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Abstract 

Surface passivation with suitable organic molecules has emerged as an effective strategy to reduce 

surface defects and improve device efficiency. Adsorption of organic molecules on the MHPs 

surface, however, implies electrostatic and charge transfer interactions which may alter the energy 

levels of the underneath perovskite. Here, we elucidate the effects of differently functionalized 

anilines, as the prototype passivating molecule, on the electronic levels of the lead iodide perovskite 

at the surface by DFT calculations. While the nature of the surface-passivating molecules 

undoubtedly affects the dipole moment, we argue that the adsorption geometry and the extent of 

surface coverage plays an equally, if not more, important role in determining surface properties. 
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The remarkable properties of metal-halide perovskites (MHPs) make them promising candidates for 

various technological applications, including solar cells, light-emitting diodes, and catalysis.
1–4

 The 

MHPs surface chemistry plays a crucial role in determining their performance and stability. 
5
 

Surface passivation with suitable organic molecules has emerged as an effective strategy to reduce 

surface defects and improve device efficiency.
6
 Adsorption of organic molecules on the MHPs 

surface, however, implies electrostatic and charge transfer interactions which may alter the energy 

levels of the underneath perovskite. In particular, the interplay between the adsorbate dipole 

moment and charge transfer is essential for the design of efficient passivation strategies. High 

dipole moments can induce polarization at the perovskite surface, leading to enhanced charge 

separation and reduced recombination rates. Conversely, the charge transfer between the 

passivating molecules and the perovskite surface must be carefully controlled to avoid unwanted 

doping effects or surface degradation.
7
 Numerous studies have demonstrated the significance of 

interfacial dipoles in modulating the electronic properties and improving the performance of a range 

solar cells, ranging from perovskite to dye-sensitized to organic solar cells.
8–17

 Engineering 

interfacial dipoles has been shown to enhance both the efficiency and stability of perovskite solar 

cells by improving band alignment, charge extraction, and reducing recombination losses.
18–32 

 In 

contrast to the conventional view, which often emphasizes the importance of the dipole moment on 

its own, our results reveal a more nuanced understanding.  

In this study, based on density functional theory (DFT) calculations, we elucidate the effects 

of differently functionalized anilines, as the prototype passivating molecule, on the electronic levels 

of the lead iodide perovskite at the surface. As a first step, the energy of adsorption of the molecules 

on the PbI2-terminated surface of MAPI has been studied. Hence, the trend between the molecular 

dipole, the associated charge transfer and the pinning of the perovskite levels is analyzed in order to 

rationalize the impact of these molecules on the charge extraction at the interlayer. Finally, the 

impact of molecular coverage for different terminations of the surface has been analyzed. While the 

nature of the surface-passivating molecule undoubtedly affects the dipole moment, we argue that 



the adsorption geometry and the extent of surface coverage plays an equally, if not more, important 

role in determining surface properties.  

To systematically investigate surface absorption properties and interfacial energy levels in 

MHPs, we consider the prototypical methylammonium lead iodide (MAPbI3) perovskite. We 

calculate adsorption of various amount of passivating MAI groups and contrast these results to 

those obtained for functionalized anilines, see Figure 1, which allow us to systematically vary the 

adsorbate dipole moment by playing with aniline para substituents. From a technical side, we note 

that calculating molecular dipole moments can only be trustfully achieved for neutral systems, as 

the dipole moments of charged systems (e.g. methylammonium or formamidinium) are biased by 

the choice of the reference origin, giving rise to origin-dependent arbitrary numbers. As a matter of 

fact, reporting absolute values of dipole moments for charged species is essentially meaningless, 

thus we focus here on substituted anilines rather than on ammonium salts. 

 Aniline binds to lead ions at MAPbI3 PbI2-terminated surface (see schematics of adsorption 

in Figure 1b) through the -NH2 group, while R substituents (R=NH2, H, F, CN, NO2) in para 

position have been selected in order to vary the dipole component perpendicularly to the surface 

(μz), which, incidentally, is the only dipole component relevant for shifting the energy levels. In 

Table 1 the dipole moments of the investigated molecules are reported, see computational details. 



 

Figure 1. a) Chemical structure of the aniline derivatives analyzed in this work. b) Schematics of 

the MAPbI3 (001) surface perovskite and definition of the reference for the dipole moment 

orientation used throughout the work. 

 

As expected, the calculated dipole moments decrease by moving from -NO2 to -NH2 substituent, 

reflecting the decreasing electron withdrawing character of the different substituents. The explored 

range of the dipole moments varies from 4.45 Debye for R= -NO2 (dipole pointing out from the 

surface in the +z direction) to -0.14 Debye in the case of -NH2 (essentially zero dipole due to 

molecular symmetry). For clarity, here we use the dipole convention in which the vector points 

from the positive to the negative charge. 

As a first step, the influence of the R substituent on the adsorption energies of the molecules 

on the PbI2-terminated surface has been evaluated, see Table 1. Moving from -NH2 to -NO2 the 

adsorption energy progressively decreases, i.e. it becomes less negative, indicative of a weaker 

interaction between the molecule and the surface. This trend is a consequence of the redistribution 

of the electronic density on the aromatic ring induced by the different substituents. The -NH2 group 

increases the electron density on the aromatic ring and as a consequence it stabilizes the bond 



between the anchoring -NH2 group and surface lead electronic states. On the other hand, electron-

withdrawing groups (-F, -CN, -NO2) decrease the electron density and destabilize the Pb-NH2 

interfacial bond. 

 

Table 1. Calculated dipole moments perpendicular to the surface (μz) of the aniline derivatives; 

adsorption energies on the PbI2-terminated surface; amount of transferred charge from the molecule 

to the perovskite upon adsorption; energy of the perovskite VBM with respect to the vacuum, set to 

zero. 

Adsorbate 

aniline-R 

μz   

(Debye) 

Eads  

(eV) 

Charge Transfer 

(electrons x 10
-3

) 

VBM   

(eV) 

– NO2 4.45 -0.71 0.33 -6.50 

– CN 4.37 -0.74 0.37 -6.46 

PbI2-terminated 

surface 

- - - -6.34 

- F 2.22 -0.86 0.39 -6.12 

– H 1.46 -0.85 0.40 -5.98 

- NH2 -0.14 -0.96 0.43 -5.79 

 

This is confirmed by the analysis of the electronic charge redistribution induced by the molecule 

upon adsorption on the surface. Single point DFT calculations have been performed on the slab and 

molecule fragments in the optimized adsorbed geometries and the difference in the electronic 

density between the fragments and the adsorbed system has been integrated in order to estimate the 

charge transfer into the perovskite slab upon adsorption. In Figure 2 the real space plots of the 



charge redistribution upon adsorption are reported for the -NO2 and -NH2 substituents, as well as 

the associated planar average profiles along the z-direction. In Table 1 the integral of the transferred 

charge, i.e. the integral of the charge density difference between the blue dotted lines in Figure 2, 

are reported.  

 

Figure 2. Real space plot of the charge redistribution upon adsorption and planar-average profile 

along the z-axis for the a) -NH2 and b) -NO2 substituents. In the real space plots the isosurface level 

has been set to 0.001 e per A
3
, blue isosurface indicates a charge depletion, yellow isosurface 

indicates a charge accumulation. In the profile diagrams the perovskite slab boundaries are 

indicated by blue dotted lines, while the position of the -NH2 nitrogen is indicated by the red dotted 

line.  

 

As highlighted in Figure 2, electron charge density flows from the adsorbate aromatic ring to the 

perovskite outermost layer, due to the formation of the Pb-N bond at the interface. By looking at the 

integrated profile along the z-axis of the two substituents a limited charge transfer towards the 

perovskite surface is observed in the case of the -NO2 substituent compared to -NH2. Analysis of 

the transferred charge integrals in Table 1 and Figure S1 in supporting information shows a clear 

correlation between the electron-withdrawing character of the substituents and the charge transfer 



into the perovskite, confirming that the adsorption of the aniline derivatives is more favorable for 

substituents increasing electron density in para position. 

Hence, we move to discuss the impact of the molecule dipole moments on the electronic 

levels of the perovskite by monitoring the valence band maximum (VBM) energy of the perovskite 

slab in the different cases, see Table 1 and Figure 3.  A linear decrease in the energy of the 

perovskite VBM with increasing the dipole moment of the molecule can be observed in Figure 3, 

with a linear correlation characterized by an R
2
 value of 0.99. It should be noted that the adsorption 

of the examined molecules only slightly impacts the band gap of the perovskite, since deviations no 

larger than 0.09 eV with respect to the pristine surface were calculated, see Table S1 in SI. By 

focusing on the absolute values, a down-shift of the VBM energy is observed for the -NO2 and -CN 

substituent compared to the bare PbI2-terminated surface. On the contrary, an up-shift is reported 

for the -F, -H and -NH2 substituents, highlighting that both charge transfer and dipole effects at the 

interface modulate the VBM energy of the perovskite substrate. Specifically, the -NH2 substituent 

with close to zero dipole moment, induces an up-shift of the VBM of 0.55 eV compared to the bare 

surface. This is readily associated with the electron transfer induced by the molecule into the 

perovskite slab upon adsorption, as discussed above. By increasing the dipole moment of the 

molecule an opposite effect to the electron transfer is attained that linearly increases with the dipole 

magnitude, by leading to a VBM energy decrease of 0.15-0.16 eV for molecule with large dipole 

moments, i.e. -CN and -NO2.  

 

  

   

 



 

 

Figure 3. Valence band energy versus Dipole moment for the different aniline derivatives. b) 

Chemical structure and value of the calculated dipole moment for each of the derivatives.  

 

So far, our DFT analysis highlights the combined role played by chemical passivation of under-

coordinated lead ions and molecular dipoles in modulating the electronic levels of the perovskite at 

the surface. The linear decrease of the VBM by increasing the dipole moment of the molecule is in 

agreement with several experimental works reporting an increase of the work function induced by 

positive molecular dipoles at the perovskite surface.
27,28,31

 Chemical passivation of lead ions at the 

surface, on the other hand, induces an increase of the VBM energy, indicating that the molecular 

surface coverage in parallel to surface dipoles strongly influence the final energy shift in the 

functionalized perovskite.      

Hence, we move to analyze the effects of surface coverage on the different terminations of the 

surface. To this aim, we increased the passivation of the PbI2-terminated surface by combining 



aniline-derivatives with -NH2, -H and -NO2 substituents and MAI units up to the full coverage of 

the surface. Structural models of the analyzed systems are reported in Figure 4.  

 

Figure 4.  Optimized structure (reported for only one surface for clearness) for a) 4 units of MA
+
-I

-
 

salt ion pair. b) 4 units of aniline-R c) 4 units of MA
+
-I

-
 salt ion pair and 4 units of Aniline-R e) full 

MA
+
-I

- 
passivated surface. R= -NO2, -H, -NH2 

 



In Table 2 the adsorption energies of the passivating units starting from the respective molecules 

and MAI units in vacuum are reported, to investigate the stability of the relative passivated surfaces. 

In agreement with previous works, 
33

 passivation leads to a stabilization of the PbI2-terminated 

surface demonstrating a quasi-linear trend with the coverage (θ). By comparing the different 

passivating units, the adsorption of MAI is in all cases more favourable than that of the aniline 

substituents. The adsorption energy for one MAI unit was found to be -1.81 eV, indicating strong 

interaction and effective passivation. In comparison, the adsorption energy for one aniline-NH2 

molecule, which shows the highest adsorption energy among the considered substituents, was -0.90 

eV which, while still thermodynamically possible, suggests a weaker interaction with the substrate 

 

Table 2. Interaction energy for the substituted aniline adsorbed systems and ionization energy. 

System Eads (eV) Valence Band Energy (eV) 

PbI2-terminated  

surface (θ = 0.0) 

/ -6.34 

4 MAI (θ = 0.5) -1.85 -5.44 

8 MAI (θ = 1.0) -2.11 -4.94 

4 aniline-NO2  -0.75 -6.88 

4 aniline-H -0.83 -5.46 

4 aniline-NH2 -0.90 -4.72 

4 MAI + 4 aniline-NO2 -1.36 -6.24 

4 MAI + 4 aniline-H -1.43 -4.94 

4MAI + 4 aniline-NH2 -1.47 -4.65 

 

By looking at the VBM energies, starting from the PbI2-terminated surface the passivation with 

MAI and aniline-H leads to a very similar up-shift of the VBM vs the coverage, see Table 2 and 



Figure 5. The -NH2 substituent, carrying a nearly zero dipole moment, while following the same 

trend with the coverage, leads to a further increase of the VBM, in agreement with the charge 

transfer analysis. Notably, the VBM energy up-shift observed for four passivating units is only 

slightly higher than for a single unit, indicating a relatively quick degree of saturation. The -NO2 

substituent has the opposite effect, by leading to a stabilization of the VBM and to a modest 

saturation rate with the coverage. In this analysis the combined effects of chemical passivation and 

the dipoles at the surface clearly emerge. Starting from the PbI2-terminated surface, the chemical 

saturation of surface leads and the electron transfer upon adsorption drive the up-shift of the 

perovskite VBM, while molecular dipoles pointing outwards from the surface lead to a parallel 

down-shift of the VBM.  

Figure 5.  Calculated energy levels as a function of MAI passivation and of substituted aniline (R-

aniline) coverage. The energy range of typical ETLs and HTLs are also indicated as shaded grey 

areas. 



 

It is interesting to compare the calculated VBM in the different cases with the position of most 

common HTL and ETL used in devices, see Figure 5. The higher stability of the MAI passivated 

surface suggests that MAI coverage between 0.5 and 1.0 are expected in standard polycrystalline 

samples. This is indeed in line with typical measured VBM values for MAPbI3 of ~-5.5 eV. 
33

 

Based on our simulations, for MAI-rich surfaces the VBM is resonant or slightly higher in energy 

than typical energy levels of HTLs, suggesting that post-treatment with polar molecules with 

electron-withdrawing functional groups may improve the alignment at the interface, in turn 

affecting the efficiency of charge extraction in solar cells. 

 In summary, we have quantified the effect of electrostatic and charge transfer interactions in 

determining interfacial energy levels in metal-halide perovskites. By systematically investigating a 

series of para-substituted anilines we have been able to trustfully determine the relation between 

adsorbate electronic properties and alignment of energy levels at the perovskite interface. Our 

results reveal the interplay of adsorption geometry, binding energy and electronic properties of the 

adsorbates in determining such energy shifts. Importantly, the competition between iodide 

precursors salts, i.e. MAI or FAI, and substituted anilines in binding to the perovskite surface has 

been highlighted, which is fundamental in determining the actual energy shifts due to the subtle 

dependence on coverage. We hope our results will be useful in rationalizing the widespread use of 

molecular adsorbate to tune the perovskite energy levels.  
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