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Bright and stable near-infrared lead-free 
perovskite light-emitting diodes
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Antonella Treglia    3,4, Jia Wei Melvin Lim    5, Johan Klarbring1, Sergei I. Simak1,6, 
Igor A. Abrikosov    1, Tze Chien Sum    5, Annamaria Petrozza    3 & 
Feng Gao    1 

Long-wavelength near-infrared light-emitting diodes (NIR LEDs) with peak 
emission wavelengths beyond 900 nm are of critical importance for various 
applications including night vision, biomedical imaging, sensing and optical 
communications. However, the low radiance and poor operational stability 
of state-of-the-art long-wavelength NIR LEDs based on soft materials 
remain the most critical factors limiting their practical applications. 
Here we develop NIR LEDs emitting beyond 900 nm with improved 
performance through the rational manipulation of p doping in all-inorganic 
tin perovskites (CsSnI3) by retarding and controlling the crystallization 
process of perovskite precursors in tin-rich conditions. The resulting 
NIR LEDs exhibit a peak emission wavelength at 948 nm, high radiance of 
226 W sr−1 m−2 and long operational half-lifetime of 39.5 h at a high constant 
current density of 100 mA cm−2. Our demonstration of efficient and 
stable NIR LEDs operating at high current densities may also open up new 
opportunities towards electrically pumped lasers.

Near-infrared (NIR) light-emitting diodes (LEDs) are of great interest for 
diverse applications including night vision, biomedical imaging, sens-
ing and optical communications1–4. Present-day NIR emitters primarily 
rely on III–V epitaxial hard inorganic semiconductors (such as GaAs and 
AlInGaAs)5,6. However, the harsh and complicated high-temperature 
processing increases their cost and limits their integration in multifunc-
tional photonic platforms. Therefore, great efforts have been made to 
develop alternative soft NIR emitters that can overcome these drawbacks. 
Although substantial strides have been made for short-wavelength NIR 
LEDs with emission peak below 900 nm (refs. 7–9), long-wavelength NIR 
LEDs over 900 nm based on organic semiconductors and colloidal quan-
tum dots (QDs) still face primary challenges of low radiance and poor 
operational stability (Table 1), limiting their practical applications10–14.

Metal halide perovskites are promising candidates for LEDs 
due to their excellent optical and electrical properties15–19. Tin-based 

halide perovskites (THPs), especially all-inorganic black orthorhombic 
(γ)-CsSnI3, are promising for use in NIR LEDs due to their low bandgap 
(∼1.3 eV), high hole mobilities and excellent intrinsic inorganic struc-
tural stability20–32. However, the easy oxidation of Sn2+ to Sn4+ usually 
results in p doping with high background hole densities, leading to 
strong non-radiative recombinations33,34.

In spite of the strong p doping in THPs, we notice that doping is not 
necessarily detrimental towards device performance, as long as the dop-
ing can be controlled. For example, electronic doping in conventional 
III–V-group inorganic semiconductors is one of the most powerful tools 
in established technologies, allowing for the fine-tuning of their func-
tionalities and creating the base for modern microelectronics. It has been 
demonstrated that intentional electronic doping in semiconductors 
could boost emission properties as a result of the radiative recombina-
tions of doped holes with free electrons35–38. Inspired by the development 
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poly(3,4-ethylenedioxythiophene):poly(styrene-sulfonate) (PEDOT:PSS) 
hole injection layer, an active CsSnI3 emission layer, a 1,3,5-tris
(N-phenylbenzimidazol-2-yl) benzene (TPBi) electron transport layer 
and a LiF/Al cathode (Fig. 1a). CsSnI3 films are prepared by spin coat-
ing from SnI2 and CsI precursors with additives of N-phenylthiourea 
(NPTU) and SnF2 (denoted as N-S-CsSnI3). SnF2 has been widely used 
in THP-based solar cells, providing a tin-rich condition to reduce the 
intrinsic hole-doping density mainly due to Sn vacancies. NPTU helps 
to retard the crystallization process, which—as we show later—further  
manipulates the intrinsic p-doping density as well as reduces the 
carrier trap density. Control CsSnI3 films treated without additives 
(C-CsSnI3) and with SnF2 (S-CsSnI3) are also prepared for compari-
son. A cross-sectional scanning electron microscopy (SEM) image 
(Supplementary Fig. 1) of the device shows the formation of discrete 
submicrometre-structured perovskite crystals in the emission layer. 
The thickness of the perovskite film was determined to be around 
40–50 nm. The emission peak of the electroluminescence (EL) spectra 
of N-S-CsSnI3 LEDs is centred at ∼948 nm, which is redshifted compared 
with that of ∼920 and ∼942 nm for C- and S-CsSnI3 LEDs (Supplementary 
Fig. 2). In addition, a reduced full-width at half-maximum (FWHM) of 

of electronic doping in inorganic semiconductors for improved LED 
performance, we, thus, believe that the intrinsic p-doping characteristic 
of THPs could be beneficial for achieving high-performance NIR LEDs 
through elaborately controlling the hole-doping and trap densities.

Here we report long-wavelength NIR LEDs peaking at 948 nm with 
high radiance and long operational stability based on CsSnI3, achieved 
by simultaneously exploiting the beneficial effect of intrinsic p doping 
in THPs and reducing the carrier trap density. A facile yet effective strat-
egy is developed to control the intrinsic p-doping density and reduce 
the trap density by controlling the crystallization process of CsSnI3 pre-
cursors in tin-rich conditions, leading to improved radiative efficiency 
and stability. Leveraging these benefits, we demonstrate NIR LEDs 
with a high radiance of 226 W sr−1 m−2 and an operational half-lifetime 
of 39.5 h at a high constant current density of 100 mA cm−2, both sig-
nificantly exceeding the previously reported soft-materials-based NIR 
LEDs with emission peaks over 900 nm.

Device structure and performance
We fabricate CsSnI3-based NIR LEDs with the following device 
architecture: indium tin oxide (ITO) glass substrate anode, a  

Table 1 | Key performance parameters of state-of-the-art NIR LEDs (>900 nm) based on different kinds of material

Materials category and examples Emission peak 
(nm)

FWHM 
(nm)

Radiance  
(W sr−1 m−2)

Stability  
(T50)

Ref.

Organic molecules Pt(ii) complexes 930 >200 41.6 NA 10

Pb-based QDs
PbS/PbS QD/ZnO 1,400 ∼200 9 NA 11

PbS QD/perovskite 980 ∼150 7.4 ∼1 h (10 mA cm−2) 13

Ag-based QDs Ag2S@SiO2 QDs 1,397 ∼75 83.9 NA 14

Lead–tin halides FPMAI-MAPb0.6Sn0.4I3 917 ∼100 2.7 ∼3 min (5 mA cm−2) 20

Inorganic tin halides CsSnI3 948 71 226 39.5 h (100 mA cm−2) This work
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Fig. 1 | LED structure and performance. a, Energy-level diagram. b, The EL 
spectra at different operating voltages. c,d, Current density–voltage–radiance 
(c) and histograms of maximum radiance (d) of N-S-CsSnI3 LEDs. e, Operational 

stability of LEDs prepared under different conditions at a constant current 
density of 100 mA cm−2. The stability of N-S-CsSnI3 LEDs are measured with (dark 
red line) and without (orange line) a nitrogen flow for comparison.
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71 nm is obtained for N-S-CsSnI3 LEDs, much smaller than 135 and 81 nm 
shown by C- and S-CsSnI3 LEDs, respectively. We also observe a negli-
gible shift in the EL spectra under different operating voltages (Fig. 1b 
and Supplementary Fig. 3), demonstrating good EL spectral stability.

The N-S-CsSnI3 LEDs (Fig. 1c and Supplementary Fig. 4) can operate 
at a high current density of over 2,800 mA cm−2, and show a correspond-
ing maximum radiance of 226 W sr−1 m−2, which is much larger than that 
of 14 and 103 W sr−1 m−2 for C- and S-CsSnI3 LEDs (Supplementary Fig. 5, 6).  
The radiance is also much higher than that of other long-wavelength 
NIR LEDs with emission peaks over 900 nm, including noble-metal 
Pt(ii)-based organic materials, PbS QDs, Ag2S QDs and mixed Pb–Sn 
halide perovskites10–14,20. In addition, the N-S-CsSnI3 LEDs show a low 
efficiency roll-off, with the maximum external quantum efficiency 
of ∼2.63% at a high radiance of 142 W sr−1 m−2 (Supplementary Fig. 4). 
The maximum radiance and peak external quantum efficiency his-
tograms of N-S-CsSnI3 LEDs (Fig. 1d and Supplementary Fig. 7) show 
good reproducibility, demonstrating the effectiveness of the NPTU/
SnF2 incorporation strategy.

Another challenge for THPs is their poor stability, which hinders 
their practical applications. Notably, N-S-CsSnI3 LEDs exhibit a par-
ticularly long operational stability with a half-lifetime (T50) of 39.5 h 
at a constant current density of 100 mA cm−2, greatly improved com-
pared with C-CsSnI3 LEDs (0.6 h) and S-CsSnI3 LEDs (9.8 h) (Fig. 1e). 
The T50 value for N-S-CsSnI3 LEDs represents the record stability for 
NIR LEDs with an emission peak of over 900 nm, significantly longer 
than that of 3 min to 1 h for other NIR LEDs operating at a much smaller 
constant current density of around 10 mA cm−2 (Table 1)13,20. This value 
for N-S-CsSnI3 LEDs can be extended to 125 h when measured under a 
constant nitrogen flow, indicating that strategies on thermal manage-
ment would be helpful to further improve the device stability.

Controlled growth of CsSnI3 films
To understand the underlying reasons for improved device performance 
after the incorporation of NPTU/SnF2, we perform a range of experi-
ments to investigate the film formation processes. The controlled and 
retarded crystallization process of CsSnI3 is clearly revealed (Fig. 2a and 
Supplementary Fig. 8). The colour of C-CsSnI3 quickly changes from light 
yellow to inhomogeneous dark brown within 10 min after spin coating 
(without annealing), indicating the fast and uncontrollable crystalliza-
tion process. This crystallization process is slowed down in S-CsSnI3 and 
further retarded in N-S-CsSnI3, which changes from colourless to yellow 
with high transparency within 10 min after spin coating. These results 
demonstrate that the combination of SnF2 and NPTU could effectively 
retard the nucleation and control the crystallization process, leading to 
the formation of high-quality crystals. After annealing, the N-S-CsSnI3 
films show a homogeneous dark brown colour across the entire film. 
The effect of additives on crystallization is also evidenced from the SEM 
images (Fig. 2b and Supplementary Fig. 9), where increasing the amount 
of NPTU leads to a decrease in the areal density of the crystals. Compared 
with the continuous film, the discontinuous morphology with isolated 
perovskite grains in the N-S-CsSnI3 films could boost the outcoupling 
efficiency of the devices, as demonstrated in FAPbI3-based LEDs8,9.

The X-ray diffraction (XRD) measurements reveal the black 
γ-CsSnI3 structure of all the films (Fig. 2c). The intensities of the 
characteristic peaks at 14.4° and 29.1° in N-S-CsSnI3 show significant 
improvement compared with those of C- and S-CsSnI3, indicating 
improved crystallinity (Supplementary Fig. 10)39. We identify the inter-
action mechanism between NPTU and CsSnI3 using 1H and 13C nuclear 
magnetic resonance (NMR) spectroscopy. The resonance signal of 
δ = 181.42 ppm arising from the C=S group in NPTU undergoes a chemi-
cal shift of Δδ ≈ 0.24 to δ = 181.18 ppm and Δδ ≈ 0.29 to δ = 181.13 ppm 

(i) SnF2 (ii) SnF2 + 5% NPTU

(iii) SnF2 + 40% NPTU (iv) SnF2 + 100% NPTU
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Fig. 2 | Preparation, morphology and structural characterizations of CsSnI3 
films. a, Photographs of CsSnI3 films prepared under different conditions before 
and after annealing, where 0, 3 and 10 min indicate the films before annealing.  
b, SEM images of S-CsSnI3 (i), N(5%)-S-CsSnI3 (ii), N(40%)-S-CsSnI3 (iii) and 

N(100%)-S-CsSnI3 (iv) films. Scale bars, 1 μm. c, XRD spectra of CsSnI3 films. The 
diffraction peaks from the ITO substrate are marked as green cycles. d, 13C NMR 
spectra of NPTU, NPTU + CsI, NPTU + SnI2 and NPTU + CsI + SnI2 in a DMSO-d6 
solution. e, Proportion of Sn4+ of CsSnI3 films prepared under different conditions.
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after interacting with the SnI2 and CsI + SnI2 mixture, respectively  
(Fig. 2d). Such variations indicate the occurrence of chemical interac-
tions between the C=S group and SnI2. In contrast, a smaller chemical 
shift of Δδ ≈ 0.12 ppm of the C=S group is observed after the addition 
of CsI. This comparison indicates that the interaction between NPTU 
and SnI2 is much stronger than that between NPTU and CsI, ascribed 
to the stronger Lewis acid–base interaction between Sn2+ and NPTU 
compared with the relatively weak hydrogen bonding between the N–H 
group and I−. The stronger interaction between NPTU and SnI2 has also 
been confirmed by the 1H NMR and attenuated total reflectance Fourier 
transform infrared spectroscopy data (Supplementary Figs. 11–14)40,41.

The X-ray photoelectron spectra (XPS) further reveal the surface 
composition of CsSnI3 and confirm their chemical interactions with 
NPTU. The S2p XPS peak of N-S-CsSnI3 slightly shifts towards a higher 
binding energy compared with that of pure NPTU, indicating the lower 
electronegativity of S in N-S-CsSnI3 (Supplementary Figs. 15–17). The 
proportion of Sn4+ was fairly high with the peak intensity comparable to 
that of Sn2+ in C-CsSnI3 (Fig. 2e and Supplementary Fig. 17), suggesting 
the serious oxidation at the perovskite surface and grain boundaries. The 
easy oxidation of Sn2+ into Sn4+ is usually considered as the major source 
of trap-state formation in THPs. The Sn4+ content of N-S-CsSnI3 is sig-
nificantly reduced compared with C- and S-CsSnI3. These results indicate 
that NPTU could prevent undesired tin oxidation due to the strong Lewis 
acid–base interaction of N–C=S⋯Sn2+, which can increase the electron 
density around Sn2+, offering excellent protection from being oxidized.

Controlled p doping and reduced trap density
Detailed optical and photophysical characterizations have revealed 
that NPTU/SnF2 could control the p-doping density and reduce the trap 
density of CsSnI3. C-CsSnI3 shows a broad absorption band with an onset 

at ∼1,000 nm and a broadband photoluminescence (PL) emission peak 
at ∼915 nm with a large FWHM of more than 150 nm (Fig. 3a). In contrast, 
S- and N-S-CsSnI3 show an ∼30 nm redshifted emission peak centred 
at ∼945 nm with reduced FWHM values of 82 and 74 nm, respectively. 
The time-resolved PL spectra of N-S-CsSnI3 show distinct monoexpo-
nential decay and increased carrier lifetime of 2.28 ns compared with 
that of 0.49 and 1.37 ns for C- and S-CsSnI3, respectively (Fig. 3b and 
Supplementary Table 1)42–45. The blueshift and broadening of the PL 
spectra as well as the short carrier lifetime of C-CsSnI3 are indicative 
of a large concentration of hole charge carrier accumulation near the 
valence band maximum due to the strong self p doping, which can be 
explained based on a dynamic Burstein–Moss shift (Supplementary 
Fig. 18). The Hall effect measurements indicate significantly reduced 
p-doping density of CsSnI3 after the incorporation of SnF2 and NPTU 
(Fig. 3c and Supplementary Fig. 19), qualitatively agreeing with the 
results from ultraviolet photoelectron spectroscopy measurements 
(Supplementary Fig. 20).

The carrier recombination dynamics in THPs can be described 
by using a kinetic model that simulates the generation and recombi-
nation of charge carriers in the presence of both p doping and deep 
carrier traps (Supplementary Fig. 21). Through a qualitative analysis 
of the influence of p doping and trap carrier densities on the carrier 
recombination dynamics, we can learn how they affect the measurable 
figures of merit such as the internal photoluminescence quantum 
yield (PLQY) and the carrier lifetime (τ) (ref. 38). By simulating the 
excitation-density-dependent internal PLQY with hole-doping den-
sities from 1014 to 1020 cm−3 and trap densities from 1015 to 1018 cm−3 
(Supplementary Figs. 22–24), we learn that (1) the trap and hole-doping 
densities play a competing role in determining the carrier recombina-
tion dynamics and optical properties of CsSnI3; (2) the presence of free 
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background holes due to p doping may improve the PLQY and boost the 
radiative recombination with photogenerated electrons—this is true 
for increasing doping densities until Auger recombination becomes 
dominant; and (3) when the trap density is comparable to or higher than 
the doping density, trap-mediated recombination processes dominate 
and mostly influence the PLQY.

The excitation-density-dependent PLQY values of CsSnI3 films are 
recorded and interpreted with the support of the abovementioned 
kinetic model. C-CsSnI3 shows a constant, low PLQY in a wide range of 
excitation densities (Fig. 3d), which could be ascribed to the severe 
Auger recombinations due to the high hole-doping density of more than 
1020 cm−3. On the contrary, S- and N-S-CsSnI3 show improved PLQY in 
the whole excitation-density range with gradually reduced hole-doping 
density, which is visible in the emergence of trap-filling processes at low 
excitation densities that are completely hidden by Auger recombina-
tions in C-CsSnI3. By comparing S- and N-S-CsSnI3, the trap density is 
reduced after the incorporation of NPTU, as revealed by the shift in the 
trap-filling-induced PLQY increase towards a lower-excitation-density 
region, as well as temperature-dependent PL (Supplementary  
Figs. 25–27), femtosecond transient absorption (fs-TA) spectra (Sup-
plementary Figs. 28–34).

Electronic structure calculations
Considering the possible influence of the hole-doping density on the 
Auger recombination process, we perform electronic structure calcu-
lations to understand the mechanism behind the Auger recombina-
tion in CsSnI3. With the aim of highlighting the differences in THP and 
its well-known lead counterpart, we lay out the relation between the 
Auger recombination rate and phase-space volume for Auger processes 
(Ω). The electronic structure calculations of black γ-CsSnI3 and CsPbI3 
reveal that the value of Ω for CsSnI3 should be much lower compared 
with CsPbI3, and consequently, owing to similarities between the two 
compounds, the recombination rates should follow the same trend.  
Figure 4a,b maps the peaks in Ω to energy levels in the band structures of 
CsPbI3 and CsSnI3. The arrows illustrate the typical eeh and hhe mecha-
nisms, with the empty and filled circles representing holes and elec-
trons, respectively. These eigenstates marked by numbers 1, 2, 3 and 4 
correspond to the convention used in equation (1). We note that within 
a reasonable proximity to the band extrema, the number of available 
eigenstates, interpreted as points on the energy bands, are significantly 
larger in the case of a lead-based perovskite compared with its tin-based 
counterpart, leading to a large phase-space volume for CsPbI3. At the 
same time, the peaks in the spectrum of Ω (Fig. 4c,d) match fairly well 
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magnitude larger than Ω {eeh}.
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with the density of available eigenstates for the three-body process in 
the band structure (Fig. 4a,b). These results imply that CsSnI3 probably 
has a much lower Auger recombination rate than CsPbI3. The calculated 
much smaller phase-space volume indicates that the high hole-doping 
density in CsSnI3 could be beneficial for its light emission properties. 
In particular, it has been previously suggested that the rate of Auger 
recombination in cubic CsSnI3 should be lower than that in cubic CsPbI3, 
owing to features in the band structure that are also quantified here 
via a calculation of Ω (ref. 46).

Ω = ∑
1234

f1 f2(1 − f3)(1 − f4)δ(ε1 + ε2 − ε3 − ε4) (1)

Discussions
Based on the discussions above, we can conclude that CsSnI3 prob-
ably shows an intrinsically much lower Auger recombination rate than 
CsPbI3, indicating that the intrinsic p-doping characteristic of CsSnI3 
could lead to improved PLQY due to the radiative recombination of 
background holes with the photogenerated electrons. The combi-
nation of these features provides rich opportunities for fabricating 
high-performance NIR LEDs that can operate at high current densities. 
As such, the record radiance and low efficiency roll-off of CsSnI3 NIR 
LEDs could be ascribed to the capability of withstanding high current 
densities above 2,800 mA cm–2 due to the low Auger recombination 
rate, the elaborately controlled p doping and reduced trap densities 
realized via the NPTU/SnF2 incorporation strategy.

The improved device stability can be ascribed to different con-
comitant phenomena. First, we have demonstrated an intrinsic lower 
Auger recombination rate for CsSnI3 with respect to CsPbI3. In addition, 
the possibility of controlling the p-doping concentration allows us to be 
in such a condition where the carrier density generated at 100 mA cm−2 
is relatively small, with respect to the free hole density, and the latter 
is small enough to boost the radiative band-to-band recombination 
instead of fully entering the Auger recombination regime. Second, the 
energy barrier for ion migration is much larger in THP than that of its 
lead-based counterparts47. It is important to notice that in lead-based 
perovskites, photoinstability has been attributed to the trapping of 
carriers at halide interstitial deep defects, which eventually leads to 
the formation of I2 molecules and promotes halide migration. However, 
this does not apply to THPs, as its defect chemistry is primarily deter-
mined by Sn, resulting in remarkable photostability even under high 
excitation densities47. The degradation of the device may be attributed 
to the damage occurring at the interface between the transport layer 
and emission layer.

Conclusion
In summary, we have demonstrated highly bright and stable 
long-wavelength NIR LEDs based on all-inorganic lead-free CsSnI3. 
A facile yet effective strategy is developed to elaborately control the 
intrinsic p-doping density and reduce the trap density by retarding 
the crystallization process of CsSnI3. The long-wavelength NIR LEDs 
based on CsSnI3 not only demonstrate high radiance but also exhibit 
excellent stability, which is more than one order of magnitude longer 
than that of the best-known long-wavelength NIR LEDs fabricated with 
other kinds of soft material. Our work addresses the critical challenges 
of the low radiance and poor operational stability of long-wavelength 
NIR LEDs, representing a key step towards their practical applications. 
Moreover, the strategy to control the p-doping and trap densities can 
be extended to the design of other highly emissive and stable THP 
for light-emitting applications, including electrically pumped lasers.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 

and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41566-023-01351-5.
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Methods
Materials
Chemicals listed below are commercially available and used without 
further purification. Tin(ii) iodide (SnI2, 99.999%), tin(ii) fluoride (SnF2, 
99.000%), caesium iodide (CsI, 99.999%) and NPTU (>98.000%) were 
purchased from Sigma-Aldrich. PEDOT:PSS (AI 4083) was purchased 
from Ossila. All the other materials used for the device fabrication were 
purchased from Sigma-Aldrich.

Electronic structure calculations
The electronic structure calculations of black γ-CsSnI3 and CsPbI3 
were performed using the Vienna ab initio simulation package using 
the projector augmented wave method. The PBEsol functional in the 
framework of density functional theory was used for geometry optimi-
zation, whereas the hybrid HSE functional with 50% exact Hartree–Fock 
exchange for short-range interactions and a screening parameter of 
ω = 0.20 Bohr−1 was implemented to evaluate the band structure. We 
use 50% exact Hartree–Fock exchange as that provides the best con-
formity between the HSE and GW band structures, the latter requiring 
a very high computational cost for a dense sampling of the Brillouin 
zone, which is essential to calculate meaningful values of Ω. To fully 
account for relativistic effects, the spin–orbit interaction was included 
in all the calculations.

Preparation of perovskite solution and films
The control precursor solution without additives (denoted as C-CsSnI3) 
was prepared by dissolving 112 mg SnI2 and 73 mg CsI in 1 ml DMSO 
(0.3 M: the concentration was determined by the Sn content). The 
precursor solution with SnF2 (denoted as S-CsSnI3) was prepared by dis-
solving 112.0 mg SnI2, 73.0 mg CsI and 4.7 mg SnF2 in 1 ml DMSO (0.3 M, 
10% SnF2). The NPTU solution was prepared by dissolving 152 mg of 
NPTU in 1 ml DMSO (1 M). As for the NPTU-added precursor solution, a 
certain amount of NPTU (1 M) was added in the S-CsSnI3 precursor solu-
tion to achieve the desired composition (denoted as N-S-CsSnI3). The 
solution was stirred and filtered before spin coating. Emissive layers of 
CsSnI3 with different compositions were spin coated in a nitrogen-filled 
glovebox (concentrations of H2O and O2, <0.1 ppm) via a two-step pro-
cess, 1,000 r.p.m. for 10 s (acceleration speed, 200 r.p.m. s–1) and then 
5,000 r.p.m. for 60 s (acceleration speed, 800 r.p.m. s–1), followed by 
annealing at 100 °C for 10 min to form the active emission layer. The 
optimized doping content for NPTU is 40% (mole fraction compared 
with Sn). For the PL, low-temperature-dependent PL, time-resolved PL, 
ultraviolet–visible absorption spectra, fs-TA spectra and XRD measure-
ments, 80 mg ml–1 polymethyl methacrylate (PMMA)/chlorobenzene 
solution was spin coated at 6,000 r.p.m. for 50 s on top of the perovs-
kite layer.

Optical characterization
The ultraviolet–visible absorption spectra were measured using a 
PerkinElmer model LAMBDA 900a. Steady-state PL spectral meas-
urements were performed on an Andor Shamrock 303i spectrograph 
equipped with an Andor Newton electron-multiplying charge-coupled 
device instrument (DU970N-UVB). During the measurement, the 
charge-coupled device detector was cooled to –45 °C. The sample was 
excited by a Thorlabs collimated laser-diode-pumped DPSS laser mod-
ule (CPS532), and a 550 nm long-pass filter was used to protect the detec-
tor. The wavelength of the system was calibrated by a mercury lamp. 
The intensity of the spectra was calibrated by a standard halogen lamp 
(AvaLight-HAL-S-Mini) from Avantes. A laser (405 nm, 75 ps pulse width) 
was used as the excitation source at 10 MHz repetition rate (Edinburgh  
Instruments) for the time-resolved PL spectra measurement. The 
laser was focused onto the sample by an air objective (numerical aper-
ture, 0.7; spot size, ∼1 μm; Mitutoyo). The PL data of the sample were 
collected by the same objective and sent to an avalanche photodi-
ode (timing resolution, ∼40 ps; ID Quantique) in a time-correlated 

single-photon counting system (timing jitter, ∼3 ps; qutools) with an 
instrument response function of ∼56 ps. Fluence-dependent PLQY 
values were acquired by focusing the second harmonic of an Yb:KGW 
laser (Light Conversion Pharos, 515 nm, 30 fs pulse duration, 1 kHz 
repetition rate) on thin films of CsSnI3 within a fluence range between 
4.0 × 1013 and 2.5 × 1020 cm−3, and collecting the emitted PL on a fibre 
spectrometer (Ocean Optics Maya Pro 2000). Relative PLQY meas-
urements were calibrated by scaling the resulting PLQY curve to an 
absolute PLQY measurement conducted in an integrating sphere (Lab-
sphere). For the PLQY measurement, the CsSnI3 films were covered 
with a thick PMMA layer, and then encapsulated with glass assisted by 
an ultraviolet curing adhesive.

Low-temperature-dependent PL spectra
The samples were mounted in a closed-cycle cryostat (DE-202AE) from 
Advanced Research Systems. The cooling was performed by a helium 
compressor (ARS-4HW) from the same company. The temperature 
control was performed by a Lake Shore 330 autotuning temperature 
controller. During the measurement, the cryostat was kept in a vacuum. 
The PL excitation and detection were performed by an objective, a 
45°-angled 552 nm long-pass dichroism glass and optical fibres. The 
laser light was coupled into a fibre, out of a collimator, then reflected 
by the glass and finally focused by the objective into the cryostat. The 
emission from the sample passed the cryostat window, the objective, 
the glass, a collimator, a fibre, a collimator again and finally focused 
into the spectrograph.

fs-TA measurement
The fs-TA spectroscopy was conducted with a HELIOS fs-TA spectrom-
eter (Ultrafast Systems). A portion of the 800 nm fundamental output 
from the regenerative amplifier (Coherent Libra, 1 kHz, 50 fs) was used 
to pump an optical parametric amplifier (Coherent OPerA Solo). The 
650 nm pump pulses were generated from an optical parametric ampli-
fier. Another portion of the 800 nm fundamental beam was focused 
into a 10 mm sapphire crystal to generate a broadband NIR continuum 
(800–1,600 nm) that was used as the probe pulse. The probe beam was 
passed through an 850 nm long-pass filter to eliminate the residual 
800 nm fundamental components to prevent strong secondary pho-
toexcitation of the sample. The signals were collected using a comple-
mentary metal–oxide–semiconductor sensor within the spectrometer.

Hall measurements
The Hall measurements were performed in a chip with van der Pauw 
geometry. The four bottom contact electrodes were deposited with 
Cr and Au. The CsSnI3 films were encapsulated with PMMA to avoid 
degradation. The chips were placed perpendicular to the magnetic 
field changing from –1.2 to 1.2 T. The applied current and voltage were 
recorded by Keithley 2400 and Nanovoltmeter model 2182A instru-
ments, respectively. All the measurements were performed in air at 
room temperature.

Structural, morphological and chemical characterizations
The XRD measurements were conducted using an X-ray diffractom-
eter (PANalytical X’Pert Pro) with an X-ray tube (Cu Kα, λ = 1.5406 Å). 
The attenuated total reflectance Fourier transform infrared measure-
ments were performed on a PIKE MIRacle attenuated total reflectance 
accessory with a diamond prism in a Vertex 70 spectrometer (Bruker) 
using a DLATGS detector at room temperature. The spectra were 
acquired at a 2 cm–1 resolution. SEM was conducted using a Philips 
XL30 FEG SEM instrument under a voltage of 8 kV. Proton (1H) NMR 
(500 MHz) and carbon (13C) NMR (126 MHz) were recorded on a Varian  
500 MHz spectrometer at room temperature. Dried DMSO-d6 was 
used as the solvent and to calibrate the NMR isotropic chemical 
shifts. XPS (monochromatized Al Kα, hν = 1,486.6 eV) spectra were 
recorded with a Scienta 200 hemispherical analyser and calibrated 
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by referencing to the Fermi level and Au4f7/2 peak position of the 
Ar+-ion sputter-clean gold foil.

Device fabrication and characterization
ITO-coated glass substrates were cleaned by sonication in deionized 
water and then in organic solvents (acetone followed by ethanol), and 
then dried under a nitrogen flow. The substrates were cleaned using an 
ultraviolet–plasma treatment to enrich the ITO surface with oxygen and 
increase the ITO work function. The PEDOT:PSS hole injection layer was 
spin coated at 4,000 r.p.m. (acceleration speed, 4,000 r.p.m. s–1) for 
40 s on ITO followed by annealing in air at 150 °C for 30 min, and then 
CsSnI3 films were deposited on PEDOT:PSS in a nitrogen-filled glovebox. 
Finally, the substrates were transferred to a vacuum chamber, where 
TPBi (55 nm) and LiF/Al electrodes (1/150 nm) were deposited using 
a thermal evaporation system through a shadow mask under a high 
vacuum of 1 × 10−6 torr. The device active area was 7.25 mm2 as defined 
by the overlapping area of the ITO and Al electrodes. The performance 
of the LEDs was measured in a nitrogen-filled glovebox at room tem-
perature. A Keithley 2400 source meter and a fibre integration sphere 
(FOIS-1) coupled with a QE Pro spectrometer (Ocean Optics) were used 
for the LED measurements. It should be noted that our LED setup was 
programmed to measure the EL spectra ranging from 350 to 930 nm. 
Therefore, the full-range EL spectra up to 1,100 nm were then obtained 
from another spectrometer (Shamrock 303i; the detector is an Andor 
Newton electron-multiplying charge-coupled device) with a wide emis-
sion detection range driven by a Keithley 2400 source meter, and the 
performance is, thus, calibrated by the comparison of the EL spectra 
measured in the LED setup and from Shamrock 303i. The LED stability 
was measured either in the glovebox in a small confined space (without 
a nitrogen flow) or in a home-made nitrogen-filled box at room tempera-
ture with nitrogen flow, as specified in the figures. The devices were 
driven by a Keithley 2400 source meter at a constant current and the 
light emission signals were measured using a commercial photodiode.

Data availability
The data that support the findings of this study are available from the 
corresponding author upon reasonable request.
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