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Mixed tin-lead halide perovskites are promising low-band-gap absorbers for all-perovskite 

tandem solar cells that offer higher efficiencies than single-junction devices. A significant 

barrier to higher performance and stability is the ready oxidation of tin, commonly mitigated 

by various additives whose impact is still poorly understood for mixed tin-lead perovskites. 

Here, the effects of the commonly used SnF2 additive are revealed for FA0.83Cs0.17SnxPb1−xI3 

perovskites across the full compositional lead-tin range and SnF2 percentages of 0.1 – 20% of 

precursor tin content. SnF2 addition causes a significant reduction in the background hole 

density associated with tin vacancies, yielding longer photoluminescence lifetimes, decreased 

energetic disorder, reduced Burstein-Moss shifts, and higher charge-carrier mobilities. Such 

effects are optimized for SnF2 addition of 1%, while for 5% SnF2 and above, additional non-

radiative recombination pathways begin to appear. It is further found that the addition of SnF2 

reduces a tetragonal distortion in the perovskite structure deriving from the presence of tin 

vacancies that cause strain, particularly for high tin content. The optical phonon response 

associated with inorganic lattice vibrations is further explored, exhibiting a shift to higher 

frequency and significant broadening with increasing tin fraction, in accordance with lower 

effective atomic metal masses and shorter phonon lifetimes. 
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1. Introduction 

 

Hybrid metal-halide perovskite semiconductors display many properties beneficial for so- 

lar cell applications, including large absorption coefficients,[1] low exciton binding 

energies,[2,3] low trap densities with energetically shallow traps,[4,5] as well as high mobilities 

and long diffusion lengths of photoexcited charge carriers.[6,7] By virtue of these properties, 

the power conversion efficiency (PCE) of perovskite solar cells has continued to rise in recent 

years, currently exceeding 25% for single junction devices.[8] Even higher efficiencies can be 

achieved for tandem cells, in which two different light absorbing materials are used with a 

high bandgap top subcell and low bandgap bottom subcell. This tandem architecture reduces 

thermalisation losses after photoexcitation of charge carriers and allows the Shockley-

Queisser limit on efficiency of single junction cells to be surpassed. Tandem devices 

combining high bandgap perovskite with a silicon bottom cell have now reached certified 

efficiency of 29.15%,[9] significantly higher than for either material in a single junction 

cell.[10] 

 

All-perovskite tandem cells, in which the silicon bottom subcell is replaced by a perovskite 

absorber with suitably low bandgap, are an even more attractive prospect, offering high 

efficiencies with reduced manufacturing and environmental costs for power generation.[11–13] 

The large parameter space of perovskite compositions enables fine control over the bandgap 

of both top and bottom absorber layers in all-perovskite tandems,[14–16] further reducing 

energy losses and leading to highly efficient photovoltaic devices. In contrast to silicon, both 

perovskite absorbers can be processed at low temperatures from widely available precursor 

materials. Power conversion efficiencies of all-perovskite tandems have recently reached 

24.8% in 2-terminal cells,[17] and 25% in 4-terminal cells,[18] representing large improvements 

in efficiency over the five years since the first all-perovskite tandems were reported with 
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efficiencies below 11%.[19,20] The choice of low bandgap perovskite is a major factor 

influencing the performance of all-perovskite tandems. Mixed tin-lead perovskites are an 

attractive choice, displaying bandgap bowing with tin content which allows tuning of the 

bandgap to below that of either the neat lead or neat tin compositions.[14, 21-24]  Further 

desirable properties of tin-lead perovskites include high charge-carrier mobilities[25-27] and 

sufficient carrier lifetimes.[27] The first tandem cells to implement mixed tin-lead perovskites 

as the low bandgap absorber achieved PCE of 17%[28] in a 2-terminal configuration, and over 

19%[28,29] in a 4-terminal configuration. Tin-lead perovskites have since become established as 

the main choice for the bottom subcell in all-perovskite tandems,[17, 18, 30,31] and careful control 

over the properties of these materials is therefore crucial for achieving further gains in 

efficiency. 

 

A key challenge of working with tin-containing perovskites is the ready oxidation of Sn2+ to 

Sn4+, which leads to tin vacancy defects and hole doping in the perovskite semiconductor and 

is a major degradation pathway.[32–34] Alloying tin with lead has been found to increase the 

stability of the perovskite, particularly for lead content of at least 50%,[33,35] so that 

compositions for low bandgap cells may be chosen to limit tin content in the interests of 

stability.[36] However, in many cases the desirable minimum bandgap in tin-lead perovskites 

occurs for majority tin compositions,[28,29,26,37] and limiting tin content to improve stability is 

therefore a barrier to exploiting the full range of bandgap tunability. The use of additives to 

control or compensate for the oxidation of tin and improve performance is therefore 

ubiquitous. By far the most common additive is SnF2, which has been shown to suppress hole 

doping owing to oxidation of Sn2+ in neat tin perovskites[38–40] and is widely used in tin-lead 

perovskites for this purpose.[28,35,36,41–45] Other additives including ascorbic acid,[46] 

GuaSCN,[18] Cd2+,[47] ZnI2,[48] and metallic tin,[17] have also been used, many of these in 

combination with SnF2.[17,18,47,48] 
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Despite SnF2 being so widely used, its effects on mixed tin-lead perovskites have not 

previously received comprehensive investigation. Studies on neat-tin perovskites with no 

alloying of metal cations have explored the influence of SnF2 on optoelectronic and structural 

properties of these materials,[49,50] and compared the effects of 0, 5, and 10 mol% addition of 

SnF2.[40] However, these investigations did not consider mixed tin-lead compositions. Other 

studies have tried different amounts of SnF2 to optimise solar cell performance for mixed tin-

lead perovskites,[51–53] but these have neither formed a consensus as to the amount of SnF2 

needed, nor examined in depth the underlying changes in properties of the perovskite active 

layer upon addition of SnF2 which contribute to performance. In addition, optimisation of 

SnF2 content for performance of tin-lead perovskites has been reported only for single A 

cation compositions,[51–53] although in tandem cell applications mixed A cations are much 

more common in the low-bandgap perovskite and have offered higher efficiencies to date.[29] 

In most cases, tin-lead perovskites for low bandgap cells or subcells in tandem devices are 

prepared with 10% SnF2 added,[35,36,44–48,54,55] regardless of tin fraction and often without 

providing a reason for the choice. While 10% SnF2 has been established as an effective choice 

for neat tin perovskites,[40] which may have contributed to this amount being widely used, a 

determination of optimum amounts of SnF2 for tin-lead perovskites is lacking. This leaves a 

clear need to identify the amount of SnF2 additive that would effectively prevent tin oxidation 

in mixed tin-lead perovskites with varying tin content, and to more fully understand the 

impact of SnF2 on these materials. 

 

Here, we identify the effects of SnF2 addition on the optoelectronic and structural properties 

of FA0.83Cs0.17SnxPb1−xI3 perovskite thin films, for tin fraction x varying across the full range 

from 0 to 1. The choice of mixed FACs cations at the A site offers improved stability to heat, 

oxygen, light, and moisture[35, 56] and has been used in tandem cells exceeding 23% 
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efficiency.[36] To identify the amount of SnF2 additive required to reduce oxidation of tin, and 

investigate any potential unwanted effects from adding larger amounts, we examine films 

prepared with 0, 0.1, 1, 5, 10, or 20 mol% SnF2 added to the tin precursor solution. This 

approach ensures that the percentage of SnF2 for each condition is consistent relative to tin 

content across the range of tin fractions x from 0.1 to 1. We note that this methodology 

implies that lead-only compositions (with x = 0) have no SnF2 added. The range of SnF2 

percentages we explore here encompasses commonly used amounts[44–48,52–55] as well as 

smaller quantities of the additive than have usually been considered, e.g. 0.1 and 1%, which 

we still find to have significant effects on material properties. 

 

We determine from x-ray diffraction measurements that perovskite thin films with tin fraction 

greater than 0.5 and no SnF2 added display significant tetragonal distortion, attributable to 

strain caused by tin vacancies and alleviated by addition of SnF2. Dark terahertz conductivity 

measurements reveal an increase in the frequency of the optical phonon mode associated with 

vibrations of the metal-halide sublattice[57] as tin fraction increases, confirming the previously 

hypothesised shift when metal cations of lower atomic mass are introduced.[40] Increasing tin 

fraction is also accompanied by significant broadening of the phonon peak, related to 

decreasing phonon lifetimes. Background hole densities, calculated from terahertz 

conductivity spectra, are significantly reduced by addition of 1% SnF2 with the largest effect 

seen for high tin fractions. Photoluminescence lifetimes determined from time-correlated 

single photon counting measurements are similarly enhanced by addition of 1% SnF2. Larger 

amounts of SnF2 give only limited further reduction in hole doping and smaller improvements 

in photoluminescence lifetime compared to compositions with no additive, suggesting a 

detrimental effect of excess SnF2 addition. We find that the bandgap bowing trend in 

absorption onset is distorted by Burstein-Moss shifts in the absorption at high tin fraction 

when less than 1% SnF2 is added during preparation, whereas redshifts in emission at low tin 
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fractions are unaffected by SnF2 addition. Broadening of photoluminescence spectra 

accompanying this redshift demonstrates increased energetic disorder with the introduction of 

small amounts of tin, which may be mitigated by the addition of moderate amounts of SnF2. 

Finally, we demonstrate that the increase in charge-carrier mobility upon reduction of 

background doping follows the same trend as previously observed in inorganic 

semiconductors.[58] This finding implies that the previously reported low charge-carrier 

mobilities in tin-based perovskites[59] are predominantly limited by carriers scattering off 

charged dopants, which can be efficiently reduced by the addition of SnF2 even in small 

quantities, as we show in this work. 

 
2. Results and Discussion 

We first consider how structural features are affected by varying amounts of SnF2 additive in 

FA0.83Cs0.17SnxPb1−xI3 thin films. In Section 2.1, we examine the crystal structure of the 

perovskite lattice through X-ray diffraction, which is followed in Section 2.2 by an 

exploration of the vibrational modes of the lattice using terahertz dark conductivity spectra. 

Section 2.3 then describes the impact of SnF2 additive on the background hole doping density, 

which informs the discussion of its effect on optoelectronic properties further below. In 

Section 2.4 we identify the SnF2 quantity that optimizes photoluminescence lifetimes, while 

Section 2.5 explores how variations in SnF2 affect absorption onsets, broadening of emission 

spectra, and Stokes shifts, across the lead-tin compositional range. Finally, in Section 2.6 we 

demonstrate how SnF2 addition changes the charge-carrier mobility, which is affected by 

scattering from background hole doping densities. 

2.1.  Crystal Structure 

We begin our investigation of the effects of the SnF2 additive by examining the crystal 

structure of FA0.83Cs0.17SnxPb1−xI3 thin films with varying tin fraction and SnF2 percentage. 

The presence of well-defined, sharp perovskite peaks in the measured x-ray diffraction (XRD) 
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patterns shows that all samples are highly crystalline. There are few detectable impurities, as 

confirmed by comparison of measured data against the XRD patterns for likely impurities (see 

Section S2.1 of the SI). The crystal structure of FA0.83Cs0.17SnxPb1−xI3 is generally well-

described as pseudocubic, showing good agreement between observed and calculated 

diffraction peak positions for a pseudocubic structure as detailed in Section S2.2 of the SI. 

However, we observe significant tetragonal lattice distortion in samples with moderate to high 

tin content and no SnF2 added, which is suppressed on addition of 20% SnF2. We also find 

that lattice constants decrease with higher SnF2 content and higher tin fraction, as indicated by 

diffraction peaks shifting to higher angle, which we associate with the smaller size of tin ions 

compared to lead in the perovskite structure. 

 

Figure 1 shows the influence of perovskite composition on three of the highest intensity XRD 

peaks measured, which illustrate the observed structural changes clearly. The analysed peaks 

are the (100) and (111) peaks of the pseudocubic structure, and the tetragonal (231) peak. In 

Figure 1A these diffraction peaks are shown with dark grey lines for the 0% SnF2 condition 

and coloured lines for compositions with 20% SnF2 added, where the colours match tin 

fraction x as labelled. The (100) peak to which the plotted data are normalised is typically the 

strongest perovskite peak present.  However, for many samples with tin fraction x ≥ 0.8 the 

(231) peak dominates and hence is separately normalised in Figure 1A. These occurrences are 

indicated in the figure by asterisks marking any peak stronger than the (100) peak in the 

measured diffraction pattern for a given composition. Notably, the (231) peak is absent for the 

lowest tin fractions, and grows in intensity as tin content increases, with this trend being 

particularly pronounced for the samples with no SnF2 added. Integrated intensities for each of 

these peaks of interest, shown in Figure S5 in the SI, confirm that the trend of increasing 

(231) peak intensity with tin fraction holds even after accounting for broadening of diffraction 

peaks. 
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Figure 1. Effect of tin fraction and SnF2 additive on crystal structure of FA0.83Cs0.17SnxPb1−xI3. 
Perovskite thin films on quartz substrates were prepared with varying tin fraction and either 
0% or 20% SnF2 added to the tin precursor solution. XRD patterns were measured with the 
Cu-Kα line as incident radiation, and data are shown here for three peaks of interest: 
pseudocubic (100) and (111), and tetragonal (231), as marked. (A) Normalised XRD patterns, 
showing three significant peaks for varying tin fractions as marked on the figure. At each tin 
fraction, data for the 0% SnF2 condition are shown in dark grey, and data for the 20% SnF2 
condition are overlaid in colour. Vertical offsets have been added for clarity, and in all cases 
normalisation is to the peak near 14˚ (cubic (100)). The peak intensities near 24.4˚ and 37.3˚ 

are preserved relative to the 14˚ peak, except where marked with *, in which case the higher 
angle peaks are more intense and have been separately normalised for this figure. (B, C) 
FWHM and position of the XRD peaks shown in panel A, showing significant impact of SnF2 
addition on the (111) peak in particular. Data for 0% SnF2 are shown in dark grey, and for 
20% SnF2 in bright orange, as indicated in panel B. Square markers correspond to the (100) 
peak, circle markers to the (111) peak, and triangle markers to the tetragonal (231) peak, as 
indicated in panel C. 
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Broadening of XRD peaks is particularly evident for the pseudocubic (111) peak in Figure 

1A. We note that for compositions without SnF2 additive, this peak becomes much broader at 

high tin fractions. In Figure 1B, broadening is quantified as the full width at half maximum 

(FWHM) for the three peaks of interest. The pseudocubic (100) peak (data shown by open 

square markers) and the tetragonal (231) peak (data shown by open downward-pointing 

triangle markers) both display similar FWHM values across the full range of tin fractions. 

This is the case independent of whether 0% (shown in dark grey) or 20% (shown in orange) 

SnF2 was added to the tin precursor solution. Similar broadening across the compositional 

range for both peaks suggests that there is little variation in structural disorder with either tin 

fraction or SnF2 addition. The broadening of the (111) peak is similarly unchanged for tin 

fractions from 0 – 0.6, but at higher tin fractions the FWHM of this peak dramatically 

increases when there is no SnF2 added, whereas with addition of 20% SnF2 there is only a very 

slight increase in broadening for tin fractions 0.9 and 1. 

 

We determine that the apparent anomalous broadening of the (111) diffraction peak is in fact 

caused by peak splitting as a consequence of tetragonal distortion of the crystal lattice in 

samples with high tin to lead ratio. This explanation is suggested by the appearance of the 

tetragonal (231) peak coinciding with broadening of the (111) peak. Comparing the 

theoretical diffraction patterns for cubic and tetragonal structure (see Figure S2 in the SI) 

confirms that a particularly large peak splitting is expected to occur for the (111) peak with 

tetragonal distortion. Such splitting will give the appearance of broadening as separate peaks 

cannot be resolved within the measurement limit.  

 

We attribute the observed distortion away from a pseudocubic crystal structure evidenced by 

these changes in the XRD pattern to the formation of tin vacancies in the lattice following 
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oxidation of Sn2+.[41,60] The presence of vacancies in the lattice can induce strain which results 

in distortion towards a lower symmetry structure, as has previously been observed in lead-

based perovskites when vacancies are introduced along with intentional doping.[61,62] In the 

absence of SnF2 additive, samples with higher tin fraction have a higher density of tin 

vacancies, which results in greater lattice distortion as evidenced by the increasing strength of 

the tetragonal (231) peak and greater broadening of the pseudocubic (111) peak. The addition 

of 20% SnF2 during preparation suppresses the oxidation of tin, reducing background hole 

doping and eliminating many of the tin vacancies, which explains the dominance of the less 

distorted pseudocubic structure with 20% SnF2 addition. Similarly, for low tin fractions there 

can be relatively few tin vacancies given that most metal sites are occupied by either Pb2+ or 

Sn2+, in agreement with the evident lack of significant tetragonal distortion even when no 

SnF2 had been added. 

 

The diffraction peak positions shown in Figure 1C illustrate a further trend of peak shifts to 

higher angle with increasing tin fraction. Similar shifts in the position of diffraction peaks 

have previously been reported for a range of tin-lead iodide perovskites in the 

literature.[37,21,63] This trend results from lattice contraction when Pb2+ is replaced by Sn2+, 

which has a smaller ionic radius. However, we further note that the addition of SnF2 also 

shifts the observed pseudocubic diffraction peaks to higher angle, most apparent in Figure 1 

for the (100) peak. We attribute this trend to greater propensity for Sn2+ ions to be 

incorporated into the lattice upon SnF2 addition which may result in a higher stoichiometric 

tin fraction than originally intended, in particular when as large an amount as 20% SnF2 is 

added. This shift to higher angle is also seen for the (111) peak with 20% SnF2 addition, 

whereas in the absence of the additive this peak appears to shift slightly to lower angle for 

high tin fractions in contradiction of the general trend. This anomalous behaviour in the (111) 

peak position is consistent with tetragonal distortion causing partial splitting of the peak 
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which obscures the shift to higher angle, and so provides further evidence for the role of SnF2 

in reducing lattice strain and distortion arising from tin vacancies. 

 

Through this analysis of prominent peaks in the XRD pattern of FA0.83Cs0.17SnxPb1−xI3 thin 

films, we have identified that the SnF2 additive has a significant influence on the crystal 

structure of the perovskite, by preventing formation of tin vacancies and associated lattice 

strain. We demonstrate that the intensity of the tetragonal (231) peak, and the width of the 

pseudocubic (111) peak are strong indicators of tetragonal distortion, which can therefore be 

used to effectively monitor material quality for tin vacancies. 

 

2.2. Optical Phonon Response 

 

Following our characterisation of the crystal structure of FA0.83Cs0.17SnxPb1−xI3 thin films, we 

next examine how the vibrational modes of the perovskite crystal lattice change with tin 

fraction. To achieve this, we measure terahertz transmission spectra through samples in the 

dark (without photoexcitation), for FA0.83Cs0.17SnxPb1−xI3 films with varying tin fraction x, and 

with 20% SnF2 added to the tin precursor solution during the deposition process (see Section 4 

below and Section S1.1 of the SI for details).  Figure 2A shows the real part of terahertz dark 

conductivity spectra measured in this way. We note that terahertz dark conductivity generally 

comprises the contribution from free charge carriers as well as the lattice response of the 

material. However, we find that for samples with 20% SnF2 added, the free charge-carrier 

response is suppressed owing to the reduction in background hole doping density, therefore 

exposing optical phonon modes of the perovskite lattice vibrations. Focusing on the optical 

phonon peak near 1 THz, previously assigned to vibration of the metal-halide sublattice in 

lead iodide perovskites,[57] we observe an increase in frequency as the tin fraction x increases 
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from 0 to 1, which we attribute to the lower mass of tin compared to lead in the perovskite 

structure. 

 

Figure 2. Dark conductivity spectra (panel A) and trend in frequency of the optical phonon 
peak near 0.8 – 1THz across the lead to tin range (panel B) of FA0.83Cs0.17SnxPb1−xI3. 
Perovskite thin films on z-cut quartz were prepared with 20% SnF2 added to the tin precursor 
solution. (A) Dark conductivity spectra (real part) of samples at tin fractions x as indicated, 
with vertical offsets of +20 Ω−1 cm−1 per sample added for clarity, showing the broadening 
and shift in frequency of the optical phonon peak as tin fraction increases. (B) Relationship 
between tin fraction and position of the 1 THz optical phonon peak, associated with vibration 
of the lead-iodide and tin-iodide sublattices. The error bars shown for peak positions represent 
the spectral resolution of the measurement. The grey solid line shows frequencies for varying 
tin fraction predicted from the x = 0 phonon peak using the equation shown for a simple 
relationship between frequency and reduced mass of the inorganic elements. The uncertainty 
of these predicted values is shown by the shaded grey region. Frequency data for x = 0.9 or 1 
are not shown, since these spectra are too broadened to allow clear identification of the peak 
positions. 
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according to the formula shown in the figure. The grey line shows the predicted phonon 

frequency, obtained by extrapolating the phonon peak position at x = 0 to higher ratios of tin, 

according to the expression shown. The shaded area represents the uncertainty of this 

prediction, originating from the spectral resolution of the measurement (shown as error bars 

for each data point). The data points for tin fractions 0.9 and 1 were omitted in the figure, as 

the broadening of the conductivity spectrum (which we discuss further below) does not allow 

for an accurate determination of the phonon peak position. 

 

Within the resolution of the measurement, the data in Figure 2B for tin fractions 0.1 and 

above agree well with the prediction, indicating that the frequency shift of the phonon peak 

can be sufficiently explained by the average decrease of the mass of the metal ion in the 

perovskite structure for tin fraction x increasing from 0 to 1. We note that this model is highly 

simplistic, as it does not account for many other factors that might influence phonon 

frequencies, including changes in local ordering of lead and tin, crystal structure and chemical 

bonding across the lead-tin compositions. However, the relatively good agreement between 

the simple model and the optical phonon frequency suggests that for this mode, changes in 

effective mass may be the dominant factor. We also note that this shift of the optical phonon 

peak has not been observed previously in tin-based perovskites due to significant spectral 

broadening, which, together with the background hole doping contribution to the dark 

conductivity spectrum, obscures the phonon modes in neat tin (x = 1) perovskites. The 

reduction of background doping density achieved here through SnF2 addition was therefore 

necessary to allow a definitive observation of the frequency shift with gradually increasing tin 

fraction. 

 

The broadening of the dark conductivity spectrum, associated with a shortening of the optical 

phonon lifetime,[64] can be partially attributed to the decrease of mass of the metal ion in the 
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perovskite structure, as indicated by theoretical calculations of optical phonon lifetimes in 

inorganic semiconductors.[65,66] As these optical phonon modes have previously been shown to 

contribute significantly to the thermal conductivity of metal-halide perovskites,[67] we propose 

that the shorter phonon lifetimes we find here could be directly responsible for the lower 

thermal conductivity[68] of tin-based perovskites (compared to their lead-based analogues) that 

have been reported in the literature.[69,70] In combination with control over electrical 

conductivity through SnF2 addition, thermal conductivity adjustment by varying the tin:lead 

ratio could therefore be useful in thermoelectric applications. Our observations therefore offer 

a clear pathway towards tuning the thermoelectric figure of merit in metal-halide 

perovskites.[69] 

 

2.3. Background Doping Density 

 

We are further able to determine the background doping density for FA0.83Cs0.17SnxPb1−xI3 

films as a function of SnF2 addition from dark THz conductivity spectra. As discussed above, 

for high background doping densities resulting from hole doping induced by tin vacancies, 

these spectra are dominated by the response of free charge carriers, rather than by vibrational 

modes of the lattice. This is illustrated in Figure 3A, where the real part of the terahertz dark 

conductivity measured for thin films of FA0.83Cs0.17SnI3 perovskite (x = 1) is shown to be 

spectrally flat, indicating significant Drude-like response from free charge carriers with short 

scattering time.[40] We note that the value of the dark conductivity is high when no tin fluoride 

is added during fabrication, and drops significantly upon the addition of 0.1% or 1% of SnF2 

to the tin precursor solution during deposition, with less dramatic further decrease seen for 

larger SnF2 content. To quantify the changes in background hole density responsible for the 

electrical conductivity of the films, we first separate out the influence of the phonon response 

on the terahertz transmission spectra. The approach used to accomplish this is described in 
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Section S4 of the SI, where Figure S7 illustrates how the phonon response contribution is 

subtracted from the measured dark conductivity spectra such as those shown in Figure 3A. 

We then estimate the background hole doping densities caused by tin oxidation from the 

measured values of the free carrier dark conductivity and the charge-carrier mobility, obtained 

from Optical-Pump-THz-Probe (OPTP) measurements (described further in Section 4 below). 

 

Calculated values of the hole doping density are shown in Figure 3B, clearly illustrating the 

reduction in background doping with tin fluoride addition, indicated by the decrease of dark 

conductivity shown in panel A. The doping densities calculated here are comparable to 

previously reported values at the 100% tin end of the range.[38, 40, 71] We note that the observed 

reduction in background doping does not scale linearly with the concentration of SnF2 

additive and that even small amounts of tin fluoride in the tin precursor solution (0.1% and 

1%) are very effective at suppressing tin oxidation in thin films, with further increases of the 

additive not influencing the background hole doping as significantly. We also find that for a 

given percentage of SnF2 additive, background doping density generally increases 

superlinearly with tin fraction, reflecting a greater tendency towards oxidation of tin in 

samples with higher tin fraction. As a consequence of this, addition of tin fluoride has limited 

effect in FA0.83Cs0.17SnxPb1−xI3 thin films with tin fraction x ≤ 0.6 where oxidation is already 

mostly suppressed by means of lead substitution. For FA0.83Cs0.17SnxPb1−xI3 films with x = 0.6 

the measured dark conductivity spectra are dominated by the phonon response, and 

differences between spectra with varying SnF2 percentages are similar to the uncertainty of 

the measurement (see Figure S7 in the SI). Overall, our findings demonstrate that for tin 

fractions of 0.6 and above, SnF2 is effective at suppressing tin oxidation with just 1% addition 

to the tin precursor solution, and that the gains from adding higher percentages of tin fluoride 

in terms of reducing doping density are modest. For lower tin fractions (x ≤ 0.6,) SnF2 is 
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relatively obsolete, given that lead substitution appears to suppress tin vacancy formation and 

the associated dark hole conductivities more effectively. 

 

Figure 3. Effect of different amounts of SnF2 additive on the dark conductivity (panel A), the 
corresponding background hole density (panel B), and effective photoluminescence lifetime 
(panel C) of FA0.83Cs0.17SnxPb1−xI3 thin films on quartz with tin fraction x between 0.6 and 1. 
(A) Dark conductivity spectra (real part) of neat tin (x = 1) samples prepared with varying 
amounts of SnF2 added to the tin precursor solution during preparation as indicated. The drop 
in conductivity as SnF2 content increases is indicative of reduced background hole doping. (B) 
Background hole densities determined from dark conductivity and charge-carrier mobility 
measurements. Samples with 5% SnF2 added were not used in the measurement. (C) Mean PL 
lifetime for compositions with tin fraction 0.6 – 1, for samples excited at 405nm with fluences 
as indicated. Effective lifetimes were determined by stretched exponential fits to measured PL 
decay transients. 
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We further explore how the addition of SnF2 affects charge carrier lifetimes across the 

FA0.83Cs0.17SnxPb1−xI3 series. As Figure 3C illustrates, the addition of SnF2 and associated 

reduction in background hole doping density leads to an increase in photoluminescence 

lifetimes. The data shown here represent averages over the lifetimes recorded for films with 

tin fraction in the range 0.6 – 1, at each given tin fluoride percentage.  This subset of samples 

was chosen for comparability of the PL lifetimes with the background hole densities shown in 

panel B of this figure, which were calculated for the same set of samples. The effective 

lifetime for each sample was determined from a stretched exponential fit to the measured PL 

decay transient, as described in Section S5 of the SI. For both low and high excitation 

fluences, shown by left- and right-pointing open triangle markers in panel C, adding any 

amount of SnF2 leads to an increase in the lifetime of PL decay compared to samples with 0% 

SnF2, with the largest effect seen for 1% SnF2. The slower PL decay seen on addition of SnF2 

can be attributed to the reduction in density of background holes and associated pseudo-

monomolecular recombination pathways.[40,72,23] The longer PL lifetimes for 1% SnF2 

compared with 0.1% are then also explained by the difference in background hole doping 

density between these two conditions. However, a small reduction in lifetime with 5% or 10% 

SnF2 addition relative to 1% SnF2 is evident in Figure 3C, despite such samples exhibiting 

similar or slightly lower background hole densities to those with 1% SnF2. Such subtle 

decrease of PL lifetimes therefore suggests that the addition of larger amounts of tin fluoride 

may result in the introduction of other defects, such as formation of SnF2 aggregates,[73] which 

may create additional trap-assisted recombination pathways, even while recombination with 

background holes is reduced. The introduction of such pathways would increase the rate of 

non-radiative recombination, which, like recombination with background holes, is 

monomolecular. 
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With regards to changes with tin content x across the FA0.83Cs0.17SnxPb1−xI3 series, we note 

that PL lifetimes generally decrease with increasing tin fraction (see Section S5 in the SI), as 

observed previously,[23] and resulting from increasing background hole doping (Figure 3B). 

For high tin fractions PL decay transients appear monoexponential, whereas for low tin 

fractions the decay profile is non-exponential (see Figure S8-S10 in the SI), reflecting the 

dominance of radiative pseudo-monomolecular recombination at high tin fractions which 

have high background doping.[23] This dominance of recombination with background holes for 

perovskites with high tin fraction is to be expected for the initial photoexcited charge-carrier 

densities on the order of 1015-1017 cm-3 in our TCSPC measurements, which are lower than 

the calculated hole doping densities of >1018 cm-3. Addition of SnF2 extends the range of 

compositions which show non-exponential decay profiles to higher tin fractions as a 

consequence of the reduction in doping density, with more pronounced beneficial impact for 

1% SnF2 than 5% or 10%. This reflects the role of SnF2 addition in reducing pseudo-

monomolecular recombination with background holes, but also reaffirms that, when added in 

larger amounts, the additive leads to a creation of additional non-radiative recombination 

centers. 

 

2.5. Changes in Absorption and Emission Properties 

 

We now consider how fundamental properties such as absorption onsets and emission spectra 

of FA0.83Cs0.17SnxPb1−xI3 are affected by the variations in SnF2 addition and background hole 

doping. Figure 4 shows the changes in absorption onset (panel A), PL peak width (panel B), 

and Stokes shift (panel C) for films with varying SnF2 percentage at each tin fraction across 

the range. 

 

2.5.1. Absorption Onset 
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Figure 4A shows the variation in absorption onset across the range from lead to tin at different 

SnF2 percentages, with Eg  determined from the absorption edge of the sample using the 

steepest gradient method as described in Section S6.1 of the SI. The change in Eg with tin 

fraction is not linear, showing a minimum for x = 0.6 – 0.7 with the value for neat tin and neat 

lead compositions both higher in energy than most of the intermediate compositions. This 

trend is known as bandgap bowing, which has previously been observed in several studies of 

tin-lead perovskites.[14,21–24] For SnF2 content varying from 1% to 20%, we find little variation 

in the observed values of Eg, and the same bowing trend is seen. However, with 0 or 0.1% 

SnF2 added to the tin precursor solution (shown in dark grey and purple respectively in the 

figure) we observe a steeper increase in Eg from its minimum value to the neat tin endpoint (x 

= 1) than for other SnF2 percentages. Fitting the data for Eg against tin fraction x with the 

parabolic model 𝐸!(𝑥) = 𝐸"#𝑥 + 𝐸$%(1 − 𝑥) − 𝑏𝑥(1 − 𝑥) commonly used to describe 

bandgap bowing[74–76] further highlights this change in the bandgap at high tin content, as 

shown in Figure S13 in the SI, and further discussed in Section S6.2 of the SI. For samples 

with 1 – 20% SnF2 added, the values we determine for the bowing parameter b (which 

describes deviation from linearity) are in agreement with previous reports on closely related 

perovskite compositions.[23,24] By contrast, for samples with 0 or 0.1% SnF2 added, fits to the 

data are poor and return larger b values, and bowing minima are found to occur at lower tin 

fraction (Figure S13 in the SI). 
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Figure 4. Effect of tin fluoride additive on absorption onset, PL broadening and Stokes shift 
for FA0.83Cs0.17SnxPb1−xI3 thin film samples with tin fraction x ranging from 0 to 1. (A) 
Variation in the absorption onset energy Eg, showing deviation from the expected trend of 
bandgap bowing across the range from neat lead to neat tin when little or no SnF2 is added due 
to the Burstein-Moss effect, with the expected trend restored on addition of 1% SnF2 or 
greater. The colour scheme used for different SnF2 percentages shown in the legend is also 
used for panels B and C. (B) Full width at half maximum of observed PL peaks showing the 
sharp increase in disorder for low tin compositions, which is improved by the addition of 
moderate amounts of tin fluoride. PL spectra were measured with CW excitation at 532nm, 
and an intensity of 1.8 ± 0.1 W cm−2. (C) Variation in Stokes shift, showing the impact of 
defects giving more red-shifted emission for low tin fraction, and larger Stokes shift for high 
tin compositions due to the Burstein-Moss effect, suppressed with addition of 1% SnF2 or 
greater.  
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expected trend in bandgap for the alloying of metals. We attribute this behaviour to the high 

background hole doping densities present in samples with 0 or 0.1% SnF2 at high tin fraction, 

as shown in Figure 3B. These high densities of background holes lower the Fermi level of the 

semiconductor to the extent that the valence band maximum is mostly empty of electrons 

(which could be equivalently considered as being filled with holes). Consequently, the highest 

energy states from which an electron can be photoexcited into the conduction band are found 

further below the valence band maximum than would be expected for an undoped 

semiconductor. This situation results in a blueshift in the absorption onset known as the 

Burstein-Moss shift,[77,78] which has previously been observed in tin perovskites.[40,79] We 

observe that such behaviour is clearly discernible across high tin content (x > 0.8) lead-tin 

perovskites, and show that even the addition of as little as 1% SnF2 is sufficient to eliminate 

any significant change in absorption onset arising from such Burstein-Moss effects. These 

observations highlight that the presence of tin vacancies and the associated background hole 

doping need to be taken into account when choosing tin-lead perovskite composition for use 

in two-terminal tandem cells, which rely on careful photocurrent matching. We further 

illustrate that the addition of as little as 1% SnF2 can eliminate such complicating Burstein-

Moss shifts in the absorption. 

 

2.5.2. Photoluminescence Peak Broadening  

We next investigate the impact of SnF2 addition on the shape of the emission spectra of tin-

lead perovskites with varying tin fraction. We focus first on the observed broadening of the 

PL peaks, which displays significant variation across the range of tin fractions as well as some 

dependence on SnF2 percentage at the low-tin end of the compositional range. Figure 4B 

shows the full width at half maximum of measured PL peaks, quantifying these changes in the 

emission broadening. In contrast to the observed changes in absorption spectra, the largest 

variations of PL peak broadening are evident for samples with low tin fraction, between x = 
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0.1 – 0.4. A sharp increase in the width of the PL peaks occurs between x = 0 and x = 0.1, 

with further increases in tin fraction yielding a gradual reduction in peak width to only 

slightly larger values than those for the neat lead composition.  

 

We attribute this large emission broadening for low-tin compositions to disorder caused upon 

introduction of small amounts of tin, consistent with the recent identification of an 

electronically defective compositional region for tin fractions x = 0.05 – 0.2.[80] No 

corresponding broadening was apparent in the XRD patterns, as shown in Figure 1, which 

indicates that the crystallinity of the samples is not significantly affected on addition of small 

amounts of tin, neither is there structural distortion which would broaden the XRD peaks. The 

disorder effects upon introduction of tin into a predominantly lead perovskite film apparent in 

Figure 4B must therefore primarily originate from a broadening of the energetic distribution 

of electronic states, as discussed further below. 

 

In addition, Figure 4B shows that emission peak widths vary with the quantity of SnF2 added.  

For FA0.83Cs0.17SnxPb1−xI3 with x = 1 (neat tin) we observe a reduction in broadening upon 

SnF2 addition (compared to no additive being used), which is also present for low tin fractions 

x = 0.1 – 0.4 when moderate amounts of SnF2 are added. We attribute this decrease in 

broadening to a reduction in energetic disorder, following the suppression of tin-vacancy 

formation upon SnF2 addition. Such vacancies will likely accept electrons upon release of 

holes to the valance band, leading to a local variation in electric fields that will translate into 

an energetically varying landscape for charge carriers. However, for low tin fractions x = 0.1 

– 0.4, this effect appears to be present only for low SnF2 percentages, with excess SnF2 

leading to an increased broadening, most likely because additional energetic disorder is 

introduced upon SnF2 aggregation which overcompensates for the beneficial effects deriving 

from the reduction in background hole density.  
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2.5.3. Stokes Shift 

We further examine the Stokes shifts between absorption onset and PL peak energy, shown in 

Figure 4C, for FA0.83Cs0.17SnxPb1−xI3. For low tin fractions, a similar trend to that seen in the 

PL broadening appears, with a large, sudden change in the Stokes shift observed between tin 

fractions 0 and 0.1, followed by a gradual recovery as tin fraction increases. The sudden 

change in Stokes shift is mostly caused by a large redshift in the PL peak energy for low tin 

content (shown in Figure S16 and S17 in the SI) rather than changes in the absorption onset, 

which follow a smooth bandgap bowing trend (Figure 4A). Similar redshifts in PL at low tin 

fraction have previously been reported for mixed lead-tin perovskites incorporating a range of 

A cations.[23,81,82] These observations can be attributed to the presence of sub-bandgap defect 

states, which has also been evidenced by large Urbach energies indicating high defect 

density.[26,83] As already mentioned above, our samples show no noticeable increase in 

broadening of XRD peaks for low tin fractions compared to the rest of the compositional 

range (Figure 1B). We therefore consider it unlikely that the observed defectiveness for low 

tin FA0.83Cs0.17SnxPb1−xI3 originates from large scale structural disorder or a change in the 

phase of the perovskite, but rather, it is likely caused by energetic disorder. We also note that 

there is no trend in the Stokes shift with SnF2 percentage for the low tin fraction samples, and 

we do not find any impurity peaks in the XRD patterns for these low tin fraction samples (see 

Figure S1 and Section S2.1 of the SI), so excess SnF2 or the presence of other impurities are 

unlikely to be responsible for introducing these defects. We therefore propose that the 

addition of small fractions of tin instead leads to changes in the nature and energies of trap 

states,[23] resulting in an enhancement of sub-bandgap states which red-shifts and broadens the 

emission substantially.  
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While the observed Stokes shifts decline with increasing tin fractions beyond x = 0.1, they 

significantly rise again for x  > 0.8, when less than 1% SnF2 is added during preparation and 

tin oxidation is not sufficiently supressed (Figure 4C). The increase in Stokes shift here is 

caused by the Burstein-Moss shift affecting the absorption onset for samples with high 

background hole doping concentrations, as discussed above and shown in panel A of Figure 4. 

Since during the PL emission process, photoexcited electrons can first relax down to the 

conduction band edge, and then radiatively recombine with either free photoexcited holes or 

background holes occupying states near the valence band edge, we do not expect a Burstein-

Moss shift to occur in emission spectra. Indeed, as can be seen in Figure S17 in the SI, no 

change of PL peak energy occurs with different contents of SnF2, even for the high tin 

fractions. Therefore, the observed Stokes shifts for highly doped tin-rich perovskites are 

simply attributable to the Burstein-Moss effect. 

 

The Stokes shift thus reflects two key trends in the optoelectronic properties of 

FA0.83Cs0.17SnxPb1−xI3 perovskite: defectiveness and associated energetic disorder of 

perovskite films at low tin fraction, and the influence of hole doping resulting from oxidation 

of tin which causes a Burstein-Moss shift in the absorption onset at high tin fractions. Both of 

these phenomena are important to consider when assessing tin-lead perovskites for use in low-

bandgap solar cells or tandem devices. The poor material quality at low tin fractions makes 

these compositions less desirable to use, while the influence of hole doping which is 

particularly apparent at high tin fractions can shift absorption onsets, unless compensated with 

the addition of at least 1% relative SnF2 content.  

 

2.6. Charge-Carrier Mobility 
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We further explore how charge transport properties of tin-lead iodide perovskites are affected 

by SnF2 addition, given that charge-carrier mobilities in the active layer of a solar cell play a 

crucial role in determining its performance. To obtain high photocurrent under solar 

illumination, photoexcited charge carriers have to be efficiently extracted from the absorber 

material. In devices with planar geometry this can be achieved by ensuring that the charge-

carrier diffusion length (which depends on the mobility and lifetime of the photoexcited 

charge carriers) exceeds the thickness of the active layer.[84] Although in general charge-

carrier diffusion lengths achievable in hybrid perovskites were shown to be high,[85] for tin-

based perovskites, the reduction of PL lifetime and charge-carrier mobility leads to a 

shortening of diffusion lengths and a decrease in device performance when compared with 

their lead-based counterparts.[40,59,86] We therefore conclude our investigations by examining 

the charge-carrier mobility in thin films of FA0.83Cs0.17SnxPb1−xI3 perovskites and its relation 

to hole doping concentration in these materials, controlled by the addition of SnF2 to the tin 

precursor solution. Figure 5 shows the sum electron-hole mobilities determined from OPTP 

measurements (see Section S8 of the SI) for thin-films with tin fraction 0.6 or greater, at 

different SnF2 addition and therefore different hole background doping concentrations. As 

noted in Section 2.3 and illustrated in Figure S7, the differences between dark conductivity 

spectra of samples with varying SnF2 percentage approach the uncertainty of the measurement 

for samples with tin fraction x = 0.6 as the phonon response contribution becomes dominant. 

Perovskites with x < 0.6, for which the dominance of the phonon response in dark 

conductivity spectra would prohibit reliable determination of charge-carrier density, are 

therefore not considered here. We report a significant increase of charge-carrier mobility as 

background doping is reduced in perovskites with high tin fraction. However, we note that the 

addition of SnF2 to thin films with lower tin ratio (x ≤ 0.7) does not change the mobility of the 

charge carriers significantly, in accordance with the already low presence of hole doping in 

these materials. 



  

26 
 

 

Figure 5. Decrease in mobility with increasing levels of background doping for 
FA0.83Cs0.17SnxPb1−xI3 at varying tin fractions, compared to two inorganic semiconductors. 
Data for GaAs and InP were extracted from Hilsum, C. Simple empirical relationship between 
mobility and carrier concentration Electronics Letters, 10, 13, 1974, 259-260, and the fits 
shown as red and black solid lines are the same as in that study. Fits for the perovskite charge-
carrier sum mobilities using the empirical formula by Hilsum (with normalising density of N0 
= 3.76 × 1019 optimised for all samples, and  μL values as shown in Table S1 in the SI) were 
obtained using the least squares method and are shown by solid lines following the colour 
scheme shown for tin fraction x. 

 

To explore the origin of these mobility changes, we follow the approach by Hilsum,[58] 

previously applied to doped inorganic semiconductors such as GaAs and InP. The model 

assumes that the charge-carrier mobility in doped semiconductors is limited by lattice 

scattering (electron-phonon coupling) and impurity scattering of the carriers, and that only the 

impurity scattering rate is dependent on the dopant concentration, with the lattice scattering 

rate at room temperature being an intrinsic property of the material.[58] The Hilsum formula 

relates the overall charge-carrier mobility µ to the dopant concentration N by: 
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where µL is the lattice-scattering-limited value of the charge-carrier mobility and N0 is a 

normalising density of dopants, determined empirically. 

 

Figure 5 shows the relation between charge-carrier mobility and background doping density 

together with fits of Equation 1, contrasting our results for FA0.83Cs0.17SnxPb1−xI3 thin films 

from OPTP measurements with those reported previously by Hilsum[58] for two inorganic 

semiconductors, GaAs and InP. Fitting parameters are provided in Table S6 in the SI. Our 

analysis reveals that trends in the charge-carrier mobilities of tin-lead iodide perovskite are 

consistent with the prediction that scattering off dopants limits charge-carrier mobilities in 

these materials (similarly to inorganic semiconductors). We also report that for significantly 

reduced background dopant density, the charge-carrier mobility increases appreciably as the 

tin fraction in the crystal structure is increased. Such behaviour is consistent with the 

calculated lower charge-carrier effective masses in tin-based perovskites,[87] and underlines 

that once the background dopant density is reduced in tin-halide perovskites, their intrinsic 

material properties begin to dominate. These findings therefore highlight the importance of 

reducing background hole density in order to improve the optoelectronic properties of mixed 

tin-lead perovskites for PV applications, particularly for compositions involving high tin 

fraction. 

 
 
3. Conclusion 

 

In conclusion, we have unravelled the effects of the commonly used SnF2 additive on 

FA0.83Cs0.17SnxPb1−xI3 perovskites across the compositional range from lead to tin. We 

compare the effects of SnF2 addition at percentages spanning three orders of magnitude, to 

identify how much of this additive is needed to realise the intended beneficial effects of 

reducing tin oxidation in mixed tin-lead perovskites without side effects on material quality 
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from excess SnF2. We find that addition of 1% SnF2 results in a significant reduction in the 

background hole density from tin oxidation, leading to longer photoluminescence lifetimes, 

decreased energetic disorder, reduced Burstein-Moss shift (distorting the bandgap bowing 

trend in absorption onsets), and higher charge-carrier mobilities. By comparison, adding 0.1% 

SnF2 does not fully realise these beneficial effects, while for 5% SnF2 and above modest 

additional reductions in background hole density are accompanied by the introduction of 

defects from excess tin fluoride. These defects increase energetic disorder for low-tin 

compositions in particular, and enhance non-radiative recombination, which limits 

photoluminescence lifetimes. Alongside these effects on optoelectronic properties, we report 

that the addition of SnF2 reduces tetragonal distortion in the perovskite structure, particularly 

evident at high tin fractions and attributed to the presence of tin vacancies. These point 

defects cause strain in the crystal structure, which is alleviated by SnF2 addition. For 

perovskite films with background hole density reduced by SnF2 addition, we are also able to 

distinguish the optical phonon response associated with inorganic lattice vibrations which 

demonstrates a shift to higher frequency and significant broadening as tin fraction increases. 

Our results reveal that many of the benefits of the SnF2 additive for tin and mixed tin-lead 

perovskites can be realised with smaller amounts than have been commonly used. The impact 

of SnF2 addition is also found to vary with tin fraction, having limited effects for majority lead 

compositions while playing a significant role in improving the structural and optoelectronic 

properties of thin films with higher tin fractions. This work therefore provides a foundation 

for the improvement of low-bandgap mixed tin-lead perovskite semiconductors through 

greater understanding of the role played by SnF2 addition across the full compositional range. 

 

 
4. Experimental Section 
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Solution preparation. Two parent solutions (of FA0.83Cs0.17PbI3 and FA0.83Cs0.17SnI3, both 1.2 

Molar) were prepared 12 hours before sample fabrication, in the mixed solvent DMF:DMSO 

(with a volumetric ratio of 4:1). A 3.5mL solution with tin fraction 0: FA0.83Cs0.17PbI3 - 

599.49mg of Formamidinium Iodide (FAI, Greatcell solar), 185.50mg of Caesium Iodide 

(CsI, Alfa Aesar) & 1936.24mg Lead (II) Iodide (PbI2, Alfa Aesar, 99.999% mesh beads). A 

3mL solution with tin fraction 1: FA0.83Cs0.17SnI3 - 513.85mg of FAI, 159.00mg of CsI, 

1341.07mg of Tin (II) Iodide (SnI2, Alfa Aesar, 99.999% mesh beads) & Tin (II) fluoride 

(SnF2, Sigma Aldrich) corresponding to 0, 0.1, 1, 5, 10 or 20 mol% as indicated in the 

discussion above. These solutions were then mixed in the manner detailed in Table S1 in the 

SI to give the desired Sn fraction at chosen SnF2 content. Previous studies have demonstrated 

that the tin fraction in mixed tin-lead perovskites is well controlled by the stoichiometry of the 

precursor solution, independent of whether SnF2 additive is used.[14, 21, 25, 45, 88, 89] 

 

Sample fabrication. Z-cut quartz substrates (2 mm thick, 13 mm diameter discs) were 

prepared by sonicating sequentially in Decon 90 detergent (1% vol. in deionised (DI) water), 

DI water, Acetone and Ethanol for 10 minutes followed by O2 plasma treatment for 15 

minutes. Films were prepared on quartz using a single step anti-solvent quenching method in 

a nitrogen filled glovebox (H2O ≤ 0.1ppm, O2 ≤ 1.0ppm). 20 μL of the required solution was 

dispensed onto a static substrate and spun at 4000rpm with an acceleration of 500rpm for a 

total of 60 seconds. At 35s 100µL of anisole was dispensed into the centre of the substrate at a 

height of roughly 5mm from the surface in a steady stream taking around 1 second to fully 

dispense. For films with tin fraction 0.7 or less the films turned amber when the anisole was 

introduced getting progressively darker from x = 0 – 0.7. For films containing tin fraction 0.8 

and above the film turned very dark brown to black instantly. Substrates were then transferred 

straight onto a hotplate and annealed for 10 minutes at 100 ˚C resulting in specular black 
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films across the Sn range. All film preparation parameters were kept constant for each sample. 

After annealing, all samples were stored in a nitrogen filled glovebox. 

 

X-ray diffraction measurement. XRD patterns were obtained for FA0.83Cs0.17SnxPb1−xI3 thin 

films on z-cut quartz substrates, as well as for a blank quartz substrate, using a PANalytical 

X’Pert PRO Powder X-Ray Diffractometer. Each measurement covered diffraction angles 2θ 

from 10 - 54.5 at a scan speed of 0.0088 s−1, using the Cu-Kα line at 1.54 Å as incident 

radiation. Each sample was brought from the glovebox in an individual vacuum sealed bag, 

minimising exposure to air before starting the XRD measurement, which was conducted 

under ambient atmosphere. This was the last measurement conducted for any given sample, so 

that air exposure whilst acquiring the XRD pattern did not influence any other results. To 

correct for sample tilt, the highest intensity z-cut quartz peak present in all of the measured 

patterns was used as a reference and set to 2θ = 50.66˚. 

 

Absorbance spectra. Reflectance and transmittance spectra for FA0.83Cs0.17SnxPb1−xI3 thin 

films on z-cut quartz substrates were measured using a Bruker Vertex 80v Fourier transform 

infrared spectrometer with reflection/transmission accessory fitted. Samples were transported 

under nitrogen, and measurements conducted under low vacuum (pressure below 3mbar). A 

tungsten halogen lamp was used as the source, with CaF2 beamsplitter and Si diode detector. 

Reference spectra for transmittance and reflectance were measured with the sample position 

empty, and a UV-protected silver mirror (Thorlabs) in the sample position, respectively. The 

reference-corrected reflectance and transmittance spectra for each sample were then used to 

calculate (Napierian) absorbance as 𝐴 = 	− ln(𝑇 (1 − 𝑅)⁄ ) . 

 

Photoluminescence spectra. Samples were loaded into a vacuum cell inside the nitrogen filled 

glovebox used for storage, and kept under vacuum during photoluminescence (PL) 
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measurements with continuous pumping to maintain a pressure of 1 × 10−2 mbar or below. A 

532nm continuous wave laser (Ventus, Laser Quantum) was used to excite samples at an 

intensity of 1.8 ± 0.1Wcm−2, and PL from the sample was then focussed into a grating 

monochromator (iHR320, Horiba) through a variable width entry slit, using long-pass filters 

to reduce background signal from the excitation beam. A liquid nitrogen-cooled silicon charge 

coupled device (Symphony II, Horiba) and a liquid nitrogen-cooled linear InGaAs array 

(Symphony II, Horiba) were used to detect the dispersed signal, which was directed via a 

movable mirror onto each detector in turn. A spectral response correction, using a tungsten 

filament lamp with known spectrum, was applied to the measured PL spectra. As the range of 

PL peak energies for varying tin fraction overlaps with the onset of detection for the InGaAs 

array and the drop off in sensitivity of the Si CCD, data measured using both detectors were 

combined as described in section S7.1 of the SI to give the final PL spectra presented and 

analysed in this work. 

 

Time-resolved photoluminescence measurements. Samples were loaded into a vacuum cell 

inside the nitrogen-filled glovebox used for storage, and kept under vacuum with continuous 

pumping to maintain a pressure of 1 × 10−2 mbar or below while carrying out time-correlated 

single photon counting (TCSPC) measurements for PL decay. Two different setups (described 

below) were used for these measurements to allow for the variation in PL lifetimes across the 

range of tin fractions, with excitation at 405 nm and two different fluences, using neutral 

density filters to attenuate laser power for the lower fluence. 

 

In the primary TCSPC setup, pulsed diode laser (PicoQuant, LDH-D-C-405M) with variable 

repetition rate set at 10MHz, or 5MHz for the neat lead samples (x = 0) which exhibit the 

slowest PL decay, was used to excite the samples at fluences of 0.50 ± 0.01µJcm−2 and 59 ± 

1nJcm−2 for the high- and low-power conditions respectively. Background from the laser was 
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reduced by the use of a long-pass filter, and PL was collected and coupled into a grating 

spectrograph (Princeton Instruments, SP-2558), then directed onto a single-photon avalanche 

diode detector (PDM series from MPD), with timing controlled by a PicoHarp300 TCSPC 

event timer. The time resolution of this setup, as determined from the full width at half 

maximum of the instrument response function measured for the laser pulse, was 0.70 ns. 

 

For TCSPC measurements of samples at high tin fraction with very short PL lifetimes, a 

higher time-resolution setup was used, in which pulsed excitation was generated by a 

Ti:Sapphire laser (Mai Tai, Spectra Physics) with a repetition rate of 80MHz, tuned to 810nm 

and subsequently doubled in a β-barium borate (BBO) crystal to 405nm, resulting in 

excitation fluences of 0.48 ± 0.1µJcm−2 and 51 ± 10nJcm−2 for the high and low power 

conditions respectively. PL from the sample, with background light from the excitation beam 

reduced by a long-pass filter, was focussed into a grating monochromator (Triax, Horiba) 

through a variable-width entry slit, then to a silicon single-photon avalanche diode detector 

(PDM series from MPD). A gate beam split off from the excitation laser was directed onto a 

photodiode as the trigger pulse for timing. The time resolution determined from the full width 

at half maximum of the instrument response, measured by detecting the laser pulse directly at 

a wavelength of 810nm, was 0.06 ns. 

 

Terahertz spectroscopy 

The temporal changes of photoconductivity were obtained with an Optical-pump–THz-probe 

(OPTP) setup, described in previous publications.[6, 57, 90] The films were photoexcited with 

35 fs ultrafast laser pulses originating from an 800nm Ti-Sapphire laser system (Spectra 

Physics, Mai Tai - Ascend - Spitfire Ti-Sapphire regenerative amplifier, 5kHz repetition rate), 

frequency doubled to 400 nm using a BBO crystal. The fluence of the photoexcitation was 

varied between 1.33 and 22.5 µJ cm−2 using a variable ND filter wheel.  
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The photoconductivity of the films was calculated using the transmission data of the terahertz 

pulse probe through the photoexcited samples (see section S3 in the SI). The THz pulse was 

generated with a spintronic emitter (2nm tungsten, 1.8nm Co40Fe40B20, 2nm platinum on 

quartz substrate)6 and the field strength transmitted through the sample was measured using 

electro-optic sampling in a non-linear crystal (1mm thick (110)-ZnTe). The THz pulse and 

gate pulse (800nm, 35fs, originating from the same laser system as the pump beam) were 

overlapped inside the ZnTe crystal and the change of the polarisation of the gate beam 

(proportional to THz field strength) was measured using a quarter-wave plate, polarising 

prism and balanced photodiode detector. The time delay between the pump pulse and THz 

probe was controlled using optical delay stages. The pump beam was blocked using an optical 

chopper for every second THz pulse, in order to obtain the THz transmission difference 

through the sample due to photoexcited charge carriers. 

 

The dark conductivity spectra were acquired with the same laser setup as used for OPTP 

measurements, without the use of the photoexcitation beam. The time-domain shape of the 

THz pulse transmitted through the sample was measured by changing the time-delay between 

the gate pulse and THz probe using optical delay stages. A bare z-cut quartz substrate was 

used as a reference.[91] The dark conductivity was calculated from the transmission of the THz 

pulse data, as described in Section S4 in the SI. 

 

Both the OPTP and dark conductivity measurements were conducted in a vacuum box under 

pressure < 10−1 mbar. The samples were stored in a nitrogen-filled glovebox and transported 

to the vacuum box in an air-tight bag filled with nitrogen to minimise air expo- 

sure. 
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The impact of SnF2 on FA0.83Cs0.17SnxPb1−xI3 perovskite thin films is examined for additive 
amounts varying between 0.1% and 20%. Structural distortion from lattice strain is reduced 
by SnF2 addition. Lower background hole doping, longer PL lifetimes, and higher charge-
carrier mobilities are observed with as little as 1% SnF2 added. Larger quantities of the 
additive introduce defects alongside these beneficial effects.  
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