission peaks at 683 and 938 nm, respectively. These nanocrystals show shelf

stability for a few months. Temperature-dependent photoluminescence is utilized to know more about

fundamental physical parameters, such as exciton binding energy, charge carrier–phonon interactions

and band gap. Light-emitting diodes and color down-conversion films are also demonstrated using

these lead free perovskite nanocrystals.
1. Introduction

Solution-processable perovskite semiconductors have drawn
tremendous attention in the eld of solar cells,1 light-emitting
diodes (LEDs),2 color converters3 and lasers.4 In the past few
years, LEDs based on colloidal all inorganic cesium lead halide
(CsPbX3, X ¼ I�, Br�, and Cl�) quantum dots and nanoparticles
have been broadly explored because of their tunable emission
and high photoluminescence quantum yield.5–8 The emission
covers the entire visible spectral region that could be changed
by controlling the chemical composition of halides and sizes of
the nanoparticles. However, due to the health and environ-
mental concerns, despite the impressive performance of
CsPbX3 have been demonstrated, the presence of toxic heavy
metal, Pb, is a major difficulty towards the large-scale
commercialization.

To replace Pb, perovskite materials with nontoxic metals
such as tin, bismuth, and germanium have been investigated.
Recently, the synthesis of nanostructured lead-free cesium tin
halide perovskite quantum dots have been reported.9–12 The
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band gap was tuned by using different halides. Mixed halide
perovskite quantum dots have been synthesized by either direct
synthesis of different halide precursors or mixing of as-
synthesized two different pure-halide perovskite quantum
dots solution by anion exchange reaction. CsSnX3 (X ¼ I�, Br�,
and Cl�) quantum rods were also synthesized by the sol-
vothermal process.13 The CsSnX3 have been used not only for
solar cells,14–17 but also for the fabrication of LEDs.18

When comparing the LED, color conversion and solar cell
applications using hybrid halide perovskite QDs, the optical
properties of these QDs has been less investigated. To date,
most research available on the optical properties of lead-free
halide perovskite at room temperature.19,20 A very few works
have been reported on the steady-state PL characterization of
CsSnX3 QDs at less than 300 K.21 The low temperature steady-
state PL gives the in-depth information on electron–phonon
interaction of hybrid halide QDs and thermal contribution to
band gap of hybrid halide perovskite QDs.22

Here, we demonstrate a facile hot injection solution
synthesis of monodisperse CsSnBr3 and CsSnI3 nanocrystals
with 25 and 7 nm in size, respectively. CsSn(BrxI1�x)3 can also be
realized by tuning the ratio of SnI2 and SnBr2. The structural
and optical properties were investigated by absorption and
photoluminescence spectroscopy, X-ray diffraction and trans-
mission electron microscopy. We mainly focused on the steady-
state PL spectra of CsSnBr3 and CsSnI3 nanocrystals in the
broad temperature range between 80 K and 300 K. The
temperature-dependent PL was used to investigate the exciton
binding energy, charge carriers–phonon interaction and band
RSC Adv., 2020, 10, 37161–37167 | 37161
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gap. As the temperature increases, the PL peak shows a linear
blue-shi, the PL spectra's full width at half maximum (FWHM)
shows a broadening characteristic, and the integrated PL
intensity shows a continuous decrease. Increasing trend of
binding energy was extracted by tting to the temperature-
dependent PL excitonic emission intensity. Besides, to
demonstrate the possibility of these materials to be used in real
applications, LEDs and color down-conversion lms were real-
ized based on these nanocrystals.

2. Experimental
2.1 Materials

For the synthesis and fabrication of CsSnX3 and LEDs, analyt-
ical grade reagents were used as received without further
purication.

2.2 Synthesis CsSnX3 nanocrystals

The lead-free CsSn(BrxI1�x)3 nanocrystals was prepared by
a facile hot injection method following the reported literature.9

The preparation was conducted under nitrogen atmosphere by
adopting the standard Schlenk line technique. Take a mixture
of 0.696 g SnBr2 or 0.931 g SnI2 and 2.5 mL tri-n-octylphosphine
(TOP) in a three-neck ask and heated to 100 �C with stirring for
1 hour under vacuum. In a separate three-neck ask, 0.13 g
Cs2CO3, 12 mL octadecane (ODE), 0.55 mL oleic acid (OA) and
0.4 mL oleylamine (OLA) was stirred at 120 �C for 1 hour under
vacuum and increases the temperature to 140 �C for one hour in
N2 atmosphere. Then the reaction temperature was increased to
170 �C in the presence of N2. The SnX2–TOP solution was
quickly injected with effective stirring for 1 minute then cooled
by an ice-cooled water bath. The CsSnBr3 and CsSnI3 nano-
crystals are separated by centrifugation and washed three times
with ethanol and hexane in a glove box.

2.3 Fabrication of color converters

The down-conversion lms are fabricated using PMMA as
a matrix. 25 mg of CsSnBr3 or CsSnI3 perovskite nanocrystals
were dispersed in 1 mL of toluene, and 50 mg of PMMA is
dissolved in 4 mL of toluene at 60 �C in a different vial. The
CsSnBr3 or CsSnI3 toluene solutions are mixed with PMMA
toluene solution under vigorous stirring for 30 min. Subse-
quently, the mixed solutions are transferred into a Petri-dish
followed by placing into a vacuum oven for 30 min at room
temperature for evaporating the toluene to get nanocrystals
encapsulated PMMA composite lm. The as-prepared
nanocrystals/PMMA composites lm is placed on top of
a blue-emitting LED chip (455 nm) for the PL measurement.

2.4 Fabrication of LEDs

The light-emitting devices were fabricated on patterned indium tin
oxide (ITO) glass substrates. The ITO glass substrates were cleaned
by acetone, isopropanol, and de-ionized water and blown dry by
nitrogen. Aer ultraviolet-ozone treatment for 30 min, the hole
injection material poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS, Clevios P VP AI4083) was spin-coated
37162 | RSC Adv., 2020, 10, 37161–37167
onto the substrates and baked at 120 �C for 20 min. The
substrates were then transferred to a N2-lled glovebox for the
following fabrication processes. A blend solution consisting of
poly(N-vinyl carbazole) (PVK), 2-(4-tert-butylphenyl)-5-(4-
biphenylyl)-1,3,4-oxadiazole (PBD), N,N0-bis(3-methylphenyl)-N,N0-
diphenylbenzidine (TPD), and CsSnI3 nanocrystals was spin-
coated at 1000 rpm on the substrates to form the emissive layer.
PVK, PBD, and TPD were rst prepared in toluene with a concen-
tration of 2 wt%. A mixture was then prepared by blending 0.61
mL, 0.24mL and 0.09mL of PVK, PBD and TPD solutions together.
The mixture was then used to prepare nanocrystal solution with
a concentration of 70.85 mg mL�1. The emissive layer was then
annealed at 60 �C for 20min to dry the lm. LiF of 1.2 nmand Al of
70 nm were nally deposited as cathode to complete the devices.
2.5 Measurements

XRD data were recorded using a Bruker D8 ADVANCE ECO
diffractometer (Cu Ka radiation, l ¼ 0.15418 nm). The absor-
bance spectra of the perovskite lms were recorded using
a microspectrometer (SD1200-LS-HA, StreamOptics Co.) with
a detection wavelength range of 400–1000 nm. The PL spectra
were recorded using a spectrometer (tecSpec MMS) with
a detection wavelength range of 400–1100 nm. A 405 nm laser
was used as the excitation source. The temperature-dependent
PL was obtained with VPF-100 liquid nitrogen cooled cryostat
(Janis Research). The electrical characteristics were measured
using a Keithley 2400 SourceMeter. The EL spectra, radiance,
and EQE were recorded and calculated using a spectrometer
(USB2000+, Ocean Optics) and ISM-Nit soware (Isuzu Optics
Corp.). The spectrometer was calibrated with a spectroradi-
ometer (specbos 1211, JETI). Conventional transmission elec-
tron microscopy (TEM) observations were carried out using
a JEOL JEM-2100 microscope.
3. Results and discussion

Fig. 1 shows the powder X-ray diffraction (XRD) patterns of the
CsSnBr3 and CsSnI3 nanocrystals. The peak positions observed
for the CsSnBr3 and CsSnI3 nanocrystals match well with the
previous report, which conrmed that CsSnBr3 and CsSnI3
nanocrystals adopted the perovskite orthorhombic (Pnma)
structure.9 The prominent peaks observed at 14.4�, 25�, 28.7�,
and 41.4� for CsSnI3 correspond to the characteristic diffraction
planes indexed at (101), (220), (202), and (242), respectively.9,23

The prominent peaks observed at 15.2�, 21.6�, 30.8�, and 44.1�

for CsSnBr3 correspond to the characteristic diffraction planes
indexed at (101), (121), (202), and (242), respectively.9 The XRD
patterns of the CsSnI3 and CsSnBr3 nanocrystals are in good
agreement with the reference prole of orthorhombic CsSnI3
(JCPDS le number: 43-1162) and cubic CsSnBr3 (JCPDS le
number: 70-1645). The inset of Fig. 1 shows the TEM images of
the CsSnBr3 and CsSnI3 nanocrystals. The size of the CsSnBr3
and CsSnI3 nanocrystals are estimated to be about 25 and 7 nm,
respectively. Due to the inability to get high resolution images,
we are not able to get more detailed information.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Powder XRD patterns of CsSnBr3 and CsSnI3 perovskite nano-
crystals. The insets show the TEM images of CsSnBr3 and CsSnI3
perovskite nanocrystals.
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The UV-vis absorption and photoluminescence (PL) spectra
of the CsSnBr3 and CsSnI3 nanocrystals were investigated, as
shown in Fig. 2a and b. The insets in Fig. 2b are the photo-
graphs of CsSnBr3 and CsSnI3 nanocrystal suspensions under
day light and UV light, respectively. The bandgaps of CsSnBr3
and CsSnI3 nanocrystals are roughly estimated to be 1.76 eV and
1.34 eV, respectively. By tuning the ratio of SnI2 and SnBr2 in the
SnX2–TOP solution using during the facile hot injection
method, CsSn(IxBr1�x)3 nanocrystals can also be prepared. The
absorption and PL spectra are shown in Fig. S1 and S2,†
respectively. The onset of absorption shis to higher energy
while replacing I� by Br�. Such a bandgap tuning property is
similar to the previous reports in MASnX3, MAPbX3, CsSnX3,

and CsPbX3 material systems.9,13,16,24–31 The PL spectra of the as-
synthesized perovskite nanocrystals in solution showed an
emission peak at 683 and 938 nm for CsSnBr3 and CsSnI3
nanocrystals, respectively.
Fig. 2 (a) Absorption and (b) PL spectra of CsSnBr3 and CsSnI3
perovskite nanocrystals. Insets in (b) show the CsSnBr3 and CsSnI3
nanocrystals in day light and under UV light. The PL spectra of the fresh
and aged (c) CsSnBr3 and (d) CsSnI3 perovskite nanocrystals.

This journal is © The Royal Society of Chemistry 2020
The shelf stability of the CsSnBr3 and CsSnI3 nanocrystals
in solution were also investigated, as shown in Fig. 2c and d.
The CsSnBr3 and CsSnI3 nanocrystals suspensions were
prepared and encapsulated in vials in the glove box. The vials
were sealed and taken out of the glove box and stored in
ambient condition for PL measurement. For CsSnBr3 QDs,
when comparing the fresh and four months stored solution,
the PL peak was shied from 683 nm to 681 nm, FWHM was
increased from 50 nm to 55 nm, and the PL peak intensity was
decreased from to 44.12% aer 4 months. For CsSnI3 QDs, the
PL peak was shied from 938 nm to 896 nm, FWHM was
increased from 83 nm to 140 nm, and the PL peak intensity
was decreased from to 15.26% aer 4 months. The stability of
CsSnBr3 QDs solution is better than CsSnI3 QDs solution (as
shown in Fig. S3†). When the vial with CsSnI3 nanocrystals
suspension was opened, there will be no PL signal aer six
hours. This is supposed to be related to the spontaneous
oxidative conversion from CsSnI3 to Cs2SnI6.32

The steady-state PL spectra of CsSnBr3 and CsSnI3 nano-
crystals in the temperature range between 80 K and 300 K are
shown in Fig. 3a and b, respectively. With increasing the
temperature, the PL peak shows a blue-shi tendency, the full
width at half maximum (FWHM) of the PL spectra show
Fig. 3 (a and b) Temperature-dependent PL spectra, (c and d) PL peak
energy, (e and f) FWHM of the PL spectra, and (g and h) PL integrated
intensity of (a, c, e and g) CsSnBr3 and (b, d, f and h) CsSnI3 perovskite
nanocrystals.

RSC Adv., 2020, 10, 37161–37167 | 37163

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06139e


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
O

ct
ob

er
 2

02
0.

 D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 9
:3

4:
05

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
a broadening characteristics, and the integrated PL intensity
shows a continuous decrease. All these behaviors were also
observed in MAPbI3, MAPbBr3, FAPbI3, FAPbBr3, CsPbBr3,
CsPbI3, CsSnI3.4,33–36 The temperature-dependent PL is worthy to
be investigated in detail since important physical parameters of
perovskites such as exciton binding energy, charge carriers–
phonon interaction and band gap can be estimated.

The peak energy of the PL of CsSnBr3 and CsSnI3 nano-
crystals as a function of temperature is shown in Fig. 3c and d.
The peak energy increases with increasing the temperature.
Such a blue-shi in PL peak energy cannot be described by
a traditional empirical relation, Eg ¼ E0 � aT2/(T + b),37 which
have been widely used to describe the temperature-dependent
PL of conventional semiconductors. The empirical relation
proposed by R. Pässler38 and an expression which follows the
Bose–Einstein statistical factor39–41 are also not able to describe
the blue-shi in PL peak energy.

The dependence of the band gap at constant pressure
comprises two contributions. One contribution is due to the
thermal expansion of the lattice (changes in lattice constant),
and another contribution is the renormalization of band ener-
gies by electron–phonon interactions.42–44 An expression was
used to estimate the temperature-dependence of the band
gap:33,34

vEg

vT
¼ vEg

vV

vV

vT
þ
X
j; q
.

 
vEg

vn
j; q
.

!�
n
j; q
. þ 1

2

�
; (1)

where nj; q. is the occupation number of the phonon mode at j
branch with wave vector q

.
. The rst term in eqn (1) corresponds

to the contribution of thermal expansion, while the second term
is the contribution of electron–phonon interaction. Under the
assumption of positive coefficient vEg/vV33 and one-oscillator
mode,33,45 eqn (1) can be simplied as follow:33

Eg(T) ¼ E0 + ATET + AEP(2/(exp(ħu/kT) � 1) + 1), (2)

where E0 is the unrenormalized band gap, ħu is the average
phonon energy. According to the tting, the revealed parame-
ters for CsSnBr3 nanocrystals are E0 ¼ 1.82 eV and ħu ¼ 90.1
meV, while the revealed parameters for CsSnI3 nanocrystals are
E0 ¼ 1.76 eV and ħu ¼ 100.3 meV. For the tting of CsSnBr3
nanocrystals, since the deviation of PL peak energy is large, only
the data below 200 K is used for tting. These tting results
shown a good match, indicating the importance of the contri-
bution of thermal expansion in thesematerials. For CsSnX3 (X¼
I�, Br�, and Cl�), the theoretical calculation has demonstrated
that the band gap increases with increasing the lattice
constant.46 This also means that the thermal expansion leads to
the increase in band gap. In conventional semiconductors, the
thermal expansion contribution is negligible. However, in
CsSnX3, the thermal expansion contributes a lot.

As shown in Fig. 3e and f, the FWHM of the PL spectra
broadens with increasing the temperature. The analysis on the
temperature-dependent PL broadening is a widely used method
to understand the electron–phonon coupling in inorganic
semiconductors.5,33,35,36,47–49 Mechanisms related to the
37164 | RSC Adv., 2020, 10, 37161–37167
scattering between charge carriers and acoustic phonons,
optical phonons or impurities have to be considered.36,48 The
following relation has been proposed to describe the evolution
of FWHM with temperature:

G(T) ¼ G0 + gacT + gLO/(e
ELO/kT � 1) + gimpe

�Eb/kT, (3)

The rst term, G0, is a temperature-independent inhomoge-
neous broadening. The second term is a homogeneous broad-
ening, comes from acoustic scattering, while the third term is
also a homogeneous broadening, results from LO phonon
scattering. gac is charge carrier–acoustic phonon coupling
strength, and gLO is a charge carrier–optical phonon coupling
strength. ELO is the energy of the optical phonons. The nal
term is attributed to the scattering with ionized impurities with
an average binding energy Eb. From the tting process, the
second and the fourth terms do not play any signicant roles,
and we only use the rst and third term for theoretical tting.
According to the tting, the revealed parameters for CsSnBr3
nanocrystals are G0 ¼ 101.6 meV, gLO ¼ 158.6 meV and ELO ¼
59.9 meV, while the revealed parameters for CsSnI3 nanocrystals
are G0 ¼ 45.4 meV, gLO ¼ 28.6 meV and ELO ¼ 14.3 meV.

The evolution of integrated PL intensity is shown in Fig. 3g
and h, which shows a continuous decrease with increasing the
temperature. This behavior is an indication that thermal energy
activates exciton dissociation or nonradiative relaxation
process, which compete with radiative recombination. The
temperature-dependent PL intensity can be tted to the Arrhe-
nius law:5,35,49–58

I(T) ¼ I0/(1 + Ae�Eb/(kT)), (4)

where I0 is the emission intensity at 0 K and Eb is the exciton
binding energy or the activation energy of a non-radiative
process. The tting gives the value Eb of 48.8 meV for CsSnBr3
nanocrystals, and Eb of 55.5 meV for CsSnI3 nanocrystals.

To demonstrate the capability of perovskite nanocrystals to
be used in the real application, near-infrared light-emitting
diodes based on CsSnI3 were realized. The device with
a simple structure was adopted, that is ITO/PEDOT:PSS/
emissive layer/LiF/Al. The emissive layer is a mixture
composed of PVK, PBD, TPD, and CsSnI3 nanocrystals. The
optical and electrical properties of the device based on CsSnI3
nanocrystals are shown in Fig. 4. The device with annealed
emissive layer shown better performance than unannealed
emissive layer. The maximum external quantum efficiently
(EQE) of this device is about 0.007%. Such a low EQE value is
attributed to the low quantum yield of the CsSnI3 nanocrystals9

and the leakage current. Considering the high electrical
conductivity of CsSnI3,17 the leakage current may come from the
percolation path in the emissive layer. Please note that there is
no electroluminescence emission peak observed other than one
belongs to the CsSnI3. Therefore, we suppose that the charge
carriers are transported mainly through the percolation path
constructed by CsSnI3 nanocrystals, and the electrons and holes
are recombined on CsSnI3. To further increase the efficiency of
the device by reducing the leakage current, an electron
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Optical and electrical properties of the LEDs based on CsSnI3.
(a) Current density–voltage curves. (b) Radiance–voltage curves. (c)
External quantum efficiency–voltage curves. (d) Electroluminescence
spectra.
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transport layer/hole blocking layer beneath the emissive layer
and a hole transport layer/electron blocking layer above the
emissive layer might be added.

In addition to use the perovskite nanocrystals in the
emissive layer of the LED, we also use them to realize down-
conversion color converter lms. The color converter lm
was stacked on a blue LED (455 nm) for the down-conversion
of blue light into the light with the wavelength of perovskite
nanocrystals. The down-conversion color converter lms were
Fig. 5 The characteristics of the color down-conversion films based
on (a) CsSnBr3/PMMA and (b) CsSnI3/PMMA composite films.

This journal is © The Royal Society of Chemistry 2020
prepared by blending the CsSnBr3 or CsSnI3 nanocrystals with
PMMA host polymer. Fig. 5 shows the PL spectra of the
CsSnBr3/PMMA and CsSnI3/PMMA composite lms. A
commercial blue LED with 455 nm emission was used as the
excitation source. The PL spectra show peak values at�455 nm
from the blue LED and the secondary peaks at 673 and 931 nm
for CsSnBr3/PMMA and CsSnI3/PMMA composite lms,
respectively. These peak positions are similar to the ones of
pure perovskite nanocrystals. CsSn(BrxI1�x)3/PMMA
composite lms also works well for this demonstration, as
shown in Fig S4.† These results demonstrated that a LED with
emission wavelength range from 673 to 931 nm could be
realized by stacking a down-conversion color converter lm
composed of CsSn(BrxI1�x)3 and PMMA on a LED.

4. Conclusion

In summary, lead-free cesium tin halide CsSn(BrxI1�x)3 nano-
crystals were synthesized by a facile hot injection method. The
sizes of CsSnBr3 and CsSnI3 nanocrystals are 25 and 7 nm,
respectively. Temperature-dependent PL is used to unveil their
exciton binding energy, charge carriers–phonon interaction and
band gap. Light-emitting diodes based on CsSnI3 and color
down-conversion lms based on CsSn(BrxI1�x)3 were
demonstrated.
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