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A B S T R A C T   

The instability of organic/inorganic hybrid perovskite solar cells (PSCs) has motivated the development of the 
inorganic halide PSCs. However, the representative inorganic CsPbI3 still suffers from phase instability in 
ambient air and an unfavorable wide bandgap (1.75 eV), thereby limiting its efficiency. In this study, a binary 
metal composition of Pb:Sn = 4:6 in CsPb1-xSnxI3 is found to stabilize the cubic CsPbI3 phase and reduce its 
bandgap. Based on the parental CsPb0.4Sn0.6I3, compositional engineering is further conducted for CsPb0.4Sn0.6I3- 

yBry perovskites. After introducing a suitable Br content (y = 0.6), there are remarkable improvements in the 
crystalline quality and a denser morphology in the perovskite films. Furthermore, in the novel inorganic 
CsPb0.4Sn0.6I2.4Br0.6 perovskite, trap-assisted recombination is effectively suppressed, with a desirable narrow 
bandgap of 1.35 eV. As a result, the corresponding PSC delivered an unprecedented efficiency of 12.34%, which 
is the highest among the inorganic Sn-rich (Sn > 50%) PSCs reported to date. Additionally, the unencapsulated 
PSC demonstrates impressive long-term air stability, which exceeds the performance of 100% Pb-based inorganic 
CsPbI3 and/or CsPbI2Br PSCs reported. This near-infrared absorbing (~930 nm) inorganic PSC with exceptional 
efficiency, durability and Pb-reduction generates a promising route for further progress of perovskite-based 
photovoltaics.   

1. Introduction 

Organic-inorganic hybrid (OIH) perovskite solar cells (PSCs) have 
attracted great research interest in recent years due to their high power 
conversion efficiency (PCE). The outstanding properties of OIH PSCs, 
such as low fabrication cost, high absorption coefficient, high carrier 
mobilities, and long carrier diffusion lengths lead to a rapid increase in 
their PCE to 25.2%, which is comparable to silicon solar cells. However, 
several issues remain before the commercialization of these PSCs, 
especially the low reliability and the use of toxic lead (Pb) [1–4]. To 
improve the reliability, recent studies report that the A site of perovskite 
(ABX3), such as methylammonium (MA+) and formamidinium (FA+), 
can be replaced by inorganic cations such as cesium (Cs+) [5–9]. Hence, 
the inorganic PSCs using CsPbI3-xBrx (x = 0–3) have been widely 

investigated. Nevertheless, when the Br content is low, those inorganic 
PSCs are unstable under air ambient condition [10–12]. In addition to 
the toxicity of Pb, Pb-based inorganic perovskites exhibit bandgaps of 
1.7–2.3 eV, which are much wider than the preferred values (1.2–1.4 
eV) for single junction from the Shockley-Queisser limit [13]. Several 
studies have tried to replace the Pb by Sn to produce Sn-based inorganic 
PSCs, although their PCE (3–4.8%) and stability are far below the 
Pb-based ones [14–17]. Using the binary metal approach, lead-free 
CsSn0.5Ge0.5I3 PSCs using germanium (Ge) were fabricated, but the 
PCE was still limited to 7.1% [18]. In comparison, the Pb–Sn binary PSCs 
have delivered better performance, even though they are still based on 
the Pb-rich (50–60%) material [19,20]. Overall, there remains the need 
to find perovskite absorbers that simultaneously display high PCE, good 
stability, reduced Pb content, and narrow bandgap. In this study, we 
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report such an inorganic perovskite absorber with a narrow bandgap of 
1.35 eV. First, CsPb1-xSnxI3 perovskites were thoroughly investigated 
using density functional theory (DFT) calculation, in order to find the 
desirable Pb:Sn ratio displaying improved phase stability at low Pb 
content. Additional experiments confirmed that the most stable phase 
occurs at 60% Sn. Based on this low-Pb (Sn-rich) absorber, we further 
employed a mixed halide approach by introducing bromine (Br) to form 
CsPb0.4Sn0.6I3-yBry (y = 0.0–1.0) perovskites. When y = 0.6, the material 
had better crystallinity and stability than the parent compound 
(CsPb0.4Sn0.6I3) while also showing fewer pinholes in the film surface. 
Moreover, photoluminescence (PL) study indicated that non-radiative 
recombination was suppressed by incorporating Br. In addition, the 
electronic impedance spectra exhibited improved recombination resis
tance with Br addition when the device was prepared with an inverted 
planar architecture. In photovoltaic characterization experiments under 
1 sun, the CsPb0.4Sn0.6I3-yBry PSC with y = 0.6 had an impressive PCE of 
12.34%, which is better than all other reported inorganic Sn-rich (Sn >
50%) PSCs. Furthermore, this PSC exhibited remarkable long-term sta
bility in the air at RH 30–70%. Over 70% of its initial PCE was retained 
after 30 days without any encapsulation, whereas devices based on 
CsPbI3 and CsPb0.4Sn0.6I3 degraded completely during this period. Based 
on these experimental results, we believe that our approach made sig
nificant contribution to developing highly stable, efficient, and 
Pb-reduced photovoltaics for inorganic Pb–Sn PSCs. CsPb0.4Sn0.6I2.4Br0.6 
with a narrow gap of 1.35 eV can also be used in the near-infrared (NIR) 
absorbing sub-cell of perovskite-perovskite tandem photovoltaics. 

2. Experimental section 

2.1. Materials 

Cesium iodide (CsI, 99.999%, Alfa Aesar), lead iodide (PbI2, 
99.9985%, Alfa Aesar), lead bromide (PbBr2, 99.999%, Alfa Aesar), tin 
iodide (SnI2, 99.999%, Alfa Aesar), tin bromide (SnBr2, 99.2%, Alfa 
Aesar), and tin fluoride (SnF2, 99%, Sigma-Aldrich) were purchased and 
used as precursors for the inorganic Sn-rich perovskites. Dime
thylformamide (DMF, 99.5%, Samchun Chemical) and dimethyl sulf
oxide (DMSO, 99.8%, Samchun Chemical) were used as solvents. 

The CsPbI3 perovskite precursor solution was prepared by dissolving 
an equimolar ratio of PbI2 (0.8 M) and CsI (0.8 M) in a mixed solvent of 
(4:1) DMF:DMSO. And, the 0.5 M CsPb1-xSnxI3 precursor solutions were 
prepared with CsI:PbI2:SnI2 = 1.0:1-x:x (x = 0.2, 0.4, 0.6, 0.8, 1.0) and 
10 mol% of SnF2 for each conditions. Also, 0.5 M CsPb0.4Sn0.6I3-yBry 
precursor solutions were prepared with CsI:PbI2:PbBr2:SnI2 =

1.0:0.4–0.5y:0.5y:0.6 (y = 0, 0.3, 0.6) and CsI:PbBr2:SnI2:SnBr2 =

1.0:0.4:0.5:0.1 (y = 1.0), and 10 mol% of SnF2 for each conditions by 
dissolving them in a mixed solvent of (1:1) DMF:DMSO. All precursor 
solutions were stirred at 60◦C overnight. 

2.2. Device fabrication 

Indium tin oxide (ITO) substrates were cleaned sequentially with 
acetone, methanol, and isopropanol by sonification for 15 min in each 
step. After drying in an oven, the substrates were treated with 
ultraviolet-ozone for 20 min prior to use. To form the hole transport 
layer (HTL), poly(3,4-ethylenedioxythiophene) polystyrenesulfonate 
(PEDOT:PSS, PVP AI 4083) was spin-coated onto the substrates at 4000 
rpm for 50 s and annealed at 150 ◦C for 20 min. The DMSO treatment 
was performed by dropping 200 μL of DMSO onto each PEDOT:PSS film 
during the spin coating. They were then dried again at 150 ◦C. The 
substrates coated with PEDOT:PSS were then transferred into a N2 glove 
box. The perovskite precursor solution was spin-coated at 5000 rpm for 
60 s on top of the PEDOT:PSS film, and annealed at 80 ◦C for 30 min on a 
hot plate. 

For the electron transport layer (ETL), a 20 mg/mL solution of 
phenyl-C61-butyric acid methyl ester (PC61BM, 99.5%) in 

chlorobenzene (CBZ) was spin-coated onto the perovskite film at 1500 
rpm for 35 s. Subsequently, cerium (III) acetylacetonate hydrate (CeOx, 
0.5 mg/mL in isopropanol) was spin-coated onto the PC61BM film at 
6000 rpm for 30 s. After annealing the layers at 80 ◦C for 10 min on a hot 
plate, silver (Ag) electrodes were thermally evaporated under high 
vacuum (<1 × 10− 6 Torr) with a shadow mask (4 mm2). The 50 devices 
were made for each perovskite composition to get statistical evaluation. 

2.3. Perovskite film characterization 

Crystalline structures of the perovskite films were examined by X-ray 
diffraction (XRD; New D8-Advance, Bruker-AXS). X-ray photoelectron 
spectroscopy (XPS) measurement was performed with a K-Alpha +
system (Thermo Fisher Scientific) using monochromatic Al Kα irradia
tion (1486.6 eV). The surface morphologies and energy dispersive X-ray 
spectroscopy (EDS) analyses were investigated by field emission scan
ning electron microscopy (FE-SEM; AURIGA, Carl Zeiss). The optical 
absorption spectra were characterized by ultraviolet–visible (UV–Vis) 
spectroscopy (UV-2700, Shimadzu). Both the steady-state and time- 
resolved photoluminescence (PL) measurements of the fabricated 
perovskite films were conducted using a spectrofluorometer (Fluorolog3 
with TCSPC, HORIBA SCIENTIFIC) with a laser excitation wavelength of 
374 nm. Ultraviolet photoelectron spectroscopy (UPS) measurement 
was performed with XPS-Theta Probe (Thermo Fisher Scientific) and Al 
Kα radiation (1486.6 eV). The carrier concentration and mobility were 
characterized using a Hall effect measurement system (HEM-3000, 
ECOPIA). 

2.4. Device characterization 

All device characterizations were carried out in ambient atmosphere. 
All current-voltage (J-V) curves of the fabricated PSCs were measured 
using a solar simulator (PEC-L01, Peccell Technologies) under standard 
AM1.5 illumination (100 mW cm− 2) in atmospheric air conditions. To 
detect the responses as a function of the spectral wavelength, the 
external quantum efficiency (EQE) spectrum was characterized using a 
power source (Abet Technologies 150 W xenon lamp, 13014) with a 
monochromator (DongWoo Optron, MonoRa500i) and a CompactStat 
instrument (Ivium Technologies; Eindhoven, The Netherlands). The 
electrochemical impedance spectroscopy (EIS) analysis used an imped
ance analyzer (Solartron 1287) in the dark, in the frequency range from 
1 kHz to 1 MHz with a perturbation amplitude of 0.01 V. 

2.5. DFT calculations 

All density functional theory (DFT) calculations were performed 
using projector-augmented wave pseudopotentials implemented in the 
Vienna ab initio simulation package (VASP) [21–24]. For the 
exchange-correlation functional, the generalized gradient approxima
tion (GGA) with Perdew-Burke-Ernzerhof (PBE) functional was 
employed. In the standard computational parameters, a k-point mesh in 
the Monkhorst-Pack scheme was set at 8 × 8 × 8 for the unit cell and 3 ×
3 × 3 for the 2 × 2 × 2 supercell of cubic perovskite. All internal atomic 
coordinates and lattice vector were fully relaxed until the force on each 
atom was less than 0.01 eV Å− 1, with the energy cut-off of 500 eV for the 
planewave basis points. To observe the local charge and calculate the net 
charge, Bader charge analysis was performed [25]. 

3. Results and discussion 

Prior to this study, an inorganic PSC using CsPbI3 as absorber has the 
highest PCE (~18%) among inorganic CsPbX3 perovskites, thanks to it’s 
a relatively lower bandgap (1.73 eV) than other Br-added counterparts 
such as CsPbI2Br (1.9 eV), CsPbIBr2 (2.03 eV), and CsPbBr3 (2.3 eV). 
Hence, a lower bandgap generally allows for higher short circuit current 
density (Jsc), which is beneficial for such a high efficiency. As mentioned 
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earlier, some issues remain regarding the content of toxic Pb and the 
quick degradation from the α (3D perovskite) to δ (non-perovskite) 
phase under air ambience [12,26,27]. To design a more stable and 
environmentally friendly light harvester, we systematically investigated 
the Pb–Sn binary composition in inorganic perovskites. First, we used 
the tolerance factor (Goldschmidt) and the formation energy of 
CsPb1-xSnxI3 perovskites in the range of x = 0.0–1.0 to represent the 
geometric stability of the materials [28–32]. The geometric tolerance 
factor (T) is defined as follows: 

T =
RA + Rx
̅̅̅
2

√
(RB + Rx)

(1)  

where RA, RB, and RX are the radii of the cation A (Cs+: 1.67 Å), divalent 
metal ion B (Pb2+: 1.19 Å, Sn2+: 0.93 Å), and the anion (I− : 2.20 Å), 
respectively [33]. Because Sn2+ is smaller than Pb2+, T increases as more 
Sn is introduced into the system. In Fig. 1a, the calculated T gradually 
increases from 0.807 to 0.875 when the Sn content (x) increases from 
0 to 1.0. This means that Pb replacement by Sn enhances the stability of 
the perovskite structure. It has been also reported that the Sn–I bond 
length is shorter than that of Pb–I, also contributing to the formation of a 
more stable perovskite lattice [34]. 

The stability of the perovskites was also evaluated by the formation 
energy (enthalpy, ΔH) defined in the following formula: 

ΔEf =E(CsPb1− xSnxI3) − [(1 − x)E(CsPbI3)+ xE(CsSnI3)] (2)  

where E(CsPbI3)and E(CsSnI3)are the total free energies for cubic pe
rovskites of CsPbI3 and CsSnI3, respectively. All 128 possible configu
rations of CsPb1-xSnxI3 in 2 × 2 × 2 supercell of cubic perovskite were 
calculated, and the minimum energy structures were identified and 
illustrated in Fig. S1 of Supporting Information. Note that there are 

several intermediate phases with different Sn configurations but similar 
energies, implying that various local configurations with similar sta
bility can coexist as a mixture. When the ratio of Sn substitution 
increased from 0 to 0.5, the formation energy continued to decrease, 
implying a more stable intermediate phase in this composition range. 
However, when x > 0.625, the formation energy gradually increased to 
indicate a reduced stability. This phenomenon has been attributed to the 
mismatched ionic radii of Pb2+ and Sn2+ or a significant change in the 
electron affinity [35]. Therefore, these inorganic CsPb1-xSnxI3 perov
skites are the most stable in the region of x = 0.5–0.6. Fig. 1b presents 
the cubic crystal structures of the inorganic perovskites with the general 
formula ABX3 (A = Cs+, B = Pb2+, Sn2+, and X = I− ). CsPbI3 and 
CsPb0.375Sn0.625I3 perovskites are presented as representative examples 
here, and the crystal structures with different Sn ratios are presented in 
Fig. S1. The simulated crystal structures illustrate that Pb exchanges 
with Sn at the B cation site of the cubic perovskite. The Pb–I binding 
energy in the BI6 octahedral structure is expected to be higher than that 
of Sn–I, due to the stronger electron transfer from Pb to I. Pb and Sn 
share the edge of I atom as the Sn substitution increases. As the differ
ence in electric charge transfer increases, the Coulomb interaction also 
increases, which means a decreasing thermodynamic stability. To 
reduce this effect, solid solutions are expected to form depending on the 
cations. The most stable structure has Pb–I–Sn bonding configurations, 
whereas it is less stable with increasing formation of Sn–I–Sn or Pb–I–Pb. 
To experimentally verify the simulation results, we measured the X-ray 
diffraction (XRD) patterns to examine the phase stability of fabricated 
CsPb1-xSnxI3 perovskite films in highly humid air (RH: 70–80%), as 
shown in Fig. 1c, d, and Fig. S2. All tested samples initially exhibited 
cubic main peaks of (100) and (200) without structural modification. 
The pristine CsPbI3 was degraded quickly from α (3D perovskite) to δ 
(non-perovskite) phase within 1 h, in agreement with previous studies 

Fig. 1. (a) Calculated tolerance factors and formation energy of CsPb1-xSnxI3 as function of x. (b) Schematic crystal structures of CsPbI3 and CsPb0.375Sn0.625I3. Time- 
dependent XRD patterns of (c) CsPbI3 and (d) CsPb0.4Sn0.6I3 perovskite films at RH = 70–80%. 
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on the atmospheric instability of CsPbI3 [36–38]. In Fig. S2, the 
CsPb0.8Sn0.2I3 (x = 0.2) film was also degraded to a similar level. When 
x = 0.4, the deterioration was slightly less, and the film with x = 0.6 was 
not degraded at all after 3 days in the highly humid air. However, when 
x > 0.8, the principal diffraction peaks gradually decreased, and peaks of 
degradation products (31◦) were additionally observed after aging [33]. 
This observation agrees with the above theoretical study and may be 
related to the increase in the formation energy. Based on these results, 
CsPb1-xSnxI3 (x = 0.6) perovskite was further investigated due to its best 
phase stability compared to CsPbI3. In addition, we calculated the 
density of states (DOS) of the CsPb1-xSnxI3 perovskites using DFT 
(Fig. S3a). Fig. S3b plots the calculated bandgap, which decreased from 
1.59 to 0.62 eV with increasing x. This is in good agreement with pre
vious computational/experimental results [30,39]. The projected DOS 
of CsPbI3 shows that the valence band maximum (VBM) mainly consists 
of the Sn s state and the Pb p state, and the conduction band minimum 
(CBM) is dominated by the Pb p state with some of the Sn p state. Sub
stitution of Pb2+ by Sn2+ in the perovskite structure narrows the 
bandgap by pushing down the CBM, as the occupied p2 orbitals of Sn2+

exhibit a lower energy to couple with the p orbitals of I. This suggests the 
possibility to achieve the desired low bandgap in CsPb1-xSnxI3 perov
skites with a relatively small value of x. Stabilization of the partially 
substituted perovskite structure may originate from lattice distortion 
and charge disproportionation in the substituted system. 

The calculated Bader charges (Fig. S3c) show less charge transfer 

from Sn2+ to I− , which results in a lower CBM and a decreased lattice 
constant from 12.72 to 12.50 Å. Thus, the CsPb0.4Sn0.6I3 composition 
appears to be optimal by combining good structural stability and the 
stability of Sn2+ cations. From these results, CsPb0.4Sn0.6I3 might be a 
promising inorganic perovskite absorber with desirable characteristics 
such as high phase stability, reduced Pb content, and narrow bandgap. 

For further property improvement, additional compositional engi
neering was carried out by introducing Br into the parent compound 
CsPb0.4Sn0.6I3, as the I–Br mixed halide is known to be more stable than 
triiodide [40–43]. The structural properties of CsPb0.4Sn0.6I3-yBry pe
rovskites were predicted by DFT simulation. First, the tolerance factor 
and formation energy were calculated for each Br content, as shown in 
Fig. 2a and b. As more Br is incorporated (y = 0 to 1.0), the tolerance 
factor gradually increases from 0.846 to 0.85, and the formation energy 
gradually becomes negative from y = 0 to y = 0.75. The formation en
ergy can be described as follows: 

ΔEf =E
(
CsPb0.375Sn0.625I3− yBry

)

− [ (1 − x)E(CsPb0.375Sn0.625I3) + xE(CsPb0.375Sn0.625Br3) ] (3)  

whereE(CsPb0.375Sn0.625I3)and E(CsPb0.375Sn0.625Br3)are the total free 
energies of the respective cubic perovskites. The ground states of 
CsPb0.375Sn0.625I3-yBry compositions were examined by considering the 
attractive (repulsive) interactions between Br–Pb(Sn)–Br and the local 
symmetric configuration in the octahedral structures of B cation 
(Figs. S4 and S5). The convex hull of CsPb0.375Sn0.625I3-yBry indicates 

Fig. 2. (a) Calculated tolerance factors of CsPb0.4Sn0.6I3-yBry as function of y. (b) Calculated formation energy of CsPb0.375Sn0.625I3-yBry as function of y. (c) XRD 
patterns of the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite films. (* is ITO peak). (d) Time-dependent XRD patterns of CsPb0.4Sn0.6I2.4Br0.6 perovskite films at RH 
= 70–80%. 
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that there are two intermediate phases: CsPb0.375Sn0.625I2.5Br0.5 and 
CsPb0.375Sn0.625I2.25Br0.75. Upon further substitution of I by Br, the Pb 
(I–Br)6 octahedral structures lose their geometrical symmetry due to 
structural distortion, which results in thermodynamic instability in the 
cubic Br-substituted CsPb0.375Sn0.625I3-yBry. The above results suggest 
that the crystallinity and stability of CsPb0.4Sn0.6I3 have some further 
room for improvement. Experimentally, the fabricated CsPb0.4Sn0.6I3- 

yBry perovskite films with various Br contents were characterized by 
XRD in Fig. 2c. 

Like the CsPb0.4Sn0.6I3 perovskite film, the I–Br mixed halide 
perovskite films also showed only cubic (100) and (200) main peaks 
without other residual peaks (i.e., no atypical crystalline properties). We 
have shown the magnified area of (100) and (200) planes in Fig. S6. 
Interestingly, there is shoulder peaks near (100) and (200) planes, 
especially in y = 0, y = 0.3 perovskites. In fact, many studies on CsSnI3 
perovskite reported such twin peaks at very similar diffraction angles 
[14,16,44,45]. From our DFT calculations, the cubic α-phase is rela
tively unstable when the Br content is low (y = 0~0.25) as displayed in 
Fig. 2b. Hence, orthorhombic CsSnI3 phase could also be made in the 
Sn-rich perovskite composition. When the Br content increased over 0.5, 
on the other hand, the formation energy reduces and the pure cubic 
phase could dominate. The extracted tolerance factors are also sup
porting well about these trend (Fig. 2a). It is judged that these theo
retical calculations are well connected to the experimental results of the 
XRD. Additionally, there is a result in which the peak intensity of the 
orthorhombic CsSnI3 phase was suppressed as Br increases in CsSnI3-xBrx 
[46]. This is also similar to our results. On the basis of the intercon
nection between DFT estimation, XRD, and practical stability tests, it is 
interpreted that the mixed halide approach using suitable introduction 
of Br (~0.6) can promote stable cubic α-phase of inorganic Pb–Sn 
perovskite, which is beneficial for high photovoltaic performance and 
durability under ambient air. The principal peaks of (100) and (200) 
gradually shifted from 14.49◦ to 14.75◦ and from 29.12◦ to 29.67◦, 
respectively, as the amount of added Br increased. Thus, the substitution 
of I− by Br− with a smaller ionic radius reduced the perovskite lattice 
constant. Additionally, the intensity of the principal diffraction peaks 
increased at a higher Br content (y = 0.3 and 0.6), meaning that the 
incorporation of Br− forming mixed halides improved the crystallinity of 
the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite. For more investi
gation of the crystallinity, we calculated the full width at half maximum 
(FWHM) and the crystalline sizes in (100) plane for perovskites with 
different composition based on well-known Scherrer equation, as added 
in Table S1. The FWHM values of CsPb0.4Sn0.6I3-yBry perovskites are 
0.14◦, 0.14◦, 0.12◦, and 0.2◦ for y = 0, 0.3, 0.6, and 1.0, respectively. 
The crystalline sizes are 572.0, 572.3, 667.7, and 407.5 Å for y = 0, 0.3, 
0.6, and 1.0, respectively, which are good agreement with the intensity 
of the principal diffraction peaks. However, an excess amount of Br (y =
1.0, CsPb0.4Sn0.6I2Br) reduced the diffraction intensity, which is likely 
attributable to deteriorated crystallinity due to lattice distortion with 
excess Br. In order to elucidate this, we examined the structural changes 
of different CsPb0.375Sn0.625I3-yBry perovskites (Figs. S4 and S5). 
Although a constant cubic structure was maintained up to 
CsPb0.375Sn0.625I2.25Br0.75 (y = 0.75), the structure with y = 1.0 suffered 
from Jahn-Teller distortion, which could significantly reduce the crys
tallinity. The substituted Br is preferentially located near the Pb atom 
than near the Sn atom, because Br becomes a more negative ion than I 
and thus requires more charge transfer from the cation at B sites. 
Compared to Sn2+, Pb2+ can more easily donate electron to the anion 
according to the Bader net charge analysis in Fig. S7c. In the supercell of 
CsPb0.375Sn0.625I2.25Br0.75, three Pb atoms are coordinated with six an
ions (four I, two Br). The two Br are coordinated to Pb in a symmetrical 
distribution, leading to the formation of ordered octahedra. However, 
distorted octahedra are expected to form when more Br anions become 
coordinated. The length of Br–Pb bonds is reduced by strong hybridi
zation because there is more charge transfer than in I–Pb, as shown in 
Fig. S7c and d. For this reason, it is assumed that the crystallinity of 

CsPb0.4Sn0.6I2Br is significantly reduced. This structural distortion 
would affect the morphological and optical properties of the perovskite 
films, as will be discussed below. The projected DOS of 
CsPb0.375Sn0.625I3-yBry also shows an increasing bandgap with y 
(Fig. S7a). In Fig. S7b, when the Br content increases, 
CsPb0.375Sn0.625I2.25Br0.75 has a saturated direct bandgap of 1.20 eV. 
The electron occupancy of Br s state reduces the peak value of VBM, and 
the more positively charged Pb2+ cation pushes the CBM of I and the Br s 
states as shown in Fig. S7c and d. Considering the crystallinity, stability, 
and bandgap, CsPb0.4Sn0.6I2.4Br0.6 (y = 0.6) was chosen as the preferred 
composition in this study. The phase stability of the corresponding 
perovskite thin film was examined in humid air (RH: 70–80%) by XRD 
measurement (Fig. 2d). As expected, the XRD patterns showed a very 
stable phase with no additional degradation peaks. In addition to XRD 
measurement, we also observed the film stability with different com
positions by utilizing absorption and PL measurements in humid air (R. 
H.:50%), as shown in Fig. S8. The absorption and PL of CsPbI3 perovskite 
film were completely degraded within 1 day, which is consistent with 
the XRD pattern. On the other hand, enhanced stability of the perovskite 
by introducing 60% of Sn at B-site was also confirmed in UV–Vis 
absorbance and PL analyses. Compared to CsPbI3, substantial amount of 
absorbance of CsPb0.4Sn0.6I3 was maintained. Also, reduction of PL in
tensity could be significantly suppressed. Impressively, 
CsPb0.4Sn0.6I2.4Br0.6 perovskite showed more enhanced film stability. In 
this case, the performance degradation is much limited after aging, 
which is also consistent with the results from XRD and DFT calculations 
implemented in the VASP. Enhancement of structural stability by these 
compositional engineering could allow for practical improvement in 
durability under ambient air, from our investigation. Besides the struc
tural and optical stability, the surface structure of the light absorber thin 
film is also important for thin film PSCs. From the field emission scan
ning electron microscopy (FE-SEM) images in Fig. 3, the incorporation 
of Br improves not only the crystallinity but also the morphology of the 
inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite films. In Fig. 3a, huge 
discontinuities and big pinholes were observed on the surface of pristine 
CsPb0.4Sn0.6I3 film without Br addition. Such a morphology may cause 
direct contact of the electron transport layer (ETL) and hole transport 
layer (HTL), which can induce detrimental recombination loss in device 
operation. As the Br ratio increased, the topography became more 
continuous, and there were fewer pinholes in Fig. 3b. In Fig. 3c, the 
CsPb0.4Sn0.6I2.4Br0.6 perovskite film showed the most compact and 
densest morphology among all studied films, thus it could prevent 
recombination losses and local current drain. This is presumably 
because Br incorporation passivates the defects in the grain boundary 
(GB) and improves the crystalline properties in OIH mixed halide pe
rovskites [47]. On the other hand, the CsPb0.4Sn0.6I2Br perovskite film 
again displayed discontinuous morphology with more pinholes, and the 
grain size was remarkably reduced (Fig. 3d). This effect well matches the 
XRD results in Fig. 2c, and the main cause is considered to be the 
distortion of crystalline structure (Fig. S5). We have displayed EDS 
mapping and elemental analyses of the CsPb0.4Sn0.6I3-yBry perovskite 
films in Fig. S9 and Table S2. We found that the overall compositional 
ratio of Pb:Sn: (I + Br) is close to 0.4:0.6:3 indicating the uniform dis
tribution of all elements. Furthermore, the atomic ratios of Pb, Sn, I, and 
Br shown in Table S2 are almost similar to the stoichiometric compo
sition of the precursors as CsPb0.4Sn0.6I3, CsPb0.4Sn0.6I2.7Br0.3, 
CsPb0.4Sn0.6I2.4Br0.6, and CsPb0.4Sn0.6I2Br for y = 0, y = 0.3, y = 0.6, and 
y = 1.0, respectively. The slighly Sn-rich content (>0.6) could be 
attributed to SnF2 additive for suppressing oxidation of Sn-based 
perovskites. 

Next, we examined the photophysical properties of the 
CsPb0.4Sn0.6I3-yBry perovskite films. Fig. 4a shows the absorbance 
measured using a UV–vis spectrometer. The control (CsPb0.4Sn0.6I3) 
shows wide absorption in NIR wavelengths exceeding 950 nm compared 
to conventional CsPbI3 (710 nm) [12], confirming the decreased 
bandgap when the amount of Sn exceeds Pb (>50%). On the other hand, 
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the addition of Br to the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskites 
causes the bandgap to increase, which should lead to a blueshift in the 
absorption spectrum. For clarity, we added an enlarged spectral range 
around 900 nm near the bandgap, as attached in inset of Fig. 4a. The 
addition of Br to the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskites 
tunes its bandgap to increase, which should lead to a blueshift in the 
absorption spectrum. The results are consistent with Fig. 4b. The Tauc 
plot in Fig. 4b shows the bandgap of the CsPb0.4Sn0.6I3-yBry perovskite 
films. This result is consistent with the trend of calculated bandgaps for 
different y values in Fig. S7b. The bandgap increased as the ratio of Br 
increased according to the absorbance data. The bandgaps of the 
CsPb0.4Sn0.6I3-yBry perovskites are 1.30, 1.33, 1.35, and 1.42 eV for y =
0, 0.3, 0.6, and 1.0, respectively. These bandgaps are much narrower 
than those of inorganic Pb–Sn perovskites (1.64–1.79 eV) reported to 
date [48,49], which can be essential for NIR absorption in 
perovskite-perovskite tandem photovoltaics. Fig. 4c shows the 
steady-state photoluminescence (SS-PL) of the inorganic Sn-rich 
CsPb0.4Sn0.6I3-yBry perovskite films. As the amount of Br increases, the 
peak SS-PL emission is shifted to shorter wavelengths (954, 931, 913, 
and 869 nm), in good agreement with the bandgap values in Fig. 4b. We 
also obtained FWHM in the SS-PL peak via Gaussian fitting (Fig. S10) 
[50,51]. As more Br is incorporated, the FWHM value decreases slightly 
from 88 nm at y = 0–83 nm at y = 0.6, indicating better crystallinity and 
fewer defect that are in good agreement with our XRD and SEM mea
surement results. In comparison, the FWHM value of CsPb0.4Sn0.6I2Br (y 
= 1.0) perovskite is much higher (122 nm) compared to other perov
skites, also closely matching the XRD and SEM results. This indicates an 
increased amount of crystal defects that would enhance the 
non-radiative recombination paths. Furthermore, excess Br may cause 
light-induced phase separation [47]. This phase separation creates a 
high density of defects, which could be predicted by Urbach energy (Eu) 

calculated by α = α0exp(E/Eu), where α is the absorption coefficient 
from the absorbance spectra and E = hν is the photon energy [52]. The 
values of Eu enabled us to evaluate the electronic disorders in the 
inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite films (Fig. S11a, b). Eu 
= 0.36, 0.33, 0.26, and 0.37 eV for y = 0, 0.3, 0.6, and 1.0, respectively. 
Obviously, the incorporation of Br lowered Eu to a minimum of 0.26 eV 
in CsPb0.4Sn0.6I2.4Br0.6 (y = 0.6) perovskite. In contrast, the 
CsPb0.4Sn0.6I2Br (y = 1.0) composition showed an increased Eu value 
indicating deterioration of electronic quality. These data also suggest 
that a Br ratio of y = 0.6 is desirable. The carrier lifetimes of 
CsPb0.4Sn0.6I3-yBry perovskite films were evaluated with time-resolved 
photoluminescence (TR-PL) in Fig. 4d and Table 1. The carrier life
time of CsPb0.4Sn0.6I2.4Br0.6 (0.954 ns) was longer than those of other 
perovskites (0.284 ns for y = 0.3, 0.281 ns for y = 1). This is in good 
agreement with the results of SS-PL, XRD, and Eu analyses discussed 
above, and could be attributed to the reduced defect states and sup
pressed non-radiative recombination when there is a suitable amount of 
Br. The fabricated inorganic Sn-rich perovskite films were used as light 
absorbers in PSCs with ITO/PEDOT:PSS/CsPb0.4Sn0.6I3-y

Bry/PCBM/CeOx/Ag inverted structure (Fig. 5a). Poly(3, 
4-ethylenedioxythiophene) polystyrenesulfonate (PEDOT:PSS) was 
treated with dimethyl sulfoxide (DMSO) to improve the device perfor
mance by increasing its conductivity as an HTL [53,54]. In addition, 
CeOx interfacial layer was applied to improve the electron extraction 
and stability of device as a hole blocking layer [55]. The corresponding 
energy band diagram of the PSCs extracted from ultraviolet photoelec
tron spectroscopy (UPS, Fig. S12) data is shown in Fig. 5b. The addition 
of Br into the perovskite light absorber made the energy band alignment 
much favorable with HTL and ETL, leading to higher open circuit 
voltage (Voc) values. Fig. 5c exhibits the J-V curves of the inorganic 
Sn-rich CsPb0.4Sn0.6I3-yBry PSCs. The corresponding photovoltaic 

Fig. 3. SEM images of the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite films with various Br contents: (a) CsPb0.4Sn0.6I3, (b) CsPb0.4Sn0.6I2.7Br0.3, (c) 
CsPb0.4Sn0.6I2.4Br0.6, and (d) CsPb0.4Sn0.6I2Br. 
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parameters are shown in Table 2. For control, the inorganic Sn-rich PSC 
without Br (y = 0) has PCE = 7.04%, Voc = 0.62 V, Jsc = 15.67 mA/cm2, 
and FF = 0.723. On the other hand, the CsPb0.4Sn0.6I2.4Br0.6 (y = 0.6) 
PSC displayed PCE = 12.34%, Voc = 0.86 V, Jsc = 19.02 mA/cm2, and FF 
= 0.751. These values of PCE and Voc are the highest among inorganic 
Sn-rich (Sn > 50%) PSCs reported to date. Furthermore, the Voc loss 
(Eg/q – Voc; Eg is the bandgap, q is the elementary charge) was only 
approximately 0.49 V, which is remarkably lower than other Sn-rich 
inorganic perovskites (0.99 V for CsPb0.5Sn0.5IBr2, 1.3 V for 
CsPb0.25Sn0.75IBr2) [49]. While maintaining a high FF value (0.751), a 
record PCE value was achieved in this study among inorganic Sn-rich 
(Sn > 50%) PSCs. The increased Voc and FF can be ascribed to the 
wider bandgap, more favorable band alignment, and reduced defect or 
trap density in the perovskite film (Fig. 4c, d and Fig. S10, S11). In 
addition, the increase in Jsc can be attributed to the external quantum 
efficiency (EQE) spectra. In Fig. 5d, the wavelength range of the EQE 
spectrum is similar to the absorbance range. The integrated Jsc of the 
CsPb0.4Sn0.6I3, CsPb0.4Sn0.6I2.7Br0.3, CsPb0.4Sn0.6I2.4Br0.6, and 
CsPb0.4Sn0.6I2Br PSCs is 14.89, 15.95, 18.05, and 14.15 mA/cm2, 

respectively, which are not much different from the Jsc values by the 
solar simulator. The high EQE can imply an improved charge collection 
efficiency (i.e. reduced defects and longer lifetime) in 
CsPb0.4Sn0.6I2.4Br0.6, when we consider the similar absorption capability 
between CsPb0.4Sn0.6I3 and CsPb0.4Sn0.6I2.4Br0.6 in Fig. 4a. These results 
prove the astonishing device performance of the inorganic Sn-rich 
CsPb0.4Sn0.6I2.4Br0.6 PSC. When it is compared to our preliminary 
study on CsPbI3 (see Table S3) [12], the substantial improvement of 
device performance is observed (8.40% → 12.34%). The Jsc values in
tegrated from EQE are 12.69 mA/cm2 for CsPbI3 and 18.05 mA/cm2 for 
CsPb0.4Sn0.6I2.4Br0.6 PSCs. One of the huge differences is attributed to 
favorable coverage extension of EQE spectra (740 nm for CsPbI3 and → 
930 nm CsPb0.4Sn0.6I2.4Br0.6). On the contrary, at a higher Br concen
tration, CsPb0.4Sn0.6I2Br (y = 1.0) has a lower device performance due to 
the aforementioned discontinuous morphology, deteriorated PL prop
erties, and higher Eu of the perovskite film. Fig. 5e shows the statistical 
distribution of PCE and good reproducibility of the enhancement in PCE. 
Fig. 5f shows the time evolution of PCE for the inorganic Sn-rich (Sn ≥
50%) PSCs, which is also summarized in Table S4. Clearly, there is a 
scarcity of reports on inorganic Sn-rich (Sn ≥ 50%) PSCs, with only one 
study based on CsPb0.25Sn0.75IBr2 having PCE = 3.13%. The PCE re
ported in this work is the highest among inorganic Sn-rich PSCs (Sn ≥
50%), as shown in Fig. 5f and Table S4. We also conducted 
photo-stability test, as exhibited in Fig. S13, and the device showed an 
excellent photocurrent stability even it was measured in ambient air (at 
room temperature, R.H.:50%) without any encapsulation or protecting 
layer. Furthermore, very stable device operation (stabilized power 
conversion efficiency of 10.83%) was confirmed. It is noted here that 
there has never been such a stable output and high efficiency in 

Fig. 4. (a) UV–vis absorption spectra with the inset of magnified absorbance edges, (b) Tauc plots, (c) steady-state photoluminescence (SS-PL), and (d) time-resolved 
photoluminescence (TR-PL) of the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite films. 

Table 1 
TR-PL decay data of the inorganic Sn-rich CsPb0.4Sn0.6I3-yBry perovskite films.  

Sample A1 (%) τ1 (ns) A2 (%) τ2 (ns) τave (ns) 

CsPb0.4Sn0.6I3 87.61 0.28 12.39 0.32 0.284 
CsPb0.4Sn0.6I2.7Br0.3 72.14 0.60 27.86 0.72 0.635 
CsPb0.4Sn0.6I2.4Br0.6 44.50 0.85 55.50 1.04 0.954 
CsPb0.4Sn0.6I2Br 55.43 0.31 44.57 0.25 0.281  
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inorganic Sn-rich PSCs with narrow bandgap to date. In addition, we 
measured the long-term stability of the inorganic CsPbI3, CsPb0.4Sn0.6I3, 
and CsPb0.4Sn0.6I2.4Br0.6 PSCs without any encapsulation, under 
ambient air condition. In Fig. S14, the CsPbI3 PSC without Sn was 
completely degraded within 12 h, and the parent compound 
CsPb0.4Sn0.6I3 (y = 0) PSC without Br displayed a 50% reduction of the 
initial PCE within 5 days. In contrast, the CsPb0.4Sn0.6I2.4Br0.6 (y = 0.6) 
PSC showed remarkable ambient stability, maintaining about 70% of the 
initial efficiency for 30 days in air (RH: 30–70%) without any encap
sulation. This stability is better than that of recent inorganic pristine 
CsPbI2Br (100% Pb-based) PSCs [56–58]. We also measured the thermal 
stability of our devices with different composition of perovskites for 18 h 
at elevated temperature of 65oC (Fig. S15). The representative CsPbI3 
PSC, pure-Pb perovskite, was completely degraded within 8 h because 
CsPbI3 perovskite has severe instability, as already monitored in above 
XRD, UV–Vis absorption, and PL studies in addition to DFT calculation 
(Fig. 1a). With Sn 60% incorporation, on the other hand, all Pb–Sn 

perovskite films showcased better thermal stability than pristine 
pure-Pb perovskite, CsPbI3 PSC. The best device (Br = 0.6) was main
tained about 75% of initial efficiency after thermal treatment and it 
showcased the best stability compared to other compositions including 
representative inorganic CsPbI3 perovskite, which is also consistent with 
the result from the structural stability estimation by DFT calculation and 
various film stability tests confirmed above. The stability of our the best 
device (Br = 0.6) was also compared to the CsPbBr3 PSC which is well 
known for having excellent stability (Fig. S16). It showed a good 
long-term stability, showing a similar stability with the CsPbBr3 device 
for about 15 days. After that, CsPbBr3 showcased better stability, which 
can be attributed to pure Pb, and pure Br at B- and X-sites of ABX3 that 
are much stable than Sn- and I- rich counterparts, respectively. 
Furthermore, X-ray photoelectron spectroscopy (XPS) was used to 
further analyze the stability of CsPb0.4Sn0.6I3-yBry perovskite films (y =
0, 0.6), as shown in Fig. S17. At y = 0, there are only two Sn 3d peaks 
(487.23 and 495.65 eV) assigned to Sn 3d5/2 and Sn 3d3/2, 

Fig. 5. (a) Schematic illustration of the inverted inorganic Sn-rich PSCs. (b) Energy band diagram of the fabricated CsPb0.4Sn0.6I3-yBry PSCs. (c) J-V characteristics of 
the best-performing CsPb0.4Sn0.6I3-yBry PSCs. (d) EQE spectra and the corresponding integrated Jsc curves of CsPb0.4Sn0.6I3-yBry PSCs with different Br contents. (e) 
Box chart showing statistical distribution in the PCE of CsPb0.4Sn0.6I3-yBry PSCs. (f) PCE distribution of the inorganic Sn-based and Sn-binary (Sn ≥ 50%) PSCs 
reported to date, including our work. 

Table 2 
Photovoltaic parameters of inorganic Sn-rich CsPb0.4Sn0.6I3-yBry PSCs under AM1.5 illumination.  

Perovskites  Voc (V) Jsc (mA/cm2) FF PCE (%) 

CsPb0.4Sn0.6I3 Average 0.62 ± 0.006 15.58 ± 0.20 0.703 ± 0.022 6.79 ± 0.20 
Champion 0.62 15.67 0.723 7.04 

CsPb0.4Sn0.6I2.7Br0.3 Average 0.64 ± 0.02 16.85 ± 0.21 0.687 ± 0.022 7.46 ± 0.52 
Champion 0.67 16.80 0.707 7.96 

CsPb0.4Sn0.6I2.4Br0.6 Average 0.85 ± 0.01 18.88 ± 0.47 0.729 ± 0.014 11.67 ± 0.43 
Champion 0.86 19.02 0.751 12.34 

CsPb0.4Sn0.6I2Br Average 0.80 ± 0.01 14.21 ± 0.65 0.681 ± 0.041 7.72 ± 0.36 
Champion 0.80 14.91 0.684 8.16  
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respectively. These peaks were shifted by 150 meV to higher binding 
energies of 487.38 and 495.80 eV after Br substitution (y = 0.6). This 
increased binding energy could imply that the content of Sn4+ is 
decreased by Br addition, which significantly enhances the air stability 
of perovskite films [59,60]. We also evaluated the effect of Br incorpo
ration on the electrical properties of CsPb0.4Sn0.6I3-yBry perovskite films 
by measuring the Hall effect. Hall measurement results are given by 
averaging each measurement tested on making three samples each for 
CsPb0.4Sn0.6I3 and CsPb0.4Sn0.6I2.4Br0.6 in Table S5. As shown in 
Table S5, the average hole concentration of CsPb0.4Sn0.6I2.4Br0.6 (y =
0.6) perovskite film is (4.01 ± 0.074) × 1014 cm− 3, which is ~2.5% 
lower than that for pristine CsPb0.4Sn0.6I3 (y = 0) perovskite at (4.1 ±
0.13) × 1014 cm− 3. It has been reported that the easy oxidation of Sn2+

to Sn4+ facilitates the formation of Sn vacancies, which increases the 
hole density [59]. However, in our case, the reduced hole density of 
CsPb0.4Sn0.6I2.4Br0.6 indicates that the oxidation of Sn2+ to Sn4+ is 
suppressed by Br addition, which is in good agreement with our XPS 
analysis. It is speculated that, when the Pb–Sn perovskites incorporating 
Br are annealed at above 60 ◦C, the Br atoms escape from the perovskite 
crystal lattice due to a higher vapor pressure than I, forming defect states 
related to the halide vacancy [61]. These halide vacancy levels are 
located near the CBM, acting as shallow donors that reduce the hole 
density [47]. Therefore, the above XPS and Hall effect measurements 
revealed that the incorporation of Br reduced the Sn vacancy, which 
contributed to the air stability of the inorganic Sn-rich 
CsPb0.4Sn0.6I3-yBry PSC at y = 0.6. Additionally, the hole mobility (μ) 
of the parent compound CsPb0.4Sn0.6I3 is (2.21 ± 0.93)× 102 cm2 V− 1 

s− 1 whereas that of CsPb0.4Sn0.6I2.4Br0.6 is (7.23 ± 7.94)× 102 cm2 V− 1 

s− 1, presumably due to the enhanced crystallinity as confirmed by DFT 
study and XRD analyses mentioned above. The high hole mobility in the 
CsPb0.4Sn0.6I2.4Br0.6 perovskite film would be beneficial for carrier in
jection to the HTL and improving Jsc in the PSCs. To explain the high 
PCE of CsPb0.4Sn0.6I2.4Br0.6 PSC, electrochemical impedance spectros
copy (EIS) and light intensity-dependent measurements of Jsc and Voc 
were performed. Fig. 6a shows EIS data for the CsPb0.4Sn0.6I3 (y = 0) and 
CsPb0.4Sn0.6I2.4Br0.6 (y = 0.6) devices measured in the dark within the 
frequency range from 1 kHz to 1 MHz [62]. The spectrum shows arcs 
fitted to the equivalent circuit consisting of series, parallel resistances, 
and a parallel capacitance (inset of Fig. 6a). The parallel resistance is the 
recombination resistance (Rrec), which increased from 4.88 × 104 to 
2.85 × 105 Ω when y increased from 0 to 0.6. Thus, the EIS result reveals 
that the CsPb0.4Sn0.6I2.4Br0.6 perovskite with much higher Rrec has much 
lower recombination loss than CsPb0.4Sn0.6I3 (y = 0), because the two 
devices used the same materials except for the light absorber. This 
analysis can explain the high Voc values mentioned above. Serial resis
tance was also extracted, showing a slight decrease from 40.1 to 39.2 Ω 
with Br addition. The light intensity dependence of Jsc in Fig. 6b indi
cated a steeper slope (0.983) in CsPb0.4Sn0.6I2.4Br0.6 than in 
CsPb0.4Sn0.6I3 (0.949). Thus, the non-radiative, trap-assisted recombi
nation was reduced after Br was added into the parent compound 
CsPb0.4Sn0.6I3. In other words, the incorporated Br helped passivate 
defect states in the perovskite films, resulting in an effective improve
ment in the device performance. To analyze the recombination kinetics, 
the light intensity-dependent Voc data are plotted in Fig. 6c. The rela
tionship between Voc and light intensity (I) is Voc = (nkT/q) ln(I/Io + 1), 
where n is the ideality factor, q is the elementary charge, k is the 
Boltzmann constant, and T is the temperature [41]. It is known that n 
approaches unity when the bimolecular recombination is dominant, 
whereas it approaches 2 when trap-assisted Shockley-Read-Hall (SRH) 
recombination is dominant. The n value of CsPb0.4Sn0.6I3 (y = 0) device 
is 1.85, and thus it is dominated by trap-assisted SRH recombination. 
The addition of Br reduced n to 1.56 in the CsPb0.4Sn0.6I2.4Br0.6 (y = 0.6) 
device, suggesting a suppressed SRH recombination. This value is higher 
than that of organic cation-MASn0.6Pb0.4I2.6Br0.4 in our previous work 
(n = 1.17, indicating dominant bimolecular recombination) [41]. This 
might be one of the clues why the PCE of the inorganic PSCs is lower 

than that of OIH PSCs. From our results, the higher n value and insuf
ficient tolerance factor (0.848) of the inorganic perovskite compared to 
OIH perovskite (0.956 for MASn0.6Pb0.4I2.6Br0.4) would be one reason 
limiting its performance. One possible solution is to increase the toler
ance factor via compositional engineering for better structural stability 
[63,64]. For example, metal ions smaller than Sn2+ and Pb2+, such as 
Sb3+ (0.76 Å), In3+ (0.80 Å), and Mn2+ (0.83 Å) can be utilized at the B 

Fig. 6. (a) Nyquist plots of CsPb0.4Sn0.6I3 and CsPb0.4Sn0.6I2.4Br0.6 PSCs. Inset: 
the equivalent circuit, the enlarged high-frequency region, and the table of 
simulated results. (b) Light intensity-dependent Jsc for CsPb0.4Sn0.6I3 and 
CsPb0.4Sn0.6I2.4Br0.6 PSCs. (c) Light intensity-dependent Voc for representative 
Sn-rich PSCs using CsPb0.4Sn0.6I3, CsPb0.4Sn0.6I2.4Br0.6. 
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site of ABX3 to achieve favorable tolerance factor in the inorganic 
Sn-rich perovskite film proposed in this work [65]. From our results, we 
are convinced that the CsPb0.4Sn0.6I2.4Br0.6 PSC is the most advanced 
inorganic Pb–Sn binary perovskite reported to date, because it shows 
significant improvements in the essential aspects of durability, Pb 
reduction, performance, and narrow bandgap as required in recent 
perovskite photovoltaic technology. 

4. Conclusions 

We demonstrated novel Pb–Sn binary mixed halide inorganic perov
skites (CsPb1-xSnxI3-yBry) with suitable bandgaps in the range of 1.30–1.42 
eV for use in the inorganic Sn-rich PSCs. First, our simulation and experi
mental work indicated that 60% Pb substitution by Sn (CsPb0.4Sn0.6I3) was 
effective for suppressing the phase instability and reducing the unfavorable 
wide bandgap of CsPbI3 perovskites. After a proper amount of Br was 
incorporated, a much more compact morphology and improved crystal
linity were observed in the CsPb0.4Sn0.6I2.4Br0.6 perovskite film, which also 
displayed a desirable narrow bandgap of 1.35 eV. In addition, there were 
fewer defect-induced carrier recombination centers, and a longer carrier 
lifetime was achieved after mixed halide modification of the parent com
pound CsPb0.4Sn0.6I3. Furthermore, the trap-assisted recombination was 
significantly suppressed in CsPb0.4Sn0.6I2.4Br0.6 with the addition of Br. As a 
result, the PCE of the PSC was drastically enhanced from 7.04% for 
CsPb0.4Sn0.6I3 to 12.34% for CsPb0.4Sn0.6I2.4Br0.6, with a high Voc of 0.86 V. 
The PCE and Voc are the highest values among inorganic Sn-rich (Sn >50%) 
PSCs reported to date. The unencapsulated CsPb0.4Sn0.6I2.4Br0.6 PSC 
showed remarkable long-term stability by retaining more than 70% of the 
initial efficiency for 30 days in ambient environment, surpassing the 100% 
Pb-based CsPbI3 and CsPbI2Br PSCs. Also, remarkable thermal and photo
stability of the device were demonstrated. These remarkable results will be 
very important for developing highly efficient, stable, and inorganic Pb–Sn 
narrow bandgap PSCs, as well as their application in perovskite tandem 
solar cells. 
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