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ABSTRACT. Understanding defect chemistry, particularly ion migration, and its significant 

effect on the surface’s optical and electronic properties is one of the major challenges impeding 

the development of hybrid perovskite-based devices. Here, using both experimental and 

theoretical approaches, we demonstrate that the surface layers of the perovskite crystals may 

acquire a high concentration of positively charged halide vacancies with the complementary 

negatively charged halide ions pushed to the surface. This charge separation near to the surface 

generate an electric field that can induce a shift in the optical band gap of the surface layers to 

higher energy compared to the bulk counterpart. We found that the charge separation, electric 

field and the amplitude of shift in the bandgap strongly depend on the halides and organic 

moieties of perovskites crystals. Our findings reveal the peculiarity of surface effects that is 

currently limiting the application of perovskite crystals and more importantly explain their 

origins, thus enabling viable surface passivation strategies to remediate them. 
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Organic-inorganic hybrid halide perovskites have recently become one of the most important 

classes of photoactive materials in the field of photovoltaics due to their remarkable 

optoelectronic properties
1-4

 and cost-effective fabrication processes
5, 6

. Within a  short period of 

time, the power conversion efficiency (PCE) of perovskite-based devices has increased from 

3.8% 
7
 to > 20%

4, 8
 which represents a significant breakthrough in the development cycle of a 

photovoltaic technology. 

Although there is an outstanding photovoltaic performance of these devices based on the 

polycrystalline perovskite films, these devices still severely suffer from the undesirable surface 

traps that significantly affect the device operation, suggesting that there is still a room for some 

major performance improvements in these working devices. Recently, the discovery of high 

quality perovskite crystals
9-11

 with much lower defect concentration, higher charge-carrier 

mobility, longer carrier  life time
11

, and longer diffusion lengths
1, 12

 has led to better devices
13

 

compared to polycrystalline films.
14

 However, it has recently been suggested that the optical and 

electronic properties of the single-crystal surface are significantly different from those in the 

bulk
15

 (see Fig.1) due to surface  disorder and halide migration, effects that are typical for 

polycrystalline films.
16-21

 If this is the case, then the single crystal device would suffer from 

resistive losses and high leakage current in solar cells.
22

 Therefore, understanding the surface 

layer properties of perovskite crystals is important for finding suitable surface passivation
23

 to 

further improve device performance.  

Here, we reveal through experimental and theoretical investigations the origin of the main 

differences in the behavior of single crystal surface compared to its bulk. We show that these 

differences are due to the electric field generated near the surface of the crystals via spontaneous 
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separation of negatively charged halides ions and positively charged vacancies. Such charge 

separation results from the formation of Frenkel defects
24

 near the surface with halides ions 

pushed to the single crystal surfaces due to high elastic strain and with the remaining vacancies 

kept in the proximity to these surfaces by Coulomb interactions with the ions. We combine 

experimental studies of  Secondary ion mass spectrometry (SIMS),Scanning electron microscopy 

(SEM) and the photoluminescence (PL) after one photon (surface layer PL) and with two-photon 

(bulk PL) with theoretical arguments to explain the undesirable behavior of the single crystal 

surfaces. In addition, our work not only shows that ionic defects can strongly influence the 

nature of the interfaces and surfaces of perovskites, but also suggests possible ways of improving 

the material properties by surfaces passivation.  

 

 

Figure 1. Schematic diagram  of difference in the of photoluminescence behaviour of surface and bulk in 

MAPbBr3 single crystal obtained under one-photon (1p) and two-photon (2p) excitations.  
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The single crystals used in the current study were synthesised by using inverse temperature 

technique (see supporting information). The photoluminescence (PL) in organo-lead halide 

perovskite single crystals obtained by either one photon (1p) excitation above the band gap, or by 

two-photon  (2p) excitation below the band gap exhibit striking difference in the positions of the 

PL line (see Fig.2 (a)). After the correction for the light reabsorption (see the detail below and 

the supporting information as well), the 1p and 2p experiments result in two different peaks for 

MAPbBr3 positioned at 540 nm (2.3 eV) and 555 nm (2.24 eV), respectively. Interestingly, 

corresponding PL spectra for FAPbBr3 single crystal are centred at 560 nm (2.2 eV) for both 1p 

and 2p. In contrast, due to the low activation energy of  I− in both MAPbI3 and FAPbI3 crystals 

exhibit striking difference in the positions and the shape of the PL line after 1p and 2p 

excitations. For instance,  for MAPbI3 and FAPbI3 the former shows the PL spectrum centred at 

774 nm (1.61 eV) for 1p and 793 nm (1.56 eV) for 2p, while the PL spectra for FAPbI3 are 

centred at 815 nm (1.50 eV) and 843 nm (1.47 eV) for the 1p and 2p, (Fig.S1) respectively. 

Notably, these aforementioned values of the PL lines are after the correction for re-absorption of 

light inside the single crystals (see below). 

It would be reasonable to assume that the difference in the PL spectra for each type of 

excitation (1p or 2p) is due to the difference in the bulk and surface layer properties. Indeed, the 

PL obtained with excitation above the band gap characterises mainly the surface layer with 

thickness determined by the light penetration depth and it is normally few hundreds of 

nanometres
25

. In contrast, the PL spectra collected after 2p excitation is generated throughout the 

entire medium due to the long light penetration depth and it mainly reflects the bulk properties
26

. 

It should be noted here that, if the thickness of the crystal is larger than the carrier diffusion 

length 
11

; the high-energy photons cannot escape from the interior bulk due to the large absorption 
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coefficient, but they are likely re-absorbed and re-emitted as lower-energy photons 27. The re-

emitted lower energy photon are observed at 2.1 eV (580 nm) and 2.13 eV (590 nm) for 

MAPbBr3 and FAPbBr3 single crystal, respectively. Therefore, by considering the correction 

factor (see supporting information for details), using the absorption coefficient
28

 and diffusion 

length
9-11

 the emission peak at 580 nm for MAPbBr3 significantly reduced, and new PL position 

for 2p-excitation was observed at 555 nm (Fig. 2 (a)). This observation has been confirmed by 

measuring the thin MAPbBr3 single crystals, close to the diffusion length of the charge carrier 

(i.e there is no possibility of reabsorption) which gives directly PL spectrum at 555 nm upon 2p-

excitation (Fig. S2 and its corresponding SEM images in Fig. S3). It should be noted the PL 

spectrum for the thick and thin MAPbBr3 is still located at 540 nm upon 1p-excitation .So there 

is almost 15 nm spectral shift when we go from 1p to 2p excitation in case of MAPbBr3. On the 

other hand there is almost no spectral shift in case of FAPbBr3 between 1p and 2p excitation 

after correction for the re-absorption process, indicating that the ion migration and ion 

redistribution is very small if any at room temperature. This important observation has been 

supported by several experiments (see later sections)  

The main problem we address here is about the possible mechanism responsible for the shift of 

the PL line in the surface layer relative to the bulk in MAPbBr3 compared to FAPbBr3. This 

effect can be due to electrostatic interactions, e.g. electric field causing the shift of the band gap 

either directly
29-32

 or via electrostriction effect
33, 34

.The origin of an electric field in the surface 

layer can be understood as follows. 

At any finite temperature crystal lattices, especially in ionic crystals, generate point defects 

(Frenkel pairs) to increase the entropy at the expense of some increase in the internal energy
35

. 

At thermodynamic equilibrium these two contributions to free energy balance each other 
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resulting in a finite concentration of point defects in the crystal. In the case of the organo-lead 

halide perovskite the main point implies that the halide ions tend to go to the crystal grain 

surfaces
36

 to reduce the free energy. In particular the spontaneous formation of defects near the 

surface leads to halide ions migrating to the surface while halide vacancies penetrate the 

structure away from the surface defects are halide ions and vacancies
19, 37-39

. Iodine vacancy is 

the dominant diffusing defect due to its low formation energy and the low diffusion barrier
19, 20, 

24, 40
. According to DFT studies the presence of halide ions in the perovskite structure is 

energetically costly. This  

 

 

 Figure 2. PL spectra of single crystals MAPbBr3 (a) and FAPbBr3(b)  obtained after 1p  and 2p 

excitation as indicated in the figure; Time-resolved 1p PL spectra obtained at different time delay  as 

indicated on each panel for MAPbBr3 (c) and FAPbBr3 (d) (The PL positons were corrected with respect 
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to the steady state PL position).; and SEM micrographs showing the single crystal surfaces of MAPbBr3 

(e) and FAPbBr3 (f) respectively.  

 

This defect formation results in macroscopic charge separation, i.e. it generates a macroscopic 

electric field E(x) perpendicular to the surface that can attract the vacancies to the crystal surface, 

and can screen this field thus confining it to the surface layer. Interestingly, in case of FAPbBr3 

such ion migration is very minimal, therefore, there is no shift in PL between 1p and 2p 

excitation. This can be attributed to the larger size of the FA and its stronger hydrogen bond with 

Br
-
, which can minimize the motion of the cation unit and subsequently suppress or hinder the 

ion migration to the surface
41

.  

The picosecond (ps) time-resolved 1p PL spectra was recorded using Streak Camera with ps 

temporal resolution and broadband capability, which clearly demonstrate that the PL lifetime of 

the surface of MAPbBr3 single crystal is very different compared to FAPbBr3 counterparts. The 

PL spectra shift at early time (0-100 ns scale) is about 8 nm and 3 nm for MAPbBr3 and FAPbBr3 

single crystals, respectively, indicating the photo induced changes including ion redistribution 

or/and migration is much larger in the case of  MAPbBr3 single crystal (see Fig. 2 (c) and 2 (d)). 

It is worth pointing out that the PL spectral shift at early time is recently attributed to the carrier 

diffusion from the surface to the bulk
42

. However, if this is the only origin for such spectral shift, 

we should observe similar shift (if not more) in the case of FAPbBr3 single crystals
11

 but this is 

not the case. This would mean that we do have more ion migration or redistribution in the case of 

MAPbBr3 single crystal compared to FAPbBr3. More specifically, it was found that under the 

same experimental conductions, the lifetime is almost one order of magnitude shorter in the case 

of MAPbBr3 single crystal as compared to FAPbBr3 (see Fig.S4), providing another piece of 
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evidence that that the number of trap states/vacancies due to ion migration and re-distribution are 

much lesser in the case of FAPbBr3 than that for MAPbBr3. 

 Recent reports have clearly indicated the passage of ions to the surface through the grain 

boundaries
43, 44

So the grain boundaries plays a critical role in ion migration. To further prove the 

ion migration in MAPbBr3, we conducted the surface-morphology mapping using high-

resolution scanning electron microscopy; and it has been found that of the surface of  MAPbBr3 

single crystals show more nano and micro grain boundaries
45

, which is very possibly due to the 

surface hydration and disorder. A detailed investigation using the state of art atomic scale 

resolution scanning tunneling microscope (STM), on the restructuring of single crystals are 

described elsewhere
45

. Hence, the greater part of grains on the MAPbBr3 can act as rattling 

centers to drive the ions towards the surface. On the contrary, FAPbBr3 single crystal surface 

showed characteristic layered crystal surface with no grain boundary formations, suggesting 

negligible ion migration (see Fig. 2(e) and (f)). 

To further substantiate the ion migration through the bulk, the ps time-resolved 2p PL was 

recorded using Streak Camera in MAPbBr3 single crystal. We found that there is no PL spectra shift 

at early time to us scale in MAPbBr3 single crystals which confirms that the bulk of the single crystal 

is intake with the bromide ion and there is no ion migration or redistribution inside. 
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Figure 3. Time-resolved PL spectra obtained at different time scale for MAPbBr3 upon 2p excitation (a); 

PL decay of 1p and 2p excitation of MAPbBr3 (b) SIMS depth profiling performed on both MAPbBr3 and 

FAPbBr3 single crystals. Only Br and Pb traces are shown for better comparison (c).   

             

To put further evidences of ion migration from the surface towards the bulk we have also 

performed the Secondary ion mass spectrometry (SIMS). In this experiment, the depth profiling 

(0 nm -2 µm) of ion concentrations especially the Br
-
 and Pb

+2
 from the top surface to the bulk is 

quantified. More traces of halide ions were detected on surface of MAPbBr3 single crystal 

further fortifying the pronounced ion migration (See Fig. 3(c)). However, on the other hand, 

FAPbBr3, the ions distribution as we go from the surface to the bulk is almost uniform, 

indicating minimal or negligible ion migration. This can be attributed to the larger size of the FA 

and the stronger hydrogen bond between FA and Br-, which can hinders the motion of the cation 

unit and subsequently suppress the ion migration to the surface
41

.          

 To correlate the ion migration and the PL blue shift between the 1p and 2p, in MAPbBr3 

theoretical calculations were performed and compared with the experimental results. We first 

analyze the spatial variation of the electric field and concentration of vacancies . In thermal 

equilibrium, the distribution of vacancies is controlled by the balance between the diffusion and 

drift currents of vacancies in the electric field  produced by halide ions on the surface (see 

Eq. (S1) in the Supporting Information).  

This balance equation can be solved taking into account charge conservation together with the 

Einstein relation between the diffusion coefficient and mobility to obtain   

 (1) 
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where  is the surface concentration of halide ions, coefficient is the vacancy charge, k is 

Boltzman’s constant, T is temperature, and  is the static dielectric constant of the material. 

Assuming that the band gap of the material in the surface layer (hence the PL frequency shift ∆) 

is proportional to the squared-average electric field, we have 

  (2) 

where 𝑥0 is the characteristic penetration depth of light. This expression indicates that the blue 

shift of the PL line can be relatively high for 1p excitation, which is characterized by a small 

light penetration depth 𝑥0, and much lower for the 2p excited PL due to much higher 𝑥0 values.  

    

 

Figure 4. PL spectra for different temperatures of single crystal of MAPbBr3 and FAPbBr3 obtained 

under 1p excitation (shown in corresponding panels); 2p excitation (c) and (d) and temperature dependent 

PL decay of MAPbBr3 (e) and FAPbBr3 (f). 
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We have also done the temperature dependent PL measurement and noticed that the increase in 

temperature causes a clear increase in the blue shift for all single crystals with 1p excitation (see 

Fig. 4(a) and (b) and S5) . At higher temperature upon 1p-excitation, a clear PL spectral shift of 

 5 nm and 7 nm is observed in MAPbBr3 and FAPbBr3, respectively (See Fig. 4(a) and 4(b)). 

Therefore it is now fairly established that temperature facilities the ion migration in both the MA 

and FA crystal. Interestingly the blue shift with temperature when compared with respect to bulk 

PL (2p) for MAPbBr3 (555 nm) and FAPbBr3 (560 nm), we found that the shift is 20 nm for 

MAPbBr3 and 8 nm for FAPbBr3. Hence it is also clear that temperature can induce the ion 

migration in FA however, when compared to MA, it is minimal. In sharp contrast, almost no 

shift is observed for 2p-excitation, providing another strong piece of evidence that the ions are 

more concentrated on the surface of the single crystal compared to the bulk. 

The ionic conductivity extracted using the complex impedance Nyquist plots, has clearly 

demonstrated the increase of ionic conductivity with temperature
46

. The migration of ions can 

cause the charge accumulated at the specific regions or near the interface of the device. The 

MAPbBr3 single crystal device showed a dependence of ionic conductivity (see Fig. S7) upon 

temperature, suggesting the temperature induced ion migration due to the low formation energies 

of interstitial halide ions and/or halide vacancies.   

To correlate the temperature induced ion migration/redistribution theoretical calculations were 

performed and compared with the experimental results. According to Eq. (3), the blue shift of the 

PL line in the surface layer relative to the bulk depends on temperature, which offers an 

independent way to validate our model. As can be seen in Fig. 4(a), the increase in temperature 

causes a clear increase in the blue shift for all singe crystals. This effect can be compared to our 

theoretical predictions of the blue shift value assuming that the proportionality coefficient 
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between the PL shift and the squared-average electric field in Eq. (3) remains constant in the 

relevant temperature range.  

To describe the temperature dependence of the blue shift  , we have to find equilibrium 

values of S
n

 as a function of temperature. This value is obtained by analysing the free energy of 

the system that obtained in the mean-field approximation by neglecting small repulsive 

interactions between individual ions on the surface and between individual vacancies in the bulk 

(see Eq. (S7) in the Supporting Information). The minimization of the free energy with respect to 

𝑛𝑆 gives an equation, which can be solved for S
n

 in the limit 0S S
n N

(see Section 2 in 

Supporting Information) to give 

1/ 3

0 0 0

2

2 2
exp

3

M V S V

S

kT N N kT
n

e kT

  
 
   
                      (3) 
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Figure 5. (a) The shift of the PL line obtained under 1p excitation with respect to that obtained under 2p 

excitation as a function of temperature calculated using Eq. (4) for three values of the vacancy formation 

energy 0V ; (b) Schematic diagram of electric field formation due to the spontaneous separation of 

negatively charged ions and positively charged vacancies in the perovskite single crystal.  

 

where, 𝜀𝑣0 is the vacancy formation energy measured relative to the internal energy of halide 

ions on the surface, 0V
N

 and 0S
N

 are the concentrations of available sites for the halide vacancies 

in the bulk and halide ions on the surface, respectively. Substituting Eq. (3) into Eq. (2) we 

obtain 
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where the temperature-independent factor C depends on material parameters including the light 

penetration depth 𝑥0, as shown by Eq. (S11) in the Supporting Information. According to Eq. (6), 

the effect of temperature on ∆ depends on the vacancy formation energy 𝜀𝑣0  and always results 

in an increase of ∆, i.e. increases the blue shift of the surface layer PL with respect to the bulk 

PL, as illustrated in Fig. 5. This behavior is in qualitative agreement with the experimental 

observation illustrated in Fig. 4. In Fig.S7, we plot the PL shift as a function of temperature for 

MAPbBr3 modeled using the equation shown in the inset. The PL line observed under two-

photon excitation should have significantly lower shift (as seen from Eq. (3)) due to much longer 

light penetration depth 𝑥0).  It is worth pointing out that in general, there can be no visible 

correlation between the value of the blue shift at room temperature and the strength of its 

temperature dependence. This can be due to different values of 0V


 for different materials. In case 

if the binding energy of halide ions is higher on the surface then it is in the bulk the energy 0V


 

can even be slightly negative (see green curve on Fig. 5(a) favoring generation of ion-vacancy 

pairs with ions placed on the crystal surface.  

In conclusion, our theoretical analysis shows that the experimentally observed difference in the 

positions of PL line for one-photon and two-photon excitations is caused by the electric field 

generated in the surface layer of the crystals. This electric field is due to the spontaneous 

separation of negatively charged ions and positively charged vacancies (See Fig. 5(b)). This field 

causes an increase in the bandgap in the surface layer of the materials thus shifting the PL line to 

a higher energy. Indeed, the shift of the PL line with temperature predicted by our theory is 
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qualitatively consistent with the experimental observations. The thickness of the surface layer is 

determined by the vacancy screening and typically is below 1 µm suggesting that the properties 

of widely studied thin films of the perovskites are controlled by halide vacancies. The obtained 

experimental results and their theoretical interpretation provide a framework for understanding 

and improving the properties of the lead halide perovskite single crystals. Given that the 

performance of perovskite devices is limited by the quality of the surface layers, our findings 

will focus effort on the development of field-neutralizing procedures or surface passivation 

during crystal fabrication in order to achieve high-performance perovskite crystal devices. 
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