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Atomic-scale Insight into Enhanced Surface Stability of 
Methylammonium Lead Iodide Perovskite by Controlled 
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Ono a, Longbin Qiu a, Guoqing Tong a, Wanjian Yin *,b, and Yabing Qi*, a 

Incorporation of a certain amount of Cl ions into methylammonium lead iodide (MAPbI3) perovskite films and how these 
incorporated Cl ions affect the structural and electronic properties of these films have been an intensively studied topic. In 
this study, we comprehensively investigated Cl incorporation in MAPbI3 at the atomic scale by a combined study of scanning 
tunneling microscopy, X-ray photoelectron spectroscopy, ultraviolet and inverse photoemission spectroscopy, density 
functional theory and molecular dynamics calculations. At a Cl concentration of 14.8 ± 0.6%, scanning tunneling microscopy 
images confirm the incorporation of Cl ions on the MAPbI3 surface, which also corresponds to the highest surface stability 
of MAPbI3 found from the viewpoint of both thermodynamics and kinetics by density functional theory and molecular 
dynamics calculations. Our results show that the Cl concentration is crucial to the surface bandgap and stability of MAPbI3.

Introduction 
Pioneering works have demonstrated that metal halide 
perovskites (ABX3, A is methylammonium (MA+); B is Pb2+; X is 
I-, Br-, Cl-.) as the light harvest layer show a great potential in 
solar cell applications 1 3. In the past decade, perovskite solar 
cells (PSCs) have attracted immense research interest, due to 
the rapid increase in efficiencies from 3.8% 1 to 25.5% 2 and 
low-cost fabrication. The advantages of perovskites in solar 
cell applications include facile fabrication, high absorption 
coefficient, bandgap tunability, low non-radiative 
recombination rates, and long charge carrier diffusion lengths. 
However, perovskites undergo relatively fast degradation 
dynamics under external stimulus such as elevated 
temperature, UV-light, oxygen, moisture, built-in electric field, 
and interfacial chemical reactions 3. 
To enhance the intrinsic stability of perovskites, mixing of 
halide anions (I, Br, Cl) at the X site of the perovskite ABX3 
structure has been proposed  4-5 6. As an example, it has been 
suggested that mixing MAPbI3 with Cl could greatly improve 
the stability of the perovskite material against moisture, 
thermal heat, and light  7  8. Furthermore, Cl incorporation to 
the perovskite film has shown to be an effective strategy to 
enhance power conversion efficiencies (PCEs) of the 
perovskite solar cell device 8. Stergiopoulos and co-workers 

showed that the MAPbI3 perovskite films incorporated with Cl 
exhibited good light-harvesting capabilities, and the 
absorption spectra were stable against prolonged light 
exposure, as demonstrated by 1000 hours of constant 
illumination under simulated full sunlight 9. Cl incorporation 
in the perovskite precursor solution was reported to improve 
MAPbI3 optoelectronic properties, e.g., diffusion lengths for 
electrons and holes of ~130 nm and  ~90-105 nm in MAPbI3 
increased by approximately 10 times in MAPb(I1-xClx)3, to 
~1069 nm and ~1213 nm, respectively 10 11 12. Similarly, it is 
found that partial substitution of iodine ions by chlorine in a-
FAPbI3 13 and a-CsPbI3 perovskites enhances the interaction 
between the PbX6 octrahedra and the cations at the “A” sites 
as well as the bonding between Pb and halides explained by 
the higher electronegativity of Cl 14 15 16 17. Furthermore, the 
addition of Cl in more complex perovskite compositions of 
mixed cations (MACsFA) and halides (I, Br) led to remarkable 
optoelectronic properties with a two-fold increase in 
photocarrier lifetime and charge carrier mobility 14. This triple 
halide (I, Br, Cl) perovskites also showed suppressed light-
induced phase segregation even at 100-sun illumination and 
<4% degradation when integrated into a solar cell device 
(initial PCE of 20.42%) operated at the maximum power point 
for 1000 hours 14. Despite the tremendous advantages 
provided by Cl incorporation for enhancing perovskite 
optoelectronic properties and stability, the question how Cl is 
incorporated inMAPbI3 is still a topic under debate 18.  
Several reports proposed that Cl was absent in the final 
MAPbI3 film or its concentration was below the detection 
limits of the analytical instruments 19. Therefore, the Cl-
containing compounds (e.g., MACl, PbCl2) were considered as 
additives that mainly improved MAPbI3 film morphology 20 21 
22 18 23. However,  some studies based on X-ray diffraction 
(XRD) and absorption spectroscopy24 25, indicate that although 
most of Cl leaves the final perovskite film during the post-
annealing process, a small amount of Cl is incorporated in the 
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MAPbI3 film. Based on density functional theory (DFT) 
calculations, Mosca and co-workers reported that a maximum 
amount of Cl in the bulk of MAPbI3 is 3-4% 26. Early theoretical 
calculations suggested a small amount of Cl may exist at grain 
boundaries and play a role in defect passivation 27. Although 
it is generally accepted that a small amount of Cl can be 
incorporated in MAPbI3, a consensus has not been reached 
regarding the location of the residual Cl in the perovskite 
lattice 10 28. In the past few years, scanning tunnelling 
microscopy (STM) has been used to study the surface 
structure and electronic properties of perovskite materials 
down to the atomic level 29 30 31 32 33 34 35. The real space 
atomic resolution of STM made it a technique of choice for 
unrevealing the location of Cl ions in the perovskite film. 
In this work, for the first time we determine the configuration of Cl 
incorporation in the surface lattice of the MAPbI3 ultra-thin film 
(~4-5 nm). By using STM with the assistance of density functional 
theory (DFT) and molecular dynamics calculations, we show with 
atomic-scale precision the exact location of the Cl ions on the 
surface of the perovskite film. X-ray photoelectron spectroscopy 
(XPS) was used to measure the perovskite film surface composition, 
while ultraviolet photoemission spectroscopy (UPS) and inverse 
photoemission spectroscopy (IPES) were used to show the impact 
of the Cl incorporation on the surface electronic properties of the 
MAPbI3film. We found that the incorporation of Cl ions on the 
MAPbI3 surface significantly alters its electronic properties, by 
widening the bandgap of MAPbI3 from 1.13 eV to 1.62 eV. 
Perovskite bandgap plays a key role in light harvesting and stability 
14 of PSCs. For single junction solar cells, the bandgap from 1.3 eV 
to 1.4 eV is ideal 36, while for two-junction tandem solar cells the 
wider bandgap is desirable 14. Thus, bandgap tuning by Cl 
incorporation in MAPbI3 can potentially make it a more suitable 
choice as the top cell in a tandem solar cell. Moreover, from the 
theoretical point, the larger bandgap means the weaker non-
radiative charge recombination and longer carrier lifetime 37. The 
surface contributes to a large portion of carrier recombination in 
MAPbI3 38 39. Incorporation of a suitable amount of Cl not only 
passivates the recombination centers 41 42, but also opens a larger 
gap at the surface 30, which may help create a type-I straddling 
band alignment 40 so that electrons and holes may not easily meet 
each other at the surface.  
At last, we determined the optimal Cl concentration 
corresponding to the enhanced stability of MAPbI3 surfaces. 
Similar to our previous STM works 30 29, it is important to point 
out that although STM enables atomic-resolution imaging in 
real space,  it is a surface-sensitive characterization technique. 
Therefore, STM combined with DFT calculations can be 
employed to investigate the structures and properties of the 
surface but not the bulk. In addition, in this study, we used 
UPS and IPES to study electronic properties of the sample 
surface. The probing depth of UPS and IPES is between 2 nm 
and 6 nm. Therefore, the findings presented in this work are 
mainly surface science-relevant and it is nontrivial to make a 
direct connection with the bulk film in a solar cell device. 
Nevertheless, our surface science results provide valuable 

insights into surface/interface properties of perovskite 
materials, which play an important role in determining the 
performance of perovskite solar cells 43 44. Studies have shown 
that the interface between the charge selective layer and 
perovskite film is crucial for achieving high performance solar 
cells 9 44 45 46. Therefore, the major aim of our current surface 
science study is to examine the atomic scale surface 
structures and electronic properties, which are important for 
understanding the underlying mechanisms behind: (i) Cl 
diffusion into the perovskite film 47 48 49 and (ii) passivation of 
surface defects by Cl 41 50. 

Results 
The MAPbI3 films (~4-5 nm) were grown on Au (111) single 
crystal substrates by in situ thermal evaporation in ultra-high 
vacuum (UHV) following the previously reported recipe (see 
Methods Section) 34. The UHV grown pristine and Cl 
incorporated MAPbI3 films show a polycrystalline nature 
composed of multiple grains with typical grain sizes varying 
from 8 nm to 15 nm (Fig S1a-b). Within a grain, the perovskite 
surface shows two different structures, i.e., the dimer and 
zigzag structures (Figs 1a-c, and Fig S2a), as previously 
observed for MAPbI3 films 33 34. In the dimer structure, the 
formation of I-I pairs was found, which is a result of the 
reorientation of MA cations 34. Such configurations were also 
observed in both thin film samples and single crystal samples 
of MAPbBr3 30-32. To achieve the incorporation of Cl ions in the 
perovskite film, 4 different evaporation times (see Methods 
Section) of PbCl2 were explored. First, we deposited PbCl2 for 
1 min onto the pristine MAPbI3 thin film but Cl incorporation 
was not observed according to XPS measurements. After 
increasing the evaporation time of PbCl2 to 4 min ( Fig S2b-c) 
and 6 min, darker protrusions with a lower apparent height 
and smaller diameter started to appear in the STM images 
(dashed ellipses in Figs 1d,e). The deposition thickness was 
estimated by depositing PbCl2 for 4 min directly on a clean Au 
(111) surface, which corresponds to the 0.5 monolayer (ML) 
sample coverage determined by STM measurements. On the 
basis of the 0.5 ML coverage case, we have estimated the 
coverage of 0.75 ML for a deposition time of of 6 min, and the 
coverage of 1.5 ML for a deposition time of 12 min. 
We prepared a total of 7 samples and that the results were 
reproducible for the 0.75 ML of PbCl2 on MAPbI3. Fig 2 shows 
the histogram of the apparent height distribution observed at 
the surface of MAPbI3 perovskite after Cl incorporation (0.75 
ML of PbCl2). The determination of the surface concentration 
of Cl in MAPbI3 was carefully analysed because the surface 
inhomogeneity of Cl in MAPbI3 was previously reported 51. The 
protrusion statistics were obtained from 12 STM images 
acquired on different macroscopic areas of the same sample 
and are consistent from sample to sample (7 samples in total). 
The comparison of the pristine and Cl incorporated dimer and 
zigzag structures is shown in Fig 3. The distribution of the STM 
apparent height values for the protrusions observed in these 
STM images (approximately 900 protrusions) 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3  

Please do not adjust margins 

Please do not adjust margins 

 

 

 

Fig 1. LT-STM images of the surface of the pristine MAPbI3 perovskite thin film and the 0.75 ML of PbCl2 incorporated MAPbI3 perovskite thin film deposited on Au (111). (a-b) I-I 
dimer (blue dashed ellipses) and I-I-I zigzag structures (white dashed lines) on the pristine MAPbI3 thin film surface (Scan area = 14 ´ 14 nm2; Sample bias voltage =  –2.5 V; Tunnelling 
current = 50 pA) with the unit cell (blue dashed square). (c) Atomic model configuration of pristine MAPbI3 on Au (111). (d-e)  I-I dimers and Cl incorporated Cl-I pair structures (green 
dashed ellipses) in the centre, close to the grain boundary (green dashed line), inside a grain (Scan area = 14.5 ´ 14.5 nm2; Sample bias voltage =  –2.5 V; Tunnelling current = 50 pA) 
with the unit cell (green dashed square) and Cl-Cl pair (black dashed ellipses). (f) Atomic model configuration of 0.75 ML of PbCl2 incorporated MAPbI3 on Au (111). 
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Fig 2. Histogram of the apparent height distribution of I and Cl anions. The surface concentration in MAPbI3 is 14.8 ± 0.6%, which was obtained from the statistical analyses on the 
basis of 900 data points. 

       

 

Fig 3. STM images of pristine and Cl incorporation in a dimer and zigzag structure of MAPbI3 (a) High-resolution STM image showing an I-I dimer structure (Scan area = 18 ´ 18 Å2; 
Sample bias voltage = –2.50 V, Tunneling current = 20 pA). (b) Height profile and bond length of the observed I-I dimer in (a). (c) DFT simulated height profile and bond length for the 
I-I dimer in (a).  (d) High-resolution STM image showing one Cl ion that forms a pair with one I ion in a dimer structure (Scan area = 18 ´ 18 Å2; Sample bias voltage = –2.50 V, 
Tunneling current = 20 pA). (e) Height profile and bond length of the observed Cl-I pair in (d). (f) DFT simulated height profile and bond length for the Cl-I pair in (d). (g) High-resolution 
STM image showing I-I-I that forms a zigzag structure (Scan area = 15 ´ 15 Å2; Sample bias voltage = –2.50 V, Tunneling current = 20 pA). (h) Height profile and bond length of the 
observed I-I zigzag structure in (g). (i) DFT simulated height profile and bond length of the observed I-I zigzag structure in (g). (j) High-resolution STM image showing one Cl ion that 
forms a pair with one I ion in a zigzag structure (Scan area = 15 ´ 15 Å2; Sample bias voltage = –2.50 V, Tunneling current = 20 pA). (k) Height profile and bond length of the observed 
Cl-I zigzag structure in (j). (l) DFT simulated height profile and bond length of the observed Cl-I zigzag structure in (j). Color code for (c), (f), (i) and (l): Pb (dark gray), I (purple), Cl 
(green), N (brown), C (ice blue), H (light Pink).  
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is illustrated by the histogram in Fig 2, and reveal that the 
average STM apparent height of the dark protrusions 
observed in the STM images is about 0.5 ± 0.2 Å lower than 
the neighbouring iodine ions (Figs 3d,e and 3j,k). 
To unravel the origin of the dark protrusions observed in the 
STM images of MAPbI3 after PbCl2 deposition, we performed 
DFT calculations by using the Vienna ab initio simulation 
package (VASP) (see the Methods Section). By tentatively 
assigning the dark protrusions to Cl ions, we obtained 
simulated STM images of the Cl-incorporated MAPbI3 
surfaces. The simulated images reproduce accurately the 
dimer and zigzag structures observed experimentally for the 
MAPbI3 surface (Fig S3). Our calculations also reproduce the 
lowering of the apparent height due to Cl incorporation, 
which agrees with the experimental STM results (Figs 3d and 
3j). The incorporated Cl ions in the simulated models were 
found to be 0.73 - 0.74 Å (Figs 3f and 3l) lower than their 
neighbouring iodine ions, which agrees well with the 
experimental value of ~0.7 Å in Figs 3e and 3k and the average 
value of 0.5 ± 0.2 Å based on the statistical analyses in Fig 2. 
Also, we found that the experimental bond lengths (dCl-I) of 
the Cl-I pairs (~4.9 and ~5.0 Å) in the dimer and zigzag 
structures (Figs 3e and 3k) were 5.11 and 5.69 Å, respectively 
(Figs 3f and 3l and Figs S3b and S3e), which were also in line 
with the simulated results. Based on the experimental STM 
data in combination with the DFT calculation and XPS 
measurement results (Figs S4-S6), we can safely conclude the 
dark protrusions in our STM images of the MAPbI3 surface 
after 0.5 ML and 0.75 ML of PbCl2 deposition are Cl ions that 
substitute iodine ions on the perovskite film surface. For 
simplicity, in the following discussions, we denote Cl-
incorporated MAPbI3 as MAPb(I1-xClx)3 with x representing the 
concentration of Cl ions at the surface. 
Based on our STM images,  on the surface of MAPb(I1-xClx)3, 
most Cl ions were observed in the regions close to the grain 
boundaries and only a few in the center of the grains (Figs 
1d,e and Figs S2b,c). The substitution of I ions by Cl ions was 
observed for both the dimer and zigzag structures (Figs 3d 
and 3j). The majority of incorporated Cl ions were found to 
form Cl-I pairs with neighbouring I ions (see the dashed circles 
in Fig 1d,e). Note that DFT calculations suggest that the dimer 
structure associated with both the pristine and Cl-
incorporated surfaces are more stable than the zigzag one by 
about 0.030 eV, in good agreement with the energy 
difference of 0.034 eV reported in a previous study 34. In 
addition, the experimental STM images (Fig 1e) also show a 
few incorporated Cl ions bonding together to form the Cl-Cl 
pairs. The possibility for the appearance of these Cl-Cl pair 
was also confirmed by DFT calculations, with the simulated 
STM image (Fig S7) reproducing well the Cl-Cl configurations 
observed in the STM experiments.  
Fig 4 shows several configurations for adjacent (Figs 4a,d) and 
non-adjacent Cl-I pairs (Fig 4g) in the dimer structure 
observed in STM experiments. DFT calculations verified the 
possibilities of these configurations (Figs 4b,c, 4e,f, and 4h,i) 
as well as predicted several other possible configurations for 
the adjacent and non-adjacent Cl-I pairs in the dimer and 
zigzag structures, as shown in Figs S7 and S8. Note that these 

configurations in the dimer (Figs 4 and Fig S7) or zigzag (Fig 
S8) structures have rather close total energies, which 
rationalizes the variety of configurations for two Cl-I pairs 
observed in Fig 4. 
We increased the deposition time of PbCl2 to 12 min to 
achieve more Cl incorporation in the dimer and zigzag 
structures, but observed that the MAPbI3 film was completely 
covered by 1.5 ML of PbCl2 (Fig 5). Note that by XPS 
measurements (Fig S6) on the fully covered MAPbI3 surface 
by PbCl2, we observed a higher Cl concentration in 
comparison with the samples after a shorter time of PbCl2 
deposition. Considering the fact that the 1 min deposition of 
PbCl2 did not lead to the surface incorporation of Cl ions in 
the MAPbI3 film, we deduced that the stable Cl surface 
incorporation should correspond to those samples after 0.5 
ML and 0.75 ML deposition of PbCl2. According to the 
histogram shown in Fig 2, the [Cl] : ( [Cl] + [I] )  concentration 
of  14.8 ± 0.6% was extracted for the Cl incorporated MAPbI3, 
i.e., MAPb(I0.85Cl0.15)3. However, according to the XPS results 
(Fig S5), the incorporated Cl concentration of 40% was 
determined, which significantly differs from the 
concentration extracted from the STM histogram analyses 
(Fig 2). This is possibly because XPS measurements not only 
probe Cl ions mixed in the top surface layer but also those in 
sub-surface layers. 
We further investigated the influences of the incorporated Cl 
ions on the electronic properties of MAPbI3 films by UPS and 
IPES measurements (Fig 6a). Based on the UPS and IPES 
measurement results, the bandgap of the pristine MAPbI3 
film was determined to be 1.13 eV. After Cl incorporation with 
0.75 ML deposition of PbCl2, the bandgap increased to 1.62 
eV (0.49 eV larger than that of the pristine MAPbI3 film), 
suggesting that the incorporation of Cl ions can effectively  
tune the electronic properties of MAPbI3 24 52. Our STM and 
XPS results suggest that Cl ions are not only incorporated in 
the top layer but also the sub-surface layers. To determine 
the main factor that causes the surface bandgap change, we 
calculated the bandgaps (Fig 6b) of the MAPbI3 surface 
models with Cl ions being only incorporated in the top one, 
top two, and top four layers as a function of the incorporation 
ratio (assuming the same Cl concentration for all the relevant 
layers when Cl ions are incorporated into multiple layers), as 
shown in Fig 6b. It can be seen that there are no substantial 
bandgap changes when Cl ions are only mixed into the top 
layer, being the same as that for Cl-incorporated MAPbBr3 30. 
However, when Cl ions are contained in the sub-surface layers, 
the bandgap increases fast with the increasing chlorine 
incorporation concentration. This trend is even clearer in the 
case of Cl ions being incorporated in the top four layers. This 
indicates that the bandgap enlargement observed in the 
experiment is mainly a synergic effect of the Cl incorporation 
in the multiple surface layers (or in other words, more a multi-
layer film effect rather than a surface effect). From Fig 6b, we 
can realize that Cl ions are at least incorporated in the top 
four layers of the surface model consisting of a total of 8 ML 
of the perovskite lattice structure (here, we consider the MAI 
layer as a layer and the PbI2 layer as another layer), as only 
under this situation the increase of the bandgap (~0.49 eV) 
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determined by UPS/IPES measurements can be explained 
qualitatively. We further calculated the density of states (DOS) 
for the pristine MAPbI3 surface and that with Cl ions 
incorporated in the top four layers at the concentration of 
18.75%, being quite close to the surface Cl ratio of (14.8% ± 
0.6%) determined by STM. The DOS in Fig 6c also confirmed 
that incorporated Cl ions would enlarge the bandgap of 

MAPbI3 by 0.2 eV as a result of the upward and downward 
shift of the valance and conduction band edges, respectively 
(Fig 6c). In addition, perovskite surface bandgap combined 
with the analyses of energy level alignments (Fig S9) plays a 
key role in perovskite solar cells 53 (Supplementary Section 1). 
 

 

 

 

 

 

Fig 4. STM images of different configurations of Cl-I pairs in the dimer structure. (a) High-resolution STM image of two adjacent Cl-I pairs with opposite directions; arrows indicate 
the direction from Cl to I ion in the dimer (Scan area = 1´1.6 nm2; Sample bias voltage = –2.50 V, Tunneling current = 30 pA). (b-c) Simulated STM image and atomic model for the 
two Cl-I pairs observed in (a). (d) High-resolution STM image of two adjacent Cl-I pairs showing the same parallel orientation; arrows indicate the direction from Cl to I ion in the 
dimer (Scan area = 1.4´1.8 nm2; Sample bias voltage = –2.50 V, Tunneling current = 30 pA) in two parallel dimers in the small grain in Fig 1 (d-e). (e-f) Simulated STM image and 
atomic model for the two Cl-I pairs observed in (d). (g) High-resolution STM image of two non-adjacent Cl-I pairs with opposite directions (Scan area = 1.7 ́ 2 nm2; Sample bias voltage 
= –2.50 V, Tunneling current = 30 pA) (h-i) Simulated STM image and atomic model for the two Cl-I pairs observed in (g). Color code for (c), (f), and (i): Pb (dark gray), I (purple), Cl 
(green), N (brown), C (ice blue), H (light  Pink). 
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Fig 5. Atomic model and STM high-resolution images of the MAPbI3 thin film after 1.5 ML of PbCl2 deposition. (a) Atomic model configuration of 1.5 ML PbCl2 ad-layer on MAPbI3. (b) 
Large area STM topography image of PbCl2 fully covering the MAPbI3 thin film (Scan area = 300 ´ 300 nm2, Sample bias voltage = –2.50 V, Tunnelling current = 400 pA). (c) High-
resolution STM image of the PbCl2 surface structure located in the centre of a grain. (Scan area = 13 ´ 15 nm2 (Sample bias voltage = –2.50 V, Tunnelling current = 400 pA). Inset 
shows the fast Fourier transform (FFT) image indicating the hexagonal structure of PbCl2.
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Fig 6. Experimental and DFT calculated bandgap of pristine and Cl incorporated MAPbI3 (a) Experimental ultraviolet and inverse photoemission spectroscopy (UPS-IPES) spectra of 
the pristine (dashed blue curves) and Cl-incorporated (solid green curves) MAPbI3 surfaces. (b) Calculated bandgaps of the MAPbI3 surface model with Cl ions only being incorporated 
in the dimer structure in the top one (black), top two (blue), and top four layers (pink) as a function of the incorporation ratio. (c) Calculated DOS of the pristine and Cl-incorporated 
MAPbI3 surfaces. For the latter, Cl ions are incorporated into the top four layers of the model at the [Cl] : ( [Cl] + [I] )  concentration of  18.75%. VBM=Valence band maximum, CBM= 
Conduction band minimum. A larger bandgap was observed after Cl incorporation.  
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Previous studies have suggested that Cl incorporation can 
increase the stability of perovskite materials and solar cell 
devices 30, 54. Therefore, to unravel the origin of the enhanced 
stability of the Cl-incorporated MAPbI3 surface, we evaluated 
the changes in the decomposition energy (see the Methods 
section) of the MAPb(I1-xClx)3 film for different Cl 
incorporation concentrations through DFT calculations. Here, 
we consider two different incorporation modes: (1) Cl ions 
only being incorporated in the top layer of the surface, 
corresponding to Fig 7a; (2) Cl ions only being incorporated in 
the second layer, corresponding to Fig 7b. It is noticed that 
upon increasing the incorporated Cl amount, the 
decomposition energy profiles for both incorporation modes 
show firstly an increase, and then a decrease. The increase of 
the decomposition energy is related to the stronger bond 
strength of Cl-Pb compared to that of I-Pb 55-56. This bond 
strength originates from the radius of Cl- being smaller than 
that of I-, causing a shorter bond length and in turn a stronger 
electrostatic interaction between bonded Cl- and Pb2+ than 
that between bonded I- and Pb2+. However, the incorporation 
of the smaller Cl- ion in the inorganic lattice of MAPbI3 also 
induces the strain, which in turn pushes up the total energy 
of the system. At low Cl concentrations (i.e., below 18.75%), 
the influence of the strain on the total energy of the system 
is not predominant. But when the Cl concentration exceeds a 
threshold, the strain overrides the benefit of the stronger 
Cl−Pb bond, leading to the reduction in the decomposition 
energy. An increase of the decomposition energy with low 
concentrations of Cl incorporation suggests higher stability of 
the MAPbI3 film concerning external stimuli such as 
temperature or X-ray beams 57. Also, it is found that the 
maximum increase of the decomposition energy for the 
incorporation in the second layer (Fig 7b) is 0.08 eV larger 
than that for the incorporation in the top layer (Fig 7a), which 
indicates that Cl ions mixed into the sub-surface layers play a 
more significant role in stabilizing the MAPbI3 surface than 
those in the top layer alone.  
In Fig 7b, the predicted optimal incorporation concentration 
of Cl into the second layer is 25%, being noticeably higher 
than that of the top layer (18.75%), which is consistent with 
our XPS measurements showing that the concentration in the 
sub-surface layers is higher than that in the top layer. These 
results also suggest that the Cl– ions in the top-most surface 
layer can diffuse into the subsurface layers of the MAPbI3 
ultra-thin film.  We can also understand this experimental 

finding from the viewpoint of energy according to Fig 7. From 
Eq. (3) in the Methods section, we can know that at a fixed 
incorporated chlorine concentration, the higher 
decomposition energy corresponds to the lower total energy 
of MAPb(I1-xClx)3. It can be seen from Fig 7 that when the 
incorporated concentration is less than ~40%, the total 
energy of MAPb(I1-xClx)3 with the incorporation in the second 
layer is lower than that with the incorporation in the top layer, 
indicating that Cl ions prefer to stay in the sub-surface layers. 
This finding is consistent with the experimental observation 
that the incorporated Cl concentration in the sub-surface 
layers is higher than that in the top layer. Moreover, it is 
found that the decomposition energies within the positive 
range of both the dimer and zigzag structures differ negligibly, 
which corroborates the experimental observation of Cl ions 
incorporated in the surface structure with the dimer and 
zigzag structures simultaneously. Last but not least, when the 
incorporated [Cl] : ( [Cl] + [I] ) concentration is higher than ~25% 
for incorporation in the top layer and higher than ~40% for 
incorporation in the second layer, the decomposition energy 
of MAPb(I1-xClx)3 becomes negative, meaning that MAPb(I1-

xClx)3 cannot exist stably, which determines in principle that 
the incorporated concentration for stable MAPb(I1-xClx)3 

samples will not exceed 25% in the top layer and 40% in the 
second layer. These predicted upper limits are consistent with 
our experimental results showing the incorporated Cl 
concentration of 14.8±0.6% in the top layer and 40% on 
average in several other sub-surface layers. 
To further understand the influence of Cl ions on the stability 
of Cl-incorporated MAPbI3 surfaces, we also calculated the 
surface energies of the pristine MAPbI3 surface and that with 
one I- being substituted by Cl- in the top layer (see Methods 
section), which are summarized in Table 1. Note that the 
incorporation of one Cl atom in the MAPbI3 surface leads to a 
surface energy decrease of 76 meV and 71 meV for the dimer 
and zigzag structures, respectively (Table 1), which can also 
explain the stabilization effect of Cl ions on the MAPbI3 
surfaces. Also, we performed molecular dynamics (MD) 
simulations of pristine and Cl-incorporated MAPbI3 surfaces 
with the dimer structure to examine the impact of Cl ions on 
the vibration of I and Pb atoms in the top and second layer, 
by calculating the average moving distances for Pb and I 
atoms during the 1 ps MD simulation, which are shown in 
Table 2. 
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Fig 7. The decomposition energy difference between the pristine and Cl-incorporated MAPbI3 surface determined by DFT calculations (see Methods section): (a) Cl ions only 
incorporated in the top layer, and (b) Cl ions only incorporated in the second layer.    

 

Table 1: Calculated surface energy (in eV) of the pristine and Cl-incorporated 
MAPbI3 surfaces in the dimer and zigzag structures. 

Perovskite Dimer Zigzag 
MAPbI3 6.354 6.385 

MAPb(I1-xClx)3 6.278 6.314 
 

Table 2: The average moving distances for the I ion in the first layer (dI1) and that in 
the second layer (dI2) and the Pb ion in the second layer (dPb) during 1 ps MD 
simulation. 

 MAPbI3 MAPb(I1-xClx)3 

(One Cl atom in the 
first Layer) 

MAPb(I1-xClx)3 

(One Cl atom in 
the second Layer) 

dI1 (Å) 2.477 2.475 2.428 
dI2 (Å) 2.605 2.481 2.336 
dPb (Å) 2.009 2.008 1.934 

These results allow us to analyse the stabilization effect of 
incorporated Cl ions on the MAPbI3 surface from the 
viewpoint of kinetics. It is noticed that the incorporation of 
one Cl ion in the top or second layer suppresses the vibration 
of Pb and I ions in the 1st and 2nd layer of the surface (Fig S3). 
The weaker vibration of the inorganic lattice will to some 
extent suppress the diffusion of some intrinsic defects, such 
as iodine vacancy and interstitial defects, which contributes 
to the improved stability of MAPb(I1-xClx)3 surfaces. It is 
interesting to point out that the Cl ion incorporated in the 
second layer generates a more obvious impact on lowering 
the vibration strength of Pb and I atoms than the Cl atom in 
the top layer, being consistent with the analyses for the 
decomposition energy in Fig 7. In conclusion, our DFT 
calculations verify that the incorporation of Cl ions indeed 
stabilizes the MAPbI3 surface from the viewpoints of both 
thermodynamics and kinetics. 

Conclusions 

In this work, we determined the atomic-scale structure of 
the Cl incorporated MAPbI3 surfaces. It is found that Cl ions 
are incorporated in both the MAPbI3 surface and sub-
surface layers. Most of the Cl ions incorporated on the 
surface were found close to the grain boundaries, but some 
are also found at the centre of the grains for both the dimer 
and zigzag structures of MAPbI3. Additionally, our XPS 
measurement results confirm that Cl ions are not present at 
the surface of MAPbI3 with a short time of PbCl2 deposition, 
and with a sufficiently long time of PbCl2 deposition (e.g., 
12min), the MAPbI3 surface is fully covered by PbCl2. 
Moreover, the surface bandgap of MAPbI3 is found to be 
increased by approximately 0.49 eV from 1.13 eV to 1.62 eV 
when 0.75 ML of PbCl2 is deposited onto the MAPbI3 surface. 
DFT calculations also predict the bandgap increase observed 
in the experiment at a similar Cl concentration, and suggests 
that the incorporation of Cl in the subsurface layers is found 
to have a stronger impact on the bandgap with respect to Cl 
ion substitution at only the topmost surface layer. 
Furthermore, DFT and MD calculations reveal a strong 
increase of the perovskite stability for low Cl concentrations 
(below 18.75%). The increase of stability is even more 
pronounced when substituting the Cl ions in the subsurface 
layer with respect to the top surface layer. The perovskite 
material was found to be stabilized both thermodynamically 
and kinetically. Our findings provide insights into further 
understanding of the perovskite material and rational 
design of future high stability perovskite solar cells. 
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Methods 
A. Surface Characterization  

Cl incorporated MAPbI3 ultra-thin films on clean Au (111) 
were studied in an ultrahigh vacuum (UHV) system by STM 
(base pressure < 2´10–10 Torr). Au (111) single crystals was 
used as the substrates following our previous study32. First, 
the Au (111) substrate was cleaned in UHV conditions by 
three cycles of Ne+ sputtering (7.5 x 10–5 Torr; 60 min) 
followed by annealing at 773 K for 20 min. MAPbI3 
perovskite films were prepared by co-evaporating PbI2 and 
MAI precursors at the temperatures of 516 K and 395 K, 
respectively, for 3 min. During the co-deposition of PbI2 and 
MAI, the Au (111) substrate was kept at a temperature of 
132 K to ensure a high sticking coefficient of MAI. After 
evaporation, the sample was annealed at room temperature 
for 3 h. This protocol leads to MAPbI3 films with a thickness 
of ~4-5 nm and with typical grain sizes ranging from 8 nm to 
15 nm (Fig S1a). Cl incorporated MAPbI3 samples were 
obtained by evaporating PbCl2 for a certain duration of time 
(namely, 1 min, 4 min, 6 min, and 12 min) on top of the 
pristine MAPbI3 film on the Au (111) substrate. The halide 
ion exchange reaction takes place according to the following 
equation: 

MAPbI! 	+	
!"
#
PbCl# 	→ MAPb(I$%"Cl")! +	

!"
#
𝑃𝑏I#    (1) 

The samples were in situ transferred to a low-temperature 
scanning tunneling microscope (LT-STM, Scienta Omicron 
GmbH) for measurements. The STM measurements were 
performed at 77 K using Pt/Ir STM tips and with the bias 
voltage applied to the sample. After the STM measurements, 
the samples were in situ transferred to the analysis chamber 
(the base pressure ~ 2´10–10 Torr) equipped with a 
hemispherical electron energy analyzer (EA 125, Scienta 
Omicron GmbH), a He discharge lamp (HIS 13, Scienta 
Omicron GmbH; He-Ia = 21.22 eV) with an energy resolution 
of ~0.15 eV for UPS measurements, and a dual-anode (Al-Ka 
= 1486.6 eV and Mg-Ka = 1253.6 eV) non-monochromatic X-
ray source (DAR 400, Scienta Omicron GmbH) with an 
energy resolution of ~0.8 eV for XPS measurements. IPES 
(LE-1, ALS Technology Co., Ltd.) 58 measurements were 
performed in a separate vacuum system, and the sample 
transfer was conducted with the aid of a custom-designed 
vacuum suitcase (Ferrovac GmbH), which ensures no 
ambient exposure during sample transfer. For the 
quantitative analyses of the peak positions, line widths, and 
relative areas of the Pb 4f, I 3d, C 1s, N 1s, and Cl 2p XPS data, 
the raw XPS spectra were fitted with Gaussian-Lorentzian 
functions using the CASA XPS software. 

B. Density Functional Theory 

Density functional theory (DFT) calculations were 
performed by using the VASP code 59 with the standard 
frozen-core projector augmented-wave (PAW) method60 
and the Perdew−Burke−Ernzerhof (PBE) exchange-
correlation functional 61. For the plane-waves, a cutoff of 
450 eV was employed. The nonlocal van der Waals 
interactions were considered by using the Becke−Jonson 
damping DFT-D3 method 62. No spin-orbital coupling (SOC) 
was considered in this work. The lattice parameters (a = 8.84 
Å, b = 8.47 Å, and c = 12.65 Å) of the MAPbI3 unit cell in the 
orthorhombic phase were achieved through structural 
relaxation with adopting a 4 × 4 × 4 Monkhorst−Pack grid. 
The MAPbI3 (010) surfaces were modeled by using the 2 × 2 
slabs with a vacuum thickness of 20 Å. Each surface model 
contained eight atomic layers, among which the bottom 
four layers were always kept fixed at their bulk positions and 
the other layers were fully relaxed until the atomic forces 
converged within 0.01 eV/Å (Fig S3). For all calculations 
involving the surfaces, the Brillouin zone was sampled at the 
sole Γ -point. From the electronic ground state structure, 
STM images were obtained by using the p4vasp code. All MD 
simulations were carried out by using the canonical (NVT) 
ensemble with the temperature being controlled at 300K 
through the Nosé-Hoover thermostat. The surface energies 
(Es) reported in Table 1 are calculated by using the following 
equation: 

𝐸& = 𝐸&'() − 𝐸)*'+ ,    (2) 

Where 𝐸&'() is the total energy of the relaxed surface model 
and 𝐸)*'+  is the total energy of the relaxed bulk model, 
which also contains eight atomic layers, like the surface one.  
To evaluate the stability of Cl incorporated MAPbI3 surface, 
we consider the following reaction [30] : 
 

MAPb(I$%"Cl")! +
3𝑥
2 ∙ PbI# → MAPbI! +	

3𝑥
2 ∙ PbCl#.				(3)				 

Hence, the decomposition energy of MAPb(I$%"Cl")!  is 
given by: 
	𝐸,-. = 	𝐸(MAPbI!) − 𝐸(MAPb(I$%"Cl")!) +

!"
#
[𝐸(PbCl#) −

𝐸(PbI#)],   (4)                                                                     	

where 𝐸(MAPbI!)  and 𝐸(MAPb(I$%"Cl")!)  are the total 
energies of the pristine and Cl-incorporated  MAPbI! 
surfaces, respectively. For perovskites, decomposition 
energy is widely used to characterize their stability. The 
larger decomposition energy implies a more stable structure.  
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The influence of the Cl incorporation on the structural and 
electronic properties of metal halide perovskite CH3NH3PbI3 is a 
long-standing puzzle in the field. Cl was found to be an effective 
strategy to improve the power conversion efficiencies (PCEs) 
and stability of perovskite solar cells. This study provides a 
fundamental understanding of the origin of the Cl interactions 
with perovskite and shows that the Cl concentration plays a 
crucial role in the surface stability of MAPbI3. 
 


