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Abstract. The effect of ion migration from indium tin oxide (ITO) and SiO2 substrates on the

photo and thermal degradation of CH3NH3SnI3 hybrid perovskite is studied. The measurements

of  X-ray  photoelectron  survey  spectra  (XPS)  showed  an  increase  in  the  concentration  of

substrate ions in the surface layer of ITO/CH3NH3SnI3 and reduction of N:Sn and I:Sn ratios

after 500 hours of white light irradiation and 200 hours of annealing at 90 oC. The high-energy

resolved  XPS  Sn  3d-spectra  of  ITO/CH3NH3SnI3 indicated  a  consistent  increase  in  the

contribution of Sn4+-ions at these exposure times under light-soaking and heat stress. The nature

of this phenomenon was established on the basis of XPS Sn 3d, O 1s and valence band (VB)

measurements and density functional theory (DFT) calculations that revealed that at the initial

stages of CH3NH3SnI3  degradation, the SnI4 phase separation occurs and with a further increase

in exposure time, tin is oxidized to form a SnO2 phase. In order to check the effect of SiO2

substrate on the SiO2/CH3NH3SnI3 resistance to external influences, we chosed annealing at 300

hours since the thermal degradation is clearly visible already at 200 hours for ITO/CH3NH3SnI3

sample. The Sn 3d, O 1s and VB spectra from XPS showed that for CH 3NH3SnI3 perovskite the

SiO2 substrate is more stable than ITO and the effect of the oxidation of tin atoms due to the

migration of oxygen ions is very weak. The theoretical modeling demonstrates that formation of

SnI2 defects in CH3NH3SnI3 became irreversible due to the oxidation by migration of the oxygen
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ions from substrate. The calculated formation energy of oxygen vacancy in ITO is about two

times smaller than in SiO2 that explains an instability of ITO/CH3NH3SnI3.

1. Introduction

Hybrid  lead  halide  perovskites  have attracted  a  great  attention  last  years  because  of  their

pronounced progress in optoelectronic applications.1-2 After 9 years of development the power

conversion efficiency (PCE) of perovskite solar cells (PSC) based on these materials increased

from  3.9  to  25.2%  which  is  comparable  with  that  of  traditional  silicon-based  solar  cells.3

However,  the  toxicity  problem  of  lead  halide  perovskites  limits  their  practical  large-scale

commercialization.4 One of the way to solve this problem is to replace Pb with the less toxic Sn

or Ge to form the perovskites5 and few years ago Stoumpos et al.6 reported CH3NH3SnI3-based

perovskite solar cells with a PCE of ≈6%. Although the optical and electronic properties of Sn-

based perovskites are highly attractive, the instability of these materials to moisture, light and

heat restricts their practical applications. Sn2+ ions in CH3NH3SnI3 perovskites are easily oxidized

to  Sn4+ and  even  less  than  0.1%  Sn4+ doping  induces  the  degradation  of  the  solar  cell

performance.7-8 It has been found that the addition of SnF2  prevented the degradation of tin-based

perovskites.9 However,  such  prevention  is  rather  limited  and  in  connection  with  this,  the

understanding the origin of degradation of complex tin halides and developing stable Sn-based

perovskite electronic devices with good reproducibility is very important.10 An essential result of

the problem under consideration is the dependence of the bulk properties of hybrid perovskite

films on the type of substrate used for film growth. It was established that the roughness and

nature of the substrate and deposited layer (glass, ITO, TiO2, and PEDOT: PSS) affects not only
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the degree of preferred orientation and crystalline grain size but also varying lattice parameters

and specially distance between Pb-Pb metal atoms to ±0.7%. It is also assumed that the chemical

nature of the substrate and selective layer thin-film affects the concentration of defects and the

inclusion of oxygen and iodine vacancies during the nucleation and growth of the perovskite

film. These variables must have direct consequences in the observed degradation caused by light

and  heat  in  perovskite.  It  has  been shown that  laser  illumination  leads  to  the  formation  of

additional defects, primarily those associated with oxygen which is recorded by measurements of

the Raman spectra.11 It is also discussed the possibility of changing the chemical composition in

the perovskite layer due to the migration of ions from the substrate under the influence of light

and temperature which can affect the chemical reactions that occur in the perovskite layer.12 In

relation to tin-based hybrid perovskites, the particular interest is the migration of oxygen ions

from the ITO and SiO2 substrates and the degradation of the hybrid perovskite layer caused by

this process. In connection with this, we are studying in the present paper the influence of oxygen

ion migration from substrate into ITO/CH3NH3SnI3 and SiO2/CH3NH3SnI3 samples induced by

light soaking and heat stress and tracking changes using XPS spectra (survey, core level and

valence band spectra).  To exclude the effect of oxidation in air, all samples for photoemission

studies were sealed in special containers (sliders),  which were opened just before they were

installed in the spectrometer, in order to minimize their time in the air before performing spectral

experiments. In such a way, XPS spectra of ITO/CH3NH3SnI3, SiO2/CH3NH3SnI3 and reference

compounds (SnI2, SnI4 and SnO2) were investigated.

2. Experimental and Calculation Details
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ITO and SiO2 substrates (25×25 mm2) were sequentially cleaned with toluene and

acetone and then sonicated in deionized water, acetone, and isopropanol. The CH3NH3SnI3

solutions  with  a  concentration  of  0.75  M  were  prepared  by  dissolving  the  corresponding

precursors in a mixture of dimethylformamide (DMF) and dimethyl sulfoxide (DMSO) (4:1 v/v).

Prepared solutions were spin-coated at 5000 rpm inside a nitrogen glove box. Toluene (100 μL)

was added at the 30th second after the start of the spinning, thus quenching the precursor and

inducing the film crystallization. Spinning was continued for 30 s more, and then the deposited

films were annealed at nitrogen inside the glove box with O2 < 0.1 ppm and H2O < 0.1 ppm at 70

°C for 5 min.

Thermal stress tests of the films were performed inside a nitrogen glove box. The samples were

placed on the hot plate at 90 °C and covered with a nontransparent lid to avoid their exposure to

the ambient  light.  The light-soaking experiments were performed using a specially designed

setup integrated with the dedicated MBraun glove box. We applied a metal-halide lamp as a

standard light source, which is known to provide a good approximation of the solar AM1.5G

spectrum. Considering the possible UV light effect on the stability of the perovskite films, we

applied an additional UV filter to cut-off the wavelengths below 300 nm. The light power at the

samples was ∼100 ± 5 mW/cm2, while the temperature was 65 ± 3 °C (provided by intense fan

cooling of the sample stage).

XPS was used to measure survey spectra at binding energies range of 0-650 eV and high-

energy resolved O 1s and valence band (VB) spectra with help of a PHI XPS 5000 VersaProbe

spectrometer (ULVAC-Physical Electronics, USA) with a spherical quartz monochromator and

an energy analyzer working in the range of binding energies from 0 to 1500 eV. The energy
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resolution was E ≤ 0.5 eV. The samples were kept in the vacuum chamber for 40 min prior to

the experiments and were measured at a pressure of 10-7 Pa. 

First-principles  modelling  calculations  were  performed  using  the  SIESTA  computational

package.13 The Perdew-Burke-Ernzerhof  variant  of  the  generalized  gradient  approximation

(GGA-PBE)14 with  spin  polarization was  employed.  Relatively  large  basis  set  for  norm-

conserving TM-pseudopotentials15 are used: for Sn the 5s2 5p2 5d0 5f0, for In 5s2 5p1 4d10 5f0, for I

the 5s2 5p5 5d0 4f0, for Si the 3s2 3p2 3d0, for C the 2s2 2p2 3d0, for N the 2s2 2p3 3d0, and for O the

2s2 2p4 3d0 orbitals are included in the valence. For the indium, corrections of semicore states

were taken into account16. The forces and total energies were optimized with an accuracy of

0.04 eV Å−1 and 1.0 meV, respectively.

The  calculations  of  CH3NH3SnI3 were  performed  on  a  3×3×3  supercell  (324  atoms,  see

Figure 1a) similar to use in our previous work on similar systems.17 The initial lattice parameters

were  obtained  from  lattice  optimization  at  zero  temperature.  Our  recent  MD  modelling

demonstrate  insignificant  expansion of  the  lattice  annealing  thus  we omit  contribution  from

thermal expansion.17 To imitate the initial disorder in the thin films hybrid perovskites at finite

temperatures, we used quasi-random distribution for the initial orientation of the MA groups. For

the modelling of ITO we used the unit cell of In2O3 (80 atoms)18 with random distribution of 2, 4,

and 8 substitutional Sn impurities corresponding to 12.5, 25 and 50% of tin amount. For the

modeling oxygen vacancies, we compare the energetics of two cell one with vacancy in vicinity

of Sn-impurity and another with two distant defects. For the modeling of the oxygen vacancies in

SiO2 we used 2×2×2 supercell of 72 atoms. Energies of the chemical processes were discussed as

the differences between total energies of products and reactants. Our recent work demonstrated

feasibility of this model for description of defects in quartz.19 For SnO2, SnI2, SnI4 we calculate
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electronic  structure  and  total  energies  for  the  structures  corresponding  with  ground  states.

Molecular oxygen and CH3NH3
+ were modeled as single molecules in empty boxes. 
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Figure 1. Optimized atomic structure of  CH3NH3SnI3 supercell. Tin atoms are shown by grey,

iodine by violet, carbon by black, nitrogen by light pink and hydrogen by light blue  (a). The

XRD pattern of deposited MASnI3 film (b).

3. Results and Discussion

3.1 ITO/CH3NH3SnI3

X-ray diffraction patterns of MASnI3 shows two peaks at 14.2o and 28.7o typical for (100) and

(200) crystallographic planes of cubic perovskite lattice (Figure 1b). Absence of other peaks

indicated that the films are highly textured. To study the detailed mechanism of photo-/thermal-

degradation of ITO/CH3NH3SnI3, we first measured the XPS survey spectra in the energy range

of 0-650 eV of irradiated and annealed samples with aging time of 0-1000 hours. The results are

presented in Figure 2 and the surface compositions determined from these spectra (a quantitative

estimate of the relative concentration of elemental species is obtained from the measured integral
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intensities,  corrected  by  the  elemental  and  orbital  specific  photoemission  cross  sections  are

summarized in Table 1 (in at.%).

Figure 2. XPS survey spectra of light-soaking and heat stressed ITO/CH3NH3SnI3 hybrid

perovskites.

Table 1. Surface composition of the as-prepared, light irradiated, and annealed ITO/CH3NH3SnI3

samples (in at.%). 

ITO/MASnI3 C O I Sn N In F Si N:Sn I:Sn O:Sn

As prepared 56,3 15,6 12 4,5 4,9 3,8  - 2,9 1,08 2,66 3,47

Photo-200 h 41,2 24,6 12,5 6 3,7 9,5  - 2,5 0,61 2,08 4.10

Photo-500 h 45,6 24,8 8,6 4,9 2,3 12,6  - 1,2 0,46 1,75 5,06

Photo-1000 h 34,3 37,6 4,8 7,8 1,2 13,9 - - 0,15 0,61 4,82
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Thermo-25 h 43,8 27,1 8,3 8,7 1,6 9,3 1,2 - 0,18 0,95 3,12

Thermo-200 h 42,1 32,3 3,4 7,4 - 12,8 2 - - 0.45 4,36

Overall, the elements belonging to the perovskite (C, N, Sn and I) and the substrate (In and O)

were found on the surface of the studied samples. This means that the prepared perovskite layers

do not  fully cover  the ITO-substrate  and have some voids (or  pin-holes) through which the

substrate elements are visible in XPS substrate spectra even in as prepared sample. To approve

this  suggestion,  we  also  applied  the  scanning  electron  microscopy  (SEM)  to  observe  the

morphology of the surface (Figure 3). As seen from these data, an increase in the concentration

of substrate ions (In, Sn and O) in the ITO/CH3NH3SnI3 surface layer after 200 h aging time may

be due to two factors - an increase in the size of voids due to decomposition of the organic cation

and the diffusion of substrate elements onto the surface of the perovskite layer. The reduction of

N:Sn and I:Sn ratios  indeed means the loss of organic cation (CH3NH3
+) and change of I-Sn

bonds.  Instead,  C 1s is  not valid signal  to track the organic cation because it  is  affected of

adventitious  carbon.  Overall,  XPS  results  are  consistent  with  the  CH3NH3SnI3  perovskite

degradation mechanism proposed in the literature.20-21 As shown in the XRD measurements of

both photo- and thermal-aged perovskite films,10 the decomposition of CH3NH3SnI3 is evidenced

by the disappearance of associated diffraction peaks accompanied with the appearance of SnI2

peak.

As follows from this mechanism, one of the products of degradation is SnI4 compound which

contains  the  tetravalent  Sn-ions.  The  transition  from  bivalent  in  the  initial  perovskite

(CH3NH3Sn2+I3) to tetravalent in Sn4+I4
– product of decomposition should be recorded in the XPS
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Sn 3d-spectra.  To  verify  this,  we  measured  high-energy  resolved  XPS  Sn  3d-spectra  in  as

prepared, light-soaked (Figure 4a), and annealed (Figure 4b) CH3NH3SnI3 films. 

500 nm

Fresh film

After thermal annealing

After light soaking

500 nm 500 nm

500 nm 500 nm 500 nm

200 h 500 h 1000 h

200 h 500 h 1000 h500 nm

0 h

Figure 3. Changing of morphology of MASnI3 films after thermal and photochemical aging.
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Figure 4. XPS Sn 3d5/2-spectra of light soaking (a) and heat stressed (b) ITO/CH3NH3SnI3.

Indeed, as can be seen from these data, the binding energy of the XPS Sn 3d5/2-spectrum in the

initial perovskite coincides with that in the reference SnI2 compound with divalent tin ions, while

irradiation with visible light and annealing lead to the appearance of a high-energy feature which

ultimately forms into an independent peak coinciding at large exposure times in energy with that

of the SnI4 and SnO2 compounds. 

Figure 5. XPS VB spectra of light irradiated (a) and annealed (b) ITO/CH3NH3SnI3 samples and

XPS O 1s (c) of ITO/CH3NH3SnI3 before and after photo and thermal treatment.

We further  examined  how the  light-soaking  and  heat  stress  affect  the  XPS valence  band

spectra. As follows from Figures 5a-b, an increase in the time of these external influences leads

to a high-energy shift of the maximum intensity of the XPS valence band spectra. It is important

noting that threshold values of degradation expressed in terms of energy shift of XPS VB exactly
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coincide with those determined from the I:Sn ratios and XPS Sn 3d-spectra (see Table 1 and

Figure  4)  and correspond to  500 hours  and 200 hours  for  irradiation with visible  light  and

annealing, respectively. For high exposure times, this shift leads to the actual coincidence of the

XPS Sn 3d-spectrum with that in the SnO2 compound for light soaking at 1000 h and heat stress

at 200 h. In connection with this let us return again to the Table 1. A progressive increase in the

indium and oxygen concentrations  with  aging time is  noticeable  both  upon irradiation  with

visible light and under annealing. For example, with an increase in the light irradiation time from

0 to 1000 hours, the indium, tin and oxygen content in the surface layer increased from 3.8, 4.5

and 15.6 to 13.9, 7.8 and 37.6 at.%, respectively. A similar effect is observed during annealing

where an increase in exposure time to 200 hours leads to an increase in similar concentrations to

12.8, 7.4 and 32.3 at.%, respectively (see Table 1).  As we noted above, this can be caused by

both the degradation of the organic cation and, as a result, a change in morphology due to an

increase in the size of voids and by diffusion of the substrate elements on the surface of the

perovskite layer induced by light irradiation and annealing. This process in Table 1 corresponds

to a decrease in N:Sn, I:Sn and an increase in O:Sn. . It should be noted that migration of indium

ions from the ITO substrate to the surface of the deposited perovskite layer it was also previously

reported in literature. 22-23 The theoretical approach proposed in Section 3.3 to the mechanism of

perovskite degradation is based on the formation of SnI2 vacancies as a result of oxidation of

SnI2 by oxygen from the substrate based on the measurement of the O:Sn ratio. A convincing

illustration of the migration of oxygen ions from the substrate to the surface of the perovskite

layer and their interaction with metal atoms is given in Figure 5c,  which shows the oxygen

spectra  of  the  initial  sample  and after  irradiation  with  visible  light  and annealing.  If  photo

irradiation and annealing only lead to an increase of the voids in the perovskite layer, then one
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could  expect  the  appearance  of  the  oxygen  spectrum  of  the  corresponding  ITO-substrate.

However, as can be seen from this figure, the measured oxygen spectra differ significantly from

that  of  ITO-substrate  and coincides  with  the  spectrum of  the  oxygen  in  the  SnO2-oxide. It

follows from XPS O1s-spectra (Fig. 5c) that the surface of the initial sample irradiated with

visible light and annealed is coated with adsorbed oxygen (532.3 eV) near which the peak of

SnO2 (530.9 eV) grows with aging time. Oxygen adsorption probably occurs at the moment the

sample is introduced into the working chamber of the spectrometer.

Thus, the mechanism of ITO/CH3NH3SnI3  perovskite degradation can be represented in two

stages.  At  the  first  stage,  at  low  aging  times,  the  photochemical  and  thermochemical

decomposition of the CH3NH3SnI3  compound probably occurs with the formation of the SnI4

compound as a decomposition product. With an increase in the exposure time, oxygen atoms

diffuse from the ITO-substrate and the process is complicated by the additional formation of

tetravalent tin ions due to the oxidation of tin atoms (see Refs 20-21, 24). 

3.2 SiO2/CH3NH3SnI3

The surface composition of annealed SiO2/CH3NH3SnI3 (Table 2) determined from XPS survey

spectrum (Figure 6) showed that the N:Sn and I:Sn ratios are much higher (0.34 and 1.86) than

those in the annealed at 200 h ITO/CH3NH3SnI3 sample (0 and 0.45) whereas O:Sn ratio in

opposite  is  decreased  (3.22  and 4.36)  (see  Table 1).  This  definitely  indicates  that  almost  at

certain exposure times (20-300 hours) there is  a  higher thermal stability of the CH3NH3SnI3

prepared on the SiO2 substrate.

Table 2. Surface composition of annealed SiO2/CH3NH3SnI3 sample (in at.%). 
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SiO2/MASnI3 C O I Sn N F Na Si
N:Sn I:S

n
O:Sn

Thermo-300 h
41,2
0 23,50 13,60 7,30 2,50 0,80 4,0

7,1
0

0,34 1,86 3,22

Figure 6. XPS survey spectra of heat stressed SiO2/CH3NH3SnI3 hybrid perovskite.

This  conclusion  is  also  confirmed by  comparing  the  XPS Sn 3d5/2,  O 1s  and VB-spectra

measured for the SiO2/CH3NH3SnI3 and ITO/CH3NH3SnI3 samples (see Figures. 7a-c).
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Figure  7. Comparison of XPS Sn 3d5/2 (a), VB (b) and O 1s (c) spectra of pristine and heat

stressed ITO/CH3NH3SnI3 and SiO2/CH3NH3SnI3.

As follows from Figure 7a, if a high-energy shift of XPS Sn 3d5/2 of 0.84 eV of towards the

reference SnI4 compound (1.0 eV) is observed during annealing of the ITO/CH3NH3SnI3 sample,

then for the SiO2/CH3NH3SnI3 this shift is only 0.52 eV.

The  comparison  of  the  XPS  VB  spectra  of  ITO/CH3NH3SnI3 and  SiO2/CH3NH3SnI3

compounds shows that with equal heat treatment the spectrum of ITO/CH3NH3SnI3 is shifted

toward the high energy side and coincides in position with that in the Sn4+O2 since the XPS VB

of SiO2/CH3NH3SnI3 does not show such a shift and coincides in position with the spectrum of

the reference Sn2+I2 (see Figure 7b). The final point in the comparison of the spectra of these two

compounds was put in Fig. 6c where the XPS O 1s-spectra are presented. These results show that

unlike the ITO/CH3NH3SnI3 where the annealing leads to the appearance of a  high-intensity

component close in energy to the SnO2 oxide spectrum in the SiO2/CH3NH3SnI3  compound, no

such modification of the XPS O 1s-spectrum is observed.

3.3 DFT modelling
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At  the  first  step  of  our  modeling  we  checked  the  formation  energies  corresponding  to

formation of SnI2 phase. We described the formation of SnI2 phase as the process started from

the  formation  of  SnI2 vacancies  in  the  supercell  shown  in  Figure  1.  We  also  checked

relationships between energetics and concentration of the vacancies. For the defect concentration

of  3.7  at%,  the  formation  energy  is  -0.37  eV/SnI2.  The  further  increasing  of  the  defect

concentration up to 7.4 at% and 11.1 at% provides the increase of the formation energies to -0.04

and +0.15 eV/SnI2, correspondingly. This process can be considered as reversible. Irreversibility

of this process can be related with oxidation of SnI2 by the oxygen from the air or substrate.

Before discussion of this process we checked the influence of the formation of SnI2 defects on

electronic structure. At the concentration 11.1 at% of SnI2 vacancies the shift of the main peak of

valence band at about 0.25 eV from Fermi level is observed (Figure 8). This change in electronic

structure corresponds to experimentally  observed slight  shift  of this  peak at  initial  stages  of

photo-degradation  (200 and 500 hours, see Figure 5a) and 25 hours of thermo-degradation of

ITO/CH3NH3SnI3 (Figure 5b).
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Figure  8. Calculated densities of states for undefected CH3NH3SnI3,  the same supercell with

three SnI2 vacancies (11.1 at%) and bulk SnI2.

In the absence of oxygen from the air, its source may be an oxygen-containing substrate. For

evaluation  of  the  favorability  of  the  proposed  degradation  pathway  we  have  calculated  the

energy of the formation the oxygen vacancies in both materials used as substrates (ITO and

SiO2). The formation energy of the single oxygen vacancy in SiO2 is found to be rather high

(+5.18 eV/O). The energy cost of creating of the oxygen vacancy in ITO depends from the tin

concentration. The calculated values are +4.79, +4.09 and +2.77 eV/O for 12.5, 25 and 50%

concentration of tin. Thus in the case of ITO-substrate the producing of the oxygen for reaction

can be always energetically cheaper than for glass substrate. Note that according to Arrhenius

equation  the  yield  of  reaction  depends  from  the  energy  cost  exponentially,  therefore  the

decomposition CH3NH3SnI3 on ITO substrate will be about from 1.5 to 11 times faster than over

glass substrate.
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4. Conclusions

In conclusion,  it  was  demonstrated  that,  when exposed to  visible  light  and annealing,  the

perovskite CH3NH3SnI3 degrades, which is accompanied not only by a change in morphology

and the formation of voids, but also by diffusion of elements from the ITO substrate, which leads

to their chemical interaction with the perovskite layer. The XPS measurements show that the

decomposition process proceeds in two stages. At the first stage, at short exposure times, the

photochemical and thermochemical degradation of Sn-based hybrid perovskite occurs probably

with the formation of a SnI4 as a decay product. The theoretical modeling suggests that this

process is reversible. At the second stage, the oxygen, tin and indium atoms diffuse under long

exposure  times,  which  is  accompanied  by  additional  formation  of  Sn4+ ions  as  a  result  of

oxidation  of  tin  atoms.  When  replacing  the  ITO-substrate  with  SiO2 such  an  effect  is  not

observed and as shown by XPS study of SiO2/CH3NH3SnI3 annealed at 300 hours the second

stage of degradation is not recorded. Theoretical modeling demonstrates that the energy required

for the formation of oxygen vacancies in ITO is about two times smaller than in SiO2 that explain

the difference in thermal stability of CH3NH3SnI3 prepared on ITO and SiO2 substrates. Here we

note  that  our  XPS experimental  data  support  the  ionic  migration  from the  substrate  to  the

perovskite layer. However, the absolute value and reaction rates demonstrating migration should

be taken with caution. Since in an earlier work with a glass substrate and lead perovskite, XPS

measurements of irradiated and annealed SiO2/MAPbI3 also showed that contribution of substrate

increases with aging time for more degraded samples.25 Such an increase may be due to the

degradation of perovskite under the influence of these external influences (light and temperature)

because of the destruction of the organic cation and formation of voids as a result of which the

substrate elements become visible.
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