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ABSTRACT: Tin-based perovskites have emerged as lead-free
alternatives, but their application in perovskite light-emitting
diodes (PeLEDs) has been limited due to the low chemical
stability and inhomogeneity of the inorganic CsSnBr3 films
using solution processing. Here, we demonstrate bright (∼160
cd m−2) CsSnBr3 PeLEDs made by introducing co-additives
consisting of SnF2 and a grain-growth inhibitor (1,3,5-tris(N-
phenylbenzimidazol-2‑yl)benzene). The use of co-additives
increased the number of nucleation sites during the crystal-
lization process of CsSnBr3, and consequently yielded uniform
CsSnBr3 films with decreased grain size and improved defect
passivation. The crystallization-controlled CsSnBr3 PeLEDs had
a maximum luminance of ∼160 cd m−2, i.e., ∼7500 times
brighter than than that of the control devices (without additive, 0.02 cd m−2), and a long device lifetime of ∼30 h at 58 cd m−2.
Our work suggests that control of the crystallization of CsSnBr3 during film formation is an important requirement to increase
the luminescence efficiency and stability of tin-based PeLEDs.

Metal halide perovskites (MHPs) are regarded as
promising light-emitting materials for light-emitting
diodes (LEDs) and displays due to several inherent

traits: (i) superior color purity (full width at half-maximum
(fwhm) ∼20 nm), (ii) easy tuning of emission wavelength, (iii)
solution processability, (iv) high charge-carrier mobility, and (v)
energy levels comparable with those of most organic semi-
conductors.1−4 The early-stage perovskite light-emitting diodes
(PeLEDs) used 3D polycrystalline MHPs, which have
advantages of simplicity in the preparation of precursor solutions
and in the thin-film formation process.4−9 Subsequently, the
electroluminescence (EL) characteristics of PeLEDs were
significantly improved by various approaches, such as solvent
treatments to control the size of the perovskite grains,5,7 use of
additives to passivate defects,5,10−12 and synthesis of colloidal
perovskite nanocrystals.13,14

However, most existing PeLEDs use lead-based perovskites,
and the toxicity of lead is a huge obstacle for industrialization.
The toxicity of Pb violates the “directive on the Restriction of the
use of Hazardous Substances (RoHS) in electrical and electronic
equipment”,15 which is a treaty to avoid using harmful materials.
For this reason, many researchers have studied lead-free
perovskite materials.16−23 Sn is considered as the most
promising alternative to Pb due to its similarity in chemical

characteristics (e.g., oxidation state and ionic radius), so this
element has been widely used for perovskite solar cells.24,25

However, Sn-based MHPs are chemically very unstable because
of self-oxidation of Sn2+ to Sn4+, which acts as a p-type dopant in
MHPs; this self-doping process increases the hole concentration
and thereby alters the MHP’s electronic properties from
semiconducting to metallic.17 Also, the self-oxidation of Sn2+

to Sn4+ leads to the formation of Sn vacancies in Sn-based MHP
polycrystalline films. Because of this fundamental problem, only
a few studies have reported lead-free Sn-based PeLEDs. Visible-
light-emitting lead-free PeLEDs have been achieved using low-
dimensional organic−inorganic hybrid MHPs, such as
(PEA)2SnIxBr4‑x; however, the luminance (L = 0.15 cd m−2)
and current efficiency (CE = 0.029 cd A−1) were limited.26

Recently, lead-free PeLEDs were reported with high color
purity, obtained using the same low-dimensional MHP
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(PEA2SnI4).
27 The researchers suppressed the oxidation of Sn2+

by using H3PO2 as an additive, but their lead-free PeLEDs still
showed low brightness (L = 70 cd m−2). Although there has
recently been great progress in all-inorganic solution-processed
CsSnI3 infrared PeLEDs,28,29 visible light lead-free PeLEDs still
need further development for display applications.

Inorganic CsSnBr3 has a higher thermal stability (thermal
decomposition temperature of 437 °C) than organic/inorganic
hybrid Sn-based MHPs.30 Therefore, CsSnBr3 can be more
compatible with high-temperature processing and more
resistant to Joule heating in PeLEDs. However, the formation
of uniform CsSnBr3 polycrystalline films by solution processing
is difficult due to the spontaneous formation of Sn vacancies
between CsSnBr3 grains by self-oxidation of Sn2+ to Sn4+;23 the
non-uniformity results in poor EL characteristics in Pe-

LEDs.28,31 To overcome this problem, SnF2 has been used as
an additive for Sn-based perovskite optoelectronic devi-
ces.20,32−34 However, excessive addition of SnF2 often leads to
various problems, such as phase segregation in MHP films,
formation of nanoplatelet-like structures, and poor device
performance.17,35 Therefore, it is essential to find an effective
strategy to fabricate uniform Sn-based MHPs polycrystalline
films that have high packing density, while suppressing the self-
oxidation process.

Here, we present a simple way to control the crystallization
process of solution-processed perovskites films for fabricating
uniform CsSnBr3 polycrystalline films and bright lead-free
PeLEDs. We introduced an organic/inorganic co-additive
composed of SnF2 and 1,3,5-tris(N-phenylbenzimidazol-2‑yl)-
benzene (TPBI). SnF2 functions as a reducing agent (or an

Figure 1. (A) Schematic illustration of the crystallization process of CsSnBr3 with additive engineering. (B) Modified LaMer diagram for the
CsSnBr3 crystallization process with additive engineering strategy.
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antioxidant) to prevent oxidation of CsSnBr3 and improve the
morphology of polycrystalline CsSnBr3 films. The co-additive
strategy using a second additive (TPBI) reduced the resultant
grain size of CsSnBr3 (from ∼130 to ∼60 nm) by inhibiting the
growth of CsSnBr3 grains and enabled the use of a high molar
proportion (30 mol%) of SnF2 additive without causing film
non-uniformity. Also, TPBI passivated the CsSnBr3 emission
layer, upshifted its valence band maximum (VBM), and thereby
improved the EL efficiency and luminance of CsSnBr3 PeLEDs.
In sum, we fabricated bright, lead-free inorganic PeLEDs (L =
160 cd m−2) by solution processing; the CsSnBr3 PeLED
showed a long device operational lifetime of ∼30 h at 58 cd m−2,
which is much longer than the device lifetime of previously
reported high-efficiency, lead-free PeLEDs.36 So far, most
reported Sn-based PeLEDs have used 2D perovskite struc-
tures.26,36 Our work improves the understanding of the
crystallization kinetics of 3D Polycrystalline CsSnBr3 and
provides a simple way to fabricate uniform, solution-processed
CsSnBr3 films for bright and stable CsSnBr3 PeLEDs.

To understand the crystallization behavior of CsSnBr3 films,
we fabricated three different CsSnBr3 films, (1) without
additives, (2) with SnF2 additive, and (3) with SnF2:TPBI co-
additive, and compared their film morphologies. The additives
modified the nucleation and growth processes of the CsSnBr3
films (Figure 1A). One-step spin-coating of inorganic MHPs
without additives tends to produce non-uniform polycrystalline
film morphologies (Figure 1A, top right) due to the low
solubility of the cesium bromide (CsBr) in commonly used
organic solvents.37,38 Addition of SnF2 to the CsSnBr3 precursor
solution yielded improvements in the film morphology of
CsSnBr3. SnF2 molecules can act as heterogeneous nucleation
sites,32 so the use of SnF2 is expected to increase the number of
nucleation sites, and the resultant CsSnBr3 films would have
more-uniform surface coverage with a decreased grain size
compared to CsSnBr3 films without SnF2 additive (Figure 1A,
middle right). However, addition of excess SnF2 (i.e., >20 mol
%) showed a tendency to formCsSnBr3 aggregates in the films.32

TPBI functioned as a grain-growth inhibitor for CsSnBr3 films
(Figure 1A, bottom right). Also, the use of the SnF2:TPBI co-
additive enabled an increase in the molar percent of SnF2

additives without causing aggregation of CsSnBr3, which has
been amajor drawback of using SnF2 additives.We also suggest a
hypothesis on the crystallization processes of CsSnBr3 with
additive engineering based on LaMer’s nucleation theory39 and
experimental observations on crystallization time (Figure 1B
and Table S1). In LaMer’s nucleation theory, nucleation occurs
only above a certain threshold concentration of precursors
(denoted as Cmin

nu in Figure 1B), and growth continues until the
precursor concentration reaches an equilibrium value (denoted
as CS in Figure 1B).39 With SnF2 additive, the crystallization
process is slowed down and the maximum precursor
concentration increased, resulting in larger area of the curve
(red curve) aboveCmin

nu (Figure 1B); this leads to a larger number
of nucleation sites than in the control (without additive, black
curve). With SnF2 and TPBI co-additives, the crystallization
process is further slowed down, while crystal growth is inhibited
by TPBI (blue curve), yielding the highest number of nucleation
sites among the three cases. This hypothesis can be supported by
experimental observations on the crystallization time (Figure S1
and Table S1). We measured the crystallization time of CsSnBr3
during spin-coating (Table S1) and slow solvent evaporation of
CsSnBr3 precursor solutions (Figure S1). In both cases, the co-
additive sample showed the slowest crystallization time,
verifying our hypothesis. As the number of nucleation sites
increased, uniform polycrystalline CsSnBr3 films that have grains
much smaller than those of the pristine films (i.e., without
additive) were obtained concomitantly. Furthermore, we
measured steady-state PL of CsSnBr3 films with and without
additives at different stages (stage 1, spin-coating at 3000 rpm
for 40 s; stage 2, spin-coating at 3000 rpm for 70 s; stage 3, after
solvent drying; stage 4, after annealing at 170 °C for 10 min)
(Figure S2). Note that crystallization occurs at ∼40 s for
CsSnBr3 without additive, whereas CsSnBr3 with additives forms
an adduct phase at ∼40 s (Figure S2B). For the SnF2 additive,
the PL intensity increases with the stage, indicating that
crystallization occurs gradually as the film-forming process
proceeds (Figure S2C). For the SnF2:TPBI additive, crystal-
lization of CsSnBr3 occurs at the annealing step, as proven by the
dramatic increase in PL intensity at stage 4 (Figure S2C). This
observation is in accordance with our hypothesis on the

Figure 2. SEM images of CsSnBr3 films (A) without additive, (B) with 20 mol% SnF2, (C) with 30 mol% SnF2, and (D) with SnF2 (30 mol
%):TPBI co-additives.
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crystallization behavior of CsSnBr3 with additives (Figure 1). In
addition, we have tried to use other electron-transporting small-
molecule additives, but the TPBI additive resulted in the best
film morphology and PeLED characteristics (Figures S3−S5).

We investigated the surface morphology of polycrystalline
CsSnBr3 films obtained using one of the three crystallization
processes (Figure 2). Pristine CsSnBr3 film (without additives)
showed a non-uniform film morphology with isolated grains
(Figure 2A). CsSnBr3 films with SnF2 additive showed uniform
surface coverage, which can probably be attributed to the
increase in the number of nucleation sites and suppressed
oxidation of Sn2+ (Figure 2B and Figure S6).32 However,
addition of >20 mol% SnF2 caused formation of aggregates of
CsSnBr3 on the film, possibly as a result of an excessive number
of SnF2 nucleation sites (Figure 2C and Figure S6).40 CsSnBr3
films with TPBI and 30mol% SnF2 were very dense and uniform
with full coverage (Figure 2d); evidently, the TPBI additive
prevented the emergence of CsSnBr3 aggregates and improved
the surface morphology of the CsSnBr3 film, because TPBI acts
as a nucleation inhibitor. In contrast, the surface coverage of
CsSnBr3 films with only TPBI additive and no SnF2 was very
poor because of the insufficient density of nucleation sites
(Figure S7). Also, we calculated the grain size of two different
CsSnBr3 films (i.e., with SnF2 additive vs with SnF2:TPBI co-
additive). The grain size of the CsSnBr3 film with only SnF2
additive was 125 nm, but it decreased to 52 nm with the use of
SnF2:TPBI co-additive, which can facilitate the spatial confine-
ment of charge carriers in the nanograins (Figure S8).7

X-ray diffraction patterns of CsSnBr3 films were measured to
investigate the changes in the crystal structure with varying

additives. Three different perovskite films showed a Pm3̅m cubic
phase, regardless of the type of additives, and did not show any
peak shifts (Figure S9), indicating that the lattice constant was
not changed by the additives. The crystallite size was calculated
by using the Scherrer equation (36.8 nmwith SnF2 additive, 27.3
nm with SnF2:TPBI co-additive), leading to the same tendency
as observed with the grain size as obtained from the SEM images
(Figure S8).

The energy levels of CsSnBr3 films with different additives
were determined by performing ultraviolet photoelectron
spectroscopy (UPS) (Figure 3A,B). The SnF2:TPBI co-additive
lowered the VBM from 6.37 to 5.97 eV (Figure 3C and Table
S2); this effect is presumably due to the incorporation of
TPBI.41 This upshift in VBM of CsSnBr3 emission layers
(EMLs) can facilitate hole injection to the EML and suppress
unwanted hole injection into the electron transport layer (i.e.,
TPBI).

X-ray photoelectron spectroscopy (XPS) revealed how
SnF2:TPBI co-additive decreased the self-oxidation behavior
of Sn2+ (Figure 3D and Figure S10). All XPS spectra had peaks at
∼487 eV (= Sn 3d5/2) and ∼496 eV (= Sn 3d3/2). Addition of
SnF2 caused a downshift of the XPS spectrum compared to that
of pristine CsSnBr3; this change clearly shows the prevention of
Sn2+ oxidation to Sn4+, because Sn2+ has lower binding energy
than Sn4+. The chemical bonding status of the CsSnBr3 films was
analyzed in detail by deconvoluting Sn 3d5/2 XPS peaks (Figure
3D). The deconvolution yielded two peaks at 486.6 and 487.4
eV, which correspond to Sn2+ and Sn4+, respectively.42 In the
pristine CsSnBr3 film, the Sn4+ peak was predominant over the
Sn2+ peak. The incorporation of SnF2 or SnF2:TPBI increased

Figure 3. UPS spectra of CsSnBr3 films with SnF2 additive or SnF2:TPBI co-additives showing (A) secondary cutoff and (B) VBM. (C) Energy
band diagram showing upshift of VBM by co-additive. (D) Deconvolution of XPS Sn 3d spectra of CsSnBr3 films with different additives. The
blue and red deconvoluted spectra correspond to Sn4+ and Sn2+, respectively.
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the Sn2+/Sn4+ ratio from 0.504 to 0.792 (for SnF2 additive) or
0.902 (for SnF2:TPBI co-additive), proving that self-oxidation of
Sn2+ was effectively suppressed by the additives.

To analyze the opto-physical properties of the CsSnBr3 films,
we measured the UV−vis absorption, the steady-state spectra,
and the time-resolved photoluminescence (PL) spectra (Figure
4). The CsSnBr3 films with additives (i.e., SnF2 or SnF2:TPBI)
each have a sharp absorption edge around 655 nm, which verifies
the formation of uniform CsSnBr3 films with a small roughness
(Figure S11A). In contrast, the absorption spectrum of pristine
CsSnBr3 film has a high background level due to light scattering
caused by the non-uniform film morphology with a high
roughness. We determined the band gap of CsSnBr3 (1.77 eV)
by using a Tauc plot of the absorption spectrum (Figure S11B).
The CsSnBr3 films with SnF2:TPBI co-additives showed
substantially increased steady-state PL intensities and longer
PL lifetimes than those of CsSnBr3 films without additives
(Figure 4A,B). The PL intensity increased by 5 times, and the
average PL lifetime increased from 0.24 to 1.12 ns (Table S3).
These changes in PL properties can be attributed to (1) the
decreased grain size (Figure 2D) enhancing the radiative
recombination by spatial confinement of charge carriers,7,11 (2)
defect passivation at grain boundaries by TPBI,11 and (3) the
prevention of Sn4+ formation (Figure 3D and Figure S12A). In
correspondence with steady-state PL intensity and PL lifetime

results, the PL quantum efficiency (PLQE) of CsSnBr3 films
increased from 0.21% to 1.47% with the SnF2:TPBI co-additive
(Table S3). The PL peak position (680 nm) did not differ
regardless of the type of additives (Figure S12B). To further
investigate the photophysical properties of CsSnBr3 films with
our additive engineering strategy, we performed temperature-
dependent PL measurements of CsSnBr3 films with SnF2:TPBI
co-additive and without additives (Figure 4C−F, Figure S13,
and Tables S4−S6). The measurement was performed from 300
to 60−80 K with steps of 10 K. The fitting results yielded the
activation energies (Ea) of the PL quenching process with
increasing temperature: Ea = 51.5 meV (for co-additive) and
39.0 meV (for pristine), respectively (Figure 4D) (see Tables S4
for more details about the fitting parameters). Considering the
discrepancy between the measured Ea values and previously
reported exciton binding energy,43,44 the main thermal
quenching pathway may not be the exciton dissociation. Rather,
the PL quenching behavior may be mainly attributed to
thermally assisted formation of structural defects and charge
carrier traps.37 For example, a temperature increase can induce
halide migration and thus form deep trap states.45,46 The higher
Ea of the co-additive sample than that of the pristine sample
implies trap-mediated non-radiative recombination is mitigated
in the co-additive sample, which is in line with PLQE and PL
lifetime results (Table S3 and Figure 4B). Fitting of the PL peak

Figure 4. (A) Steady-state PL intensity and (B) PL lifetime of CsSnBr3 films with additive engineering. (C) Temperature-dependent PL spectra
of a CsSnBr3 film with SnF2:TPBI co-additives. (D) PL intensity (integrated from part C) vs temperature, (E) PL peak energy vs temperature,
and (F) fwhm vs temperature plots.
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energy provides insight on the dependence of the band gap
energy on thermal lattice expansion and electron−phonon
interaction.37,47 PL peak energies can be considered as bandgaps
and were fitted to37,47
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where Eg (eV) is the bandgap, Eg,0 (eV) is the un-renormalized
bandgap without thermal and phonon contributions, Cth (eV/
K) is the coefficient regarding thermal expansion,Cep (eV) is the
coefficient regarding electron−phonon interaction, and ℏω
(eV) is the average optical phonon energy. This equation comes
from a one-oscillator model37,47 and describes the relationship
between the thermal expansion of the lattice (second term) and

the electron−phonon interaction (third term) to the shift of the
bandgap. While the pristine sample showed a linear increase in
PL peak energy with temperature for the entire range, the co-
additive sample showed an exponential increase in PL peak
energy with temperature after ∼200K (Figure 4E andTable S5).
This result may imply that the electron−phonon interaction
gradually starts to play a role from 200 K in the co-additive
sample. It is of interest that the band gap barely changed below
200 K; the physical origin of such behavior requires further
studies. In contrast, in the pristine sample, thermal lattice
expansion is predominant over electron−phonon interaction for
the entire temperature range. That comes from the huge
difference of lattice expansion coefficient (Cth = −3.84 × 10−2

meV/K (for co-additive) and 0.241 meV/K (for pristine),
respectively). Therefore, we can conclude that SnF2:TPBI co-
additive enhanced the influence of the electron−phonon

Figure 5. (A) Schematic diagram and (B) cross-section SEM image of the device structure of CsSnBr3 PeLEDs. (C) Energy band diagram of
CsSnBr3 PeLEDs. (D)Current density−voltage, (E) luminance−voltage, and (F) current efficiency−voltage characteristics of CsSnBr3 PeLEDs
with controlled additive and optimizing ETL thickness. (G) Normalized EL spectra and (H) operational lifetime of CsSnBr3 PeLEDs. Inset of
(E): Photograph of a CsSnBr3 PeLED during operation.
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interaction on the band gap. The fwhm values of temperature-
dependent PL spectra were also fitted (Figure 4F and Table S6).
The contribution of the exciton−acoustic phonon interaction
was negligible, and the changes in fwhm above 160 K were
mainly attributable to optical phonon modes, which is in
accordance with the literature.37 As the temperature decreased
from 160 K, the fwhm steeply increased for both samples;
investigating the physical origin of this behavior is beyond the
scope of this study.

To investigate how the additive engineering affects the EL
efficiency in the device, we fabricated PeLEDs that had a simple
structure of glass substrate/fluorine-doped tin oxide/GraHIL
(PFI to PEDOT:PSS = 1:1)6 (50 nm)/CsSnBr3 (160 nm)/
TPBI (30 or 50 nm)/LiF (1 nm)/Al (100 nm) (Figure 5). The
PeLED that used pure CsSnBr3 showed almost negligible red
emission from CsSnBr3, and the blue emission that comes from
the electron transport layer (ETL; TPBI) was rather dominant
(Figure 5G). This was ascribed to the poor surface coverage of
the CsSnBr3 layer (Figure 2A) and concomitant leakage current
passing to the ETL (Figure 5D). The CsSnBr3 PeLED with 20%
added SnF2 showed a clear red emission (L ≈ 8 cd/m2, EL peak
position = 674 nm) without much leakage current (Figure 5D−
F). Improvement of the surface coverage by SnF2 addition is the
most critical factor for the working device. The addition of SnF2
yields better coverage of CsSnBr3 films and thereby reduces
leakage current flowing to the ETL so that recombination occurs
in the EML. The PeLED that used the SnF2:TPBI co-additive
was 13 times brighter (L ≈ 107 cd/m2) than the PeLED with
only added SnF2 (Figure 5E). The increased luminance and
efficiency can be attributed to the increased PLQE of CsSnBr3
layers, improved film morphology, and enhanced hole injection
by upshifted VBM. Furthermore, the incorporation of TPBI, an
electron-transporting organic small molecule, into the CsSnBr3
layer facilitates electron injection as well because the TPBI is
located at the grain boundaries of CsSnBr3 and thereby increases
the effective interfacial area between the ETL (TPBI) and
CsSnBr3 nanograins.11 Additionally, we controlled the ETL
thickness to further increase the efficiency of PeLEDs (Figure
S14). Because Sn-based perovskites have a high hole mobility
due to self p-doping,48 we decreased the ETL thickness from 50
to 30 nm to facilitate electron transport and thus achieve better
charge balance in the EML. As a result, the luminance and the
current efficiency were significantly increased with this decrease
in ETL thickness (L ≈ 160 cd m−2; CE ≈ 0.016 cd A−1) (Figure
5E,F and Figure S14). To the best of our knowledge, this is the
first demonstration of bright (∼160 cd m−2), solution-
processed, red inorganic, Pb-free PeLEDs. Furthermore, we
have measured the stability of the CsSnBr3 PeLEDs; the best
device showed a long device lifetime of ∼30 h at 58 cd m−2

(Figure 5H).
In summary, we developed a simple strategy to fabricate

uniform, full-coverage, solution-processed CsSnBr3 films and
bright CsSnBr3 PeLEDs without oxidation of Sn2+. The SnF2
additive functioned as a heterogeneous nucleation site during
the crystal growth of CsSnBr3 and thereby improved the surface
coverage of CsSnBr3 films without formation of pinholes. Also,
SnF2 addition prevented the spontaneous oxidation of Sn2+ to
Sn4+, which is a critical obstacle to the use of Sn-based perovskite
materials in optoelectronics. Using this method, we achieved
lead-free PeLEDs that have L ≈ 8 cd/m2 of luminance. Use of
SnF2:TPBI as a co-additive impeded crystal growth during spin-
coating of CsSnBr3 precursor solutions; as a result, the grain size
of CsSnBr3 was decreased to 52 nm, leading to the high film

uniformity and strong spatial confinement of charge carriers
within the CsSnBr3 grains. Moreover, TPBI addition signifi-
cantly increased PLQE of CsSnBr3 films and up-shifted the VBM
from 6.37 to 5.97 eV. Finally, we achieved bright and stable
CsSnBr3 PeLEDs (maximum luminance of ∼160 cd m−2 and
device lifetime of ∼30 h at 58 cd m−2) with SnF2:TPBI co-
additive. This work provides a simple additive strategy to
substantially improve the morphology and luminescent proper-
ties of CsSnBr3 films for high-brightness and high-stability
solution-processed lead-free PeLEDs.
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