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ABSTRACT  

Interfacial chemistry and energetics significantly impact the performance of photovoltaic devices.  

In the case of Pb-containing organic metal halide perovskites, photoelectron spectroscopy has been 

used to determine the energetic alignment of frontier electronic energy levels at various interfaces 

present in the photovoltaic device.  For the Sn-containing analogues, which are less toxic, no such 

measurements have been made.  Through a combination of ultraviolet, inverse, and X-ray 

photoelectron spectroscopy (UPS, IPES, and XPS, respectively) measurements taken at varying 

thickness increments during stepwise deposition of C60 on FASnI3, we present the first direct 

measurements of the frontier electronic energy levels across the FASnI3/C60 interface.  The results 

show band bending in both materials and transport gap widening in FASnI3 at the interface with 
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C60.  The XPS results show that iodide diffuses into C60 and results in n-doping of C60.  This iodide 

diffusion out of FASnI3 impacts the valence and conduction band energies of FASnI3 more than 

the core levels, with the core level shifts displaying a different trend than the valence and 

conduction band. Surface treatment of FASnI3 with carboxylic acids and bulky ammonium 

substituted surface ligands results in slight alterations in the interfacial energetics, and all surface 

ligands result in similar or improved PV performance relative to the un-treated devices. The 

greatest PV stability results from treatment with a fluorinated carboxylic acid derivative; however, 

iodide diffusion is still observed to occur with this surface ligand. 

KEYWORDS: fomamidinium tin iodide, perovskite solar cell, photoelectron spectroscopy, 

inverse photoelectron spectroscopy, interfacial energetics, surface modification, ion diffusion 

INTRODUCTION 

Interfaces play a massive role in determining the performance of photovoltaic (PV) 

devices, including those based on organic metal halide perovskites (HPs).1–7    Halide perovskite 

solar cells (PSCs) typically rely on a p-i-n (inverted) or n-i-p (normal) device architecture, 

whereby the HP is the i layer and carries out the majority of photon absorption and the n and p 

layers are the electron transporting layer (ETL) and hole transporting layer (HTL), respectively.  

In an operating PSC electrons and holes must be transferred across the HP/ETL and HP/HTL 

interfaces, respectively, to reach the electrodes.  In an ideal case, charge transfer across these 

interfaces occurs with minimal recombination.  However, in reality these interfaces are plagued 

by severely increased recombination as compared to the bulk of the HP.2,4,8–10 Furthermore, ion 

transfer across these interfaces is a major degradation pathway in the PV device,11 as is water 
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ingression across these interfaces and into the HP layer.  With this in mind, understanding and 

controlling these interfaces is a key aspect in improving the performance of PSCs. 

Lead (Pb) containing HPs have been the subject of massive research interest, which has 

resulted in the power conversion efficiencies (PCEs) climbing from a few percent to nearly 25% 

over the past decade.12,13  Not surprisingly, surfaces and interfaces in Pb-based HPs have been an 

area of growing interest.  Here, researchers have shown that surface recombination rates are 

commonly three-orders of magnitude faster than bulk recombination rates,2,4,8 and that interfacial 

recombination leads to major performance losses in PV devices.9  One factor that determines 

surface and interfacial recombination rates is the concentration of trap states that can serve as 

recombination centers.  Passivation of these trap states thus provides one means to decrease 

recombination rates.2,8,14  Another factor that will influence interfacial recombination rates and 

interfacial charge transfer processes is the interfacial energy landscape.1,10,15–18  Non-ideal 

interfacial energetics can result in charge build up at the interfaces, which will result in increased 

interfacial recombination rates.  As such, measurements of energetics at interfaces with Pb-based 

HPs are prevalent in the literature.15,19–25  These interfacial energetic measurements provide 

important data for understanding the physical processes occurring within the device and 

highlight that optimization of interfacial energetics may lead to further increased PV 

performance.10,17,18 

Energy level alignments at Pb-based HP/HTL and HP/ETL interfaces and their influence 

on charge extraction, charge carrier recombination, and PV performance are not well established 

and are a subject of active research.1,10,15  Commonly, with organic transport layers a flat band 

condition is maintained within the HP;21,26,27 however, interfacial dipoles and band bending in 
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the HTL or ETL are occasionally observed.24,28–30  In part, the lack of clear agreement on these 

interfacial energetics may arise from differences in surface stoichiometry,16 surface defect 

states,30 underlying substrates and initial work function,16,31 the difficulty in assigning VBM and 

CBM values due to the low density of states at the band edge,32,33 surface photovoltage effects,34 

or degradation processes occurring during measurement.35,36  Unfavorable interfacial energetics, 

for example where a barrier to charge extraction exists, have been observed to decrease PV 

performance.17  Similarly, charge transport layers that are not selective, i.e., a barrier to 

extraction of the opposite carrier does not exist, have also been observed to result in lower PV 

performance.10,37  In general, although some conflicting reports do exist,38 so long as a barrier to 

charge extraction is not present and the transport layer is selective, the performance of Pb-based 

PSCs does not require that the IE or EA of the HTL or ETL be exactly matched to those of the 

HP.1,37  That said, even small losses due to less than optimal interfacial energetics should be 

reduced to maximize the PV performance. 

Surface ligands provide a means to passivate surface defect states,14,39–42 decrease 

diffusion of species across an interface,39 and manipulate interfacial energetics.43  Application of 

surface ligands to Pb-based HP thin films has resulted in increased PL intensity,14,40 reduced 

recombination rates, improved stability,39,44 and improved PV performance.39,40,44  Although 

numerous reports show that surface ligand treatment of HPs can improve PV performance, it is 

not yet clear how these ligands influence the interfacial energy landscape.  Here, UPS, IPES, and 

XPS measurements recorded at varying thickness increments are necessary to determine the 

complete energy landscape, yet these measurement series on surface ligand treated interfaces are 

not yet apparent in the literature.  Moving forward, it will be important to clearly identify how 
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surface ligands impact interfacial energetics and how these energetics alter interfacial charge 

transfer processes and PV performance. 

As discussed, most work on PSCs has focused on Pb-based HPs; however, Pb renders 

these materials and devices toxic.  Although they have significantly lower PCEs,45,46 tin (Sn) 

containing HPs present a promising alternative to their Pb containing counterparts due to their 

lower toxicity.  Surface states and interfaces in these Sn-containing HPs are significantly less 

explored and it is likely that these surfaces and interfaces are hugely important for improving Sn-

based HP materials and PV device performance and stability.  In this article, we present the first 

measurements of energetics at interfaces between FASnI3 (FA=formamidinium) and C60, where 

FASnI3 represents the most commonly used Sn-based HP in PVs and C60 is one of the most 

commonly used ETL materials. The interfacial energetics show a favorable energy landscape for 

electron transfer to occur from FASnI3 to C60 and an unfavorable energy landscape for hole 

transfer. The XPS measurements also show clear evidence of I- diffusion into the C60 layer and 

this I- diffusion is related to the observed interfacial energetics. Furthermore, we show how 

surface ligand treatment impacts the interfacial energy landscape and PV performance and 

stability of inverted devices with C60 as the ETL. 

EXPERIMENTAL SECTION 

Materials. 

Perovskite precursors and solvents include Tin (II) Iodide (SnI2, 99.999%), anhydrous 

N,N-Dimethylformamide (DMF, 99.8%), and anhydrous toluene (99.8%) all purchased from 

Alfa Aesar. Formamidinium Iodide (FAI, Greatcell Solar), Tin (II) Fluoride (SnF2, 99%) and 
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anhydrous anisole (99%) were purchased from Acros Organics. Dimethyl sulfoxide (DMSO, 

99.9%, Seccosolv) was purchased from Millipore Sigma.  All listed solvents were degassed 

using at least three freeze-pump-thaw cycles.   Contacts and transporting layers consisted of 

indium tin oxide (ITO) coated glass substrates from Tinwell Tech. (15 Ω/□), PEDOT:PSS 

(Clevios P VP AI 4083), C60 (Nano-C, 99.5%), bathocuproine (BCP, TCI, >99%) and silver (Ag, 

Kurt J. Lesker, 99.999%). C60 used in the interfacial studies was thoroughly purified through a 

series of heating cycles under high vacuum.  Surface ligands include octanoic acid (OCA, 98+%, 

Alfa Aesar), trimethylphenylammonium chloride (TMPA-Cl, >98%, TCI), and 2H,2H,3H,3H-

Perfluorononanoic acid (FNCA, >96%, Sigma Aldrich).  

UPS, XPS and IPES measurements. 

Photoelectron spectroscopy measurements were conducted in a PHI 5600 UHV system 

(typical base pressure 3×10-10 mbar). Solution processed films were fabricated and transferred 

completely under a nitrogen atmosphere (typically <0.1 ppm H2O and O2) and thermally 

evaporated films were loaded without breaking vacuum such that no sample was exposed to air. 

All measurements were completed within 24 hours of sample fabrication to minimize sample 

degradation or surface contamination. UPS and XPS measurements both employed an 11-inch 

diameter hemispherical electron energy analyzer and multichannel detector. The excitation 

source for UPS was an Excitech H Lyman-α lamp (E-LUXTM121) with an excitation energy of 

10.2 eV, which is detailed in our previous work.47 All UPS measurements were recorded with -

5V sample bias and a pass energy of 5 eV. XPS measurements used a dual anode Mg-Al x-ray 

excitation source (Al kα emission 1486.6 eV, and Mg kα at 1256.6 eV); and a pass energy of 30 

eV.  
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IPES measurements were performed in the Bremsstrahlung isochromat mode with 

electron kinetic energies below 5 eV and an emission current of 2 μA to minimize sample 

damage. A Kimball Physics ELG-2 electron gun equipped with a low temperature (1150K) BaO 

cathode was used to generate the low energy electron beam. Emitted photons were collected with 

a bandpass photon detector consisting of an optical bandpass filter (254 nm, Semrock) and a 

photomultiplier tube (R585, Hamamatsu Photonics). During all IPES measurements the UHV 

chamber was blacked-out to exclude external light and samples were held under a -20 V bias. 

Perovskite samples for photoelectron spectroscopy studies were prepared on PEDOT:PSS 

covered ITO substrates using the procedure described in the device fabrication section. During 

the incremental depositions pressure was maintained below 5 x 10-7 mbar in the deposition 

chamber and low deposition rates of <0.5 Å/s were used and closely monitored with quartz 

crystal microbalances.    

PV device fabrication and characterization. 

Patterned 2x2 cm ITO-coated glass substrates were cleaned by sequential sonication in 

deionized water with sodium dodecyl sulfate, pure deionized water, acetone, and 2-propanol 

each for 15 minutes. After drying with compressed air the ITO-coated substrates were UV-ozone 

treated for 15 minutes. Immediately following UV-ozone treatment 175 μL of room temperature, 

0.45 μm nylon filtered, PEDOT:PSS solution was spun cast at 4,000 rpm for 45 s with an 

acceleration of 800 rpm/s before annealing at 120 °C for 15 minutes in air. The samples were 

then transferred into a N2 filled glove box (typically <0.1 ppm O2 and H2O) for all further 

processing.  
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Inside the glovebox a 1.1M FASnI3 precursor solution with 10 mol% SnF2 was prepared 

by dissolving SnI2, FAI, and SnF2 in a 1:1:0.1 molar ratio using a 70:30 (V:V) mixture of 

anhydrous and degassed DMF and DMSO.  This solution was mixed at 750 rpm without heat for 

at least 2.5 hours before spin casting. Following a similar procedure from the literature,48 the 

perovskite solution was then deposited by spin coating 75 μL of solution at 9,999 rpm (with 

maximum acceleration) for 2 s before a 25 s ramp down to 0 rpm (400 rpm/s deacceleration). 

The substrates were then immersed in anisole for approximately 4 seconds before being placed 

back on the spin coater and spun at 4,000 rpm for 30 s (2,000 rpm/s acceleration) to dry. When 5 

s remained in this spin cycle 120 μL of toluene was quickly dropped on the substrate surface 

from a height of approximately 1 cm as a second anti-solvent treatment. Samples then sat at 

room temperature for 5 minutes before annealing at 130 °C for 15 minutes.  The films were then 

transferred to a thermal evaporator where 40 nm C60 and 8 nm BCP were sequentially deposited 

at a pressure of approximately 1 x 10-6 mbar. Finally, 100 nm Ag electrodes were deposited 

through a shadow mask defining cells with an area of 0.1 cm2.  PV performance was measured 

inside the glove box using a solar simulator (ABET technologies, 11002) at 100 mW/cm2 

illumination (AM 1.5G). The solar intensity was adjusted using a calibrated photodiode from 

Thorlabs (FDS1010-CAL) with a KG3 filter.  

Vapor treatment with surface ligands. 

 Treatment of the FASnI3 films with surface ligands occurred after annealing was 

completed. The bottom half of a petri dish was placed on a hotplate set to the desired temperature 

(140 °C for TMPA-Cl and 90 °C for FNCA and OCA) and given 2 minutes to warm up. During 

this time FASnI3 samples were affixed to the lid of the petri dish using Kapton tape such that the 
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perovskite film was oriented down. After 2 minutes passed 5-10 mg (or 10-20 μL) of the desired 

ligand was placed in center of the warm petri dish bottom before immediately capping with the 

lid containing the affixed samples. The dishes and samples were left unperturbed for 2 minutes 

before removing from the hotplate and immediately retrieving the samples from the petri dish 

lid. As a check for the impact this additional heating may have, this procedure was performed 

without the inclusion of a surface ligand at temperatures up to 200 °C; no changes in PV 

performance were observed. Additionally, in device sets where some samples are not treated 

with surface ligands, or multiple surface ligands are being used, great care is taken to minimize 

chances for contamination by placing samples in heat-sealed bags or moving them into an 

adjacent antechamber or glovebox.   

UV-Vis absorbance and photoluminescence measurements. 

 UV-Vis absorbance and photoluminescence measurements are carried out inside a N2-

filled glovebox with an Ocean Optics QE Pro high-performance spectrometer. UV-vis 

absorbance measurements are performed inside an integrating sphere whereas 

photoluminescence measurements are performed in an open fixed geometry setup to reduce re-

absorption effects. FASnI3 samples are prepared on glass substrates and modified with surface 

ligands using the procedures already described.   

RESULTS AND DISCUSSION 

Low energy ultraviolet photoelectron spectroscopy (UPS) and inverse photoelectron 

spectroscopy (IPES) are employed to probe the frontier occupied and unoccupied states 

respectively, at FASnI3 surfaces and interfaces.  Both our experimental systems rely on lower 
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energies than typically used, with our UPS system using 10.2 eV for excitation,47 compared with 

the most commonly used He I excitation source at 21.22 eV, and our IPES system probing 4.88 

eV photons and using electrons with kinetic energies of 0 to 5 eV,49 as compared to the 

traditional laboratory based IPES system that probes 10 eV photons and uses electrons with 

kinetic energies of 5-15 eV.  Both systems have been shown to significantly reduce sample 

damage in organic semiconductors and are expected to have a similar effect on reducing sample 

damage in HPs.47,49 

 The FASnI3 samples analyzed throughout this paper are of high quality, as evidenced by 

their reasonable PV performance of 3 to 5%.45 In addition, XPS was routinely performed to 

ensure lack of extraneous surface contamination and appropriate surface stoichiometry. Figure 1 

shows the valence and conduction band regions of neat FASnI3 measured with UPS and IPES on 

a semilogarithmic plot. Both spectra have been adjusted along the x-axis such that the vacuum 

level corresponds to E= 0 eV, meaning that the ionization energy (IE) and electron affinity (EA) 

can be determined directly from the onsets of the valence and conduction bands. These positions, 

marked with solid vertical blue lines, are determined with a Gaussian fit to the lowest binding 

energy feature for UPS and highest binging energy feature for IPES as described in the 

Supporting Information and SI Figure S1. This results in an IE of 5.31 eV and EA of 3.93 eV for 

the neat perovskite film. Reported literature values for FASnI3 show significant variation in the 

IE, covering a range from 4.7-6 eV.50–53  These discrepancies in reported values stem from a 

variety of factors, such as differences in surface composition,16 film fabrication conditions,54,55 

and onset determination methods for the low density of states at the band edges.32,33 Our value of 

5.31 eV falls near the center of this range and matches well the recent work from the Olthof 
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group that utilized both experimental and computational studies to determine energy levels for a 

variety of perovskite compositions.32 Far fewer reports can be found for the electron affinity of 

FASnI3 and our value of 3.93 eV does deviate slightly from the 4.12 eV value reported by the 

Olthof group.32 From these energetic values the transport gap for FASnI3 is determined to be 

1.38 eV. This corresponds well with the experimental optical gap of 1.35 eV from absorption 

measurements as shown in SI Figure S2 and other reports of the optical gaps derived from 

absorption measurements and Tauc plots.52  

 

Figure 1.  UPS and IPES spectra of a FASnI3 film. 

To investigate the energetic structure at the FASnI3/C60 interface we performed a series of 

incremental depositions of C60 on a FASnI3 film and carried out UPS, IPES, and XPS 

measurements after each deposition step. Here, C60 is a common ETL material for Sn-based 

PSCs in the inverted structure and a close analog for solution processable fullerene derivatives. 

Figure 2A and B show the evolution of the UPS and IPES spectra on a semilogarithmic plot as 
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the thickness of C60 is increased from 0 to 256 Å. Note that the x-axis is plotted relative to the 

Fermi energy (Ef).  The position of the secondary electron cut-off (SECO) from UPS shows a 

consistent trend towards lower binding energies as the C60 thickness increases, indicating an 

upwards shift in the vacuum level. In the onset region C60 HOMO and LUMO features grow in 

quickly and the position of EF within the gap moves towards the unoccupied states. The energy 

diagram shown in Figure 2C was constructed based upon analysis of the UPS, IPES, and XPS 

spectra, as discussed in the proceeding paragraphs. 
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Figure 2. Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 

IPES during the stepwise deposition of C60 on FASnI3 with no surface ligand treatment. Results 

are summarized in a schematic diagram of the energy levels (C). Work functions were 

determined from the SECO in UPS. 

The XPS spectra taken at each thickness increment during the deposition of C60 of 

FASnI3 are displayed in Figure 3. Initial XPS measurements show a surface stoichiometry of 1: 

1.7: 1.1: 3 for C: N: Sn: I which is close to the ideal stoichiometry. Here, all XPS peaks shift 

slightly upon deposition of C60, indicating the presence of some band bending occurring in the 

HP.  Upon deposition of 2 Å C60, all XPS peaks from FASnI3 shift to higher binding energies by 

0.22 to 0.29 eV.  This shift in the core levels does not follow the change in the work function, 

which increases by only 0.04 eV upon deposition of 2 Å C60. Following this initial peak shift to 

higher binding energies, the XPS peaks from FASnI3 all gradually shift to lower energies by ca. 

0.3 eV as up to 32 Å of C60 is deposited, as shown in SI Figure S3. With each consecutive C60 

deposition the XPS peak intensities of Sn and I are attenuated while the non-FA C peak 
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increases, as expected; however, I remains weakly visible even after 256 Å of C60 is deposited.  

In contrast, Sn is completely absent from the XPS spectra when only 128 Å of C60 is deposited, 

which is expected if a clean bilayer is formed. Additionally, no change in the ratio of 

Sn(II):Sn(IV) is observed throughout the stepwise series as shown in SI Figure S4. Considering 

that Sn is absent, yet I is clearly apparent at both 128 and 256 Å of C60, we conclude that I must 

be diffusing into the C60 layer.  Notably, this I- diffusion is not evident in stepwise deposition 

measurements of C60 on MAPbI3.56 

The XPS data in Figure 3C shows that the I 3d5/2 peak appears at between 618.84 and 

619.08 eV at thicknesses between 0 and 32 Å of C60 and increases by approximately 1 eV to 

619.85 eV at a thickness of 256 Å. Figure 3D shows a closer look at the I 3d5/2 region at higher 

C60 thickness.  At a C60 thickness of 32 Å, the I 3d5/2
 region can be adequately fit with a single 

peak at 618.75 eV. However, at a C60 thickness of 64 Å a broadening towards higher BE is 

apparent and the data is better fit with two peaks, one at 618.73 and another at 619.9 eV. The 

same is observed with 128 Å where the higher BE I peak is now dominant. Finally, at 256 Å of 

C60 only the higher BE I species is visible at 619.85 eV. The shifts in the I 3d5/2 peak position are 

consistent with I- converting to I2
 or I3

-, with both I2 or I3
- appearing at higher binding energies 

due to the change in the average oxidation state of I.  The change in I- to I2
 or I3

- strongly 

suggests that I- is reducing C60 and resulting in n-doped C60
-.  This mechanism is supported by 

previous literature where halide ions have been used to n-dope fullerenes through the 

introduction of ammonium halide salts, with the n-doping resulting in large increases in the 

electrical conductivity.57–62   
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To quantify the amount of iodide diffusing into the C60 layer and the resulting iodide 

deficiency at the FASnI3 surface, the XPS peak ratio between the C1s of C60 and the I 3d5/2 of the 

higher BE I species (>619.5 eV) was examined and the extent of iodide deficiency estimated. As 

detailed in the Supporting Information, the ratio of C:I can be determined at C60 thicknesses of 

64 Å and greater and is fairly consistent at 330:1 or 5-6 C60 molecules per I atom. Using simple 

volume calculations, we can relate the amount of I in the C60 overlayer to the depletion of the 

FASnI3 surface.  A plot showing the percent iodide deficiency vs. the thickness of the iodide 

depletion layer as a function of the C60 overlayer thickness is shown in SI Figure S5. We 

estimate that at lower C60 thicknesses (<32 Å) the iodide deficiency of the FASnI3 surface will be 

5-20%, while at larger C60 thickness of 256 Å or 400 Å (where 400 Å is the thickness used in 

devices) the level of iodide deficiency could be greater than 75% for the first few layers (~5 nm). 

If the iodide deficiency is uniform across the entire thickness of the film there will be a 3% 

iodide deficiency when 400 Å of C60 is deposited.  These levels of iodide deficiency, especially 

in the case of greater iodide deficiency near the C60 interface, could have major impacts on the 

crystalline structure and energetics in the near-surface region of FASnI3. 

The energy diagram in Figure 2C was constructed from a combination of the UPS, IPES, 

and XPS data and shows the evolution of the FASnI3 and C60 energetics from 0-16 Å and 8-256 

Å respectively.  The UPS and IPES data were fit using a linear combination of the pure FASnI3 

spectra and the C60 spectra at 256 Å thickness to extract the electronic energy levels from both 

materials, as evident in SI Figure S6. While gaussian fits on a logarithmic scale are used to 

determine the band edges for FASnI3, values for C60 are extracted using linear extrapolation on a 

linear scale. The energy diagram shows that when 8 Å C60 is deposited, the LUMO of C60 lies 
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0.18 eV lower in energy than the conduction band minimum (CBM) of FASnI3, which is a 

favorable energy landscape for transferring electrons from FASnI3 to C60.  Furthermore, the 

HOMO of C60 lies 0.80 eV lower in energy than the valence band maximum (VBM) of FASnI3, 

thereby providing a barrier to hole transfer from FASnI3 to C60. Both the HOMO and LUMO 

bands of C60 display similar upward band bending as the thickness increases.  This upward band 

bending of C60 away from the interface is similar to that observed for C60 on MAPbI3.56,63 

Although the EA of C60 increases with thickness, the LUMO of C60 bends upwards because of 

the more rapidly changing work function. The band bending observed in the C60 HOMO is 

consistent with the C 1s shift observed in the XPS data; likewise, the bending of the LUMO is 

consistent with increased n-doping of C60 near the FASnI3 interface.  That is, the C60 LUMO is 

closer to EF near the interface and gradually moves farther away as the C60 thickness increases.   
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Figure 3.  XPS data showing the C 1s (A), Sn 3d (B), and I 3d (C, D) regions during the 

stepwise deposition of C60 on FASnI3 with no surface ligand treatment.   

The FASnI3 energetics presented in the energy diagram are based on the UPS and IPES 

results, as the XPS results show a different trend.  Here, the XPS results show a decrease of 

approximately 0.3 eV in the binding energy of all the FASnI3 component peaks as the C60 

thickness is increased from 2 to 256 Å.  These changes in XPS peak positions would suggest an 

upwards bending of the FASnI3 VBM and CBM at the interface; however, the UPS and IPES 

results indicate a downwards bending of the VBM and relatively flat CBM.  The IPES data does 

show a 0.1 eV increase in EA for FASnI3 as the C60 thickness increases to 16 Å, but accounting 

for the equivalent change in the WF results in a flat CBM. The result of these changes is a 

widening of the transport gap of FASnI3 at the interface with C60.  Notably, the energetics of 

FASnI3 near the interface should be favorable for reducing recombination due to the band 

bending occurring in the FASnI3 VBM. We suspect that the depletion of I- from the near-surface 

region of FASnI3 and the resulting lattice distortions near the interface may be responsible for the 
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observed transport gap widening near the interface and the discrepancy with the XPS results, 

with the loss of I- and lattice distortions disrupting the CB and VB more so than the core levels.  

Next, surface ligands were employed to compare both the influence of the ligand binding 

group and the ligand tail on interfacial energetics and PV device performance and stability.  

These ligands include octanoic acid (OCA), a similar fluorinated derivative, 2H,2H,3H,3H-

perfluorononanoic acid (FNCA), and trimethylphenylammonium chloride (TMPA-Cl).  Both 

ammonium and carboxylic acid containing ligands have been applied to Pb-based HPs and they 

are expected to bind to the HP surface at different sites.39,64,65  Here, the ammonium groups can 

displace FA or fill FA vacancies at the surface, while the carboxylic acid groups can either 

displace I or fill I vacancies.  The tail groups were selected to vary the energetics (e.g., FNCA vs. 

OCA), hydrophobicity, and electronic coupling between C60 and FASnI3.   

 The most common methods for surface ligand treatments are solution based;39,40,44,66 

however, in this work we opted for a vapor treatment process which poses several advantages. 

The solution processability of FASnI3 limits the solvents that can be used for surface treatment, 

and this need for orthogonal solvents severely limits the range of surface ligands that can be 

applied. Furthermore, solvent effects on the FASnI3 films can lead to complications and may 

facilitate penetration of ligands into the bulk. A vapor treatment process following formation of 

FASnI3 was chosen to circumvent these limitations and further details can be found in the 

experimental section.  

 XPS of the C1s region was used to probe surface ligand adsorption as displayed in 

Figure 4. The partially positively charged carbon in FA appears at approximately 288 eV and 
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shows good separation from adventitious carbon and the carbon species in many surface ligands 

that appear around 284.5 eV. Thus, the ratio of FA carbon to non-FA carbon is a good probe for 

the absorption of surface ligands. In Figure 4 fitting has been applied to identify the FA carbon 

(blue) and non-FA carbon (purple) species, with the values inside of the fitted regions indicating 

the relative peak areas. Note that satellite peaks from I 4d can be observed at the lower binding 

energy. These peaks are the result of cross contamination from Mg anode emission in the X-ray 

source. The un-treated FASnI3 film displays a 1:1 ratio of FA to non-FA carbon, whereas the 

surface ligand treated FASnI3 films show an increased amount of non-FA carbon. The FA to 

non-FA carbon for films treated with TMPA-Cl and OCA increases to 1:1.4 and 1:1.6.  On the 

other hand, films treated with FNCA do not show a significant change in this ratio. This is 

because fluorination shifts the C peaks to higher BEs of ca. 291 eV (off scale, see SI Figure 

S7A) for CF2 and CF3 and about 286.83 eV for the spacer carbons between the carboxylic acid 

binding group and fluorinated tail. In this case F can be used as an additional probe for 

adsorption of FNCA, and as shown in SI Figure S7B a clear F1s peak is observed only in the 

FNCA modified film.  No significant change in the Sn(II):Sn(IV) ratio is observed for any of the 

ligand treatments, with all FASnI3 films showing a Sn(II):Sn(IV) ratio of approximately 12:1, as 

shown in SI Figure S8. 
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Figure 4.  XPS showing the C region of FASnI3 films following surface ligand treatment with 

FNCA, OCA, and TMPA-Cl.  The numbers represent the integrated peak intensities, with the FA 

C peak normalized to 1. 

To investigate the effects of surface ligands on the energetic structure at the Sn 

perovskite/C60 interfaces, we performed the same series of incremental depositions of C60 

accompanied by UPS, XPS, and IPES measurements at each thickness increment on FASnI3 

samples treated with FNCA, OCA, and TMPA-Cl.  Two of the modifiers, OCA and TMPA-Cl, 

showed similar results as the un-treated film, and thus we focus the bulk of this discussion on the 

FNCA treated FASnI3 interface. Figure 5A and B show the evolution of the UPS and IPES 

spectra on a semilogarithmic plot for the FNCA modified film as the thickness of C60 is 

increased from 0 to 256 Å. The FNCA treated film shows a 0.18 eV increase in the work 

function from 4.83 to 5.01 eV, which is most likely due to the surface dipole introduced by 

FNCA.  The work function shift between the untreated and FNCA treated FASnI3 is less than 
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may be expected if a monolayer of a heavily fluorinated alkane was present on the surface,67 

which is attributed to the formation of only a partial monolayer.  As detailed in the Supporting 

Information, the surface coverage of FNCA is estimated at 20 to 40% based on angle dependent 

XPS data (SI Figure S9). Using the same fitting methods as described for the neat FASnI3 film, 

the IE and EA for the FNCA modified film are found to be 5.51 eV and 4.03 eV, respectively. 

This corresponds with a 0.2 eV increase in IE and a 0.1 eV increase in EA after treatment with 

FNCA. The difference between the IE and EA values give a transport gap of 1.48 eV, which 

deviates more from the optical gap and is slightly larger than the transport gap of neat FASnI3.  

The energy diagram in Figure 5C was constructed from a combination of the UPS, IPES, and 

XPS data and shows the evolution of the FASnI3-FNCA and C60 energetics from 0-16 Å and 8-

256 Å respectively. 
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Figure 5.  Secondary electron cutoff region (A) and onset region (B) recorded using UPS and 

IPES during the stepwise deposition of C60 on FASnI3 with FNCA surface ligand treatment. 

Results are summarized in a schematic diagram of the energy levels (C). Work functions were 

determined from the SECO in UPS. 
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The XPS spectra taken at each thickness increment during the deposition of C60 on 

FNCA-FASnI3 are displayed in Figure 6.  Here, all XPS peaks from FASnI3 shift by 

approximately 0.3 eV towards lower binding energies as the C60 thickness is increased from 0 to 

32 Å, which is similar to the shifts observed for unmodified FASnI3 as the C60 thickness is 

increased from 2 to 32 Å.  However, the FNCA-treated FASnI3 does not show the initial increase 

in BE of 0.2 to 0.3 eV upon deposition of 2 Å C60 that was observed for the un-treated film. 

Attenuation of the Sn and I peaks follow the same trend as observed in the non-modified FASnI3 

film, where Sn is absent in the XPS spectra after 128 Å of C60 has been deposited, but I remains 

visible through 256 Å. Likewise the position of the I peaks at the final thickness are 

approximately 1 eV higher and the same evolution of the I 3d5/2 peak as presented in Figure 3D 

is observed. Further, comparison of the C:I ratio at C60 thicknesses of 64 Å and greater shows 

essentially no change from the control at 330:1. These results indicate that FNCA treatment has 

little effect on the diffusion of I- into the C60 layer.  The inability of FNCA to reduce or prevent I- 

diffusion is attributed to the incomplete surface coverage of FNCA. 

The energy diagram shows that despite the changes in the FASnI3 CBM and VBM after 

FNCA treatment, the LUMO and HOMO of C60 remain offset in favorable positions for electron 

transfer from FASnI3 to C60. Similar to un-treated FASnI3, both the HOMO and LUMO bands of 

C60 display upward band bending as the thickness increases. Again, the UPS results are at odds 

with the XPS results with regards to the FASnI3 VBM shift at the interface.  Here, UPS results 

show that the VBM moves away from EF as the C60 thickness is increased, but XPS results show 

that the core level energies move closer towards EF as the C60 thickness is increased. 
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 Stepwise C60 depositions with UPS, IPES, and XPS measurements were recorded for 

TMPA-Cl and OCA treated FASnI3 as well.  These results, as displayed in SI Figures S10 and 

S11, show that little change is observed upon treatment with surface ligands, that is the work 

function, IE, and EA values vary by less than 0.1 eV from the neat FASnI3 film.  As additional 

C60 is deposited similar trends are observed as seen with untreated FASnI3 and both show 

evidence of I- diffusion into C60 as shown in SI Figure S12. In general, all the examined 

interfaces show a favorable energy landscape for electron transfer from FASnI3 to C60, widening 

of the FASnI3 transport gap at the interface with C60, small increases in the work function upon 

increasing C60 thickness, and band bending in both C60 and FASnI3. 

 

Figure 6.  XPS data showing the C 1s (A), Sn 3d (B), and I 3d (C) regions during the stepwise 

deposition of C60 on FASnI3 with FNCA ligand exposure 

 To examine how altering the interfacial energetics through treatment with surface ligands 

affects interfacial charge transfer processes, photovoltaic devices were fabricated with the 

architecture ITO/PEDOT:PSS/FASnI3+surface ligand/C60/BCP/Ag, both with and without 

surface ligand treatment of the FASnI3. The max (average) efficiency achieved with non-
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modified FASnI3 was 4.98 (4.71)%, 3.76 (3.5)% for OCA, 4.38 (3.83)% for FNCA, and 5.93 

(5.55)% for TMPA-Cl.  Some of these best PV devices were achieved in different fabrication 

sets completed over a period of four months and significant set-to-set variations were observed, 

which is related to the sensitive nature of FASnI3 fabrication and ligand treatment. Based on 

multiple comparisons within single sets of devices, the surface ligands TMPA-Cl and FNCA 

typically increase PCE, whereas OCA typically results in similar PCE as the non-modified 

device. A common trend observed with the highest performing devices containing TMPA-Cl and 

FNCA surface ligands is an improvement in the open circuit voltage (VOC), with the best PV 

devices showing Voc increases of 0.1 and 0.08 V, respectively, compared to un-treated devices.  

In the direct side-by-side comparison shown in Figure 7, only FNCA displays a statistically 

significant increase in VOC, whereas both FNCA and OCA show marginal improvements in short 

circuit current density (Jsc). 

 

Figure 7.  Current-voltage curves measured under AM1.5 simulated irradiation for the PV 

devices with various surface ligand treatments (A) and the PCE of the PV devices as function of 

time after device fabrication (B). 
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The PV device results may in part be rationalized through the changes observed in the 

interfacial energetics. All FASnI3/C60 interfaces, with and without surface ligands, retain 

favorable energy level offsets for electron transfer from FASnI3 to C60, thus no appreciable loss 

in PV device performance is expected. However, the improvements observed for devices that 

contain TMPA-Cl and FNCA may be ascribed to subtle changes in the interfacial energetics. For 

instance, at TMPA-Cl and FNCA modified interfaces the FASnI3 conduction band shows more 

pronounced downward bending of 0.11 and 0.12 eV, respectively, which may promote 

photogenerated electron migration from the FASnI3 bulk to the interface with C60. This bending 

in the FASnI3 conduction band is not observed for the untreated or OCA treated interfaces. 

Further, the overall vacuum level shifts observed upon C60 deposition with TMPA-Cl and FNCA 

modified films is reduced compared to the untreated and OCA treated films.  The LUMO 

bending in C60 and the vacuum level shifts should result in increased electron accumulation at 

the interface with FASnI3; thereby, the more minimal shifts in the FNCA and TMPA-Cl treated 

films are suspected to benefit PV performance by reducing the electron density at the FASnI3 

interface. 

To investigate the impact of surface ligands on device stability a single device set was 

fabricated using all surface ligands and the devices were tested as a function of time after device 

completion to monitor the degradation of device performance. Figure 7 shows JV curves for the 

best PV devices with each surface ligand obtained in this set and the normalized change in 

average PCE as a function of time.  During this measurement series, the devices were stored and 

tested in a nitrogen filled glovebox with O2 and H2O levels below 0.2 and 0.5 ppm, respectively. 

Over the first three hours all device averages drop sharply, after which a slower decay 
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component begins. Non-modified devices degrade rapidly: reaching 50% of their original PCE 

by approximately the 60-hour mark. Devices treated with OCA and TMPA-Cl show similar 

instability; however, those treated with FNCA show significantly improved stability. After 10 

and 20 days of storage the average PCE remains above 90 and 75% of the initial value, 

respectively. We suspect that the increased stability upon FNCA treatment is due to the 

hydrophobic nature of the heavily fluorinated tail group, which can help reduce degradation 

reactions with water. These results highlight the promise of using surface ligands to stabilize the 

PV performance of Sn-based HPs. 

Conclusions:  

 The FASnI3/C60 interfaces, both with and without surface ligands, all display favorable 

energy landscapes for electron transfer from FASnI3 to C60.  The widening of the FASnI3 

transport gap at the C60 interface and the disagreement in the core level and valence band shifts 

relative to EF highlights that significant changes are occurring in the electronic structure of 

FASnI3 at this interface, which may have a significant influence on PV performance.  In part, 

these electronic structure changes may be attributed to I- diffusion out of FASnI3 and into C60.  

Currently, the influence of I- diffusion and n-doping of C60 on interfacial energetics, charge 

transfer, and PV performance are unclear and are a subject of active investigation in our group.  

The observation that the surface ligand FNCA can greatly improve the stability of FASnI3-based 

PSCs, even though it does not inhibit I- diffusion, emphasizes the potential importance of surface 

ligands and underscores the need to better determine degradation mechanisms in Sn-based PSCs.  
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Supporting Information. Supporting information includes ultraviolet, inverse, and X-ray 

photoelectron spectra, UV-Vis absorbance and photoluminescence spectra, examples of the 

fitting routine applied to the photoelectron spectra, angle dependent XPS data, calculations of 

iodide diffusion, and UPS and IPES data recorded during the step-wise deposition of C60 on 

FASnI3. 
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