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Abstract 

Photovoltaic technology, particularly perovskite solar cell (PSC) materials, has emerged 

as a promising avenue due to their excellent light-absorbing properties. Despite 

significant progress in PSC technology, defects within the perovskite material continue 

to pose challenges, leading to reduced efficiency and stability of the devices. CsPbI3 

perovskites have shown potential, but trap states induced by surface defects remain a 

challenge. The use of fullerene-derivatives, like C60 and PC61BM, has been highlighted 

to enhance the device stability eliminating/reducing hysteresis and passivating trap states. 

However, the mechanisms behind fullerene-induced passivation of trap states and their 

impact on surface energetics remain unclear. This study employs periodic density 

functional theory (DFT) simulations to explore the interaction between C60, PC61BM, and 

CsPbI3 (001) surface, with and without defects (cesium vacancy, lead vacancy, and I-

antisite). The DFT simulations reveal that both C60 and PC61BM effectively passivate trap 

states induced by I-antisite defects by reorienting and reorganizing the iodine atoms that 

promote the presence of trap states. This work contributes to understanding the 

fundamental aspects of surface-defect interactions in CsPbI3 perovskites. Both C60 and 

PC61BM play a crucial role in passivating trap states, causing atomic reorganization and 

avoiding the nonradiative recombination. The findings provide valuable insights into 

mechanisms for trap state passivation by fullerene derivatives, paving the way for further 

research to enhance PSC performance. 
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Introduction 

Boosting renewable energies is the 7th goal of 17 sustainable development goals (SDGs) 

of the 2030 United Nations Agenda for Sustainable development. The 7th SDG is a plan 

of action for people, planet and prosperity whose premise is to accelerate the transition 

towards a low-carbon competitive economy. Currently, electricity generated from fossil 

fuels (coal, gas, and oil) exceeds 60%, while renewable energy sources contribute about 

7-9 % of global energy use.[1] To achieve carbon neutrality, it is imperative to reverse the 

tendency of the global energy production towards the use of renewable energy sources. 

Recognizing solar power as the largest exploitable energy resource has driven the 

extraordinary growth of photovoltaic (PV) cell technology to meet increasing energy 

demands. Perovskite solar cell (PSC) materials have garnered significant attention in the 

field of PV due to their exceptional light-absorbing properties and ease of fabrication.[2–

10] The inception of PSCs dates back to the early 2000s, when researchers began 

exploring organic-inorganic hybrid PSCs as potential candidates for converting sunlight 

into electricity.[11] Currently, the maximum efficiency reported for PSCs is 26.7 

%.[3,12–14] 

One of the main issues with organic-inorganic PSCs is their decomposition due to volatile 

organic cations.[15,16] One of the strategies to solve this problem is the use of inorganic 

cations to improve the PSC stability.[17,18] CsPbI3 perovskites emerged as promising 

materials for solar cell applications,[19–21] demonstrating charge-carrier mobilities 

comparable to those of organic-inorganic PSCs, presenting efficiencies over 20%.[22] 

Additionally, with a Goldshmidt tolerance factor favorable for cubic perovskites,[23–26] 

CsPbI3 is a stable perovskite structure with slight distortions that prone to some degree of 

structural deformation. Although PSCs have achieved a maximum reported efficiency of 

26.7%, this is still below the theoretical limit of approximately 33% for single-junction 

devices under standard test conditions.[27] This discrepancy can be attributed to the 

formation of defects during the perovskite crystallization process. The presence of defects 

is commonly related to the nonradiative recombination of the electron-hole pair, mainly 

due to the formation of trap states, prompting a decay in the PSCs performance.[28–36]  

CsPbI3 perovskites exhibit various defects including vacancies, uncoordinated cations, 

and antisite defects on their surfaces and interfaces.[37–42] Vacancies occur when an ion 

is missing from its lattice site, interstitial defects occur when an ion occupies an interstitial 

position, and antisite defects are generated when an atom or ion takes the place of another 
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atom or ion at a different site within the crystal lattice. Defects located on the perovskite 

surfaces may induce alterations in the coordination environment of the atoms.[35] These 

defects, including anion-cation antisites, may form deep traps for charge carriers at 

different energy levels and can significantly affect device performance. The intrinsic point 

defects can introduce covalent bonds (as new bonds can form between the defect-

generating atoms and the atoms in the perovskite unit cell), forming structures like I-I-I 

trimers. These species generate deep trap states within the bandgap, serving as 

recombination centers for photogenerated carriers.[43–45] These surface defects are more 

frequent than bulk defects,[33,46] although recent studies show that halide vacancies 

primarily generate bulk traps.[47] 

Since the pioneering work of Jeng and coworkers in 2013,[48] the use of fullerene-

derivatives as electron transport layer or additives has generated a lot of attention. They 

have eliminated/reduced the hysteresis,[49–52] improved the device stability in 

comparison to fullerene-free standard PSCs,[53–55] and favors the high-scale 

preparation. Furthermore, it is well-known the capability of fullerene-derivatives to 

passivate trap states, and defects [56] as well as other molecules like benzene or 

pyridine.[57] For instance, Huang et al. revealed that the inclusion of PC61BM on the 

methylammonium lead perovskite films mitigated trap states, enhancing the power 

conversion efficiency from 7.3% to around 14.9%.[49] In addition, PC61BM was 

proposed as an additive able to passivate rich-iodide defects and several other trap states 

at the grain boundaries of CH3NH3PbI3,[50] favoring the charge collection.[58,59] Li and 

collaborators proved that PC61BM was able to suppress trap states formed by Pb-I 

antisites,[50] and an identical conclusion was achieved by Loi and coworkers. They 

propose that fullerenes can assist the recombination of trap states on methylammonium 

lead perovskite.[60] A similar passivation effect has been reported by several authors 

using C60. Fu et al. showed that C60 end-capped with polyethylene glycol was able to 

passivate defects of perovskite films,[61] same behavior observed after the 

functionalization of C60 with pyridine,[62] thiophene, cyano,[63] and indene-C60 

groups.[64] Li and coworkers incorporated a triblock fullerene derivative between TiO2 

and perovskite, enhancing charge extraction, and passivating interface defects.[65] 

Despite the experimentally demonstrated positive effect of fullerene derivatives on the 

PSC devices, it is not clear and not well understood how fullerenes passivate these trap 

states, the effect of binding groups of fullerenes, and how passivation influences the 
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surface energetics. Further studies are needed to better understand the fullerene-

perovskite interactions to develop more efficient and stable devices. Notably, very few 

computational studies have explored these interactions, and none have comprehensively 

addressed the effects of the most common defects in the perovskite lattice and the 

mechanism related with the defect’s passivation.[66] By means of periodic density 

functional theory (DFT) simulations, we have investigated the interaction of C60 and 

PC61BM with CsPbI3 (001) surface with and without defects (cesium vacancy, lead 

vacancy, and I-antisite). These systems were selected due to their significant relevance in 

both fundamental research and practical applications. C60 and PC61BM, as well-

established fullerene derivatives, are particularly relevant because they have 

demonstrated promising passivation effects in perovskite solar cells, and their interaction 

with perovskites is still not fully understood. These systems present an ideal starting point 

for future studies aimed at optimizing perovskite-based devices through defect 

engineering and fullerene-based passivation. Our simulations unveil how both C60 and 

PC61BM can eliminate the trap state generated by the I-antisite since they promote the 

surface reconstruction of the perovskite.  

Computational details and models 

Periodic DFT calculations were performed with the Vienna Ab initio Simulation Package 

(VASP) code.[67] Optimizations were performed using the Perdew-Burke-Ernzerhof 

(PBE) exchange-correlation functional,[68] including the D3 formalism of Grimme, since 

van der Waals interactions play a major role in the description of fullerene reactivity[69] 

and fullerene-perovskite interaction.[66,70] It is important to mention that PBE is highly 

accurate to calculate the binding energies and to describe the surface geometry,[71] 

surface-adsorbate interactions, making it a reliable choice for studying these perovskite 

systems. Additionally, the versatility of the PBE functional when enhanced with van der 

Waals corrections ensures a balanced treatment of bonding interactions and dispersion 

forces, which are crucial for modeling hybrid organic-inorganic perovskites.[72] 

Nevertheless PBE usually underestimates the bandgap of the materials.[73] However, the 

bandgap is accurately predicted for several perovskite[74] and oxide materials due to a 

fortuitous cancellation of errors between relativistic, spin-orbit coupling, and electronic 

correlation.[75,76] The presence of heavy atoms necessitates the proper treatment of 

relativistic effects with spin orbit coupling (SOC)[77,78] albeit with a tradeoff between 

computational accuracy and cost. The Green’s function method (GW) is computationally 
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intensive,[33,79] and hybrids are a good alternative, although considering the size of our 

systems, this level of theory is not feasible. Therefore, we use PBE-D3 to describe the 

perovskite interaction and compute the binding energy, charge density differences, and 

projected density of states (PDOS). The most relevant systems have been reoptimized 

considering SOC, although no remarkable differences were found in the PDOS, i.e., the 

presence (or not) of trap states is independent of the method used.[80] The electronic 

density of the valence electrons was expanded onto a plane-wave basis set. The effects 

caused by the core electrons on the valence ones were described through the projected 

augmented wave (PAW) method of Blöch[81] as implemented by Kresse and Joubert.[82] 

For the electronic relaxation, the system is considered converged when the total energy 

change was smaller than 10-5 eV. For the atomic relaxation, the minimization is reached 

when the forces acting on the atoms were smaller than 0.01 eV Å-1. 

To perform the simulations, we have selected the cubic structure which has a band gap of 

1.73 eV, suitable for solar cells.[83] The lowest energy and maximum exposed surface, 

(001), which is the major facet of halide perovskites, has been chosen.[19] Our slab model 

is a 3×3 supercell of a CsI terminated surface with 6 layers (3 CsI and 3 PbI2 layers) 

having 135 atoms (see SI for further details). The two outermost layers have been relaxed, 

allowing the atomic displacement. All the defects induced on the neutral slab are reported 

in Table 1. According to Kye and coworkers,[84] the formation of cation vacancies plays 

a critical role in stabilizing the cubic phase of CsPbI3. This stabilization is supported by 

the formation of cation vacancies, favored by the use of I-rich conditions.[84] For this 

reason, we have modelled slabs that contain cationic vacancies and the occupation of one 

iodine atom in the Pb site. The formation of the cesium and lead vacancies have been 

performed by extracting one cesium atom from the most external layer and one lead from 

the second one. The surface with I-antisite contains one extra iodine substituting one lead 

atom on the second layer. The presence of these mentioned defects comes with a charge 

neutrality loss of the PSC slab. One approach to ensure charge neutrality of the slab is by 

intentionally introducing spatially localized countercharges into the system.[85]  In our 

case, we have included alkali Li atoms on the bottom layer of the defective slabs to 

compensate the charged surface, thereby avoiding the need for charged cells. The Li 

atoms were placed on the bottom of the slab and we allow their optimization, maintaining 

the CsI and PbI2 layers frozen. Once the geometry was optimized, the alkali ions were 
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kept frozen during the optimization of the surface energy and the adsorption of the 

fullerene derivatives thereon.  

Table 1: Defects investigate in this work, summarizing the atoms removed (Aout), the 

atoms incorporated (Ain), the charge of the perovskite surface, and the number of Li 

placed on the bottom layer to compensate the charge.  

 

Defect Aout Ain Charge Li Modelling 

Csvac Cs - -1 1 One of the external Cs atoms was removed 

Pbvac Pb - -2 2 One of the Pb atoms located in the second layer was removed 

I-

antisite 

Pb I -3 3 One of the Pb atoms located in the second layer was exchanged 

by one I atom 

 

The binding energy of the C60 and PC61BM has been computed according to eq. 1:  

𝐸𝑎𝑑𝑠= EF/surf - (𝐸𝑠𝑢𝑟𝑓 + 𝐸𝑓) (1) 

where EF/surf is the total DFT energy of the fullerene adsorbed on the surface, 𝐸𝑓 is the 

energy of the isolated fullerene, and 𝐸𝑠𝑢𝑟𝑓 is the energy of the corresponding surface, with 

or without defects. For the currently studied systems, the charge distribution is estimated 

by the QTAIM method of Bader.[86] 

Results 

Generation of surface defects on CsPbI3 (001) 

First, the stoichiometric slab geometry was optimized to ensure a structurally accurate 

representation of the defect-free surface. Subsequently, the common defects described in 

Table 1 were systematically modeled by introducing them into the optimized slab, 

followed by additional structural relaxations to capture the resulting surface 

reconstructions. Figure 1a depicts the optimized structure of CsPbI3 (001) and its 

corresponding PDOS. During the optimization process, the most external cesium atoms 

shifted downward by 0.8 Å (Figure S3a, SI).  

The subsequent step has been to induce the surface defects. The formation of cesium 

vacancy on the most exposed surface layer does not lead to distortion of the slab geometry. 

From the point of view of the electronic structure, the PDOS plot did not reveal significant 

differences with respect to the CsPbI3 (001) surface without defects (Figure S3b, SI). On 

the other hand, removing one of the lead atoms from the second layer does not produce 

significant variations in the surface geometry and electronic structure, as encountered 
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with cesium vacancy (Figure S3c, SI). Nevertheless, the presence of an I-antisite defect 

leads to alterations in both electronic structure and surface geometry. First of all, we found 

two configurations, quasi-degenerate in energy (only 0.15 eV between them). During the 

optimization process, the iodine that replaces lead on the second layer shifts upwards 

(referred to as I1 site), moving closer to the outermost CsI layer (Figure 1b). 

Subsequently, one of the iodine atoms, originally aligned with cesium atoms on the first 

layer, migrates upwards to bind with two cesium atoms (referred to as I42 site) on the 

outermost layer. The PDOS analysis clearly shows the formation of a trap state in the 

middle of the bandgap associated with I42 atom situated on top of cesium atoms. This is 

not unexpected since it has been reported that this kind of defects promote the formation 

of these states[87] and is as well reported how fullerenes can passivate them.[50] The 

presence of the I-antisite defect does not directly trigger the formation of the trap state 

but induces structural changes on the surface, leading to the generation of these trap states 

between the valence and the conduction band (CB) of the perovskite. We referred to this 

slab as CsPbI3-I-antisite-TRAP. On the other hand, we found a second slab structure 

that is 0.15 eV lower in energy. In this case, our DFT simulations unveiled a novel surface 

reconstruction (referred to as CsPbI3-I-antisite-NoTRAP) where the iodine atom located 

on top of two cesium on CsPbI3-I-antisite-TRAP model (I42), moves downwards to the 

surface and connects with one of the lead atoms located on the second layer, which moves 

upwards. Apart from the slightly favored energetics, this model does not show the 

presence of trap states (see Figure 1c). Due to the short energy difference and the 

importance of the presence of trap states, both slabs have been considered to evaluate the 

C60 and PC61BM adsorption thereon.  
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Figure 1. (a) Optimized geometry of CsPbI3 surface without defects (left) and the 

corresponding projected density of states (right), (b) reconstructed structure (CsPbI3-I-

antisite-TRAP) of CsPbI3 (001) with I-antisite (I1) (left) and the corresponding PDOS 

of the same surface with focus on the I42 site causing trap state (right). (c) reconstructed 

structure (CsPbI3-I-antisite-NoTRAP) of CsPbI3 (001) with I-antisite (left) and the 

corresponding PDOS of the same surface (right). 

C60-CsPbI3 and PC61BM-CsPbI3 Interaction 

The initial step in this study involved exploring the interaction of the two fullerenes under 

investigation with the stoichiometric CsPbI3 (001) surface, meaning no defects were 

included in this phase of the analysis. Figure 2 illustrates the four different orientations 

of C60 considered for its interaction with the CsI-terminated CsPbI3 (001) slab, with 
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positions on top of cesium (TopCs) and on top of iodine (TopI). This includes hexagonal 

(hex) and pentagonal (pen) faces, as well as two specific types of carbon-carbon (C–C) 

bonds that connect two hexagons or one hexagon and one pentagon face, namely bond66 

and bond65, respectively. Throughout the optimization process, no drastic changes in 

geometry were observed for any of the configurations. Table 2 reports the binding 

energies of C60, displaying the influence of the adsorption surface site. These values are 

around 0.3-0.4 eV lower (i.e., weaker interaction) with respect the values encountered for 

C60 adsorption on methylammonium lead perovskite.[66] The adsorption on top of the 

cesium atoms is energetically preferred compared to the adsorption on TopI. The C60 is 

closer to the surface when it is placed on TopCs (Figure S4, SI). The sinking of the most 

external cesium atoms of the first surface layer allows the enclosure of C60 between the 

four iodine atoms neighboring to the cesium site. In contrast, the adsorption on TopI 

implies large distances (around 0.9-1 Ǻ with respect TopCs geometries) to the CsI layer. 

The charge density difference analysis, as illustrated in Figure S5 (see SI), revealed an 

accumulation of electron density between cesium and C60, suggesting more attractive 

interaction with respect to iodine surface atoms, where a depletion of electron density is 

observed. Notably, the orientation of C60 does not show remarkable differences in the 

binding energy values. Specifically, when adsorbed on TopCs site, the four different 

orientations exhibit a maximum energy difference of 0.03 eV, while it was 0.04 eV on 

TopI site. These findings suggest that C60 can be accommodated on the surface in diverse 

orientations.  

On the other hand, the Bader charge exploration shows minimal charge transfer from the 

surface to the C60 (only 0.04 e-). Our analysis of the PDOS did not reveal any significant 

difference since the bands of the perovskite appear at the same energies with respect to 

the Fermi level independent of the presence of the C60. Moreover, no remarkable 

differences were found comparing the distinct C60 orientations and adsorption sites (see 

Figure S6, SI, for the systematic comparison).  
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Figure 2. (a) Studied different orientations of C60 with CsI-terminated CsPbI3 (001) slab, 

on top of cesium (TopCs) and on top of iodine (TopI). (b) a representation of C60 adsorbed 

on the clean CsPbI3 slab.  

Table 2. Binding energies (in eV) for different orientations of C60 on top of cesium and 

iodine on CsI-terminated CsPbI3 slab. 

Binding energies 

Orientation of C60 TopCs TopI 

hex-C60 -0.59 -0.41 

pen-C60 -0.56 -0.41 

bond66-C60 -0.56 -0.37 

bond65-C60 -0.58 -0.39 

 

The identical procedure employed for C60 has been used to investigate the interaction 

between CsPbI3 (001) surface and PC61BM. The primary distinction between C60 and 

PC61BM lies in the functional group. For PC61BM, a few more orientations should be 

considered to evaluate the effect of this functional group. This includes the interaction of 

PC61BM in two main orientations: being perpendicular and parallel to the surface via 

different orientations of fullerene cage as well as the functional group moieties (Figure 

3).  
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Figure 3. Representation of distinct orientations of PC61BM in which; (a) PC61BM is 

perpendicular to the slab where the fullerene cage is in direct contact with the slab, (b) 

PC61BM is perpendicular to the slab where the functional group moiety is in direct contact 

with the slab, and (c) PC61BM is parallel to the slab.  

The binding energies of the considered orientations are listed in Table 3. Note that only 

configurations adsorbed on TopCs have been considered, based on the results obtained 

for C60. When the PC61BM is oriented perpendicular to the surface and the contact with 

CsPbI3 (001) is by means of the fullerene cage, a similar behavior to that observed for C60 

is seen. However, the binding energy values for PC61BM are slightly more negative (~-

0.75 eV). It is noteworthy that the orientation of the fullerene cage (pen/hex face or bond 

66/65) does not play a significant role, since the binding energy values are almost the 

same. The PDOS analysis did not show remarkable differences with respect to the bare 

CsPbI3 (001) surface without fullerenes (Figure S7, SI).  

Table 3. Binding energies (in eV) for different orientations of PC61BM on top of clean 

CsPbI3 slab. 

Binding energies 

PC61BM perpendicular to the surface a 

hex-perp-PC61BM -0.75 

pen-perp-PC61BM -0.70 

bond66-perp-PC61BM -0.71 

bond65-perp-PC61BM -0.72 

PC61BM perpendicular to the surface b 

oxy-perp-PC61BM -0.50 
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phenyl-oxy-perp-PC61BM -0.92 

PC61BM parallel to the surface 

hex-para-PC61BM -1.22 

pen-para-PC61BM -1.21 

a fullerene cage in direct contact with the surface. 
b functional group moieties in direct contact with the surface. 

 

Furthermore, we have explored the direct contact between the functional group and the 

surface, being the C60 cage far from the perovskite. As reported in Table 3, when the 

carbonyl oxygen atom of the ester functional group is bonded to one of the cesium atoms, 

the binding energy is weaker (-0.50 eV) compared to the scenario where the phenyl group 

is adsorbed on the perovskite surface, being the binding energy almost twice higher (-

0.92 eV). For both cases, PDOS plots (Figure S7, SI) illustrate that the second CB of the 

PC61BM is higher in energy with respect to the CB of the perovskite, in contrast to the 

other PC61BM orientations. This fact can be attributed to the larger distance between the 

carbon cage and the perovskite since this band corresponds to the atoms on the fullerene 

cage rather than the functional group (Figure S8, SI). This suggests that the interaction of 

the fullerene cage with the perovskite surface slightly displace the second CB to lower 

energy values. Finally, the strongest interaction was found orienting the PC61BM parallel 

to the surface, maximizing the number of PC61BM-surface contacts. A binding energy of 

-1.22 eV was found. Nevertheless, it has not significantly affected the PDOS analysis 

since it shows the same PDOS plot as the other configurations with weaker binding 

energies. 

C60 and PC61BM Interaction with CsPbI3 defective surface  

To provide a comprehensive analysis, we have investigated the impact of surface defects 

(Csvac, Pbvac, and I-antisite) on the interaction of CsPbI3 perovskite surface and the 

fullerenes studied in this work. The binding energies of C60 are reported in Table 4. Note 

that the energy reference of the surface is the total energy of the slab after the formation 

of the defect. For the surface featuring a single cesium vacancy (Csvac), we have evaluated 

and compared the adsorption of C60 at three specific sites: directly on top of the Csvac, on 

TopI, and on top of one of the Cs atoms neighboring the Csvac. Our conformational 

analysis reveals that C60 preferentially adsorbs on top of the Csvac. The adsorption at the 

nearby TopI sites exhibits a further reduction in binding energy (around 0.40 eV). This 

difference is much higher than the difference found on the defect-free perovskite (see 
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Table 2), indicating that the vacancy significantly impacts the interaction with C60. On the 

other hand, when the C60 is placed over one of the cesium atoms neighboring the vacancy, 

the binding energy decreases by approximately 0.30 eV compared to the adsorption on 

top of Csvac. This trend was consistently observed across all tested C60 orientations, and 

for this reason, they are not included in Table 4. Thus, all the systems in Table 4 labelled 

as TopCs corresponds to the adsorption of C60 on top of the Csvac. The strongest binding 

energy observed, -0.83 eV, is more than 0.2 eV higher than the interaction with the defect-

free perovskite.  

Furthermore, the PDOS analysis of both orientations (over Csvac and over neighboring 

Cs) shows slight differences that are important to highlight. When the C60 is adsorbed on 

top of the vacancy, the second CB of the C60 overlaps with the conduction band minima 

(CBM) of the perovskite (Figure 4a). According to the results from Cui and 

coworkers,[88] this fact strongly suggests fast interfacial electron transfer from the 

perovskite to C60. However, the adsorption on the adjacent TopCs slightly displaces the 

second CB of C60 to lower energy, being not aligned with the CBM of the perovskite 

(Figure 4b). This difference could affect the electron transfer process, essential for the 

performance of the solar cell device. Thus, the presence of the Cs vacancy enhances the 

binding energy resulting in a more favorable electronic structure that promotes the 

electron transfer process, as highlighted in the work of Cui and collaborators.  

On the other hand, the presence of lead vacancy does not show remarkable variations in 

the surface geometry and the electronic structure of the system. The binding energy values 

are quite similar to those for C60 adsorption on the CsPbI3 (001) surface without vacancies 

and are slightly lower than those for a slab with a cesium vacancy. In this scenario, the 

adsorption of C60 on TopI site is not significantly different in terms of energetics from 

adsorption on TopCs. Details about the PDOS plots for cesium and lead vacancies can be 

found in Figure S9, SI. 

Table 4. Lowest binding energies (in eV) for each different orientations of C60 on top of 

cesium and on top of iodine on CsI-terminated CsPbI3 slab with three defects. 

Binding energies 

Systems Cs vacancy a Pb vacancy I-antisite 

 Eads Eads Eads Erel 
b 
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hex-topCs-C60 -0.79 -0.54 -0.69 0.09 

hex-topCs-C60-TRAP - - -0.62 0.30 

pen-topCs-C60 -0.83 -0.51 -0.64 0.13 

bond66-topCs-C60 -0.74 -0.51 -0.64 0.13 

bond65-topCs-C60 -0.83 -0.51 -0.68 0.10 

     

hex-topI-C60 -0.37 -0.32 -0.58 0.19 

pen-topI-C60 -0.35 -0.38 -0.77 0.00 

bond66-topI-C60 -0.34 -0.50 -0.29 0.48 

bond65-topI-C60 -0.35 -0.53 -0.22 0.55 

a Systems labelled as TopCs correspond to C60 adsorbed over the Cs vacancy. 
b Erel is the relative energy of the system where the lowest energy (absolute) system (pen-topI-C60) is taken 

as the reference. 

 

 

Figure 4. Optimized geometry of C60 adsorbed on CsPbI3 surface with cesium vacancy, 

where (a) C60 is on top of the vacant site; (b) C60 is on top of the cesium atom adjacent to 

the vacancy site and their corresponding total and PDOS plots.  
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Regarding the formation of I-antisites, we have considered the two different surface 

configurations illustrated in Figure 1, CsPbI3-I-antisite-TRAP, and CsPbI3-I-antisite-

NoTRAP. The first one comes with a surface reconstruction where one of the iodine 

atoms shift upwards into the CsI layer inducing the presence of a trap state in the middle 

of the bandgap. In contrast, the latter do not show this iodine atom displacement and the 

associated trap states are only 0.15 eV lower in energy. The C60 has been initially placed 

on TopCs and TopI atoms on both (almost) energetically equivalent slabs. All the C60 

adsorption geometries investigated on CsPbI3-I-antisite-NoTRAP system preserved the 

initial surface geometry, i.e., without the presence of trap states. Interestingly, when the 

C60 adsorbs onto the CsPbI3-I-antisite-TRAP configuration, our DFT simulations 

revealed, in the majority of the tested cases, a surface reconstruction towards CsPbI3-I-

antisite-NoTRAP configuration. As detailed in Tables S1 and S2, no significant 

structural differences were observed in the outermost surface layers when compared to 

the adsorption of C60 on defect-free surfaces. Aside from the displaced iodine atom, the 

rest of the cation-anion distances on the surface remain largely unaffected. The only 

notable change is observed for the Cs-I bond distances within the topmost layer, where 

systems with trap states exhibit slightly shorter distances (~0.3-0.4 Ǻ). This occurs 

because, in the CsPbI3-I-antisite-TRAP configuration, the iodine atom occupies a 

position on top of the most exposed layer, creating a vacancy in this region. This is 

compensated by the shortening of bond distances between iodine and cesium atoms. 

 The presence of C60 promotes the displacement of the iodine atom to the outermost layer, 

reconstructing the surface configuration and removing the associated trap states as well. 

In Table 4, the binding and relative energies of the adsorption on CsPbI3-I-antisite-

NoTRAP are reported. These systems exhibit the most favorable relative energies and 

adsorption energies in comparison to the configurations with trap states. In other words, 

the system without trap states is energetically more stable, regardless of the orientation 

and adsorption site of C60. The strongest binding energy of -0.77 eV is achieved, with 

several C60 orientations exhibiting very similar relative energies, indicating they can be 

considered energetically degenerate. The PDOS plot revealed that the trap state is no 

longer present (Figure 5a), since the iodine atom that promotes their formation is 

anchored to the outermost layer connected with one of the lead atoms located on the 

second layer. At this particular case, the transference of charge from the surface to the C60 

is quantified at 0.14 e-. 
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It is important to note that we found one configuration (hex-topCs-C60-TRAP) that 

retains the reconstructed CsPbI3-I-antisite-TRAP surface with its trap state, despite C60 

adsorption. This system shows a relative energy of 0.30 eV (see Table 4) compared to the 

most stable system without trap states. Prior to the C60 adsorption, the difference in energy 

between CsPbI3-I-antisite-TRAP to CsPbI3-I-antisite-NoTRAP slabs was 0.15 eV, 

being the latter the lowest in energy, while the presence of C60 increases this difference 

0.15 eV more. In Figure 5b, this configuration is illustrated, where the I42 atom remains 

in place, maintaining the trap states. Indeed, the PDOS analysis clearly revealed the 

presence of the trap states associated to this iodine atom. In this specific case, the iodine 

atom is not re-anchored to the CsI layer, thus inducing the presence of trap states. 

However, according to our simulations, these trap states do not significantly impact 

charge transfer, which is quantified as 0.11e- form the surface to the C60.  

With the goal to explore the direct interaction between the reconstructed iodine atom on 

top of the CsI layer, we modelled a new adsorption geometry where the C60 was placed 

on top of the I42 atom. Interestingly, the initial structural geometry of CsPbI3-I-antisite-

TRAP was preserved after the energy minimization process. However, this configuration 

is not energetically competitive, being more than 0.60 eV higher in energy with respect 

to the lowest energy system (Figure S10, SI). This is because the C60 does not induce, in 

this particular case, the surface reconstruction and the elimination of the trap state. The 

C60 is placed on top of the iodine atom, far from the surface and minimizing the surface-

adsorbate contacts. All of this makes this configuration irrelevant.  

In summary, the presence of C60 can effectively passivate the I-antisite induced defect, 

increasing the energy difference between configurations without and with trap states since 

the adsorption of C60 induces the surface reconstruction with the subsequent elimination 

of the trap states. 
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Figure 5. (a) C60-CsPbI3 system with I-antisite defect and the corresponding total and 

PDOS plot that passivate the trap state. (b) C60-CsPbI3 system with I-antisite defect and 

the corresponding total and PDOS plot, showing the trap state associated with the iodine 

atom (I42 site). 

The investigation was also extended to the interaction with PC61BM with the three 

different defects considered in this study. Table 5 reports the binding energies, with 

PC61BM exhibiting an attractive interaction with the defective surfaces. The preferred 

surface orientation continues to be the parallel alignment of PC61BM, maximizing contact 

points with the surface. As observed for C60 adsorption, the presence of cesium vacancy 

comes with a slightly stronger interaction between the surface and the PC61BM (around 

0.15 eV more negative with respect to defect-free perovskite). This increment in the 

binding energy is observed for parallel and perpendicular (fullerene cage) orientations, 

while the adsorption energy is almost equivalent when the functional group is in direct 

contact with the surface.  
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In the context of the I-antisite defect, the perpendicular adsorption of PC61BM exhibits 

the weakest binding energies. Concerning the lowest energy systems, adsorbed in parallel 

to the surface, we have observed both surface geometries, CsPbI3-I-antisite-TRAP and 

CsPbI3-I-antisite-NoTRAP. The lowest energy configuration, with a calculated binding 

energy of -1.30 eV, shows the functional group of PC61BM pointing to the I42 site (Figure 

6a) promoting its displacement downwards and passivating the trap state, as depicted in 

the PDOS plot, where no trap state in the middle of the bandgap is observed. On the other 

hand, with a 0.18 eV of difference (Table 5), our simulations reveal that in hex-para-

PC61BM-TRAP configuration, when the fullerene cage is adsorbed adjacent to the I42 

position, the iodine atom remains unchanged (Figure 6b).  Notably, the reconstruction 

towards CsPbI3-I-antisite-NoTRAP configuration is not observed. The PDOS analysis 

confirms the presence of the trap states associated with the I42 site. Interestingly, our 

DFT simulations reveal the importance of the orientation of PC61BM with respect to the 

defects; the functional group is able to promote the displacement of the iodine that induces 

the trap states, while the direct contact of this iodine with the carbon cage does not modify 

the position of the iodine, allowing the presence of trap states in the middle of the 

bandgap. Therefore, the surface engineering and the deposition of the adsorbate play a 

crucial role in the passivation of trap states.  

Table 5. Binding energies (in eV) for different orientations of PC61BM on top of cesium 

on CsI-terminated CsPbI3 surface with three defects. 

Binding energies 

PC61BM perpendicular to the surface a 

 Cs vacancy Pb vacancy I-antisite 

Systems Eads Eads Eads Erel 
b 

hex-perp-PC61BM -0.81 -0.60 -0.58 0.72 

pen-perp-PC61BM -0.80 -0.66 -0.75 0.55 

bond66-perp-PC61BM -0.78 -0.67 -0.11 0.92 

bond65-perp-PC61BM -0.82 -0.65 -0.56 0.74 

PC61BM perpendicular to the surfacec 

oxy-perp-PC61BM -0.44 -0.49 -0.33 0.97 
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phenyl-oxy-perp-

PC61BM 
-0.92 -0.98 -0.67 0.63 

PC61BM parallel to the surface 

hex-para-PC61BM d -1.36 -1.23 -1.30 0.00 

hex-para-PC61BM-

TRAP e 
- - -1.27 

0.18 

pen-para-PC61BM -1.37 -1.23 -1.14 0.16 

a fullerene cage in direct contact with the surface. 
b Erel is the relative energy of the system where the lowest energy (absolute) system (hex-para-PC61BM 

with the functional group pointing to the I42 site) is taken as the reference. 
c functional group moieties in direct contact with the surface. 
d the functional group is pointing to the I42 site. 
e the carbon cage is pointing to the I42 site. This configuration has been only computed for I-antisite systems 

due to the presence of I42 out of the CsI plane. The binding energy has been computed using the energy of 

CsPbI3-I-antisite-TRAP as reference. For the rest of the systems, the energy of CsPbI3-I-antisite-

NoTRAP slab has been considered. 

 

 

 

Figure 6. (a) Sketch and PDOS of PC61BM-CsPbI3 (001) with I-antisite system without 

trap state. (b) Sketch and PDOS of PC61BM-CsPbI3 with I-antisite maintaining the trap 

state. 
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The effect of adsorbing fullerene derivatives on CsPbI3 (001) surface can be summarized 

as follows. Adsorption of both C60 and PC61BM on defect-free surfaces results in 

attractive interactions without significantly altering the electronic structure. The presence 

of cesium and lead vacancies leads to slight variations in binding energies; specifically, 

direct contact between the carbon cages of the fullerene and a cesium vacancy slightly 

enhances (i.e., makes more attractive) the binding energies, while binding energies remain 

largely unchanged when adsorption occurs on slabs with lead vacancy sites. The 

introduction of an I-antisite defect results in two nearly degenerate structures following 

energy minimization. One geometry, which is 0.15 eV higher in energy, that generates 

trap states within the bandgap due to the upward migration of an iodine atom to the 

outermost layer. When the C60 is adsorbed on this surface with trap states, the majority of 

geometries favor a surface reconstruction that eliminates the trap states. The only 

optimized structure that retains iodine at the surface after C60 adsorption is 0.30 eV higher 

in energy, thereby increasing the energy difference between the surface with and without 

trap states. A similar effect is observed upon adsorption of PC61BM, which adsorbs 

parallel to the surface with both the carbon cage and the functional group in contact with 

the surface. When the functional group is oriented towards the iodine atom that induces 

trap states, the iodine moves downward into the CsI layer, eliminating the trap state. This 

configuration is the lowest in energy. The trap state is only retained when the carbon cage 

is directed towards the iodine atom.  

Conclusions 

Periodic DFT simulations have been employed to study the interaction between C60, 

PC61BM, and CsPbI3 perovskite (001) surface, shedding light on their potential role in 

passivating trap states induced by surface defects. Our findings indicate that both C60 and 

PC61BM can help to diminish trap states arising from I-antisite defects, promoting surface 

reconstruction, and can enhance electron transfer processes.  

Through comprehensive DFT calculations, we elucidated the structural and electronic 

changes induced by surface defects such as cesium and lead vacancies, and I-antisite 

defects on the CsPbI3 (001) surface. The presence of I-antisite on bare surface comes with 

a surface reorganization that generates a trap state in the middle of the bandgap, being 

this surface only 0.15 eV higher than the surface without surface reconstruction, and thus, 

without trap states 
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The adsorption of both C60 and PC61BM was examined on the CsI termination of CsPbI3 

(001) surface with and without defects. The binding energies on non-defective surface 

show attractive interaction with both fullerenes, with PC61BM exhibiting the largest 

binding energies (-1.21 eV) when placed parallel to the surface, maximizing the surface-

adsorbate contacts. The adsorption of both C60 and PC61BM on surface containing defects, 

implies more attractive interactions when they are placed on top of the cesium vacancy. 

Our simulations suggest that both fullerenes hinder the formation of trap states associated 

with I-antisite defects. Both C60 and PC61BM induce the reconstruction of the iodine atom 

increasing the energy difference between the surface without and with traps (0.30 and 

0.18 eV respectively).  

This study provides a theoretical framework for understanding how fullerene derivatives, 

such as C60 and PC61BM, can passivate surface defects in CsPbI3 perovskites, a critical 

factor in improving solar cell performance. The research highlights how surface defects, 

particularly I-antisites, create trap states that negatively affects charge transport in 

perovskite solar cells. By focusing on how fullerenes interact with these defects, the study 

aids experimentalists in selecting materials for surface treatment, optimizing fabrication 

conditions, and improving device efficiency.  
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