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1. Introduction

Metal–halide perovskites (MHPs) have 
gained much attention over the past 
decade,[1–3] owing to their excellent prop-
erties, including high absorption coef-
ficients,[4] long charge-carrier diffusion 
lengths,[5,6] low exciton binding ener-
gies, and bandgap tunability,[7,8] which 
are particularly beneficial for photo-
voltaic (PV) applications. However, the 
power conversion efficiency (PCE) of a 
single-junction device is fundamentally 
limited by the principle of detailed bal-
ance.[9] One way to surpass this limit is 
to use a tandem cell architecture,[10–12] 
where the top cell with a wider bandgap 
absorbs high-energy photons to pro-
duce a higher open-circuit voltage (VOC) 
and the bottom cell with a narrower 
bandgap absorbs the remaining low-
energy photons. This tandem architec-
ture minimizes the energy losses arising 
from charge-carrier thermalization and 
cooling while exhibiting a broad absorp-
tion bandwidth compared to a wide-

bandgap single-junction device. Since carefully optimized 
bandgaps are required for such multi-junction tandem cells 
to work efficiently, the facile bandgap tunability of MHPs is 
highly advantageous for tandem cell applications. Bandgap 
tuning in these materials can be achieved by altering their 
chemical compositions – MHPs have a chemical formula of 
ABX3, where the A cation site is usually occupied by a methe-
ylammonium (MA+), formamidinium (FA+) or cesium (Cs+) 
ion, the B site by a divalent metal cation such as lead (Pb2+) 
or tin (Sn2+), and the X halide site by iodide (I–) or bromide 
(Br–), or a mixture thereof. An optimal high bandgap for  
the top subcell has previously been achieved for silicon- 
perovskite and all-perovskite tandem cells through tuning of 
the X halide site occupation in the absorber layer, resulting 
in a mixed-halide lead perovskite.[13,14] Compared to a silicon- 
perovskite tandem cell, an all-perovskite tandem cell offers 
lower processing temperatures and greater compositional tun-
ability which would be highly desirable in the manufacturing 
process of the devices.[12] Because of the strong bandgap 
bowing effect observed across the Pb-Sn series, mixed lead-
tin perovskites offer the lowest possible bandgap achievable in 
MHPs,[8,15,16] making them the most promising candidates for 

Owing to the bandgap-bowing effect, mixed lead-tin halide perovskites provide 
ideal bandgaps for the bottom subcell of all-perovskite tandem photovoltaic 
devices that offer fundamentally elevated power-conversion efficiencies. How-
ever, these materials suffer from degradation in ambient air, which worsens 
their optoelectronic properties and hinders their usability for photovoltaic 
applications. Such degradation pathways are not yet fully understood, espe-
cially for the perovskites in the middle of the APbxSn1-xI3 solid solution line, 
which offer the narrowest bandgaps across the range. This study unravels the 
degradation mechanisms of APbxSn1-xI3 perovskites, reporting clear differ-
ences between mixed lead-tin (x = 0.5) and tin-only (x = 0) perovskites. The 
dynamic optoelectronic properties, electronic structure, crystal structure, and 
decomposition products of the perovskite thin films are examined in situ 
during air exposure. Both perovskite compositions suffer from the formation 
of defects over the timescale of hours, as indicated by a significant reduction 
in their charge-carrier diffusion lengths. For tin-only perovskite, degradation 
predominantly causes the formation of energetically shallow tin vacancies 
and hole doping. However, for mixed lead-tin perovskite, deep trap states are 
formed that significantly accelerate charge-carrier recombination, yet leave 
mobilities relatively unaffected. These findings highlight the need for passiva-
tion strategies tailored specifically to mixed lead-tin iodide perovskites.
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the bottom subcell of an all-perovskite tandem cell.[12] Extensive 
research has also revealed excellent optoelectronic properties of  
such APbxSn1-xI3 MHPs in the region of tin content x ≈0.4–0.6, 
for which these perovskites exhibit high charge-carrier mobili-
ties and lifetimes, making them ideal for PV applications.[15]

Despite their importance to the development of all-perovs-
kite tandem cells, mixed lead-tin halide perovskites still suffer 
from instabilities when exposed to oxygen and moisture even 
under encapsulation,[17] which deteriorate their optoelectronic 
properties and hinder their commercialization.[1,17–19] How-
ever, a comprehensive evaluation of the degradation pathways 
in lead-tin halide perovskites is still part of ongoing research. 
The degradation mechanisms of tin-only halide perovskites 
have been previously investigated,[18,20–24] providing potential 
insight into the degradation pathways of their mixed lead-
tin counterparts. Tin-only MHPs suffer from severe oxygen 
and moisture stability issues, which derive from the forma-
tion of tin vacancies and iodide interstitials.[25,26] The pres-
ence of these point defects induces the oxidation of Sn2+ to 
Sn4+[27,28] and introduces unintentional p-type doping, leading 
to the presence of a large density of background holes.[15] Such 
oxidation of the metal in the perovskite structure is intensi-
fied by the relatively small standard reduction potential of 
Sn4+/Sn2+ when compared to Pb4+/Pb2+ (+0.15 and +1.67  V, 
respectively).[25,29] SnF2 additive has been commonly and suc-
cessfully used to suppress tin vacancy formation in tin-only 
perovskites by creating a tin-rich environment during the 
fabrication process.[15,23,30,31] There have been suggestions 
that mixed lead-tin MHPs may undergo similar degradation 
pathways, involving tin vacancy formation and oxidation. An 
increase in lead content is expected to result in a gradual tran-
sition toward the defect chemistry present in lead-only perov-
skite, which is mostly free of trap states located deeply in the 
bandgap.[26] However, full knowledge of the defect chemistry 
in mixed lead-tin MHPs is still lacking, with a particular need 
to contrast the degradation mechanisms of tin-only with those 
of mixed tin-lead iodide perovskites.

In this study, we have unraveled the differences in the deg-
radation pathways of tin-only and mixed lead-tin MHPs under 
ambient air. We examined spin-coated FA0.75Cs0.25Pb0.5Sn0.5I3 
(mixed lead-tin) and FA0.75Cs0.25SnI3 (tin-only) thin perovskite 
films (fabrication details provided in Section S1, Supporting 
Information) which have direct relevance to all-perovskite 
tandem and lead-free single-junction photovoltaics devices, 
respectively. Both of these compositions were fabricated with the 
addition of 10 mol% SnF2, which has been a frequently adopted 
additive in previous studies reporting high-performing photo-
voltaic devices.[32–35] We investigated the optoelectronic properties 
of the perovskites in ambient air utilizing a combination of non-
contact transient THz photoconductivity measurements and vis-
ible absorption spectroscopy, and their structural and vibrational 
properties employing X-ray diffraction (XRD) as well as infrared 
and THz transmission spectroscopy. We found that degradation 
in tin-only FA0.75Cs0.25SnI3 can be explained almost exclusively 
by tin-vacancy formation and self-doping effects. However, we 
demonstrate that for intermediate mixed lead-tin MHPs this is 
not the prevalent degradation pathway. We instead propose that 
degradation of lead-tin iodide perovskites in ambient air involves 
the formation of deep trap states, which do not contribute to 

the significant doping of the MHP. Our findings thus highlight 
that stability improvements for mixed lead-tin perovskites likely 
require different defect passivation methods to those already 
developed for their tin-only counterparts.

2. Results and Discussion

We commence our study by investigating the effect of 
ambient air exposure on the optoelectronic properties of 
FA0.75Cs0.25PbxSn1-xI3 thin films, contrasting the mixed lead-tin 
material FA0.75Cs0.25Pb0.5Sn0.5I3 with its tin-only FA0.75Cs0.25SnI3 
equivalent (full fabrication protocols are provided in Section 1, 
Supporting Information). Assessing such changes in the opto-
electronic quality of the materials under air degradation is critical 
for photovoltaic applications which rely on photo-generated 
charge carriers being able to travel across the full thickness of  
the active layer to the respective transport layers and electrodes 
for the efficient generation of electrical power. High charge-car-
rier diffusion lengths are essential to this process and depend 
on high electronic mobilities and low charge-carrier recombina-
tion rates.[36] Therefore, to assess the effect of oxygen and mois-
ture exposure on the optoelectronic properties of the materials, 
we measured the changes occurring in their photoinduced con-
ductivity dynamics during exposure to ambient air of 45 ± 10% 
humidity over hundreds of minutes. We employed the optical-
pump terahertz-probe (OPTP) spectroscopic technique,[37] for 
which the films are excited with an ultrafast pump laser pulse, 
and their time-dependent photo-induced conductivity is meas-
ured by THz probe-pulse transmission, as detailed in Section 2 
(Supporting Information).
Figure 1a shows examples of photoconductivity decay tran-

sients measured for a FA0.75Cs0.25SnI3 thin film at different 
air-exposure times (full data sets for both FA0.75Cs0.25SnI3 
and FA0.75Cs0.25Pb0.5Sn0.5I3 are provided in Section S2.1, 
Supporting Information). With increasing air exposure, the 
photoconductivity amplitude following initial photoexcitation 
declines. This trend can be understood given that the con-
ductivity σ of the material depends on the charge-carrier pair 
density n and the electron-hole sum mobility μ according to 
σ  = enμ, where e is the elementary charge. The mobility of 
the charge carriers can therefore be extracted from the THz 
transmission immediately after photoexcitation (time = 0) 
before any charge-carrier recombination events may have 
occurred (full description of data analysis provided in Sec-
tion S2.1, Supporting Information). The subsequent decay 
of the photoconductivity over time after excitation is associ-
ated with the decline of charge-carrier population n(t), there-
fore providing insight into the charge-carrier recombination 
dynamics. We find that the photoconductivity transients 
can be well described by a monoexponential decay func-
tion, n(t) = n0 exp(−k1t), with fits displayed as solid lines on 
top of measured data shown in hollow hoops. The majority 
of charge carriers thus recombine through monomolecular 
channels, which could arise, e.g., from trap-mediated recom-
bination or electron recombination with a significantly 
larger density of background holes, both of which depend 
on the dynamics of only one charge-carrier species.[31] From 
these monoexponential fits (full data set and fits shown in 
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Figure  S2 and S3 (Supporting Information)) we extracted 
values for the decay rate k1 (shown in Figure 1b) and electron-
hole sum mobility μ (Figure 1c) for both FA0.75Cs0.25SnI3 and 
FA0.75Cs0.25Pb0.5Sn0.5I3 thin films and plotted them against 
degradation time in air. These data reveal a clear rise in 
recombination rates and a decrease in charge-carrier mobility 
for both materials with air exposure. As shown in Figure S4 
(Supporting Information), the combined effect has disastrous 
consequences for the charge-carrier diffusion length LD in 
the two materials: for FA0.75Cs0.25SnI3, air exposure over 5 h 
leads to a three-fold decline of LD from 270 to 80 nm while for 
FA0.75Cs0.25Pb0.5Sn0.5I3, LD falls from initially 910 to 220 nm.

Surprisingly, Figure  1b reveals that the relative increase in 
the recombination rate with extended air exposure is far smaller 
for FA0.75Cs0.25SnI3 than for its lead-tin equivalent, even though 
the initial rate for the pristine thin film is significantly higher. 
This observation indicates[31] that as-fabricated FA0.75Cs0.25SnI3 
is more prone to defect formation even in the absence of siz-
able exposure to oxygen or moisture. This difference arises 
from marked changes in the defect chemistry along the lead-
tin solid solution line, as predicted previously from theoretical 
calculations,[26] which will be discussed in more detail later 
below. Conversely, the low initial value of the decay rate k1 for 
FA0.75Cs0.25Pb0.5Sn0.5I3 suggests inherently better resistance 
during fabrication to the type of defects accelerating mono-
molecular recombination, however, the significant increase in 
the recombination rate after air exposure highlights the clear 
need for highly air-impermeable encapsulation of PV devices 
employing these absorbers.

Interestingly, Figure 1c shows that the air-induced acceleration 
of defect-related charge-carrier recombination affects the charge-
carrier mobilities of FA0.75Cs0.25SnI3 and FA0.75Cs0.25Pb0.5Sn0.5I3  
to different extents. In general, defect formation is expected  
to be accompanied by a decrease in charge-carrier mobility 
because of the introduction of scattering centers. However, while 
FA0.75Cs0.25Pb0.5Sn0.5I3 exhibits the strongest increase in recom-
bination rate (Figure  1b), its decline of mobilities (Figure  1c) 
with air exposure is much more gradual than that observed for 
FA0.75Cs0.25SnI3. The tin-only FA0.75Cs0.25SnI3 initially exhibits 
higher mobility prior to air exposure, which intrinsically results 
from fundamentally lower effective masses of charge carriers, 
and higher energies of the optical phonon mode in tin halide 
perovskites compared to lead-halide perovskites.[31,38] However, 
the charge-carrier mobility for FA0.75Cs0.25SnI3 decreases dras-
tically to only ≈20% of its initial value over the first ≈300  min 
of air exposure, while for FA0.75Cs0.25Pb0.5Sn0.5I3, this decline is 
much less severe, to ≈80% its initial value after the same deg-
radation time. This finding suggests that although both mate-
rials experience significant defect formation during air-induced 
degradation, the types of defects forming in tin-only MHPs 
are more detrimental to the charge-carrier mobility than those 
formed in mixed Pb-Sn perovskites.

These observations provide clues to the differences in the 
defect chemistry of tin-rich and intermediate lead-tin halide 
perovskites. Tin-rich perovskites are prone to tin vacancy 
formation, which may be accompanied by tin oxidation and 
iodine interstitial formation.[26] Tin vacancies are known to 
cause background p-doping of the MHP material by intro-
ducing defect states within the valence band that capture 
electrons and therefore effectively release free holes into the 
semiconductor.[26] Such p-doping deteriorates optoelectronic 
properties of the material by increasing the charge-carrier 
recombination rates through the introduction of additional 
recombination pathways, for example through radiative recom-
bination of photogenerated electrons with background holes 
that are present in high density.[39] Concurrently, such effects 
will reduce charge-carrier mobility because tin vacancies will 
be negatively charged following free hole release, making them 
particularly effective scattering centers to mobile charge car-
riers.[30,31] In addition, charge-carrier scattering with rates in 
the femtosecond regime[30] may reduce their mobilities in the 

Figure 1. a) Photoconductivity decay transients obtained from optical-
pump THz-probe photoconductivity measurements performed on 
FA0.75Cs0.25SnI3 with 400  nm photoexcitation and fluence of 3.6  μJcm–2 
at discrete air-exposure (degradation) times in ambient air (full data set 
available in Section S2.1, Supporting Information). b) Monomolecular 
charge-carrier recombination rates (k1, shown in solid cir-
cles) and c) charge-carrier mobilities (solid triangles) of FA0.75Cs0.25SnI3 
(blue) and FA0.75Cs0.25Pb0.5Sn0.5I3 (orange) thin films were extracted from 
THz photoconductivity measurements shown in (a) and Figures S2 and 
S3 (Supporting Information), as detailed in Section S2.1 (Supporting 
Information).
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presence of substantial hole densities resulting from such self-
doping. In contrast, intermediate lead-tin iodide perovskites 
appear to exhibit a different type of degradation pathway for 
which the defects formed do not possess significant scat-
tering cross-section, as evidenced by relatively unchanged 
charge-carrier mobility over the measurement time window 
accompanying the sharp increase in recombination rates. 
The significant increase in photoconductivity decay rate k1 for 
FA0.75Cs0.25Pb0.5Sn0.5I3 under air exposure is therefore most 
likely associated with the formation of defects that are charge-
neutral, which would result in lower scattering cross-section 
and would not lead to electrical doping.

To explore such differences in air-degradation mechanisms 
of FA0.75Cs0.25SnI3 and FA0.75Cs0.25Pb0.5Sn0.5I3 films further, 
we assessed the effect of air-exposure on their electronic 
structure. The absorption spectrum of a thin film provides 
an insight into the electronic structure of the material, ena-
bling evaluation of the bandgap and exciton binding energies. 
In general, the absorption spectrum of a semiconductor dis-
plays a continuum band-to-band absorption above its bandgap 
energy Eg, which is enhanced by electron-hole Coulomb inter-
actions, and a resonant absorption peak below Eg, owing to the 
formation of a bound electron-hole excitonic state. Changes 
to the bandgap of material would then lead to a shift of the 
whole spectrum in energy, whereas changes to the strength 
of exciton binding energies Eb would mostly moderate 
the absorption onset at low energies. Figure 2a and c show 
changes in the absorption spectrum over ≈15 h of air exposure 
for FA0.75Cs0.25SnI3 and FA0.75Cs0.25Pb0.5Sn0.5I3 films, respec-
tively. The significant change observed for the low-energy part 
of the absorption spectrum of tin-only FA0.75Cs0.25SnI3 could 
in principle be caused by either the Burstein-Moss effect or 
a decrease in the exciton binding energy. Burstein-Moss 
effects[31,40,41] are prominent in tin-rich perovskites[30,31,42] 
owing to the presence of high hole densities resulting from 
tin vacancies and the resulting unintentional doping, which 
lowers the Fermi level and partially depletes the valence band 

of electrons. As a result, light absorption is only possible from 
states deeper into the valence band, blue-shifting the absorp-
tion edge of the material without significantly affecting the 
continuum absorption at higher energies.[31,40,41] In addition, 
such an increase in the background hole density may also 
affect the exciton binding energy through enhanced electronic 
screening of the Coulomb attraction that binds excitons.[15,43] 
To unravel these effects, we performed fits according to Elliott 
theory[44] which describes the absorption of a semiconductor 
in the presence of Coulomb interactions (as detailed in  
Section S3.1, Supporting Information), with the resulting 
values for the bandgap Eg and exciton binding energy Eb dis-
played as a function of air-exposure time in Figure 2b and d 
for FA0.75Cs0.25SnI3 and FA0.75Cs0.25Pb0.5Sn0.5I3, respectively.

Our analysis demonstrates that for FA0.75Cs0.25SnI3, both 
Burstein-Moss effect and exciton screening gain signifi-
cant prominence as the tin-only material is exposed to air, as 
revealed by an increase in the effective bandgap and a decrease 
of the binding energy. As explained above, these observations 
are consistent with a significant amount of electronic doping 
being introduced into the material during the degradation pro-
cess, most likely arising from the tin-vacancy formation. For the 
mixed lead-tin FA0.75Cs0.25Pb0.5Sn0.5I3 perovskite, on the other 
hand, the evolution of the absorption spectrum and the cor-
responding Elliott fitting (Figure  2c,d) imply only very minor 
changes in the effective bandgap and exciton binding energies, 
even over long (≈15  h) air-exposure times. Thus, we conclude 
that, in contrast to tin-only FA0.75Cs0.25SnI3, the defects in mixed 
lead-tin FA0.75Cs0.25Pb0.5Sn0.5I3 causing the observed opto-
electronic degradation under air do not introduce free charge  
carriers into the conduction or valence bands. We therefore pro-
pose that accelerated charge-carrier recombination arising from 
air exposure of FA0.75Cs0.25Pb0.5Sn0.5I3 is instead mediated by 
the introduction of a large density of deep trap states, whose 
energy level lies significantly further from the band edge than 
thermal energy at room temperature, and which do not electri-
cally dope the material to a significant extent.[45]

Figure 2. Absorbance spectra of an a) FA0.75Cs0.25SnI3 and c) FA0.75Cs0.25Pb0.5Sn0.5I3 thin-film recorded at 30 min intervals over ≈15 h of ambient-air 
exposure. The absorbance spectra at 5 h of exposure are highlighted in black solid lines for comparison with the time scales for OPTP data shown in 
Figure 1. The corresponding bandgap energy (Eg) and exciton binding energy (Eb) extracted for (c) FA0.75Cs0.25SnI3 and d) FA0.75Cs0.25Pb0.5Sn0.5I3 from 
Elliott fitting as detailed in Section S3.1 (Supporting Information).
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We further confirm the strongly enhanced presence of elec-
trical doping in tin-only FA0.75Cs0.25SnI3 in air, and the lack 
of major doping in its mixed lead-tin FA0.75Cs0.25Pb0.5Sn0.5I3 
counterpart, by performing measurements of THz conduc-
tivity spectra in the absence of photoexcitation during their 
degradation in ambient air. Dark conductivity spectra shown in  
Figure 3a,b confirm the monotonic increase of background 
doping density for FA0.75Cs0.25SnI3 with air-exposure time, in 
contrast to FA0.75Cs0.25Pb0.5Sn0.5I3 (Figure  3d) which did not 
exhibit signs of electric background doping or changes in dark 
conductivity with air exposure within our detection limit. We 
note that such dark THz conductivity spectra are equivalent to 
measurements of the dielectric function at THz frequencies. 
As such, these may provide information about not only the 
presence of a background charge-carrier density arising, e.g., 
from unintentional doping, but also on vibrational absorptions 
falling into the THz frequency region. In our analysis below, 
we disentangle such effects (additional details are provided 
in Section S4.2, Supporting Information). Measurements of 
the dark conductivity spectra were performed with terahertz 
time-domain spectroscopy (THz-TDS) at different air-exposure 
times, as detailed in Section S4.1, (Supporting Information).

For tin iodide perovskites, a recent analysis of dark THz con-
ductivity spectra has shown these to be dominated by relatively 
broad phonon modes and a strong free-charge response arising 
from a substantial hole background density.[31] Such Drude-
like conductivity of charge carriers in metal halide perovskites 
is known to be spectrally flat across the THz frequency range, 
owing to the relatively fast momentum scattering time.[30,31] We 
therefore expect the dark conductivity response of tin iodide 
perovskites to shift vertically toward higher conductivities as the 
density of background charge carriers increases with air-expo-
sure time, which is exactly what we observe for FA0.75Cs0.25SnI3 
for early degradation times (Figure  3a) over the first ≈90  min 
of air exposure. We note however that at later times beyond 
≈120 min in air, the background conductivity decreases again in 
amplitude (Figure 3b) which we attribute to the decrease of the 
charge-carrier mobility observed in Figure  1c that accompanies 

a continued increase in background hole density arising from the 
tin-vacancy formation. To disentangle such effects, we separate 
the two contributions of the hole mobility μh and the background 
hole density p0 to the dark conductivity, given by σ = ep0μh, con-
sidering the values of mobility extracted from OPTP measure-
ments (Figure  1c) at various degradation times and selecting a 
spectral range for analysis where phonons make little contribu-
tion (as detailed in Section S4.2, Supporting Information). We 
present the background hole density extracted in this manner for 
FA0.75Cs0.25SnI3 in Figure  3c, and find that it exhibits a mono-
tonic increase with degradation time in air, rising from 1 × 1019 
to 4 × 1019 cm–3 after ≈5 h in air. This increase in unintentional 
doping further corroborates the formation of shallow defect 
acceptor states, such as tin vacancies, as the main air-degradation 
mechanism in tin-only FA0.75Cs0.25SnI3.

Such background doping is in contrast to what is observed 
for the mixed lead-tin FA0.75Cs0.25Pb0.5Sn0.5I3 film (Figure  3d), 
whose dark conductivity spectrum remains mostly unchanged 
with degradation time and simply displays two vibrational 
peaks associated with optical phonon modes of the metal-iodide 
sublattice.[30,31] The lack of change of these spectra with time 
and the absence of a spectrally flat Drude-like (free-charge) 
conductivity signature implies that for FA0.75Cs0.25Pb0.5Sn0.5I3, 
any unintentional doping arising from tin vacancies is com-
paratively low (<1018 cm–3, according to our detection limit, see  
Section S4.2, Supporting Information), despite the high (50%) 
content of tin in the structure and the optoelectronic deg-
radation observed in Figure  1. This result is consistent with 
our earlier finding that exciton screening and Burstein-Moss 
effects are not observed in the absorption spectra of this 
material. We, therefore, conclude that the air degradation of 
FA0.75Cs0.25Pb0.5Sn0.5I3 predominantly involves the formation 
of defect states deep within the bandgap, i.e., defects whose 
energy levels do not lie close to or within the bands. These 
deep traps effectively induce trap-mediated recombination, 
increasing the monomolecular recombination rates, but do not 
curtail the charge-carrier mobilities as severely as the charged 
tin vacancies prevalent in tin-only iodide perovskites.

Figure 3. a,b) Dark conductivity spectra of a FA0.75Cs0.25SnI3 thin film measured at different degradation times in ambient air as indicated by the color-
coded legend. c) Estimated background hole density extracted from spectra in (a) and (b), as detailed in Section S4.2 (Supporting Information), plotted 
against exposure time in ambient air. d) Dark conductivity spectra of a FA0.75Cs0.25Pb0.5Sn0.5I3 thin film at different degradation times in ambient air.
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Furthermore, the THz dark conductivity spectrum of tin-only 
FA0.75Cs0.25SnI3 also allows us to garner additional informa-
tion on its degradation products under prolonged air exposure. 
After 12 h in air (black dots in Figure 3b) the spectra reveal two 
new peaks appearing after degradation, which occur at higher 
frequencies (at 1.4 and 2.5 THz) than those associated with the 
optical modes of the metal-iodide perovskite sub-lattice[31] and 
therefore must be of a different origin. We note that the clear 
visibility of these peaks suggests that charge-carrier mobilities 
have now been so significantly impacted by degradation that 
any background hole densities present can no longer effec-
tively contribute to the overall photoconductivity. We deduce 
that these new phonon modes arise from vacancy-ordered 
double perovskite formation in the material resulting from tin 
oxidation in the presence of air. Previously reported degrada-
tion products from the decomposition of ASnI3 perovskites in 
ambient air include SnI4, SnO2 as well as a double-perovskite 
A2SnI6,[18,20,46,47] arising from the better stability of the 4+ oxi-
dation state over the 2+ state in tin. Since every other metal 
site of the vacancy-ordered perovskite is empty, the equivalent 
reduced ionic mass of the crystalline structure is lower than for 
a standard ABX3 perovskite. From a simplified picture of vibra-
tions in a diatomic chain, this lowering of ionic reduced mass 
is expected to increase the frequency of oscillation (phonon) 
modes compared to those seen in the equivalent ABX3 perov-
skite structure. The two peaks at 1.4 and 2.5  THz are there-
fore attributed to the optical phonon modes of the equivalent 
vacancy-order double perovskite, and we note that those fre-
quencies indeed agree with the transverse-optical phonon 
modes of vacancy-ordered Cs2SnI6 previously reported,[48] as 
fully discussed in Section S6 (Supporting Information ). There-
fore, prolonged air exposure of FA0.75Cs0.25SnI3 ultimately leads 
to tin oxidation and chemical decomposition toward vacancy-
ordered double perovskites, following on from the initial tin 
vacancy formation.

Finally, we investigate the structural properties of the 
FA0.75Cs0.25SnI3 and FA0.75Cs0.25Pb0.5Sn0.5I3 films through X-ray 
diffraction (XRD) measurements, in order to assess changes 
occurring during their degradation in ambient air over a pro-
longed time of air exposure. The evolution of the second-order 
quasi-cubic (200) X-ray diffraction peaks is presented in Figure 4 
over an air-exposure time window of 72 h (full XRD spectra over 
a wider 2θ range in Section S5, Supporting Information). We 
find that both materials exhibit only relatively minor structural 
changes over the first few hours of air exposure, during which 
the optoelectronic properties of the film have been found to 
deteriorate significantly, as highlighted by the OPTP and THz-
TDS measurements discussed above (Figure  1). This observa-
tion further confirms that the optoelectronic degradation we 
reported on for air exposure over the first ≈5 h was a result of 
point-defect formation, rather than full structural deterioration 
of the semiconductors. We note that for longer air exposure, 
however, the XRD peak amplitude decreases substantially, sug-
gesting a loss of the perovskite structure and a potential forma-
tion of degradation products.

For tin-only FA0.75Cs0.25SnI3, an extended air exposure (≈72 h) 
results in the (200) perovskite peak no longer being observ-
able, but a broad, weak peak instead arises at a higher diffrac-
tion angle 2θ (Figure 4a inset). XRD peaks of vacancy-ordered 

double perovskites are expected to appear at a higher diffrac-
tion angle than those of their equivalent perovskite counterpart, 
since the enhanced oxidation state of tin ions decreases the 
lattice parameter, in agreement with previous reports.[20,46,47,49] 
Therefore, we attribute the broad peak observed for tin-only 
FA0.75Cs0.25SnI3 to the formation of a vacancy-ordered double 
perovskite, in agreement with our analysis of dark conduc-
tivity spectra above. The broad nature of the peak indicates 
that the size of such double perovskite domains must be small, 
leading to X-ray diffraction off relatively few lattice planes for 
each such inclusion. Prolonged air-induced degradation of 
FA0.75Cs0.25SnI3 therefore ultimately leads to a highly structur-
ally, and most likely also compositionally, disordered material.

The mixed lead-tin FA0.75Cs0.25Pb0.5Sn0.5I3 film, on the other 
hand, shows a much slower decrease in XRD peak amplitude 
(Figure 4b) and an absence of any discernable vacancy-ordered 
double perovskite, even after 72 h of ambient air exposure. The 
relatively slow deterioration in its structure (Figure  4) in the 
presence of a much more rapid decline in its optoelectronic 
properties (Figure  1) again suggests that the former is caused 
by the introduction of point defects that leave the perovskite 

Figure 4. (200) X-ray diffraction peaks of a) FA0.75Cs0.25SnI3 and  
b) FA0.75Cs0.25Pb0.5Sn0.5I3 thin films measured at 30 min intervals over 
the first ≈12 h of ambient-air degradation and again at 72 h. Insets show 
the results of the same measurement over a broader angle range and 
plotted on a logarithmic scale. The spectra at 5  h exposure time are  
highlighted with a black solid line for comparison with OPTP and  
THz-TDS data, and the spectra at 72 h are denoted with gray lines.
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 structure fundamentally intact. However, a small increase in the 
lattice parameter of the crystal structure with degradation is evi-
denced by the XRD peak shifting to a lower 2θ angle with pro-
longed air exposure. We attribute this shift to an effect related 
to the A-cation composition (FA0.75Cs0.25), given that the same 
measurements were conducted on a FA0.6MA0.4Pb0.5Sn0.5I3 
film (presented in Figure S8 and S9, Supporting Information) 
but reveal a lack of such lattice contraction. We note that such 
differences in the decomposition pathways associated with 
A-cation site composition in mixed lead-tin MHPs are beyond 
the scope of this study but will be investigated in future work.

To summarize, we have shown that tin-only FA0.75Cs0.25SnI3 
perovskite degrades in air via heavy p-type self-doping of the 
semiconductor, originating from the formation of a high den-
sity of shallow tin-vacancy point defects, in agreement with 
previous reports.[15,27,30,31] SnF2 addition has been widely and 
successfully used as an additive to suppress such tin-vacancy 
formation during the deposition process.[31,42] However, our 
work here revealed that air degradation of mixed lead-tin 
FA0.75Cs0.25Pb0.5Sn0.5I3 instead results in the formation of much 
deeper trap states, with electrical doping being far less promi-
nent in the material than in the tin-only equivalent. There 
have been suggestions based on theoretical calculations[26] that 
mixed lead-tin perovskites (specifically MAPb0.5Sn0.5I3) might 
potentially be free of trap states energetically situated near 
mid-bandgap. However, energy levels calculated for tin vacan-
cies, iodide vacancies and tin interstitials in such mixed lead-
tin perovskites all lie within the bandgap, and, importantly, are 
situated more than the thermal energy at room temperature 
(kbT  ≈ 25  meV) away from the band edges,[26] therefore these 
are potential candidates for the trap-mediated recombination 
pathways observed herein. We note that the formation of tin 
and iodide vacancies is also consistent with a recent surface 
probe of the degradation of lead-tin perovskites employing X-ray 
photoelectron spectroscopy.[50] We note that while tin vacancies 
are dominant shallow defect states in tin-only perovskites, the 
lowering of the valence band upon substitution of lead (owing 
to enhanced spin-orbit coupling) may turn such vacancies into 
deep trap states in mixed tin-lead perovskites,[26] thus trap-medi-
ated recombination in the absence of significant self-doping 
may occur, as we observe. However, it has been postulated that 
tin-vacancy formation is suppressed once a significant fraction 
of tin has been replaced with lead in these perovskites.[15,18,26,38] 
Given that FA0.75Cs0.25Pb0.5Sn0.5I3 shows substantially more 
rapid increase in charge-carrier recombination rates with air 
exposure than FA0.75Cs0.25SnI3 (Figure  1b), it is therefore per-
haps more likely that such deep-trap formation in intermediate 
tin-lead compositions is caused by iodide vacancies, which form 
prominent deep-level defects in lead iodide perovskites.[26,51–53] 
Overall, we highlight the differences we observe in the elec-
tronic behavior of these perovskites, contrasting shallow, hole-
donating defect states formed in tin-only perovskites, with 
deep-trap states formed in mixed lead-tin perovskites, which 
do not significantly contribute to background doping, but lead 
to optoelectronic deterioration. We, therefore, suggest further 
investigation into novel fabrication methods of mixed lead-tin 
perovskites, including the exploration of an iodide-rich environ-
ment to prevent iodide vacancies, and further optimization of 
the tin-additive concentration in order to carefully balance the 

trade-off between tin-vacancy and tin-interstitial formation. We 
also note that a stronger focus is needed on eliminating tin 
inhomogeneities[54] as these may result in lead-tin perovskites 
with nominally optimized tin stoichiometry, but exhibiting a 
combination of locally tin-rich environments where tin intersti-
tials are dominant, and locally tin-poor environment where tin 
vacancies are dominant. Since either defect type represents an 
electronic trap, a simple addition of SnF2 may be insufficient if 
this treatment fails to induce fully homogeneous tin addition 
on the metal sites. An alternative possibility is the formation of 
SnO2 within the mixed lead-tin perovskite structure during air-
degradation, which has been suggested in previous reports and 
could also result in a deterioration of optoelectronic properties 
of the semiconductor.[15,18,20,25,50] Owing to the abundance of the 
defect states present within SnO2 inclusions and at their inter-
face with perovskite crystals,[55–61] even a relatively low density 
of SnO2 may decrease the charge-carrier recombination rate, 
without much affecting the charge-carrier mobility measured 
with terahertz spectroscopy. The amorphous and disordered 
nature of these SnO2 domains means that they can rarely be 
observed in XRD patterns, providing a plausible explanation for 
our findings of declined optoelectronic properties in tin-lead 
perovskites in the absence of discernable changes in XRD pat-
terns.[62] We note that thin-film fabrication in a tin-poor envi-
ronment may also be able to reduce such SnO2 formation after 
air exposure.

3. Conclusion

In conclusion, we have investigated the differences 
in degradation pathways between FA0.75Cs0.25SnI3 
and FA0.75Cs0.25Pb0.5Sn0.5I3 perovskite thin films in ambient air. 
We first identified self p-doping via tin-vacancy formation as the 
main degradation pathway in the tin-only perovskite, in agree-
ment with previous reports. Such p-doping was evidenced by the 
Burstein-Moss effect and a decrease of exciton binding energy 
(Eb) of the tin-only perovskite observed during air exposure, as 
well as an increase in the Drude-like dark conductivity spec-
trum of the film from the enhancement of the free charge-car-
rier population. A vacancy-ordered double perovskite structure 
was also identified as a degradation product, as evidenced by 
its phonon modes and the appearance of new XRD peaks. The 
tin-only perovskite also simultaneously underwent deterioration 
of the optoelectronic properties resulting from charge-carrier 
recombination of doping-induced holes with photoexcited elec-
trons. These holes, together with negatively charged tin-vacancy 
complements, act as additional scattering centers, decreasing 
the momentum scattering time of free charge carriers. Such 
optoelectronic degradation was observed as a decrease in the 
charge-carrier mobility (μ) and an increase in charge-carrier 
recombination rate (k1), and correspondingly a decrease in the 
charge-carrier diffusion length (LD). In contrast, air exposure 
of the mixed lead-tin perovskite predominantly resulted in the 
formation of deep trap states rather than significant electronic 
doping. The lack of any discernable change in the dark conduc-
tivity spectrum of the lead-tin perovskite, as well as only minor 
changes to its absorption spectrum during hours of air exposure, 
suggest that shallow, hole-donating defect states are not the most 
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abundant defects forming in the mixed tin-lead perovskite upon 
air exposure. However, despite the lack of significant electronic 
doping or structural degradation, FA0.75Cs0.25Pb0.5Sn0.5I3 exhib-
ited deterioration of its optoelectronic properties upon air expo-
sure, implying the formation of deep-level defect states that 
accelerate the monomolecular recombination of free carriers. 
SnF2 addition has been successful in suppressing the tin-vacancy  
formation in tin-only perovskite, but our work suggests that 
this may not necessarily be the right approach for mixed lead-
tin perovskites. The FA0.75Cs0.25Pb0.5Sn0.5I3 films examined 
here were produced with a 10% SnF2 addition, currently the 
standard for absorber layers incorporated in high-performing  
perovskite solar cells,[32,33,34,35] yet they are still liable to deep-trap 
formation in ambient air. Tin interstitials and iodide vacancies 
are likely the prominent defect states formed during air degrada-
tion of mixed lead-tin perovskites. In addition, given the shifts 
in predominantly the valance band, any remnant tin vacancies 
may now form traps deeper in the bandgap, rather than the 
shallow hole-donating defect states they constitute in tin-only 
counterparts.[26] We, therefore, suggest that the suppression of 
such defect states requires further investigation into iodine-rich 
fabrication environments, as well as precise balancing of tin con-
tent in combination with further exploration of treatments that 
allow for better tin homogeneity control. Our study highlights 
the urgent need for the development of additional and alterna-
tive passivation methods tuned specifically toward mixed lead-tin 
perovskites. Such treatments will ultimately improve air stability, 
enabling all-perovskite tandem devices to become commercially 
viable with excellent long-term power conversion efficiencies.
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