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The development of lead—tin (Pb—Sn) binary perovskites with ideal bandgaps (1.3-1.4 eV) is crucial for
single-junction perovskite solar cells (PSCs) to approach the Shockley—Queisser efficiency limit.
Compositional engineering, the most effective strategy for improving PSC efficiency, offers a promising
route to tune the perovskite bandgap into the ideal range. In this study, we developed FA-based Pb-Sn
mixed-halide perovskites, FAPb;_,Sn,(lp.gBro2)s, via compositional engineering to target near-optimal
bandgaps (~1.4 eV), improve crystallinity and enhance absorption coefficient. Structural and morphologi-
cal analyses reveal that Sn incorporation stabilizes the photoactive phase of pure FA-based perovskites,
whereas Pb incorporation promotes the formation of dense films. This synergistic effect enables Pb—Sn
binary PSCs to outperform their Pb-only and Sn-only counterparts. Furthermore, it is found that a Sn
content of x = 0.4 yields optimal photovoltaic performance under ambient conditions and the lowest
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photovoltage deficit. Our analysis of the charge recombination processes indicates that structural disorder
and band alignment act as competing factors governing the photovoltage deficit. This study elucidates
how compositional engineering fine-tunes the optoelectronic properties of perovskites and provides
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Introduction

In recent years, the photovoltaic field has been captivated by
the rapid advancements in perovskite solar cells (PSCs), with
significant breakthroughs not only in boosting power conver-
sion efficiency (PCE) but also in mitigating environmental con-
cerns associated with traditional materials." To address the
toxicity concerns, lead (Pb) has been substituted with tin (Sn)
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insights into developing novel Pb—Sn binary PSCs with near-optimal bandgaps.

or germanium (Ge) at the metal site.*”” Nonetheless, superior
efficiency and long-term stability are sacrificed in absolutely
Pb-free PSCs. Alternatively, alloying Pb and Sn in perovskites
can not only reduce the content of toxic Pb element but also
narrow the bandgap.®' Developing Pb-Sn binary perovskites
with an ideal bandgap of 1.3-1.4 eV offers a promising route
to approach the Shockley-Queisser (SQ) limit for low-toxic
single-junction solar cells."* Notably, 1.4 eV-bandgap PSCs are
ideal for use as the bottom cell in eco-friendly Pb-less, four-
terminal tandem solar cells.">'* Hence, there is a pressing
need to develop perovskite materials with ideal or near-
optimal bandgaps. More importantly, balancing Sn content to
minimize non-radiative losses while maintaining phase purity
and interfacial alignment is critical for unlocking the full
potential of optimal bandgap perovskites.

Formamidinium (FA)-based halide perovskites have
emerged as superior candidates over methylammonium (MA)
counterparts due to their enhanced thermal stability, excellent
crystallinity, and optimal bandgap.">™"” In addition, the incor-
poration of bromide (Br) has been recognized as an effective
strategy for tuning the bandgap and enhancing the photovol-
tage, thereby optimizing the device performance.'*'*?° For
example, it has been reported that introducing Br into
MAPb, 4Sn, ¢l3 perovskites suppresses trap-assisted recombina-
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tion, leading to a significant enhancement in photovoltage
and a record efficiency of 12.1% for Sn-rich (>60%) PSCs at
that time.?° Furthermore, CsPb,,Sng ¢l 4Bros PSCs demon-
strate lower non-radiative recombination states than their triio-
dide analogues, leading to a champion PCE of up to 12.34%."
Thus far, the partial substitution of Pb with Sn has been
widely applied in MA/Cs-based mixed-halide perovskite
systems for Pb reduction and bandgap tuning.*">* However,
few efforts have been devoted to developing FA-dominant Pb-
Sn binary perovskite compositions with I-Br blending.

In this work, we have systematically investigated the compo-
sitional effect of Sn content on the structural, morphological,
and optical properties of perovskite films in a purely FA-based
mixed-halide perovskite system, FAPb,_,Sn (I, ¢Bry); (x = 0, 0.2,
0.4, 0.6, 0.8, and 1.0). The fabrication approach for these perovs-
kite films is schematically illustrated in Fig. 1a. Compared with
their pure Pb/Sn-based counterparts, Pb-Sn binary perovskite
films exhibited a photoactive perovskite phase and dense cover-
age. Among our newly developed Pb-Sn binary perovskite films,
those with x = 0.4 and 0.6 demonstrated near-optimal bandgaps
approaching 1.4 eV, along with higher crystallinity and absorp-
tion coefficients. Accordingly, the PSCs with x = 0.4 and 0.6 deli-
vered higher PCEs than the devices with alternative compo-
sitions. Despite their near-optimal bandgaps, these PSCs
suffered from notable photovoltage deficits, limiting overall
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device performance. To gain deeper insight into these limit-
ations, we investigated there combination mechanisms in both
the perovskite film and the complete device stack using compre-
hensive spectroscopic characterization. Our findings reveal that
structural disorder and band alignment acting as two competing
factors influence the photovoltage deficit.

Experimental section

Materials

Pbl, (99.999%) was purchased from Tokyo Chemical Industry;
Snl, (99.99%) and all the organic solvents, including dimethyl-
formamide (DMF) and dimethyl sulfoxide (DMSO) etc., were pur-
chased from Sigma Aldrich; HC(NH,),I (FAI) and HC(NH,),Br
(FABr) were purchased from Dyesol; poly(3,4-ethylenedioxythio-
phene) polystyrenesulfonate (PEDOT:PSS) solution was pur-
chased from Heraeus Limited; phenyl-Ce;-butyric acid methyl
ester (PC¢;BM) and bathocuproine (BCP) were purchased from
Nano-C. All the aforementioned chemicals were used as received.

Film and device fabrication

All the substrates, including pre-patterned ITO glass, quartz
and glass slice, were cleaned with Decon soap, deionized
isopropanol

water, ethanol and sequentially by ultra-
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Fig. 1 Film characterization. (a) Schematic illustration of the fabrication approach for Pb—Sn binary perovskite films. (b) Comparison of Sn contents

for samples before and after etching, obtained by XPS characterization.
perovskite films.
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(c) XRD patterns of FAPb;_,Sn,(logBro2)s (x = 0, 0.2, 0.4, 0.6, 0.8, and 1.0)
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sonication. The cleaned substrates were treated with ozone for
15 min prior to use. The as-received PEDOT:PSS solution
(aqueous dispersion, 1:6 w/w) was filtered through a PES
membrane (0.45 pm). After filtering, the undiluted solution
was spin-coated onto the glass/ITO substrates at 3000 rpm for
60 s. The substrates were then transferred into a nitrogen (N,)
glovebox and annealed at 150 °C for 10 min.

In this study, the 20% bromide was introduced into the I/Br
mixed-halide system through FABr. For the precursor solution
of FAPDb(I,gBrg,);, 1.2 mmol Pbl,, 0.48 mmol FAI and
0.72 mmol FABr were dissolved in a 1 mL mixed solvent of
DMF : DMSO (v:v = 4:1). Similarly, the FASn(I, ¢Br, )3 precur-
sor solution was prepared by dissolving 1.2 mmol Snl,,
0.48 mmol FAI, and 0.72 mmol FABr in 1 mL of a mixed
solvent of DMF:DMSO (v/v = 4:1). As a common strategy
applied in the fabrication of Sn-containing PSCs, 10 mol%
SnF, was added to inhibit the Sn(u) oxidation.>* Subsequently,
the Pb-based and Sn-based precursor solutions of the same
concentration were mixed based on the designed x values to
obtain the target compositions (i.e. FAPb;_,Sn,(I,¢Bro.5)s,
where x = 0.2, 0.4, 0.6, and 0.8). The perovskite film was de-
posited via a single-step spin-coating method with antisolvent
dripping. In brief, the perovskite solution was spin-coated at
5000 rpm for 55 s and the antisolvent diethyl ether was fast
dripped onto the spinning substrate 20 s before the end.
Subsequently, all resulting substrates were annealed at 100 °C
for 10 min, except for the neat Pb-based substrate (150 °C for
10 min). When preparing the sample for UV-Vis absorption
measurements, the perovskite film was deposited on quartz.
For the other film characterizations, the perovskite film was
prepared on glass. To minimize the deterioration in air, the
perovskite films were coated with a poly(methyl methacrylate)
(PMMA) layer by drop-casting.

Prior to use, the PCy;BM solution in chlorobenzene (20 mg
mL™") was kept at 70 °C under stirring overnight. Then, the
fully dissolved PCs;BM solution was spin-coated at 2000 rpm
for 90 s. Finally, an 8 nm BCP layer and a 70 nm silver layer
were evaporated under high vacuum.

Characterization

Crystallographic data were collected using an X-ray diffract-
ometer (PANalytical XPert Pro) with Cu Ka radiation and at a
step of 0.02°. Topographical images were recorded by a field-
emission scanning electron microscope (FESEM, JEOL, JSM
7600F) with an accelerating voltage of 5 kV. Absorption spectra
were acquired by UV-Vis-NIR Lambda 950 equipped with an
integrating sphere attachment. Assuming uniform attenuation,
the absorption coefficients (a) were calculated using the
expression of a = (4-In10)/t, where A is the absorbance and ¢
denotes the film thickness. X-ray photoelectron spectroscopy
(XPS) was performed using a Theta Probe system (ESCALab
250i-XL & ThetaProbe A1333) at a base pressure below 5 x
107'° mbar with a monochromatic Al Ko (1486.7 eV) X-ray
source. Transient absorption spectroscopy (TAS) measurement
was conducted using a Helios™ setup (Ultrafast Systems LLC)
with chirp-correction. The probe beam (white-light continuum
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in the range of 400-800 nm) was generated from a sapphire
crystal (3 mm) using a Coherent Libra™ laser system (150 fs
FWHM, 80 MHz repetition rate, 800 nm fundamental wave-
length). The 400 nm pump beam was generated by frequency-
doubling the 800 nm fundamental beam using a BBO crystal.
The spot diameter of pump-beam on the sample was ~2 mm.
TAS signals were collected using a detector with a CMOS
sensor.

The photocurrent-voltage (J-V) characteristics were
recorded using a digital sourcemeter (Keithley 2400) and a
solar simulator (SAN-EI XES-301S, AAA) under AM 1.5G stan-
dard conditions. A shadow mask with an aperture of
0.0625 cm” was applied during measurement. In light-inten-
sity-dependent j-V measurements, neutral-density filters were
employed to vary the light intensity. External quantum
efficiency (EQE) spectra were measured using a lock-in ampli-
fier (Stanford Research Systems, SRS 810). The light source was
provided by a Newport 300 W Xenon lamp passing through a
17 Hz mechanical chopper wheel and a monochromator (Oriel
Cornerstone 130). Note that all unencapsulated solar cells were
measured in ambient air at 63 + 3% relative humidity.
Electrochemical impedance spectroscopy (EIS) was performed
in a N,-filled glovebox with an Autolab PGSTAT302N. The fre-
quency was swept from 1 MHz to 10 Hz at zero bias under 0.9
sun illumination.

Results and discussion
Compositional engineering of Pb-Sn perovskite films

The Sn composition of perovskite film with x = 0.2-1.0 was
measured by XPS. Typically, the elemental composition deter-
mined by XPS originates from the top ~10 nm of the examined
film. To further study the Sn composition at a deep position
(~10 nm depth into the bulk), argon etching was performed
until the adventitious carbon signal disappeared. The obtained
XPS peaks of Sn 3d core level are shown in Fig. S1, and the Sn
contents at the film surface before and after etching are com-
pared in Fig. 1b. Interestingly, all Pb-Sn binary perovskite
films exhibited significantly higher Sn contents at the top
surface (before etching) and lower Sn contents at ~10 nm
depth into the bulk (after etching) than those predicted from
the precursor solution. In Sn-Ge binary perovskite films, it has
been observed that most Ge atoms accumulate at the surface
since they possess smaller ionic radii than Sn atoms.”
Likewise, Sn atoms with smaller ionic radii than Pb atoms
tend to accumulate at the top surface of the FA-based Pb-Sn
binary perovskite film. The Sn accumulation observed at the
top surface can be ascribed to the differing crystallization
dynamics of Pb- and Sn-based perovskites. Owing to the high
reactivity of Sn>*, the Sn-based perovskite phase crystallizes at
an earlier stage during top-to-bottom film growth, resulting in
a Sn-rich surface layer.”®?”

The  crystallographic  phase and  structure  of
FAPDb, _,Sn,(I, gBro,); films were analyzed by X-ray diffraction
(XRD), as presented in Fig. 1c. The neat Pb sample (x = 0) was
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prepared at 150 °C and yielded a reddish film. A diffraction
peak at ~11.6° indicates the formation of the non-photoactive
hexagonal 8-FAPbI; phase (marked with a diamond symbol),
consistent with observations reposted for other mixed I-Br
perovskites.’®?® In contrast, Sn-containing wet films (x > 0.2)
immediately turned black upon annealing at 100 °C. Their
XRD patterns exhibit characteristic peaks that match the
reported orthorhombic perovskite structure of FASnI;.>**® The
suppression of the §-FAPbI; phase in the mixed compositions
can be ascribed to the modulation of the tolerance factor (¢) by
Sn substitution.?® Since the ¢ value of FASnIj; is expected to be
smaller than that of 8-FAPbI;, alloying pure-Pb and pure-Sn
perovskites tunes t into an optimal range (0.8 < ¢t < 1) and
stabilizes a perovskite phase isostructural with FASnI;.>* For x
= 0.2, the 3-FAPbI; peak vanishes, whereas an intense peak
appears at 12.7° (marked with an asterisk symbol), attributed
to residual cubic Pbl,. At higher Sn contents (x > 0.4), the XRD
patterns display a single crystalline perovskite phase.
Therefore, Sn incorporation facilitates the formation of the
photoactive perovskite phase at a relatively low temperature.
Notably, the x = 0.6 sample shows the strongest diffraction
peak, signifying the highest crystallinity.

The surface morphology of the prepared perovskite film
was investigated by scanning electron microscopy (SEM). As
shown in Fig. 2a (high magnification) and Fig. S2 (low magni-
fication), the neat Sn film (x = 1.0) contained large grains but
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also plenty of voids. The other compositions (x = 0-0.8) all
exhibited complete surface coverage and densely packed
grains. Additionally, Pb-containing films demonstrated
smaller grains than the pure Sn film. The morphology of the
pure Sn perovskite film is attributed to its rapid crystallization
rate.**** The incorporation of Pb might slow down the Sn-
induced crystallization, thus improving the morphology of Pb—
Sn binary perovskite films.

The bandgap values (E;) of FAPb,_,Sn.(I;sBro,); perovs-
kites were determined by fitting their Tauc plots (Fig. S3a).
Alternatively, E, can be estimated from EQE spectra (Fig. S3b).
As seen in Fig. 2b, E; obtained from EQE spectra well agree
with E, extracted from Tauc plots, with a negligible variance of
less than 0.05 eV. The abnormally high E, of the neat Pb
sample is associated with the 8-FAPbI; phase, as confirmed by
its XRD pattern. Reportedly, 8-FAPbI; possesses a wide
bandgap exceeding 2 eV.'® In terms of mixed Pb-Sn samples,
their E, are in the range of 1.39-1.44 eV. Especially for the x =
0.4 and 0.6 samples, their bandgaps (~1.4 eV) fall within the
ideal range of 1.3-1.4 eV, aligning with the Shockley—Queisser
limit for optimal energy harvesting.'> Moreover, it is mani-
fested that the bandgap varies non-linearly as the x value is
progressively tuned from 0.2 to 1.0. Such bandgap evolution is
consistent with previous observations in most mixed Pb-Sn
triiodide  perovskite systems.*'® According to Prof.
Kanatzidis’s findings based on first-principles calculations, it
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Fig. 2 Film characterization. (a) Top-view SEM images of FAPb;_,Sn,(lo gBro.2)s perovskite films, where the scale bar represents 1 um. (b) Bandgaps
extracted from Tauc plots and EQE spectra, and (c) absorption coefficient spectra for FAPb,_,Sn,(lo gBrg 2)s perovskites.
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can be attributed to a competition between the bandgap
reduction caused by the spin-orbit coupling of Pb>* and Sn**
ions and the bandgap increase induced by lattice distortions.*’
Absorption coefficients were calculated according to the
Beer-Lambert law (see Experimental section for details). In
Fig. 2c, the absorption coefficient spectrum of the neat Pb
sample exhibits multiple absorption crests but no character-
istic perovskite absorption onset, further confirming its non-
photoactive 8-FAPbI; phase. It is noticeable that mixed Pb-Sn
perovskites (x = 0.4-0.8) demonstrate higher absorption coeffi-
cients than the neat Sn perovskite across the entire spectra
range of 500-900 nm. This absorption coefficient enhance-
ment can be related to the electronic structure altering derived
from the composition engineering through Pb-Sn alloy.>*"*°
The ambient stability of the studied perovskite films was
demonstrated in Fig. S4, which was evaluated via time-resolved
UV-Vis absorption measurements.?® It shows the fraction of
absorbance remained (4/4,) at 500 nm as a function of time.
After one-hour exposure to ambient air, 100%, 100%, 99%,
95%, 92% and 87% of A/A, was given by the film sample with
x=0,0.2, 0.4, 0.6, 0.8 and 1.0, respectively. It is noticeable that
the Pb-rich perovskite (x = 0.4) retained its absorbance for
nearly one hour, whereas the Sn-rich perovskite (x = 0.6) lost
5% of its initial absorbance. Thus, improved ambient stability
is found in Pb-Sn binary perovskites with reduced Sn contents
owing to a lower propensity for Sn oxidation. To enhance the
stability of the Pb-Sn binary perovskites, a co-additive could be
added into the perovskite precursor. Additionally, a compatible
passivator could be employed during post-treatment to fabri-
cate highly efficient and stable PSCs. The completed devices
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could also be encapsulated with an appropriate UV-curable
epoxy/glass stack for long-term outdoor operation.

Photovoltaic performance of PSCs

The photovoltaic performance of FAPb, ,Sn,(I,sBry,)s PSCs
with a planar p-i-n architecture was systematically evaluated.
The device architecture is illustrated in Fig. 3a, where PEDOT:
PSS and PC4;BM serve as the hole transport layer (HTL) and
electron transport layer (ETL), respectively. Fig. 3b presents the
energy-level diagram of the functional layers in these devices,
where the valence band maximum (VBM) energy level was
determined via photoemission spectroscopy in air (Fig. S5),
while the conduction band minimum (CBM) level was esti-
mated by adding E, on VBM. It is found that both VBM and
CBM gradually shift upward with increasing Sn content (x >
0.2). For x > 0.8, the VBM of perovskite is slightly higher than
the highest occupied molecular orbital (HOMO) level of
PEDOT:PSS. According to previous theoretical analysis, a band
offset of less than 0.2 eV between HTL and perovskite can still
help to yield efficient PSCs by reducing interfacial recombina-
tion.>” Therefore, PEDOT:PSS and PC¢BM are suitable for
extracting holes and electrons in all Sn-incorporated PSCs (x >
0.2), respectively.

The J-V curves of the highest-performing devices with
various Sn contents (x = 0-1.0) are shown in Fig. 3c, and the
corresponding device parameters are listed in Table S1. The
variation in the photovoltaic parameters with Sn content is
further illustrated in Fig. S6, which demonstrates that the
reproducibility of device performance is independent of the
Sn/Pb ratio. The short-circuit current density (Js.) derived from

(b
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Fig. 3 Device performance. (a) Schematic diagram of the device architecture. (b) Band alignment between FAPb;_,Sn,(lo gBro2)s perovskites and
the applied charge transport materials. The band values of PEDOT:PSS and PC¢;BM come from literature.? (c) J-V characteristics and (d) EQE

spectra for FAPb;_,Sn,(lp gBro.2)3-based PSCs.
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J-V measurements was validated by integrating the EQE
spectra, with both methods yielding consistent trends in J;. as
a function of Sn content. The EQE spectra in Fig. 3d exhibit a
distinct concave—-convex profile, which has been observed in
previous reports and can be ascribed to optical interference
effects in planar solar cells.*® Previous cavity-modelling studies
have revealed that the EQE shape and the J,. value depend
strongly on device geometry, particularly on the perovskite
layer thickness.>**® Moreover, the EQE spectra provide the
information on the energy width of the absorption edge,
referred to as Urbach energy (Ey).*® Fig. S7 shows that all Sn-
containing perovskites manifest significantly lower Ey values
than the neat Pb perovskite (81.7 meV). According to the above
XRD result, the neat Pb perovskite failed to form a photoactive
perovskite phase, resulting in its high Ey; and poor PCE. Along
with the increasing Sn content from 0.2 to 1.0, Ey gradually
falls from 25.6 meV to 20.2 meV, implying that the electronic
disorder reduces and the semiconductor quality improves with
the increasing Sn incorporation.***°

Among the devices examined, the x = 0.4 and 0.6 PSCs sur-
passed the other devices, regarding PCE, s, open-circuit
voltage (V,.) and fill factor (FF), with their bandgaps closer to
1.4 eV. The enhanced performance of these devices (x = 0.4
and 0.6) can be attributed to their near-optimal bandgaps,
proper band alignment and superior crystallinity, together
with void-free, dense film morphology. It is noteworthy that
the x = 0.4 device achieved the highest PCE of nearly 9%,
coupled with the lowest photovoltage loss (V,. loss = E; — qVi.)
of 0.70 V. In comparison, the x = 0.6 device exhibited a slightly
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lower PCE and a comparable V, loss of 0.71 V. While it gener-
ated the highest /. of 20.39 mA cm™2, likely due to its higher
absorption coefficients (Fig. 2c).

Furthermore, the cross-sectional SEM image of PSCs based
on the optimal composition, FAPb ¢Sn, 4(1o.Br¢.5)3, (Fig. S8a)
showed a thin, pinhole-free perovskite layer with a thickness of
only 360 nm. Previous studies have demonstrated that thicker
perovskite films exhibit enhanced light absorption, leading to
increased photocurrent generation.'** To further improve the
photovoltaic performance, we adopted a perovskite thickening
strategy. By incorporating a 500 nm-thick perovskite layer
(Fig. S8b), the Ji. of the x = 0.4 device increased to 22.13 mA
cm™2. Remarkably, this device yielded a champion PCE of
10.27% under reverse scan and 10.07% under forward scan
(Fig. S9) in ambient air, suggesting a negligible hysteresis.

Charge recombination mechanism

To further understand the significant V,. deficit of the
FAPDb, _,Sn, (I ¢Bro.,); PSCs (x = 0.4 and 0.6) with near-optimal
bandgaps (~1.4 eV), their recombination mechanism were
investigated via multiple electrical characterizations. The ideal-
ity factor (n) determined by Suns-V,,. method was used to eluci-
date the recombination mechanism that governs the photovol-
taic performance of PSCs. Fig. 4a presents the plots of V,. as a
function of light intensity (L) on a semi-logarithmic scale,
where n values were calculated from the slope of the fitting
line according to the expression of AV,./AInL) = n-kgT/q (q is
electron charge, kg is Boltzmann constant, and T is
temperature).*"*? In the extreme cases, n = 1 represents bimo-
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Fig. 4 Charge recombination. The light intensity dependence of (a) V. and (b) Js. for PSCs based on FAPb;_,Sn,(lp gBro2)s (x = 0.4 and 0.6). (c)
Nyquist plots of FAPb;_,Sn,(lp.gBro.2)s PSCs with x = 0.4 and 0.6, measured under 0.9 sun illumination without bias. The solid spheres represent the
data obtained and solid lines represent the fitting curves. (d) TA dynamics of FAPb;_,Sn,(lo gBro.2)s perovskite films, where x = 0.4 and 0.6. Solid lines

are bi-exponential fittings.
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lecular (or radiative) recombination, whereas n = 2 signifies
Shockley-Read-Hall (SRH) recombination. Trap-assisted SRH
recombination has been frequently revealed as the dominant
recombination in most PSCs.>*?° For FAPb;_,Sn,(I,sBro.)s
PSCs, the x = 0.4 and 0.6 devices yielded n values of 1.39 and
1.59, respectively. The higher n value for x = 0.6 indicates that
trap-assisted recombination is more pronounced in the
FAPD,, 4Sn, ¢(I.sBTo.»)3; device, contributing to its slightly larger
Vo loss.

Following the identification of dominant recombination
type at open circuit, the recombination process at short circuit
was further investigated based on the relationship between J.
and L. In Fig. 4b, the J,. against L in log scale was fitted to a
power law dependence of J,. « L%. Compared with the x = 0.6
device, the x = 0.4 device shows a slightly higher a value, sig-
nifying more efficient charge collection under the short-circuit
condition and hence a lower V. loss. Moreover, deviations of a
from unity can be ascribed to energy barriers, space charge
defects, and mobility differences between electrons and
holes.*

In addition, the recombination dynamics was analyzed by
measuring the EIS of the highly performing mixed Pb-Sn PSCs.
The obtained Nyquist plots are illustrated in Fig. 4c, and the
electrical equivalent circuits employed for fitting are portrayed in
Fig. S10. Notably, a constant phase element (CPE) rather than an
ideal capacitor was employed in the low frequency range for
more accurate fitting. The fitting results are summarized in
Table S2, where the recombination resistance (Ry..) equals to the
summation of Ryp and Ryp Ry describes recombination process
at the interface and within the perovskite layer, whereas Ryyg
and Ry correspond to high-frequency and low-frequency resis-
tance capacitance, respectively.***® Comparing the Ry values of
the examined devices, the device with x = 0.4 exhibits higher
Ryec. It suggests a reduced recombination in the x = 0.4 solar cell,
which is consistent with its low V. loss.

Apart from the recombination dynamics in the whole
device, the photoexcited-charge-carrier dynamics within the
perovskite layer was further investigated via transient absorp-
tion (TA) spectroscopy.’” The TA dynamics in Fig. 4d were well
fitted using two exponential time constants (z; and 7,) and
respective amplitudes (4; and 4,). The average carrier lifetime
(zave) wWas determined by the expression of 7, = A17y + A7,
and the calculated results were listed in Table S3. It reveals
that the slow decay lifetime (z,) dominates the overall decay
lifetime as A, > A;. Additionally, 7, rises from 1.5 + 0.2 ns to
2.7 + 0.3 ns as the Sn content increases from 0.4 to 0.6,
suggesting prolonged carrier lifetime and reduced recombina-
tion rate in the x = 0.6 perovskite film.

Overall, light-intensity-dependent j-V and EIS results indicate
that the Pb-rich device (x = 0.4) experiences more efficient charge
collection and less severe trap-assisted recombination than the
Sn-rich device (x = 0.6). This leads to lower energy losses in the
Pb-rich device, which is consistent with its lower V,. loss. As dis-
cussed before, the Pb-rich perovskite demonstrates lower VBM
than the Sn-rich perovskite and larger band offset with respect to
PEDOT:PSS, facilitating the charge transport at the HTL/perovs-
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kite interface.*® Interestingly, the z,,. value for the Pb-rich perovs-
kite film (x = 0.4) suggests faster bulk recombination than that of
the Sn-rich perovskite film (x = 0.6). Consistently, the Ey esti-
mation implies a higher density of Urbach tail states in the Pb-
rich perovskite. It is well established that structural and compo-
sitional disorder in perovskite films introduces Urbach tail states
that can act as non-radiative recombination centers.**°
Crystallographic analysis reveals that the Pb-rich perovskite exhi-
bits poorer crystallinity, as evidenced by lower peak intensities
and a broader full width at half maximum (FWHM) (Fig. S11).
Additionally, the Williamson-Hall plot yields a larger relative
strain (¢) for the Pb-rich perovskite (Fig. S12), corroborating its
greater structural disorder. We therefore attribute the V,,. deficit
to two counteracting factors: (i) structural disorder and (ii) band
alignment between the perovskite and the charge selective con-
tacts. Compared with the x = 0.6 composition, the perovskite
with optimal Sn content (x = 0.4) possesses a higher degree of
structural and electronic disorder, which accelerates bulk recom-
bination inside the perovskite layer. Meanwhile, the x = 0.4 com-
position establishes a favourable band alignment with the HTL,
suppressing interfacial recombination and thereby enhancing
the overall charge collection efficiency of the complete device.
Owing to the counterbalance between these opposing effects,
devices with x = 0.4 and 0.6 exhibit comparable V,, deficits.

Conclusions

In summary, we have developed a series of pure FA-based Pb-
Sn binary perovskites, namely FAPb,_,Sn (I, gBrg,)s; (x = 0.2,
0.4, 0.6 and 0.8), with near-optimal bandgaps (1.39-1.44 eV)
through compositional engineering. Remarkably, the perovs-
kite film with x = 0.4 possesses uniform, pinhole-free mor-
phology, enhanced absorption coefficients, and proper band
alignment with typical charge transport materials. It also
demonstrates superior air stability compared with the Sn-rich
perovskite films (x > 0.6). Consequently, PSCs employing this
optimal Sn content (x = 0.4) achieve the highest PCE among all
devices tested under ambient air. Moreover, on the basis of
evaluating the recombination in both perovskite film and full
device, we found that the V,, deficit is influenced by two com-
peting factors. For x = 0.4 perovskites, higher structural dis-
order accelerates charge recombination within the perovskite
layer, while their proper band alignment effectively suppresses
interfacial recombination. Therefore, their device performance
could be further improved by reducing structural disorder
through strategies such as enhancing perovskite crystallinity
and bulk defect passivation. Overall, this work advances the
understanding of Sn incorporation in Pb-Sn binary perovs-
kites, particularly in relation to recombination mechanisms.
By demonstrating the viability of Pb-Sn binary perovskites
with near-optimal bandgaps, our results shed light on the
development of environmentally benign single-junction and
tandem solar cells, in line with broader efforts to reduce
reliance on toxic Pb-based perovskites.
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