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Abstract

Although the field of tunable bandgap Pb-Sn binary perovskites (from 1.17 to 1.55 eV)
has seen dramatic progress in device efficiency, the long-term stability of perovskites and
their derived.devices still needs to be improved due to the easy oxidation of Sn®* to Sn*".
Here we demonstrate a simple and generally applicable method of fabricating efficient and
stable Pb-Sn binary perovskite solar cells (PVSCs) based on a galvanic displacement reaction
(GDR). Different from the commonly used conventional approaches to form perovskite
precursor 'solutions by mixing metal halides and organic halides such as Pbl,, Snl,, MAI,
FAI, etc. together, our precursor solutions were formulated by reacting pure Pb-based
perovskite precursor solutions with fine Sn metal powders. After the ratios between Pb and
Sn were optimized, high PCEs of 15.85% and 18.21% could be achieved for MAPbg 4Snosl3
and (FARDBo.sSNouls)o.ss(MAPDgeSNno4Brs)o1s based PVSCs, which are the highest PCEs
among all_values reported to date for Pb-Sn binary PVSCs. Moreover, the GDR perovskite
based PVSCs. exhibit significantly improved ambient and thermal stability with
encapsulation, which can retain more than 90% of their initial PCEs after being stored in
ambient (RH~50%) for 1000 h or being thermal annealed at 80 °C for more than 120 h in
ambient. Qur results demonstrate the great advantage of using GDR to prepare tunable
bandgap binary perovskites for devices with greatly improved performance and stability.
Introduction

Organic=inorganic hybrid perovskite solar cells (PVSCs) have attracted worldwide
attentions as oné) of very promising printable solar cell systems for renewable engery.'*
Under only awvery short period of development, a certified power conversion efficiency

(PCE) 0f*28:3% has been demonstrated,” which can rival the performance of the existing
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inorganic photovoltaic technologies. Recently, Pb-Sn binary perovskites show great promise
for the development of ideal bandgap (1.3-1.4 eV) solar cells due to the relative ease in
tuning their_bandgap (Ey) compared to the parent Pb-based counterpart. By tuning the ratios
of Pb-Sn, we,antyoethers have demonstrated that the Ey of Pb-Sn perovskites can be easily
manipulated with the lowest value achieved at around 1.2 eV, leading to a PCE of >17% in
the resulting PMSC.5*® Such advancement has facilitated the building of tandem cells using
Pb-Sn based"PVSC with a 18.5% PCE in a monolithic two-terminal tandem and a PCE of
20.3% in amechanically stacked tandem.* *

In spite of demonstrated high efficiencies, the reliability of the binary Pb-Sn PVSCs is
still a serious_problem that needs to be addressed. The main reason for the instability is the
easy oxidationsef;Sn** to Sn**, which degrades both the semiconducting properties and film
quality of binary perovskites.”>*® To alleviate this deficiency, numerous composition
engineering..or.precursor formulations have been attempted, such as the introduction of
reducing additivés or 2D organic components into perovskite precursor to suppress Sn**
oxidation.™ * For example, SnF, has been used in forming Sn or Pb-Sn binary perovskites to
reduce Sn# oxidation in the solution. However, the existence of SnF additives will adversely
impact thesfilm morphology of Sn-containing perovskite films, which is detrimental to the
long-term stability of devices.?** The modulation of 3D Sn-based perovskite into 2D/3D
layered structures can slow down oxygen permeation to retard Sn?* oxidation,?> % however,
the resulting™pefovskites still suffer from self-oxidation of Sn** to Sn® and Sn** and the
absorbers degrade even under inert environment.

In this werk; we report a simple but effective method in fabricating Pb-Sn binary

perovskite films by utilizing a galvanic displacement reaction (GDR). Different with the

This article is protected by copyright. All rights reserved.

3



WILEY-VCH

conventional methods that mix Pbl,, Snl,, MAI, FAI initially to form perovskite precursor
solutions, our binary Pb-Sn precursor solutions were formulated by reacting pure Pb
perovskite precursor solutions with fine Sn metal powders. Very encouragingly, the PVSC
based on the,derived MAPD,4Sngels perovskite showed a high current density of 25.51
mA cm °, gleading to a promising PCE of 15.85%. The device efficiency can be further
improved 4o by, applying this method to prepare a mixed perovskite
(FAPDbg 6SNg 418)0.85(MAPDg 6SNg 4Br3)o.15, Which can result in an even higher PCE of 18.21%.
This is the highest PCE value among all reported Pb-Sn binary PVSCs. Moreover, the device
was found to exhibit very good ambient stability, which could retain >90% of its initial PCE
after being stored in ambient (RH~50%) for 1000 h. It can also survive thermal annealing at
80 °C for =3004hsin ambient. To understand the mechanism that leads to improved stability,
X-ray spectroscopy (XPS) was employed to investigate the chemical states of Sn and Pb in
the perovskite..It,was found that oxidation of Sn** to Sn** can be suppressed in the GDR
prepared filmsgThis simple approach can also be applied to make other perovskites and the
knowledge gained in understanding device degradation can help guide future development of

binary perovskites to achieve longer device lifetime.

Preparation of Pb-Sn based perovskite solution via GDR and the film characterization
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Figure 1 atic drawing and photographs of the MAPb,Sn; .13 solution preparation via
GDR between MAPDI; solution and Sn powders; b) XRD spectra, ¢) UV-vis spectra, and d)
steady-sta time-resolved PL spectra of the studied MAPb,_Snyl3 films fabricated by
the perovski lutions prepared by GDR. The SEM images of the f) MAPDbIs;, @)
MAPbg gSng - ) MAPbysSNng4ls, 1) MAPDby4Snggls films fabricated by the solutions
prepared by'G

A typica anic displacement reaction (GDR)?’ is a redox process occurred between
metal ions in solution, driven by the difference between redox potentials.”®*°

Hence, when this method was adopted to prepare binary Pb-Sn precursor solutions, the
driving for, he GDR is the difference between the redox potential of Sn’* and Pb®*. The
standard re tentials for the involved materials are given in the following equations (a—
c)*h:
St + 267 > Sn,), ES = 014V (3)

Sn** +2e” - 5n**, ES = 0.15V (h)

Pb?* + 2e~ — Pb, E® = —0.13V (C)

Auth
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Based on the above equations, the final balanced equation in the binary Pb-Sn precursor
solution should be:

Sn(s) + Pb?>* - Sn®* + Pb(s); ES =0.01V, AG <0 (d)
Therefore"whenthe'Sn powders were added into the MAPbI; precursor solution (as depicted
in Figuretla), a suspension is formed initially. The Sn atoms on the metal surface were
oxidized h¥ the Rb* ions owing to the GDR while the Pb?* ions were gradually replaced by
the Sn*" ions in.the precursor solution. Meanwhile, the Pb atoms could be deposited on the Sn
metal surfacetosform Pb/Sn alloy or aggregating together to form Pb nanoparticles. Note that
the reaction will keep the tin ions at the Sn®" state because further oxidation of Sn** to Sn**

needs higherdriving force but the electrochemical dynamics between Sn?* and Pb?* lack such

driving voltage due to the positive AG in the equation shown below:

Sn** + Pb** = Sn** +2Pb (s) E® = —0.02V, AG >0 (g)

The GDR Was performed by stirring the solution at 80 °C for several hours and the
reaction mixture was then filtered to remove the solid Pb products and excessive Sn powders
from the solution. The detailed experimental procedures were described in the experiment
section. Asgshown in Figure 1a, clear solutions could be obtained after different reacting
times in forming the MAPb,_.Snyl3 precursor solutions. The clear yellow color of the
prepared selutions indicates there was no Sn** formed during the GDR because the existence
of Sn**wwillsturn the solution into reddish color.*> Subsequently, these precursor solutions
were spin-coatedy onto PEDOT:PSS hole-transporting layer via an anti-solvent dripping
process and them?annealed at 100 °C to prepare the MAPb,_Snyls perovskite thin films,

wherein theax ranges from 0, 0.2, 0.4. to 0.6, as confirmed by the XPS analysis (Table S1).
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Figure 1b showed the X-ray diffraction (XRD) patterns of the studied MAPD;_Snxl3
films. It has been documented that MASNnI; and MAPDI; possess pseudo cubic (P4mm) a-
phase and tetragonal (14 cm) B-phase crystal structure, respectively, at room temperature
(298K).° TheXRD, patterns of these as-prepared MAPb, ,Sn,l5 films all showed intense
characteristic peaks of the perovskite crystal structure. However, these feature peaks gradual
decrease assthemx increased, indicating the Sn incorporation in the perovskite film would
reduce film erystallinity. Notably, the MAPb,_,Snl3 films with x = 0, 0.2, and 0.4 showed
two obvious/peaks within the 26 range of 22°-25° corresponding to the (211) and (202)
planes in the tetragonal 14cm space group while there is only one peak observed at ~24 ° for
the MAPbg4Snggls film.® This transition can be attributed to the higher symmetry of the
pseudo cubie;R4mm space group than the tetragonal 14cm space group.

Shown iniFigure 1c is the Tauc plots of these MAPD;_Snyl; films that derived from the
UV-vis_absorption spectrum from Figure S1. As shown, the band edges of these Sn-
incorporated films red-shifted compared with the pristine MAPbI; film. The increase of Sn
substitution resulted anomalous bandgap variation with Eg shift which has also been reported
previouslylin the literature.’® The steady-state and time-resolved photoluminescence (PL)
spectroscopy was, next conducted to probe the charge dynamics of these MAPb;_Snls films
deposited onthe glass substrates. As shown in Figure 1d, the PL peak of the film gradually
red-shifted\as x increased, in good agreement with the E4 variation observed in Figure 1c.
The lowest'emission wavelength, corresponding to a bandgap of ~1.23 eV, was observed for
the MAPbo4Snogls film. Presented in Figure le is the corresponding time-resolved PL
spectra measured by exciting the prepared film with a 470nm pulsed laser and the PL decay

was fitted byathe single-exponential decay model. As shown in Table S2, the carrier lifetime
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was 156 ns, 102 ns, 22 ns for the MAPDbggSno2ls, MAPbysSNg4ls, MAPDg4Snogls films,
respectively. They are all shorter than the value (203 ns) of the pristine MAPDI3 film,
suggesting that.the Sn incorporation will unavoidably induce the defect density in the film.
Figure &f-Li@rethe scanning electron microscopy (SEM) images of these studied films to
show theig, surface morphology. The related EDS mapping has been shown in Figure S2,
which demenstrated the Sn concentration increase with Sn power reacted with Pb (II)
solution. As‘€an be seen, the surface morphology has a strong correlation with the ratio of
Pb/Sn. The _pure MAPbDI; film displays a highly dense and compact morphology with a
relatively large “grain size of ~ 500 nm (Figure 1f). After the Sn incorporation in the
composition, the crystal domain size becomes smaller to ~ 200 nm for both MAPbg gSno 213
and MAPBgsSRgal; films but the films still possess a good surface coverage with a highly
dense and, compact morphology, which is needed for efficient PVSCs. However, as the ratio
of Sn increases.to 60%, the film starts to show a rough surface accompanied with visible
pinholes. Thisgpoor surface morphology and coverage could be attributed to the rapid
crystallization of Sn-based perovskite, which is generally observed in the Sn-containing

perovskitefilms.*

Device performance
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Figure 2 a)sEnergy diagram of the fabricated PVSC. b) Current density-voltage (J-V) curves
and c) related EQE spectrums of the studied PVSCs containing different amount of Sn. d)
The stableoutput current and PCE of MAPbg Sng 413 PVSC which measured under a constant
bias of 0.679Wanear the maximum power point. ) The PCE distribution statistics of the

studied devices. f) J-V characteristics of the mix-ion PVSC devices with and without Sn
content.

To “examine the photovoltaic performance of these binary Pb-Sn perovskite films,
inverted p-i-n PVSCs with the device configuration of
ITO/PEDOT:PSS/MAPD;_Snyls/PCBM/Bis-Cso/Ag were fabricated. The corresponding
energy level"diagram of the device is illustrated in Figure 2a. Their resultant photocurrent-
voltage (J=V) curves measured under AM 1.5 G irradiation at 100 mW cm™ were compared in
Figure2b and“the'related photovoltaic parameters were summarized in Table S3. As shown,
the control MAPbDI; PVSCs showed a decent PCE of 14.15% with an open-circuit voltage
(Voo) of 0.96.\, a.short-circuit current density (Jsc) of 19.20 mA cm ™2, and a fill factor (FF) of
76.8 %. Itussnoteworthy, the photocurrent was apparently raised for the Sn-containing PVVSCs
and increased with the Sn-containing ratio due to the anomalous E4 bowing effect as reported

in the literature®® ** The Js for the MAPDogSNy2ls, MAPDgsSNo4ls and MAPD4Sngsls
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PVSCs are 22.87 mA cm™, 25.51 mA cm™ and 27.94 mA cm™, respectively. The champion
device performance is based on the MAPbggSng 413 composition, which delivered a PCE of
15.76% with.a Voc of 0.82 V, a Jsc of 25.51 mA cm™, and a FF of 75.60% without showing
hysteresis gvensunder a scan rate of 100 mV/s (Figure S3).

In addition, the integrated photocurrent extracted from its commensurate external
quantum efficiency (EQE) spectrum (Figure 2c and S4) matches well with the Jsc obtained
from the J-V®eurve. These results confirm the high PCE extracted from J-V curve. The
stabilized photocurrent measured under a bias near the maximum power point of the
champion device,was shown in Figure 2d to confirm the reliability of performance. As
shown, a steady Ji of ~25.42 mA cm corresponding to a PCE of 15.1% was clearly
observed. ;Figure, 2e displayed the PCE statistics distribution of total 60 devices of the
MAPDysSho4ls RVSC, revealing good reproducibility. Over 90% of the tested devices
showed PCE above 14%. To prove the GDR method is a generally applicable strategy to
prepare Pb-Snsperovskite solutions, we have applied this method to prepare mixed
(FAPDbI3)085(MAPDBTIr3)0.15 perovskite system and the absorption band edge redshifted to 970
nm (Figure S5). Notably, as shown in Figure 2f, the devices showed a much higher average
PCE of 1821%nin (FAPDbsSng.4l3)0.s5(MAPbgeSNg 4Br3)o.15-based PVSCs with negligible
hysterisis (Figure S7), which demonstrated the general applicability of the GDR approach.
The charecterizations inculding SEM, XRD, PL, Time-resolved PL and XPS of the studied
(FAPDbgSnga13)oss(MAPbg 6SNo 4Br3)o 15 films fabricated by the perovskite solutions prepared by
GDR were shownjin Figure S10, which has similar trend with MAPbg §Sng 413 by GDR method.
This indicate_our"GDR method has large potential to be widely used in the synthesis of other

Pb-Sn Dbinary metal perovskites. To the best of our knowledge, this is the highest PCE
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demonstrated for all Pb-Sn PVSCs. The EQE spectrum with integrated photocurrent, stable
out-put operation measurement and PCE statistics distribution in Figure S8, S9 and S10 prove

our GRD strategy can be successfully extend to other perovskite systems.

Stability test
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Figure 3 a) XRD pattern spectra and photographs of the reference and GDR-derived
MAPDb, sSng 413 films during the 15-days storage in ambient condition with a relative humidity
of 40 £ 5%. b) Ambient and c) thermal stability test of the reference and GDR-derived
MAPDb, SR #15"PVSCs as a function of storage time. Note that the ambient stability was
recorded atsre@m, temperature with a 50-60% humidity and the thermal stability was traced
under 80 °C in the ambient condition with a 50-60% humidity.

As the . Sn incorporated PVSCs are notoriously prone to oxidation, we have carefully
examined: thesstability of these Sn-containing PVVSCs processed through the GDR approach.
We first investigate the ambient stability of the perovskite films fabricated from the solution

with or withoutszGDR. All of the films were stored in air with a relative humidity of 40-50%

at room teémperature. Presented in Figure 3a are the XRD spectrum and real pictures of the
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degraded films. As can be seen, the reference MAPbgsSno4l3 film totally decomposed into a
yellow phase after being stored for 15 d whereas the MAPb sSng 413 film prepared by the GDR-
derived solution remained intact in black, showing much-improved ambient stability. The XRD
patterns of those«degraded films as a function of stored time in ambient unraveled the possible
degradation pathways. Intense Pbl, and Snl, peaks at ~ 12.5° appeared in the reference
MAPD, 6Sng4l3 film after 15 d storage in ambient whereas they were absent in the GDR-derived
MAPDg ¢Sngulsfilm after the same period of time and also over 40 days in ambient (shown in
Figure S11).

BesidesmthesXRD peaks broadened in the reference MAPDsSng4ls film, indicating its
decreased "erystallinity after aging. On the contrary, the GDR-derived MAPbgSNng4ls film
showed retarded conversion into Pbl, yellow phase after being stored in ambient for 15 d.

The ambientrand thermal stability of the derived PVSCs were further examined and the
initial efficiencies' were from mean cell efficiencies in Table S3. As illustrated in Figure 3b, the
PCE of the 'GBR-derived MAPD,Sno 413 PVSC retained over 90% of its initial PCE after
being exposedstorambient air (40-50% relative humidity) for 1000 h but the reference device
quickly decayed after only being exposed for 250 h. Moreover, the thermal stability of these
fabricated devices was also examined as shown in Figure 3c. The GDR-derived
MAPD, sSRguls PVSC retained over 90% of its original PCE after being annealed at 80 °C in
ambient for 120 h, however, the PCE of the reference MAPbggSno4ls PVSC dropped to
below 20% of itsuinitial value. Other parameters including Jsc, Voc and FF as the function of
storage time under ambient or thermal aging were shown in Figure S12 and S113. All these
outstanding stability data highlight the advantages of preparing binary perovskites by the

GDR “wapproach.  Moreover, shown in  Figure S14, the GDR-derived
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(FAPbgsSNg.413)0.85(MAPbsSNo 4Br3)o1s PVSC also obtained over 90% of its original PCE
after being stored to ambient air (40-50% relative humidity) for 300 h or annealed at 80 °C in

ambient for h, indicating outstanding stability with the GDR method derived Pb-Sn
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the MAP films from the XPS spectra as a function of storage time. d) Schemes of
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To investigate the underlying mechanisms of the improved ambient stability in the GDR-
derived MAPbggSno4ls film, we have resorted to chemical state analysis and elemental
analysis using, XPS. Figure 4a presented the Sn states of the reference and GDR-derived
MAPbg 6SRblsfilms. As shown, the Sn 3d peak in these films was deconvoluted into Sn**
and Sn * jons, respectively, and the Sn**/Sn*" ratio was calculated accordingly as illustrated
in Figure 4b. As shown, the GDR-derived MAPb,¢Sno4ls possesses lower Sn**/Sn?* ratio
compared tothe reference MAPbsSNng4l; film. This indicates that the film prepared by the
GDR-derived solution possesses a lower degree of Sn** oxidation, which might play a pivotal

role for the enhanced performance observed.

Figuredaralso presents the Pb states of the studied films, where two feature peaks of Pb
4" and PB4 Were clearly observed. The Pb 4f"? core level comprises two deconvoluted
peaks centered on ca. 137.9 and 136.3 eV. The more intense one is associated with the Pb*,
while the™ether™one is associated to metallic Pb° resulting from the decomposition of
MAPbI3.*>%#SUrprisingly, the GDR-derived MAPb, ¢Sno 413 film revealed a higher Pb%/Pb**
ratio than the reference film. This might be traced to the fact that more residual Pb° was
formed in the,GDR-derived solution according to Equation (d). We next compare the
sn**/sn®* @nd Pb%Pb?* ratios of both films as a function of storage time as plotted in Figure
4b-4c. Taking.the evidences revealed by device characteristics and XPS spectroscopy, we
proposesthatsthesresidual Pb® in GDR-derived film can further reduce the formed Sn** back to
Sn?* to enhance the film robustness against the oxidation portrayed in Figure 4e. As shown,
the Sn*/Sn?* ratio of the reference MAPbg sSho.4l3 film quickly raised after being exposed to
air while thesvalue of the GDR-derived MAPbg¢Sng 415 film remained almost the same. This

clearly illustrates, the advantage of GDR-derived film in inhibiting Sn®** oxidization while
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being stored in ambient. Interestingly, the Pb%/Pb*" ratio of the GDR-derived film gradually
reduced after being exposed to air while the value of the reference film only shows slight

decrease.

Conclusion

We have demonstrated a simple and generally applicable approach in preparing stable Pb-
Sn binaryfperovskite films via a galvanic displacement reaction (GDR). By tuning the
reaction time, the MAPD,Sn1.4I5 films with different Pb/Sn ratios could be obtained to exhibt
improved ambient stability. The PVSCs derived from these films showed a PCE of 15.76%.
The GDR method can also be applicable to make other mixed perovskite compositions for
PVSCs. Thes(FAPb,sSNo 413)0.85(MAPDg SN 4Br3)o.15 based PVSC showed a promising PCE
of 18.21%, which is the highest PCE reported to date for PVSC based on the Pb-Sn binary
perovskites. Benefiting from the improved stability of the perovskite films, the devices also
exhibitimuch*better ambient stability, which could retain > 90% of the initial PCE of device
after beinggstored in ambient (RH~50%) for 1000 h. This work highlights the versatility of
preparing binary metal halide perovskites, and could be generally applicable to a wide range

of perovsKites,with mixed metal cations to further enhance performance and stability.

Methods

Materials' All materials including MAI (98%), FAI (299%, anhydrous), MABr (98%), Snl,
(anhydrouspbeads, —10 mesh, 99.99% trace metals basis), Pbl,(99%), DMF (for HPLC, 299.9%),
DMSO (99.7%), 'Sn powder (powder, -100 mesh, 99.99% trace metals basis) , PCBM
(299.9%).weregplirchased from Sigma-Aldrich and used without further purification except

notice.
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Solution preparation The MAPbI; precursor solution was prepared by dissolving CH3NHsl
(MAI) and Pbl, with a molar ratio of 1 M:1.08 M in DMF and DMSO (volume ratio of 4:1).
The referencemMAPb,Sny I3 was prepared with similar method, except different ratio of
Pbl,/Snl,, ““the“total molar desnisty of Pbl, and Snl, is 1.08 M. The
[HC(NH;),Yo.85s[CH3NH3]o0.15Pb[lo.85Bro.15]3 solution was prepared by mixing HC(NH,),l (FAl),
(Pbl,, CH3NH3Br (MABTr), and PbBr, in a co-solvent of DMF and DMSO (volume ratio 4:1) with
the molam concentration of 1.35M Pb** (Pbl, and PbBr,, The molar ratio of

Pbl,/PbBr,=85/15, Pbl,/FAI=1.05, PbBr,/MABr=1/1).

The GDR-based perovksite solution was prepared by mixing solid Sn powders into the
prepared Pb_based perovskite solutions with a molar ratio of 3:1 between sn** and Pb*".
Normally, the solution was keeped and stirred at 70 °C. The Sn** concentration would increase
with the reaction time. For the typical MAPbggSngls, the solution was heated and stirred at 70

°C for 3 d. The mixXed solution was filtered with a 0.45 um PTFE filter before use.

As reported previously, 15 mg PCs:BM was dissolved into 1 mL chloroform and bis-C60
solution was prepared by dissolving 2 mg bis-Cgg into 1 mL IPA, followed by sonication for 1

h37

Photovoltaic device fabrication and characterization ITO glass (15 Q sq™) was cleaned
through"sequential sonication with deionized water, acetone, and isopropyl alcohol for 20
min, respectively. The cleaned ITO substrates were then treated by UV ozone for 15 min
before use. The PEDOT:PSS (Baytron 4083) was spin-coated onto ITO substrates at 4000 rpm

for 30 s. Then‘after heating at 150 °C for 10 min. The perovskite precursor solution was then

This article is protected by copyright. All rights reserved.
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spin-coated onto the above prepared films at 1000 rpm 10s and 5000 rpm for 30 s. During
the last 10 s of the second spin-coating step, the substrate was treated with chlorobenzene
drop-casting®(@:1 mL). The as spun films were annealed at 100 °C for 10 min. Then, the
PCBM electron-transporting layer was deposited by spin-coating at 1500 rpm for 60 s and
2000 rpm'for 5 s. Afterward, the surfactant layer bis-C60 was spin-coated at 3000 rpm for 30
s. Finally,f@a 120 nm thick top Ag electrode was evaporated under high vacuum (< 1x10°°
Torr). A typicalfactive device area is defined by a metal mask with an aperture are of 5.9
mm? aligned with the device area when under illumination test. All cells were encapsulated

using epoxysinside the glovebox.

Characterization Device /- characteristics were measured under the AMI1.5G
(100 mW cm %) condition using a Newport solar simulator in air at room temperature. A
standard Si diode with KGS5 filter was purchased from PV Measurements and calibrated by
Newport Corporation. The light intensity was calibrated using the Si diode as a reference
cell to bring the spectral mismatch to unity. J-V characteristics were recorded using a
Keithley 2400 source meter unit. EQEs were characterized using an Enlitech QE-S EQE
system equipped,with a standard Si diode, and monochromatic light was generated from a
Newport 300W lamp source. The stable output PCE, was measured by setting the bias
voltage.around.the maximum power-point and then tracing the current density. The bias
voltage at'maximum power point was determined from the J-V curve. The stability test was
carried on by storing at ambient environment (25 °C and 40-60% humidity). SEM images and
EDX mapping were obtained from JEOL 7100F operated at 5 kV and 10 kV respectively. X-ray

diffraction (XRDJ patterns of the samples were done by Philips PW 1830 with Cu Ka

This article is protected by copyright. All rights reserved.
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radiation. UV-vis absorption spectra were recorded on a Perkin—Elmer UV-vis
spectrophotometer (model Lambda 20). For steady-state PL, a 514.5 nm ultrafast laser was
used as thewexeitation light source (Laser sources: Ar ion laser, 50 mW). The absorption
spectra were'measured by Varian Cary 5000 UV-Vis-NIR. Time-resolved photoluminescence
(TRPL) was_measured with a 470 nm pulsed laser generated from the second-harmonic
generation to excite the samples with a time-correlated single photon counting (TCSPC)
system angdithe®PL lifetime was fitted with a one-exponential function. XPS was carried out
by a Kratos Axis Ultra DLD multi-technique surface analysis system using monochromatized
Al Ka X-raygphetons (hv=1486.6 eV) at a pass energy of 20eV and energy resolution of
800 meV. For the peak fitting, the data of XPS peaks were fitted by XPS Peak 3.0 Fitting
software. Formsthe presented lead and tin peaks, a Shirley background was subtracted. The
peak position for the Sn and Pb with different valence was initially selected according to

38-40

previous reports. The peak type for Sn and Pb was d and f, respectively. By optimizing

the Gaussian-Lorentzian (G/L) ratio, the final peak position, full-width-half-maximum

(FWHM), peak area would be calculated by the fitting program.
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We, demonstrate a simple and generally applicable method to fabricate efficient and
stable thary perovskite solar cells (PVSCs) based on a galvanic displacement
reaction (GDR), With optimizing the ration of Pb and Sn, high PCEs of 15.85% and 18.21%

has be achi r Pb-Sn binary based PVSCs. Moreover, these Pb-Sn based PVSCs exhibit

S¢

improved ambient and thermal stability with encapsulation.
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