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ABSTRACT OF THE THESIS 

 

Strain Modulation of Properties of Inorganic Halide Perovskite (CsPbBr3): A DFT study 

by 

Manas Likhit Holekevi Chandrappa 

Master of Science in NanoEngineering 

University of California San Diego, 2019 

Professor Shyue Ping Ong, Chair 

 Halide perovskites have quickly risen in the ranks of 3rd generation photovoltaic 

technologies over the past decade and have been a subject of intense experimental and 

computational study. This class of material has been shown to have excellent optoelectronic 

properties such as large absorption coefficient, long carrier diffusion length and high carrier 

mobility but has poor stability. Several strategies such as elemental doping, morphology control 

and surface passivation have achieved incredible success in increasing both performance and 

stability of perovskite solar cells. The certified power conversion efficiency of perovskite solar 

cells has exceeded 24 % with efficiency > 18 % now being reported regularly. 
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  However, problems such as phase segregation, limited dopant solubility and high cost of 

processing are associated with these techniques. Strain modulation has been proposed as a 

promising technique to improve performance but no comprehensive study on the effect of strain 

on perovskite exists. The work in this thesis is aimed at understanding the effects of strain on 

various properties and to evaluate strain modulation as a tool for improving solar cell performance.  

 Chapter 1 provides a summary of the research progress made so far and establishes the 

motivation of this study. Chapter 2, provides the details of all the computational 

techniques/methods used in this study. Chapter 3, 4 and 5 discusses the results obtained for strain 

modulation of optoelectronic properties, ion migration barrier and vacancy defect formation 

energy respectively. Based on these results it is proposed that the unstrained perovskite layer will 

yield better performance due to its lower band gap, lower effective carrier mass, higher ion 

migration barrier and higher vacancy defect formation energy when compared to the 

experimentally found tensile strained perovskite layer in the solar cells. 
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Chapter 1 

Introduction: Halide Perovskites and Strain Modulation  

1.1 The Rise of Halide Perovskite Solar Cells 

The halide perovskite solar cells belong to the 3rd generation photovoltaic technologies and 

are also known as emerging Photovoltaic (PV) technologies. The halide perovskite solar cells have 

only been around for about a decade but their Power Conversion Efficiency (PCE) has far 

surpassed the efficiencies of other 3rd generation solar cells and now rivals that of contemporary 

silicon solar cells. The National Renewable Energy Laboratory (NREL) maintains the best 

research-cell efficiency chart which shows the evolution of the certified efficiencies of all the 

major PV technologies over the years. In this chart, the 3rd generation photovoltaic solar cells 

appear after year 2000. Figure 1.1 shows the zoomed in version of the efficiency chart showing 

the efficiencies of 3rd generation solar cells1. The halide perovskite solar cell efficiency (shown in  

 

Figure 1.1: The zoomed in NREL record efficiency chart showing the record efficiencies of halide 

perovskites (orange line with yellow dots) over the years. The record efficiency currently stands 

at 24.2%. 
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orange line with yellow dots) has seen a sharp increase in the past decade and the record efficiency 

now stands at 24.2%. PCE of greater than 18 % are now being reported regularly in literature. 

Several strategies such as elemental doping, surface passivation and transport layer optimization 

have helped perovskite reach these efficiencies. While the PCE of halide perovskite solar cells has 

increased, the low stability of these halide perovskite has served as a major roadblock in their path 

to commercialization. Much of the research now is focused on improving the stability of these 

materials. It is important to first understand the structure of perovskites before understanding the 

various factors that contribute to the instability of perovskites. The next section discusses the 

structure of perovskites and its different phases.   

 

 

Figure 1.2: Schematic showing the generic structure of halide perovskites. Halide perovskites are 

categorized as hybrid perovskites if ‘A’ site contained an organic cation like MA or FA. Halide 

perovskites are known as inorganic perovskites if the ‘A’ site contains an element such as 

Caesium2.   
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1.2 Halide Perovskite Crystal Structure and Phases 

The halide perovskites have a general formula of ABX3 and their structure can be derived 

from the well-known oxide perovskite structure by replacing the oxygen in the structure with 

halogen. Figure 1.2 shows the general structure of halide perovskites along with the positions of 

different cation/anion sites. The structure consists of a network of BX6 octahedra. The ‘B’ site is 

a bivalent cation and is at the center of the octahedra. It is surrounded by 6 halide ions (‘X’ site) 

which form the corners of the octahedra. The ‘A’ site is a monovalent cation and is located in the 

space between the octahedra. Depending on the type of cation that is present at the ‘A’ the halide 

perovskites are classified into two groups. If the ‘A’ site contains organic cation such as 

 

Figure 1.3: The (a) cubic, (b) tetragonal and the (c) orthorhombic phases of CsPbBr3 illustrating 

the structural differences between the phases. The three phases differ in the degree of octahedral 

rotation present in the structure.  
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methylammonium (MA) or formamidinium (FA) then the perovskite is called a hybrid perovskite. 

The name hybrid perovskite is due to the presence of organic cation in inorganic PbX6 octahedra. 

If the ‘A’ site is occupied by inorganic ion such as Cs+ or Rb+, the structure is entirely inorganic 

and hence named inorganic halide perovskite. 

The halide perovskites usually are known to have 3 phases3. The low temperature phase is 

usually the orthorhombic phase and the high temperature phase is cubic phase. Tetragonal phase 

is the intermediate phase. These three phases are black in color. Halide perovskites also exist in 

the so-called non-perovskite phase. This phase does not have the properties of a good solar 

absorber and is not black. The formation of this phase is highly undesired. The three “perovskite” 

phases however, differ from one another in the degree of octahedral rotation present in the 

structure. Figure 1.3 illustrates the structural differences. Figure 1.3a shows the cubic phase of 

CsPbBr3. This structure is highly symmetric and the Pb-Br-Pb bond angle is 180°. On the other 

hand, in orthorhombic phase (see figure 1.3c) the octahedra are rotated and tilted. This also off-  

 

Figure 1.4: Plots showing change in the power conversion efficiency of halide perovskite solar 

cell due to (a) moisture and (b) heat. The PCE drops in both cases (red line), but is more drastic 

due to heat because of the loss of organic molecule in the hybrid perovskite structure. 
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sets the Cs atoms when viewed from the ‘c’ axis. The orthorhombic phase has the highest 

octahedral rotation and the Pb-Br-Pb bond angle is about 156°. In tetragonal phase (figure 1.b) the 

octahedra are only rotated about the ‘c’ axis such that there is misalignment between the halide 

sites when viewed along ‘c’ axis. The degree of octahedral rotation is intermediate to that of cubic 

and orthorhombic phase and is about 167° in the <001> plane. The next section briefly discusses 

the various instabilities found in halide perovskites.   

1.3 Instabilities in Halide Perovskites 

The halide perovskites primarily suffer from two broad category of instabilities. They are 

chemical instability and second is thermal instability. In chemical instability, the instability is due 

to reaction with moisture and/or oxygen. The hybrid halide perovskites are extremely susceptible 

to moisture and if sufficient care is not taken, the perovskite film reacts with the moisture present 

in ambient air and forms a yellow layer of PbI2 which is one of the decomposition products. The 

moisture instability is mainly due to the hygroscopic nature of the amine salt4. Figure 1.4a shows 

the drop in the PCE of the hybrid perovskite solar cell in the presence of moisture.  

The hybrid perovskites are also very sensitive to heat and decompose rapidly to form the 

PbI2 film while the CH3NH2 and HI gases escape5. The organic cation present in the hybrid 

perovskite structure is highly susceptible to heat. Figure 1.4b shows the change in the PCE due to 

heat. There is a drastic decrease in the PCE of hybrid perovskite solar cell and it is much faster 

than the decrease due to moisture. A combination of moisture and heat will completely destabilize 

the perovskite solar cell during its operation.  

The inorganic halide perovskites are relatively more stable when compared to the hybrid 

perovskites due to the absence of organic cation in the structure and attempts have been made to 
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fabricate solar cells made entirely out of inorganic perovskites. However, the performance of 

inorganic perovskite solar cells was found to be less than that of the hybrid perovskites. Hence 

several strategies were developed to improve both chemical and thermal stability of the hybrid 

perovskites. The next section briefly touches over the various techniques used in improving 

stability of perovskites. 

1.4 Strategies for Improving Halide Perovskite Performance and Stability 

Several strategies that have been used to improve the performance and stability of halide 

perovskites include elemental doping, surface passivation and encapsulation of perovskite layer. 

Elemental doping refers to substitution of elements at different sites (sites ‘A’, ‘B’, and 

‘C’) with other elements. Elemental doping by far has proven to be the best strategy to improve 

both performance and stability of perovskites. The substituted halide perovskites are also known 

as mixed perovskites. All the highest performing perovskites solar cells (efficiency > 20%) has 

mixed perovskite as its absorber layer. Ono et al. did a comprehensive review on the mixed halide 

perovskites6. As hinted in the previous section, the main cause of instability in hybrid perovskite 

is due to the presence of the organic cation at the ‘A’ site. Hence doping MA site with inorganic 

ion such as Cs+ has been shows to significantly improve thermal stability of hybrid perovskites7. 

Cs+ substitution of FA has been shown to suppress the undesired δ-phase formation hence 

improving phase stability of FA systems8,9.  

While ‘A’ site doping improves the stability of hybrid perovskites, the ‘X’ site doping gives 

excellent control over the band gap of the halide perovskites. For a given ‘A’ site cation, the band 

gap of chloride perovskite is the highest and the iodide perovskite is the lowest. The bromide 
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perovskite band gap falls between them. Hence, band gap has been shown to systematically 

decrease on doping I with Br and then Br with Cl at the ‘X’ site10,11.     

The presence of Pb in halide perovskites has been a major cause of concern due to its 

intrinsic toxicity and health risk. Therefore, several studies have looked into 

substitution/replacement of Pb with other elements. Metals such as Bi, Sn and Ge have all been 

tried for Pb replacement in perovskites. While these substitutions have given promising results, 

there are some concerns of decreased stability. For example, Sn has been shown to oxidize from 

+2 to +4 oxidation state which reduces the stability of perovskite structure.  

Surface passivation and encapsulation are actively being looked into for improving 

perovskite stability12–14. Both the methods involve formation of a barrier that prevents attack by 

external agents such as moisture and oxygen. But these methods require an additional process in 

solar cell fabrication and hence increases the cost of production. So, unless a cost-effective method 

is developed, the use of these methods for commercialization of halide perovskite solar cells will 

not be feasible. 

Strain modulation is another technique that has been shown to be promising for 

improvement of performance and stability of halide perovskites. However, the study of impact of 

strain on halide perovskite has not been systematic. The next section elaborates on the findings of 

both experimental and computational studies on strain modulation of various properties of halide 

perovskites.  

1.5 Literature Review: Strain modulation of properties of halide perovskites 

Strain modulation via strain engineering is one the most common techniques used to alter 

the electronic structure of the materials. This technique if effectively employed can give us desired 
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optoelectronic properties without having the need for cation/anion mixing. This avoids the 

problems associated with doping such as limited solubility of dopant and secondary phase 

formation/segregation. Moreover, the perovskite layer in solar cells are inherently strained as they 

are sandwiched between the electron and hole transporting layers in solar cells15. The strain is 

mostly biaxial in nature at the interfaces due to the lattice mismatch between perovskite and the 

charge transporting layers16. The following subsections discuss the results from the reported work 

on strain modulation of various properties of halide perovskites.   

1.5.1 Effect of Strain on Optoelectronic Properties of Halide Perovskites 

The electronic structure of halide perovskites has been studied extensively and reported in 

the literature17,18. Before looking into the effect of strain on the optoelectronic properties of halide 

perovskites it is necessary to have a good understanding of the general electronic structure of the  

 

Figure 1.5: The calculated band structure (left) and density of states (right) including spin orbit 

coupling (SOC)17.  
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material. Figure 1.5 shows the band structure and density of states (DOS) of MAPbI3. The 

importance of spin orbit coupling (SOC) has been well established19 and the electronic structure 

in figure 1.5 includes SOC.   

The valance band (VB) mainly consists of I 5p orbitals with minor contribution from Pb 

6s orbitals near the valance band maximum (VBM). But the conduction band (CB) consists of Pb 

6p orbitals and I 5p orbitals. The inclusion of SOC does decrease the band gap significantly and is 

much lower than the experimental bandgap. However, the relative ordering of the bands agrees 

well with the higher-level GW calculations. As can be seen from the band structure, methyl 

ammonium (MA) which occupies the ‘A’ site in the structure does not contribute to valance band 

or the conduction. But this does not mean that the ‘A’ site has no role in determining the electronic 

structure of the material. The size of the ‘A’ site changes the cell parameter of the perovskites 

which in turn changes the Pb-X bond length. And since Pb and X states constitute the VBM and 

CBM, the ‘A’ site indirectly affects the bandgap of the material. Hence as discussed in section 1.4, 

‘A’ site doping is one of the common methods used to modulate the bandgap of the material. Other  

 

Figure 1.6: Bandgap (in red star) as a function of strain along with the corresponding structures20  
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methods for bandgap modulation include ‘B’ site and ‘X’ doping.  

Zhang et al. used Density Functional Theory (DFT) to study the impact of triaxial strain 

(hydrostatic strain) on the structure and optoelectronic properties of MAPbI3
20. DFT calculations 

predict a monotonous increase in bandgap of the material with increase in tensile strain (see figure 

1.6). The tensile strain does not affect the value of VBM value while CBM increased linearly with 

increase of tensile strain thus resulting in a linear increase of bandgap. For compressive strain, the 

bandgap initially decreased and then increased non-linearly with increase in strain. The change in 

the tread was due to the phase transformation from tetragonal to orthorhombic phase under high 

value of compressive strain.  

Other similar studies on MAPbI3, MASnI3 and RbGeX3 found similar trends of bandgap 

with strain20,21. Apart from this, other oxide perovskite such as SrSnO3 and BaSnO3 have also been 

studied for strain modulation of bandgap and have yielded similar results22. Zhang et al. also 

looked in to the impact of strain on the absorption spectrum of the MAPbI3. Besides bandgap, 

strain also altered the width of the conduction and valance band which altered the light absorption  

 

Figure 1.7: The absorption spectra for various strained states in MAPbI3
20  
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spectra of the material. While bandgap determines the low energy absorption of a material the 

width of VB and CB determines the high energy absorption of a material. For example, for low 

tensile strain (2.5%) the bandgap changes slightly but the valance band is narrowed which means 

that the high energy absorption is suppressed (see figure 1.7). However, at higher tensile strain, 

both low and high energy absorption is suppressed due to increased bandgap and VB narrowing. 

Compressive strain is found to broaden both VB and CB in the materials. While increased bandgap 

does decrease low energy absorption, the broadening of VB and CB substantially increased the 

high energy absorption of the material.      

These studies successfully demonstrated that strain modulation is a viable tool for 

modulating the optoelectronic properties of the lead halide perovskites. However, the range of 

strains used in these studies is very high and these values of strain are experimentally not 

achievable. Further, the thin film perovskite in the solar cell is sandwiched between the hole and 

electron conducting layers and the lattice mismatch results in interfacial strain23,24 and not 

hydrostatic strain. The difference in the thermal expansion coefficient between the perovskite and 

the substrate will also result in biaxial strain at the interface. Hence it is more important and  

 

Figure 1.8: The calculated (a) bandgap of CsSnI3 and CsPbI3 as a function of biaxial strain. The 

biaxial strain was perpendicular to [001] direction. The absolute values of (b) VBM and CBM as 

function of biaxial strain in CsSnI3 and CsPbI3 
25. 
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relevant to study the impact of biaxial strain on opto-electronic properties of halide perovskites. 

A few computational and experimental studies have looked into the impact of biaxial strain 

on the electronic properties of the lead halide perovskites25,26. Grote et al. performed a 

computational study on the impact of biaxial strain on CsPbI3 and CsSnI3. In this study the biaxial 

strain (-3% to +3%) was applied along [100] and [010] axis and the [001] direction was allowed 

to relax. This type of strain is closer to what we could expect in the experimental conditions. In 

general, it was found that the bandgap of the material could be tuned by several hundred meV for 

both the compounds (figure1.8a). 

The rationale for the above results can be derived from the character and nature of the VBM 

and CBM in halide perovskites. As discussed earlier (section 1.5.1), the VBM is made of 

antibonding orbitals while the CBM is made of bonding orbitals. Hence, strain will greatly affect 

the value of VBM when compared to CBM due to its antibonding nature. In figure 1.8 we see that 

the VBM value changes linearly and by several hundred meV as a function of strain while the 

CBM is less affected. The compressive strain as expected increases the values of VBM and tensile 

strain decreases it. It is this difference in the response of CBM and VBM that result in the bandgap 

trend shown in figure 1.8a.  

Recently, Zhu et al. in their joint experimental and computational work did a more 

comprehensive study on how strain impacts the optoelectronic properties and performance of the 

mixed perovskite solar cell. A previous experimental study had shown that the perovskites are 

present in tensile strain state in the fabricated solar cells27. Zhu et al. confirmed this finding and in 

addition found that the perovskite layer has a strain gradient with maximum tensile strain at the 

interface (see figure 1.9a). 
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The reason for this strain gradient was attributed to the temperature gradient that is setup 

during the annealing step of the device fabrication. By tweaking the fabrication process, the 

temperature gradient was reversed to obtain strain free and compressively strained perovskite films 

were obtained (figure 1.9b and 1.9c respectively). DFT calculations predicted the bandgap to 

increase from compressive to tensile strain state (see figure 1.9d). This is consistent with the 

previously discussed DFT study. This result was confirmed through experiments via UV-vis and 

Photoluminescence (PL) spectroscopy as shown in figure 1.9e.  

Hence, these studies not only prove the presence of biaxial strain in perovskite solar cells, 

they also provide evidence for bandgap modulation using biaxial strain. Apart from bandgap and 

absorption spectrum, strain has also been shown to alter the carrier effective mass in perovskites21.  

 

Figure 1.9: Schematic of the (a) tensile, (b) strain free and (c) compressively strained perovskite 

layer solar cell. (d) Calculated band structure for the three strain states using DFT calculations (e) 

UV-Vis spectra and PL spectra of perovskite layer in the three strain states. 
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Yu et al. studied RbGeX3 as a potential candidate for Pb free perovskite for solar cell 

application. RbGeI3 was found to have suitable bandgap of 1.38 eV which was suitable for solar 

cell application. Hence, this compound was investigated further. This material was found to have 

a weak anisotropy in effective hole mass with values of about 0.2 in all directions. However, there 

was strong anisotropy in effective electron mass (see figure 1.10a at 0% strain) with values of 0.19, 

0.17 and 1.35 in x [100], y [010] and z [001] directions respectively.  A closer look at the band 

structure (figure 1.6d at 0% strain) revealed that the curvature of the lowest orbital of CB is higher 

in x [100] and y [010] direction and lower in z direction [001] hence the anisotropy in effective 

electron mass.  

 

Figure 1.10: (a) Effective electron and (b) effective hole mass as a function of strain in the 

structure. The band structure for (c) -2%, (d) 0% and (e) 2% strain21 
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As a strategy to alter this anisotropy the structure was strained. As seen in figure 1.10 the 

effective electron mass at -2 % strain changed drastically and the anisotropy reversed. The 

effective electron mass decreased sharply in z [001] direction and increased sharply x [100] and y 

[010] directions. The band structure for -2% strained structure showed the lowest energy orbital 

was pulled down due to strain resulting in a high curvature in z [001] direction and low curvature 

in x [100] and y [010] direction. The effective hole mass showed no such trend reversal and 

decreased steadily from negative to positive strains. Hence, strain can be used to modify the band 

structure such that the effective carrier mass can be altered. However, there is a lack of studies on 

this aspect of strain and further studies need to be done to exploit strain as an option to modulate 

effective carrier mass. 

1.5.2 Effect of Strain on Stability of Halide Perovskites 

The biaxial strain has also been shown to affect the intrinsic stability of the halide 

perovskites27,28. Zhao et al. studied the impact of biaxial strain on the stability of MAPbI3 films. 

In this study both in-plane and out of plane X-ray Diffraction (XRD) measurements of the MAPbI3 

deposited on a flat flexible substrate showed that the as casted perovskite films are already in 

tensile strain. The reason for this is cited to be the huge difference in the linear expansion 

coefficient between the perovskite. The linear expansion coefficient of tetragonal MAPbI3 is 6.1 x 

10-5
 K

-1. But the substrates such as Indium Tin Oxide (ITO) or glass have a linear expansion 

coefficient of 0.85 x 10-5
 K

-1 and 0.37 x 10-5
 K

-1 respectively which is an order of magnitude lower 

than the MAPbI3. This results in a faster contraction of the perovskite layer when compared to the 

substrate during the cooling step of the device fabrication. However, the perovskite layers closer 

to substrate cannot contract as much as the top layer due to its adherence to the substrate surface 
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and hence resulting in tensile biaxial strain in the perovskite layer. The measured tensile strain for 

as cast perovskite layer was found to be 0.47% in this study. 

To study the impact of strain on intrinsic stability, the strain in the perovskite layer was 

changed by changing the shape of the flexible substrate. The tensile strain in the film was increased 

to 0.62% by bending the film into a convex shape and to decreased to 0.2% by bending the 

substrate to a concave shape (see figure 1.11a). These perovskite films in these three strain states 

were kept under illumination for 500 hours to simulate working conditions of solar cell. The film 

with highest strain (convex shape) degraded drastically to form yellow PbI2 while the film with 

lowest strain (concave shape) remained black with no sign of degradation (figure 1.11b). The as 

cast film degraded slightly with little PbI2 formation. This meant that having higher strain in 

perovskite accelerates the process of degradation. The reason for this trend of degradation of films 

is attributed to the change in the ion migration barrier which will be discussed separately in the 

next section. 

 

Figure 1.11: (a) The schematic showing shape of the flexible substrate for three different stress 

state of perovskite film. (b) Photographs of films under different stress state after 500 h of 

illumination   
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This experimental study proved that strain indeed effects the perovskite film stability and 

must be dealt with during the fabrication of solar cells. Recent study by Li et al. studied residual 

strain present in single crystal CsPbBr3 and got similar results. It was found that the regions with 

higher residual strains degraded much faster than the regions with less strain. It is hypothesized 

section 1.5.3. that degradation is one of the ways of strain relaxation in the structure. However, 

more computational and experimental studies are necessary to further understand the mechanism 

of perovskite degradation under strain.    

1.5.3 Effect of Strain on Ion Migration Barrier 

Ion migration has been shown to be a key contributor to hysteresis in perovskite solar 

cells29. It also responsible for phase separation and halide de-mixing in mixed perovskites. Also 

as discussed in section 1.5.2, strain has been shown to cause accelerated degradation. The reason 

for this has been attributed to change in the activation energy of ion migration. The activation 

energy for ion migration was measured in the dark and under illumination for the three different 

stress states (refer figure 1.11a).  

As seen in figure 1.12 the activation energy of ion migration increases with decrease in the  

 

Figure 1.12: Activation energy for ion migration in MAPbI3 for different strain values27.  
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value of tensile strain in both dark and under illumination condition. Hence at higher values of 

tensile strain, the ions (MA+ and I+) are less constrained to move, resulting in formation of PbI2. 

This explains the accelerated degradation of perovskite layer at higher tensile strain. There are no 

other reported experimental or computational studies in this regard and hence it needs to be further 

looked into and validated.   

1.6  Motivation  

The results discussed in section 1.5 prove beyond doubt that strain can be used to modulate 

the properties of halide perovskites. But none of the reported studies have been comprehensive. 

Several computational studies use enormously high values of strain to evaluate the impact of strain. 

However, strains of this magnitude are neither found nor can then be applied in the experimental 

setup. Further, the studies reported so far look into the impact of strain on very selective properties 

and hence do not provide us with a holistic view of what strain does to perovskites. Most of these 

studies claim strain modulation as a tool to improve PCE of the perovskite solar cells just based 

on the improvement of chosen few properties. But this approach is flawed as improvement in the 

value of a certain property due to certain type/value of strain might result in deterioration of some 

other property/properties. Hence in effect, nullifying the improvement or possibly worsening the 

overall performance of the solar cell. For example, compressive biaxial strain is predicted to 

decrease the bandgap of perovskite which is good as more low energy light of the visible spectrum 

can be absorbed and hence increase the power output of the solar cell. However, the compressive 

strain might negatively impact the higher energy light absorption or the stability of the material 

which might result in an overall drop in the performance of the solar cell. Therefore, a definitive 

answer to what’s the overall impact of strain on halide perovskite and can strain be used to improve 



19 

 

the performance of the perovskite solar cells is missing. To add to this, the reported studies are 

scattered over various compounds which makes it difficult to establish a baseline for comparison. 

Hence a comprehensive study on the overall impact of strain on the properties of halide 

perovskite is needed. The result of such a study can be used to better assess strain modulation as a 

tool for improving the performance of perovskite solar cells.     

1.7  Proposed Study 

Based on the aforementioned reasons/arguments, a comprehensive study of impact of strain 

on the properties of halide perovskite was carried out. Two phases of CsPbBr3; cubic and 

orthorhombic were chosen for this study. The choice of inorganic perovskite despite hybrid 

perovskite being the better performing solar cell absorber was deliberate and was done so to avoid 

the complexities that arise due to the presence of organic cation in the hybrid perovskites. Further, 

inorganic perovskites have better stability and hence the measurement of the various properties 

using experiments is more tractable. The results of this computational study can be verified with 

lesser difficulties in experiments. The choice of the two phases was done to check if structural 

differences between the phases makes any difference in the trend of various properties as a function 

of strain.  

The present study is focused on three main aspects of strain modulation of properties of 

halide perovskites. They are as follows: 

a) Strain modulation of optoelectronic properties 

In this, the impact of strain on band gap, absorption spectrum and effective carrier mass 

was studied.  

b) Bromide ion migration mechanism and strain modulation of migration barrier 



20 

 

In this, a comparative study of bromide ion migration in the two phases was done to 

understand the key structural factors that influence the ion migration barrier. Next, the 

impact of strain on ion migration barrier was studied. 

c) Strain modulation of defect formation energy 

In this, the effect of strain on the bromide vacancy formation defect was studied.
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Chapter 2 

 Computational Methods and Details 

This chapter contains all the computational details and techniques used in this study. All 

the DFT calculations were performed using the Vienna Ab initio Simulation Package (VASP)30 

with the projected augmented-wave approach. The structure relaxation calculations were 

performed using the Perdew-Burke-Ernzerhof (PBE) Generalized-Gradient Approximation 

(GGA) functional31. All the calculation input generation and output analysis were done using the 

Python Materials Genomics (pymatgen) library.  

For all the studies, the biaxially strained structures were obtained by straining lattice along 

‘a’ and ‘b’ axis and letting only the ‘c’ axis relax. The following sections provide the chapter 

specific computational details. 

2.1 Optoelectronic Properties of CsPbBr3 

To study the effect of strain on the opto-electronic properties of CsPbBr3, the calculations 

were performed on the unit cell of cubic (1 formula unit) and orthorhombic phase (4 formula unit). 

A k-point grid of 4x4x4 and 3x3x2 were used for cubic and orthorhombic phase respectively. 

Energy cut off of 520 eV was adopted with a force convergence criterion of 0.02 eV/Å. A -2 to 

+2% strain range was used for this study. The band structure calculations were performed on 

biaxially strained structures using the PBE-GGA functional. Band structure calculation with SOC 

was also performed to compare the trend of the band gap obtained with SOC. 

The absorption spectra of the different strained structures were calculated using the 

dielectric constants using the following formula,  
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𝛼(ω) =  √2𝜔 [√𝜀1(𝜔)2 + 𝜀2(𝜔)2 − 𝜀1(𝜔)2]

1
2
 

where α is absorption coefficient, ε1(ω) and ε2(ω) are real and imaginary parts of the dielectric 

function and ω is the frequency.  The dielectric constants were calculated by setting LOPTIC = 

.TRUE. in the input settings. The onset of the absorption peak did not match the calculated 

bandgap. The absorption spectra were modified by shifting the peak onset to match the bandgap 

of the material. The total absorption in the visible range was obtained by calculating the area under 

the absorbance vs wavelength plot in the visible region. The absorption spectra were obtained from 

the dielectric constants using the open source python toolkit sumo32.     

The effective carrier mass was obtained by performing the parabolic fitting and finding the 

curvature of the band at VBM and CBM at the band gap in the band structure. The effective mass 

is related to the curvature at VBM and CBM using the following formula33–36, 

𝑚∗ =
ħ2

(
𝑑2𝐸
𝑑𝑘2)

 

where  
𝑑2𝐸

𝑑𝑘2 is the curvature of the band near VBM or CBM in the band structure. The hole effective 

mass was obtained from the curvature of band at VBM and electron effective mass was obtained 

from curvature of band at CBM respectively. GGA+SOC band structure was used to obtain the 

effective carrier masses as a function of strain. As GGA+SOC severely underestimates the 

bandgap of both the phases the Heyd–Scuseria–Ernzerhof (HSE) exchange-correlation functional 

was used. HSE+SOC calculation gives band gap closer to the experimental value. Hence 

HSE+SOC calculations were performed to validate the trend of effective carrier mass obtained 
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from GGA+SOC. The parabolic fitting and the effective carrier masses were obtained using the 

open source python toolkit sumo32.     

2.2  Ion Migration Barrier and Ion Migration Mechanism in CsPbBr3 

The bromide ion migration barrier was calculated using the Climbing Image Nudged 

Elastic Band (CI-NEB) calculation. The NEB calculations were performed on a 3x3x3 supercell 

for cubic phase and 2x2x1 supercell for orthorhombic phase. A k-point grid of 1x1x1 and 1x1x2 

were used for cubic and orthorhombic phase respectively. Energy cut off of 520 eV was adopted 

with a force convergence criterion of 0.02 eV/Å for both defect structure relaxation and NEB 

calculations.   

To calculate the migration barrier for different strained states the following scheme was 

used. The positively charged bromide vacancy defect was created at various sites (discussed in 

chapter 4) and charge neutrality was obtained by compensating background charge. Only atoms 

were allowed to relax during structure relaxation and the cell parameters were kept fixed to 

maintain the stress state in the structure. Keeping these defect structures as the end points for 

various ion migrations, NEB calculations were performed to obtain the migration barrier for 

different stress states. The strain range was -1 to +1 %. 

2.3 Vacancy Defect Formation Energy 

The vacancy defect formation energy was computed using the supercell of same size and 

the computational parameter used for computing ion migration barrier (section 2.2). The defect 

formation energy is given by the following formula37,38, 

Δ H (α,q) = E(α,q) – E(host) + ∑ ni(Ei + μi)i  + q [EVBM (host)+EF + ΔV] 
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where E(α,q) is the energy of the supercell with defect, E(host) is the energy of supercell without 

defect, ni is the number of atoms of constituent i removed or added to form the defect, μi is the 

atomic chemical potential of constituent i referenced to the total energy Ei of its pure elemental 

solid or molecule, q is the number of electron being transferred or removed from the reservoir 

while forming charged defect, EVBM(host) is the VBM value of supercell without defect, EF is the 

fermi energy and ΔV is the energy correction term used to align the VBM of different charged 

states.  

In this study, strain modulation of formation energy of only neutral vacancy defects is 

studied, hence the q term is zero in the formula. The chemical potential term is not affected by the 

strain and hence remains same for all the strain values. Hence vacancy defect formation energy for 

any strain state, will be the difference of the energy of supercell with defect in that strain state and 

energy of the supercell without defect in the same strain state plus the chemical potential term. To 

eliminate the chemical potential term, relative defect formation energy was calculated by taking 

difference of the formation energy at strained states with the strain free defect formation energy. 

The strain range was -2 to +2%. 
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Chapter 3 

Strain Modulation of Optoelectronic Properties 

The opto-electronic properties of absorber are one of the key factors that determines the 

power conversion efficiency (PCE) of the solar cell. If strain can be used to modulate these 

properties then strain can directly be used to improve the PCE of a solar cell. Hence, having a good 

understanding of effects of strain on these properties is necessary. In this chapter the impact of 

strain on band gap, absorption spectrum and effective carrier mass for both cubic and orthorhombic 

phase has been discussed. Based on the results, the desired type of the strain that could possibly 

enhance the PCE of the solar cell has been suggested.   

3.1 Band Structure of CsPbBr3 

The band structure and the orbital character of the CB and VB of halide perovskite has 

been discussed in chapter 1. This section briefly discusses the band structure of the cubic and 

orthorhombic phases of inorganic perovskite CsPbBr3 and the effect of SOC on its band structure. 

Figures 3.1a and 3.1b, show the calculated band structure for the cubic and orthorhombic phase 

 

Figure 3.1: The computed band structure for (a) cubic and (b) orthorhombic phase using GGA 

functional. The computed band gap is lower than the experimental band gaps for both phases 
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of CsPbBr3. The calculated GGA band gap for cubic and orthorhombic phase is 1.77 eV and 2.09 

eV respectively. The experimental band gap of the cubic and orthorhombic are 2.23 eV and 2.25 

eV respectively. The lower value of the calculated band gap is due to the choice of the functional 

and is a well-known shortcoming of the GGA functional39. Apart from the band gap values, the 

cubic and the orthorhombic phase band structure are very similar in terms of the contributions 

made by different sites to the CB and VB. The CB is almost entirely made of Pb (‘B’ site) orbitals 

whereas VB is almost entirely made of Br (‘X’ site) states. The Cs (‘A’ site) orbitals do not 

contribute any states to CB or VB of the material and are located much deeper in energy. Due to 

the presence of heavy element such as Pb, it is necessary take into consideration the relativistic 

effects by inclusion of SOC in the band structure calculations.  

Figures 3.2a and 3.2b are the calculated band structure of cubic and orthorhombic phase 

on inclusion of SOC. As evident from the figures, the CB is significantly affected by the SOC 

while the VB is relatively unaffected. The CBM is lowered in energy and hence the band gap is 

significantly lowered to 0.68 eV and 1.08 eV in cubic and orthorhombic phases respectively. This 

observation  

 

Figure 3.2: The computed band structure for (a) cubic and (b) orthorhombic phase using 

GGA+SOC functional. Inclusion of SOC severely underestimates the band gap of both phases.  
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of reduced band gap by SOC is consistent with the previously reported calculations40–42. Several 

studies have ignored the effect of SOC as the band gap without SOC is closer to the experimental 

value. In this study, a comparison has been made between band gap trend obtained with and 

without the SOC. For calculation of the effective carrier mass, GGA+SOC band structure is used 

as SOC is important in getting the right band dispersion near the band gap which affects the value 

of the effective carrier mass. 

3.2 Strain Modulation of Band Gap   

The figures 3.3a and 3.3b show trend of band gap as a function of strain in the in cubic and 

orthorhombic phase respectively. As is evident from the plot, the inclusion of SOC doesn’t effect 

the overall trend of the band gap. For cubic phase the band gap decreased drastically for 

compressive strains and increases slowly for tensile strains. This trend is in good agreement with 

the previous study on CsPbI3 and CsSnI3
25. Overall the band gap can be tuned by about 300 meV 

for -2 to +2 % strain. For orthorhombic phase, the band gap again decreases with increase in  

 

Figure 3.3: Calculated band gap as a function of strain for (a) cubic and (b) orthorhombic phase. 

The band gap increases from compressive to tensile strain. The inclusion of SOC does not effect 

the trend significantly  
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compressive strain. But this decrease is less drastic when compared to the cubic phase. For tensile 

strains, the band gap tends to sligtly decrease. The orthorhombic phase band gap has less tunability 

as the band gap varies only by about 150 meV for -2 to +2% strain. As is evident from the plots, 

the inclusion of SOC does not effect the overall trend. 

The above discussed trend can be understood by the variation of VBM and CBM as a 

function of strain. Figure 3.4a and 3.4b shows the trend of VBM and CBM as a function of strain 

for cubic and orthorhombic phases respectively. As expected, both VBM and CBM monotonically 

increase in energy from tensile to compressive strains for both cubic and orthorhombic phases. 

However, for cubic phase the rise of VBM is much faster than the CBM. Hence the band gap 

continues to decrease drastically from compressive to tensile strains. In orthorhombic phase, the 

VBM rises faster than CBM but this rise is slower than the cubic phase VBM and hence the band 

gap decreases slowly and hence the low tunability. This difference in the response of the VBM 

and CBM to strain can be explained based on the nature of bonding present in CBM and VBM. 

While moving from tensile to compressive strain, the non-bonding interactions between  

 

Figure 3.4: Calculated VBM and CBM as a function of strain for (a) cubic and (b) orthorhombic 

phase.  
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Pb2+ and Br- (which forms the VB) increase which is unfavorable and hence results in a steeper 

increase in the energy of VBM. The conduction band on the other hand is made almost entirely of 

Pb orbitals and hence is less affected by strain resulting in a gradual slope.  

The maximum achievable power conversion efficiency of a single p-n junction solar cell 

is found to be 30 % at a band gap of 1.1 eV43. As CsPbBr3 has a band gap greater that 1.1 eV, the 

band gap must be decreased to increase the power conversion efficiency. This can be done by 

moving towards the compressive strain regime as it decreases the band gap of the material. 

3.3 Strain Modulation of Absorption Spectrum 

The absorption spectrum of a material shows what is the range of wavelength of light that 

can be absorbed by a material. More importantly, it shows which regions of the visible spectrum 

does a material absorb strongly or weakly. Hence the absorption spectrum of the absorber layer of 

the solar cell is of great interest as it not only gives us the band gap but also gives us an idea of 

how much of the solar spectrum can the material absorb and utilize for carrier generation. A 

material with a smaller band gap with strong absorption throughout the visible spectrum is desired. 

As explained in chapter 1, strain modifies the width (energy range) of conduction and 

valance band and hence changes the absorption spectrum of the material. For example, if on 

application of strain, the band gap of the material increases along with the decrease in the width of 

conduction and valance band, two things are going to happen. The low energy absorption of the 

material is going to decrease due to the increase in the band gap of the material. Additionally, due 

to the decrease in the width of conduction and valance band, there are no states available for 

electrons in the valance band to absorb higher energy photons and excite to. Hence the high energy 

absorption is suppressed. Likewise, various combination of band gap increase/decrease, 
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conduction and valance band width increase/decrease on application of strain will result in 

alteration of absorption spectrum of a material.  

The figures 3.5a and 3.5b show the absorption spectra of CsPbBr3 under compressive and 

tensile biaxial strain respectively. The value of the energy at which the onset of the absorption 

peak starts in the absorption spectrum corresponds to the band gap. The absorption spectrum 

calculated using DFT does not yield the peak onset at the calculated band gap. Hence the peaks 

have been shifted so as to match the experimental band gap of CsPbBr3. The absorption spectrum 

thus obtained looks similar to the previously reported absorption spectrum for CsPbBr3
44–46.  For 

negative strain, there is a red shifting of the peak onset due to decrease in the band gap which is 

consistent with results presented in the previous section. The intensity of the absorption peak at  

 

Figure 3.5: The absorption spectrum for different strain values for cubic (top) and orthorhombic 

(bottom) phase for (a & c) compressive and (b & d) tensile biaxial strains. High energy absorption 

increases in cubic phase for tensile strain.  
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around 2.3 eV decreased with increase in the compressive strain and the rest of the region remained 

same. For tensile strain, the peak value does decrease with increase in tensile strain but this is 

accompanied by increase of absorption at higher energy values. Hence the total absorption 

increases. To calculate the total absorption of the material, the area under the absorption spectrum 

is calculated in the visible energy range of 1.65 to 3.1 eV. Figure 3.6a shows the percentage change 

in the total absorption of cubic phase as a function of strain. For the above-mentioned reasons, the 

total absorption of the cubic phase increases for tensile strain and decreases for compressive strain. 

For the orthorhombic phase the calculated absorption spectra for compressive and tensile 

strains are shown in figure 3.5c and 3.5d respectively. For compressive strains, the absorption peak 

at 2.6 eV broadens with increase in compressive strain but is accompanied by the drop in the 

absorption at higher energies. For tensile strains, the peak seems to remain same with small shifts 

and small variations at higher energies. The percentage change in the total absorption as a function 

of strain is shown in figure 3.6b. The trend seems to be same as cubic phase, the absorption 

increases for tensile strain and decreases for compressive strain. However, the respective increase  

Figure 3.6: The percentage change in total absorption as a function of strain in (a) cubic and (b) 

orthorhombic phase. The total absorption increases for tensile stains and decreases for compressive 

strain in both cubic and orthorhombic phase but changes are seen more in cubic phase 
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and decrease is much less when compared to the orthorhombic phase.    

3.4 Strain Modulation of Effective Carrier Mass 

The electron and hole effective carrier mass are inversely related to their conductivity by 

the following formula21,47–49,  

μ =
(8π)

1
2 ħ4eCii

3(m∗)
5
2(kBT)

3
2El

2
 

Where m* is the effective carrier mass, Cii is the elastic matrix constant and El is the deformation 

potential constant. High conductivity of the carriers in solar cell absorber is desired as it ensures 

that the generated electron and hole in the material quickly reach the charge extraction junctions 

and hence avoid charge recombination which decreases the PCE. Hence having lower values for 

effective carrier mass is desired. 

Applying biaxial strain can change the curvature of the bottom of the CB and top of VB 

and hence affect both electron and hole effective mass. Figure 3.7a and 3.7b show the calculated 

electron and hole carrier mass as a function of strain. For cubic phase, there is a sudden spike in 

the effective hole and electron mass towards both tensile and compressive strain for unstrained 

state. The effective mass then gradually increases with increase in tensile strain, but decreases with 

increase in compressive strain. The orthorhombic phase has less tunability of effective carrier mass 

and changes marginally over the entire strain range. The effective hole mass gradually decreases 

while moving from tensile to compressive strain regime, while the electron effective mass remains 

almost the same.  

The result for cubic phase is quite interesting as it suggests that having the structure at the 

strain free state can actually result in superior carrier dynamics and efficient charge extraction from 
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the perovskite absorber layer. Even in the case of orthorhombic phase, it would be desirable to be 

at strain free or compressive strain state to achieve superior charge mobility.  

3.5 Conclusion 

To conclude it was found that the band gap of both cubic and orthorhombic phase decreased 

for compressive strain. For tensile strain, the band gap increased slightly in cubic phase and 

remained almost the same for orthorhombic phase. This trend of band gap is attributed to the 

difference in the response of VBM and CBM to strain. The VBM increases more steeply than 

CBM when moving from tensile to compressive strain. This is due to the difference in the bonding 

nature of VB and CB. The orthorhombic phase was found to be less tunable compared to cubic 

phase. 

The total absorption increased for both cubic and orthorhombic phase under tensile strain and 

decreased for compressive strain. The increase in total absorption is mainly due to the increase in 

the absorption in higher energy region. The change of total absorption was greater in cubic phase  

 

Figure 3.7: The effective hole and electron mass as a function of strain for (a) cubic and (b) 

orthorhombic phase. The cubic phase is more tunable and has lowest values at 0% strain. 
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when compared to orthorhombic phase.  

Lastly, the effective carrier mass was found to be lowest at the 0 % strain in cubic phase. 

There was a sharp increase in the carrier mass on moving to either side of strain axis. In 

orthorhombic phase, the electron effective carrier mass was found to be unaffected by strain 

whereas the hole effective carrier mass decreased gradually from compressive to tensile strain.  
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Chapter 4 

Bromide Ion Migration Mechanism and Strain Modulation of Migration Barrier 

The halide ions are the most mobile species in halide perovskites and its migration barrier 

is lowest when compared to migration barrier of other ions50–52. This chapter discusses the bromide 

ion migration mechanism and modulation of migration barrier by strain. The results of the 

migration barriers for unstrained cubic and orthorhombic phase are presented first. Next, the ion 

migration mechanism is discussed and compared between the two phases. Following this, the result 

for the strain modulation of ion migration barrier is discussed.  

4.1 Bromide Ion Migration Paths 

Vacancy mediated ion migration is prevalent in perovskite like structures and is well 

established in metal oxides. The bromide ions move along the edges of the corner sharing PbBr6 

octahedra. The bromide ion is surrounded by 8 closest bromide sites in both phases and hence 

there are several paths for bromide ion migration. Figures 4.1a and 4.1b show the possible 

migration paths for the Br ion in cubic and orthorhombic phase respectively. The Br ion along a, 

b and c axis are labelled as ‘A’, ‘B’ and ‘C’ respectively. In unstrained cubic lattice, all the three 

bromide sites are equivalent due to the symmetry of the structure. Hence, paths B-C-B, A-C-A and 

A-B-A are all equivalent. In orthorhombic phase, sites ‘A’ and ‘B’ are equivalent and site ‘C’ is 

distinct. Hence paths B-C-B and A-C-A are equivalent and distinct from path A-B-A in 

orthorhombic phase. Hence computing migration barrier for path B-C in cubic and B-C and C-A 

in orthorhombic is sufficient to get migration barrier in the two phases.  
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4.2 Migration Barrier for Unstrained Structures 

Before understanding the impact of strain on the ion migration barrier, it is important to 

know the migration barriers of the different paths in the unstrained cubic and orthorhombic phase. 

Figures 4.1c and 4.1d show the NEB plots for cubic and orthorhombic phase respectively. The 

migration barrier was found to be 125 meV in cubic phase. Meanwhile, for orthorhombic phase, 

path B-C has a migration barrier of 285 meV and path C-A has a lower migration barrier of 241  

 

Figure 4.1: Schematic of NEB paths for Br migration in (a) cubic phase. The three Br atoms are 

labelled A, B and C and are equivalent and hence paths B-C-B, A-B-A and A-B-A are equivalent 

paths.  NEB paths for Br migration in (b) Orthorhombic phase. Sites A and B are equivalent and 

distinct from site C. Hence path B-C-B and A-C-A are equivalent and distinct from A-B-A. NEB 

plots for (c) cubic and (d) orthorhombic phase. The migration barrier of cubic phase is at least 100 

meV lower than the orthorhombic phase.  



37 

 

meV. Hence the energy barrier of Br migration in cubic phase is much lower than orthorhombic 

phase. To further understand this result and elucidate the factors that influence the migration 

barrier in inorganic perovskites, a more detailed comparative study of the two phases was 

performed and the results are discussed in the following section.   

4.3 Bromide Ion Migration Mechanism 

As discussed previously, the bromide ion migration barrier for cubic phase is around 125 

meV whereas the orthorhombic phase has a much higher migration barrier of 240-285 meV. This 

difference in the migration barrier might be because of the difference in the local environment 

experienced by the migrating ion due to the difference in the symmetry of the structures or due to 

other structural factors. The value of the migration barrier is dictated by the energy of the transition 

states that act as bottleneck in the ion migration process. Hence a closer analysis of the transition 

structures during ion migration is necessary.  

4.3.1 Transition State Structural Analysis 

The visual inspection of the transition structures of cubic phase revealed that transition 

structures had a lot of additional perturbations when compared to the end points structures. These 

additional perturbations were almost completely absent in orthorhombic phase transition 

structures. The perturbation here specifically refers to the increase in the amount of octahedral 

rotation/tilt in the structures. Octahedral tilt and rotation are used interchangeably in this section.   

The average Pb-Br-Pb bond angle is used to quantify the amount of octahedral tilt/rotation 

present in the structure. This value is computed by taking the average of all the Pb-Br-Pb bond 

angles present in the structure. The choice of this parameter is due to fact that any increase in 

octahedral rotation in the structure will result in decrease of the Pb-Br-Pb bond angle. Hence a 
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structure with higher octahedral rotation must have a lower average Pb-Br-Pb bond angle. To 

validate the choice of this parameter as metric to quantify the amount of octahedral rotation present 

in the structure, the average Pb-Br-Pb bond angle was computed for the defect free cubic and 

orthorhombic structure. The values obtained were 180° and 156° for cubic and orthorhombic phase 

respectively which is expected as the orthorhombic phase is octahedrally tilted phase whereas 

cubic phase has no octahedral tilting. Hence the choice of average Pb-Br-Pb bond angle to quantify 

the amount of octahedral rotation is validated.  

Figures 4.2a and 4.2b shows the average Pb-Br-Pb bond angle as a function of reaction 

coordinate of ion migration in cubic and orthorhombic phase. In cubic phase, the average Pb-Br-

Pb bond angle decreases by about 2° during the ion migration with respect to the end points (see 

figure 4a) but this value remains unchanged for the orthorhombic phase (see figure 4d). This proves 

that ion migration is accompanied by an increase in the octahedral rotation in cubic phase whereas 

the orthorhombic structure remains relatively unperturbed during ion migration. It is also important 

to note that in cubic phase the amount of octahedral rotation is maximum (minimum Pb-Br-Pb 

bond angle) for the transition structures which act as bottleneck for the ion migration. This result 

has some interesting implications which are discussed later.  

The average Pb-Br-Pb bond angle however, only indicates the degree of octahedral rotation 

present in the structure and it does not provide any information on how the values of Pb-Br-Pb 

bond angles are distributed within the structure. To further understand the phenomenon of 

increased octahedral rotation during ion migration, the radial distribution of Pb-Br-Pb bond angles 

was analyzed. The Pb atom associated with the migrating ion is set as the center and the structure 

is radially sampled outward from this site. The sampling volume is a shell of 0.1 Å thickness. The 
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Pb-Br-Pb bond angles formed by the Br atoms that fall within the sampling volume are averaged 

and this value is taken as the value of the Pb-Br-Pb bond angle at that value of radius.  

Figures 4.2b and 4.2c show the radial distribution (RD) plot of Pb-Br-Br bond angle in 

cubic phase for the end points and the transition structures respectively. Figure 4.2b is obtained by 

averaging RD plots of the two end points and figure 4.2c is obtained by averaging the RD of the 

intermediate three transition states that determine the value of ion migration barrier. 

Understandably, the values of all the peaks for the end points are close to 180° in cubic phase. But 

as is evident from figure 4.2c, there is a noticeable decrease in the peak value of all the peaks in 

the transition state which further supports the claim of increased octahedral rotation during ion  

 

Figure 4.2: The average Pb-Br-Pb bond angle as function of reaction coordinate for (a) cubic and 

(d) orthorhombic phase. The Pb-Br-Pb bond angle decreases in cubic phase during ion migration 

while orthorhombic phase remains unaltered. Radial distribution plot of Pb-Br-Pb bond angle for 

the (b & e) end points and (c & f) transition states of ion migration in cubic (top) and orthorhombic 

phase (bottom). In cubic phase there is an overall decrease in the peak values in the transition states 

when compared to endpoints which isn’t the case in orthorhombic phase. 
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migration in cubic phase. Interesting thing to note is that Pb-Br-Pb bond angles as far as 11 Å from 

the site of ion migration also decrease. This proves that the cubic system is highly dynamic during 

ion migration. Contrary to this, in orthorhombic system the radial distribution of Pb-Br-Pb angle 

for transition states (figure 4.2f) doesn’t show a lot of change and closely resembles the end points 

(figure 4.2e). This helps us conclude that the orthorhombic structure is relatively static and the 

effect of ion migration is restricted to the migrating ion’s vicinity.  

4.3.2 Significance of Octahedral Rotation   

The phenomenon of octahedral rotation/tilting has been fairly well studied both experimentally 

and computationally in halide perovskites53–56. These studies have resulted in some interesting 

findings such as dynamic symmetry breaking at room temperature in hybrid perovskites57. All 

these studies have shown that octahedral rotations/tilting result in lowering of the energy of the 

structure. Since the orthorhombic phase has the highest amount of octahedral rotation it is found 

to be the most stable phase in hybrid perovskite. Hence orthorhombic phase is the low temperature 

phase in halide perovskites. The cubic phase has no octahedral rotation and hence it is the high 

temperature phase. Therefore, it’s clear that the amount of octahedral rotation dictates the total 

energy of the structure in halide perovskite. 

 

Figure 4.3:  The scheme used to determine the effect of octahedral tilting on total energy of the 

structure. The PbBr6 octahedra in (a) pristine cubic structure are artificially rotated to obtain the 

(b) tilted structure and then relaxed to obtain the (c) relaxed tilted structure.   
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To support/validate this claim, a simple computational experiment was performed. The 

octahedra of the cubic phase were artificially tilted with [001] direction as axis of rotation (see 

figure 4.3b) and then allowed to relax. To ensure that the structure does not relax to a local 

minimum, different angles of tilting were tried. In all cases the structure relaxed to same tilted 

configuration and the energy of the structure was lowered by about 60 meV per formula unit. To 

ensure that this result was not an outcome of the PBE-GGA functional, the same calculations were 

also performed using the SCAN functional and similar drop in the energy was observed.  

These results confirmed that the octahedral rotation does indeed decrease the energy of the 

cubic structure. Based on this, it is reasonable to speculate that the observed increased in the 

octahedral rotation in cubic phase during bromide ion migration must be affecting the migration 

barrier. The increased octahedral rotation in transition state structures (responsible for the barrier), 

can mean that these structures are of lower energy than what they should have been if there was 

no increase in octahedral rotation. In other words, it can be hypothesized that, if not for the increase 

of octahedral rotation during ion migration, migration barrier should have been higher in cubic 

phase. And the fact that migration barrier of the orthorhombic phase (which shows almost no 

octahedral rotation during ion migration) is much higher than the cubic phase, further substantiates 

this argument. Also, since the radial distribution of Pb-Br-Pb for cubic phase (figures 4.2b and 

4.2c) showed that ion migration is able to decrease the bond angles far away from the site of 

migration, the decrease in the bond angle of each Br shell must be contributing to the lowering of 

the energy of transition states. To test the above hypothesis, a new method which involves freezing 

of selective set of atoms using selective dynamics in NEB calculation was implemented. 

 

 



42 

 

4.3.3 Shell Wise Relaxation Using Selective Dynamics 

Selective dynamics setting enables relaxation of the structure while constraining the 

movement/relaxation of selected atom or set of atoms. The relaxed structure thus obtained is at a 

“pseudo ground state”. Selective dynamics is a great tool to find out how the total energy of the 

structure is altered by the non-relaxation of an atom or set of atoms. This technique when coupled 

with NEB calculation has served as a powerful tool to probe correlated ion motion such as the one 

found in this study.  

Using selective dynamics in NEB calculations enabled constraining the movement of all 

Br and Pb ions except the migrating Br ion, thus eliminating the phenomenon of increased 

octahedral rotation during ion migration. Hence the barrier thus obtained is the barrier for 

migration in the absence of octahedral rotation. This is referred to as ‘single ion relaxation’ in this 

study. To assess the role of individual Br shell during ion migration, both cubic and orthorhombic 

structures were divided into a number of octahedra shells. Figures 4.4a and 4.4b show the division 

of cubic and orthorhombic phase into octahedra shells respectively. The octahedron to which the 

migrating ion belongs is referred to as “0th shell octahedron”. The octahedra associated with the 

0th shell are referred to as “1st shell octahedra” and the ones associated to that are referred to as 

“2nd shell octahedra” and so on. The scheme of relaxation is discussed below. 

As mentioned earlier, single ion relaxation refers to freezing of all the octahedra and letting 

only the migrating ion relax during the NEB calculation. Next, the NEB calculation was performed 

where only 0th shell was allowed to relax. This is referred as “0th shell relaxation”. After this, the 

1st shell was allowed to relax along with the 0th shell and is referred to as “1st shell relaxation”. 

Subsequent shells were added for relaxation during NEB calculations and the relaxation is named 

after the number of the highest shell that was allowed to relax. This scheme of relaxation is referred 
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to as “shell wise relaxation” in this study. All the Cs atoms were allowed to relax during shell wise 

relaxation. Hence, the “3rd shell relaxation” is the same as the conventional NEB calculation as all 

the atoms are free to move during the relaxation.  

Figure 4.4c and 4.4d show the NEB plots for the shell wise relaxation for both cubic and 

orthorhombic phase respectively. For cubic phase, there is a drastic increase in the migration 

barrier to 409 meV for single ion relaxation from its original value of 125 meV. This value 

decreased drastically during the above described shell wise relaxation with major contributions to 

this drop coming from the 0th and the 1st shell (about 100 meV per shell).  Further, it’s interesting  

 

Figure 4.4: The schematic of division of (a) cubic and (b) orthorhombic structure into 0th, 1st, 2nd 

and 3rd shell. NEB plots shell wise relaxation for (c) cubic and (d) orthorhombic phase.  
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to note that octahedral shells which are far away from the migrating ion i.e, 2nd and 3rd shell also 

contribute towards the lowering of ion migration barrier (about ~70 meV). 

The results for the shell wise relaxation for the orthorhombic phase are slightly different. 

While the migration barrier does increase to 427 meV for single ion relaxation from its original 

value of 285 meV, this increase is not of the same magnitude as the cubic phase. Consequently, 

the major contribution to the drop in the migration barrier comes from the 0th (about 80 meV) and 

the 1st shell (about 40 meV) with 2nd and 3rd shell contributing almost nothing to the drop (only 

about 10 meV).  

A side-by-side comparison of the results of the shell wise relaxation in cubic and the 

orthorhombic phase is done to better understand the role of octahedral rotation in bromide ion 

migration in these two phases. Firstly, the increase in the migration barrier in both phases for single 

ion relaxation (no octahedral rotation) confirms that increase of octahedral rotation during ion 

migration is indeed assisting in ion migration by decreasing the energy of the transition structures 

and thus decreasing the migration barrier. Cubic phase sees a greater increase in the migration 

barrier (about 280 meV) as it has a greater increase in the octahedral rotation during ion migration 

when compared to the orthorhombic phase (about 140 meV). The increase in migration barrier of 

orthorhombic phase also suggests that octahedral rotation is not completely absent in orthorhombic 

phase but is present to a lesser degree which is consistent with the structure analysis results 

discussed earlier. Another interesting observation is that both the phases have very similar 

migration barriers for single ion relaxation (differ only by 20 meV), which means that if the two 

structures had not responded differently in terms of increase of octahedral rotation during ion 

migration, both the phases were supposed to have similar migration barriers.  
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The relaxation of subsequent 1st and 2nd shell resulted in a greater drop in the migration 

barrier in cubic phase (about 200 meV) than the orthorhombic phase (about 130 meV). This again 

is a consequence of greater octahedral rotation in the vicinity of the migrating ion in cubic phase 

when compared to the orthorhombic phase which is evident from the radial distribution plots 

(figure 4.2). The 2nd and the 3rd shell do not contribute towards lowering of the migration barrier 

in orthorhombic phase. This means that the sphere of influence of the migrating ion in 

orthorhombic phase is only up to the 1st shell of octahedra. However, this isn’t the case for the 

cubic phase as migration barrier continues to drop till the 3rd shell. This proves that the sphere of 

influence of the migrating ion extends far beyond the 1st shell in cubic phase. Hence the octahedra 

in the 2nd and the 3rd shell also tilt and further contribute to the lowering of the migration barrier.  

The stark difference in the way the two phases respond to a migrating ion might have to do 

with the difference in the lattice softness and initial degree of octahedral tilt present in the two 

phases. Perovskites are known to be soft materials and they have very low bulk modulus when 

compared to other semiconductor materials such as Si and Ge58. The calculated bulk modulus for 

cubic phase and orthorhombic phase is 13 GPa and 18 GPa respectively59 which means that the 

cubic lattice is a lot softer than the orthorhombic lattice. Cubic phase in its pristine form (without 

defect) has no octahedral tilting/rotation and has a Pb-Br-Pb bond angle of 180°. But pristine 

orthorhombic phase has octahedral tilting/rotation with a Pb-Br-Pb bond angle of 156°. This gives 

the cubic phase the ability to accommodate octahedral tilting hence making the cubic lattice softer 

compared to orthorhombic lattice which cannot accommodate more octahedral tilting. When a 

bromide vacancy is created, both structures compensate for the defect by increasing octahedral 

tilting near the defect but the overall structure remains same with similar Pb-Br-Pb bond angles in 

respective phases.  
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During ion migration the energy of the structure increases and both structures (cubic and 

orthorhombic) try to compensate for this by increasing the amount of octahedral tilt in the structure. 

But since the orthorhombic phase has rigid octahedra due to the pre-existing tilting it cannot 

accommodate any more tilt. Hence the migrating ion is only able to affect the Pb-Br-Br bonds in 

its vicinity while the structure as a whole remains same and doesn’t participate in ion migration 

rendering the transition states at a higher energy. Contrary to this, the soft cubic lattice has very 

little octahedral tilting to start with, hence it can accommodate more octahedral tilting. The 

consequence of this is that cubic phase has much lower energy transition state structures and hence 

a lower migration barrier. In other words, the “privilege” of the cubic lattice to accommodate 

octahedral tilting due to its soft lattice is the reason for its lower ion migration barrier as opposed 

to the orthorhombic phase whose inability to accommodate more octahedral rotation results in it 

having a higher migration barrier. This comparison is valid because despite the structural 

differences between the two phases, the ion migration barriers were found to be almost the same 

(difference of about 20 meV) when all the octahedra were frozen (single ion relaxation). This 

means that the structural differences have no or very little effect on migration barrier. And the 

difference in the migration barrier between two phases must arise from the difference in the amount 

of octahedral rotation seen during the ion migration.  

 A recent study by Lai et al. found that ion migration is facilitated by the low-frequency 

lattice modes which result in lower migration barrier for vacancy defects60. Hence concluding that 

the soft lattice of perovskite assists in anion diffusion. This conclusion is well in line with the 

results obtained in this study. The next section discusses the strain modulation of the bromide ion 

migration barrier.    
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4.4 Migration Barrier for Strained Structures 

This section discusses the results for strain modulation of ion migration barrier. Applying 

biaxial strain to a structure changes the relative distance between the atoms present in the structure. 

This changes the interaction of the migrating ion with the surrounding ions and hence affects the 

migration barrier. Applying biaxial strain also reduces the symmetry of the structure. Hence the 

barrier for different equivalent paths shown in figure 4.1 can be different thus making it necessary 

to compute the barrier for all the paths.   

In figure 4.5, the calculated migration barrier of the various paths is plotted as a function 

of strain for both cubic and orthorhombic phase. For cubic phase, there is no clear trend of barriers 

for the individual migration paths as it tends to increase and then decrease at different strain values  

 

Figure 4.5: Bromide ion migration barrier as function of strain for different paths for (a) cubic and 

(c) orthorhombic phase. Average migration barrier as a function of strain for (b) cubic and (d) 

orthorhombic phase. The migration barrier increases for compressive strains and decreases for 

tensile strain.  
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(figure 4.5a). However, there is an overall increase in the barrier while moving from tensile to 

compressive strains. To obtain a clearer trend, the average of the migration barriers of the three 

paths is plotted as a function of strain (figure 4.5b). In experiments, it is very difficult to measure 

the migration barrier along a single path, and the barrier obtained will be the average of barriers of 

all the migration paths present in the structure hence averaging of migration barriers is valid. From 

figure 4.2b, it is clear that the average migration barrier increases while moving from tensile to 

compressive strain regime.  

The result is very similar for the orthorhombic phase (figure 4.2c and 4.2d). The migration 

barrier along all the three paths increases for increased compressive strain and decreases for 

increased tensile strain. This result is quite intuitive as compressive strain decreases the distance 

between the ions in the structure. This increases the ionic repulsion experienced by the migrating 

ion and hence increases the migration barrier. Conversely, tensile strain increases the distance 

between the ions in a lattice and thus reduces the ionic repulsion experienced by the migrating ion. 

This decreases the migration barrier. However, the tunability of the barrier is found to be very low 

as it changes only by about 30 meV for +2 % to -2 % biaxial strain for both cubic and orthorhombic 

phase. Experimental results for MAPbI3 have shown similar trend of migration barrier as a function 

of strain27.   

In the previous section (section 4.3), it was found that the ion migration barrier is strongly 

affected by the degree of octahedral rotation present in transition structures. Hence, apart from 

factors such as ionic interactions, size of the migrating ion, the octahedral tilt also needs to be 

considered as a factor that influences the migration barrier in halide perovskites. And since strain 

affects the state of octahedral tilt in structure, the low tunability of migration barrier for strain 

might be a result of this. This aspect needs to be further investigated. Nevertheless, these results 



49 

 

show that in order to increase the bromide ion migration barrier in halide perovskite, the strain in 

the structure must be modulated towards compressive strains.  

4.5 Conclusion 

In conclusion, the ion migration barrier of cubic phase is found to be much lower (125 

meV) when compared to the orthorhombic phase (240-280 meV).  The cubic phase has an increase 

in the octahedral tilting during ion migration but orthorhombic phase is relatively static. Shell wise 

relaxation confirmed that the observed increase in octahedral rotation is assisting ion migration by 

lowering the energy of the transition states and hence the migration barrier. More importantly, the 

softness of the lattice which dictates the structure’s ability of octahedral rotation seems to play a 

key role in determining the migration barrier.  

The tunability of the migration barrier on application of biaxial strain is found to be very 

low (about 30 meV). Regardless, the results suggest that compressive strain can increase the 

migration barrier. And since the perovskite layer is found to be in tensile strain state in solar cells, 

it is desirable to move towards strain free state. This will increase the bromide ion migration barrier 

and thus decrease ion migration in halide perovskites. 
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Chapter 5 

Strain Modulation of Vacancy Defect Formation Energy 

The formation energy of the halide vacancy defect was found to be the lowest amongst 

other defects that can form in halide perovksite37,38. Because of this the halide vacancy defects are 

relatively easy to form and will constitute a large portion of the defects found in halide perovskites. 

The vacancy defect formation energy is simply referred as defect formation energy in this study. 

The concentration of a particular defect is related to the defect formation energy by the following 

formula, 

[D] = NO exp (−
ΔH

kT
)  

where [D] is the defect concentration, ΔH is the defect formation energy, k is the Boltzmann 

constant and T is absolute temperature. Hence, by modulating the formation energy of a defect, 

the defect concentration in the material can be changed. As mentioned in chapter 2.3, only neutral 

vacancy defects are considered in this study and hence the defect formation energy is dependent  

 

Figure 5.1: The relative defect formation energy as a function of strain for (a) cubic and (b) 

orthorhombic phase.  
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only on the chemical potential of the defect forming species. However, the chemical potential is 

not affected by the strain and hence obtaining a trend of relative formation energy (with respect to 

the strain free state) is sufficient. The methodology used to obtain the relative defect formation 

energies is discussed in chapter 2.3. The next section discusses the results of strain modulation of 

halide vacancy defect formation energy.  

5.1  Vacancy Defect Formation Energy in Strained Structures  

By applying biaxial strain on the structure, the interatomic distance changes and depending 

on structural properties it might be energetically favorable or unfavorable to form a vacancy defect 

and this affects the vacancy defect formation energy. Figures 5.1a and 5.1b show the trend of 

relative vacancy defect formation energy at different sites as a function of strain in cubic and 

orthorhombic phase respectively. In cubic phase, the defect formation energy increases with 

increase in tensile strain. This decreases gradually for compressive strain and drops drastically at 

higher compressive strains. Therefore, in order to lower vacancy concentration, the cubic structure 

must be under tensile strain. The trend of defect formation energy at site ‘C’ is slightly different 

and defect formation energy at this site is less modulated when compared to sites ‘A’ and ‘B’. This 

is because site ‘C’ lies along the c-axis direction which is the direction along which the lattice is 

relaxed for biaxial strain. The orthorhombic structure behaves differently. Both tensile and 

compressive strain decrease the vacancy formation energy. The decrease is greater for the tensile 

strain side when compared to the compressive strain. Hence, in order to have a higher vacancy 

formation energy the orthorhombic structure must be close to the strain free state.  

The vacancy defect formation energy is not modulated to a similar degree in both cubic 

and orthorhombic phase. The formation energy changes only by about 80 meV in orthorhombic 

phase where as in cubic phase it changes by about 800 meV for -2 to +2% biaxial strain. This 
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means that the defect concentration in cubic phase is more susceptible to biaxial strain when 

compared to defect concentration in orthorhombic phase. 

5.2 Conclusion 

 In cubic phase, the vacancy defect formation energy increases for tensile strain and 

decreases for compressive strain. The increase in the formation energy is slower in the tensile 

strain regime whereas the decrease is faster for compressive strains especially at higher values. In 

orthorhombic phase, the defect formation energy is maximum near the 0% strain state and 

decreases for both tensile and compressive strains. The vacancy defect formation energy can be 

modulated greatly in cubic phase (about 800 meV) while in orthorhombic phase it changes by only 

about 80 meV for -2 to +2% biaxial strain.   
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Chapter 6 

Conclusion & Future Work 

This chapter summarizes the results obtained in chapter 3, 4 and 5 and deduces the strain 

value which might give more stable and better performing perovskite solar cells.    

6.1 Conclusion 

Chapter 3 discusses the results obtained for strain modulation of optoelectronic properties. 

It was found that on moving from tensile strain to compressive strain the band gap decreases for 

both cubic and orthorhombic phase. The band gap changes by about 200 meV in cubic phase and 

100 meV in orthorhombic phase in the chosen strain range. The total absorption increases for 

tensile strain and decreases under compressive strain, and again cubic phase is more responsive to 

strain compared to orthorhombic phase. It was also found that the effective carrier masses (electron 

and hole) were the lowest for 0% strain for cubic phase. This means that the unstrained perovskite 

cubic structure is expected to have the highest electron and hole conductivity at 0% which is highly 

desirable. In orthorhombic phase, hole effective mass decreases from tensile to compressive strain 

while electron effective mass is not affected by strain.  

Chapter 4 contains a detailed discussion on the halide ion migration mechanism in 

inorganic perovskites and strain modulation of halide ion migration barrier. In the first part, an 

interplay between the lattice softness, octahedral tilt/rotation and ion migration was established. 

The cubic phase was found to have lower ion migration barrier due to its lattice softness that 

allowed it to accommodate more octahedral tilt during ion migration thereby reducing the energy 

of the transition states responsible for the migration barrier. The orthorhombic phase is more rigid, 

hence cannot accommodate octahedral tilt during ion migration which results in higher barrier for 
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ion migration. Lastly, it was found that the ion migration barrier tends to increase towards the 

compressive strain which is desirable to reduce ion migration in perovskite solar cell. However, 

the tunability was found to be very low (about 30 meV for +2 to -2% strain) in both the phases. 

In chapter 5, the halide vacancy defect formation energy in cubic phase was found to 

increase for tensile strain and decreases more drastically for compressive strain. In orthorhombic 

phase, the defect formation energy is highest for strain free state and decreases for both tensile and 

compressive strain. But formation energy was found to change by about 800 meV in cubic phase 

while its only about 80 meV in orthorhombic for -2 to +2% strain range.    

One needs to look at all the different trends of the various properties in order to assess the 

overall impact of strain on perovskite solar cells and come up with a strain range for best 

 

Figure 6.1: Schematic of relative trend of the different properties on straining in (a) cubic and (b) 

orthorhombic phase. The top section shows the strain values and the table is offset and set to 0.5% 

as perovskite in fabricated solar cells is in tensile strain. The arrow in trend column shows the 

increase or decrease of the value of a particular property on moving towards more tensile side or 

strain free side. The green tick signifies the trend is desirable and red cross signifies that the trend 

is not desirable for increasing the performance of halide perovskite solar cells.   
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performing perovskite layer. Figures 6.1a and 6.1b summarize the results obtained in this study 

for the different properties for cubic and orthorhombic phases respectively. The table is off set 

towards the tensile strain state because the perovskite layer in the fabricated perovskite solar cells 

is found to be in tensile strain state. The arrows in the right ‘trend’ column show if the value of a 

particular property increases or decreases on increasing the tensile strain. Similarly, the arrows in 

the left ‘trend’ column show the increase or decrease of given property on decreasing the tensile 

strain state and moving towards the strain free state/compressive strain state. The ‘desirable’ 

columns show if the trend is desirable and will contribute towards a better performing solar cell. 

The green tick in this column signifies that the trend is desirable and red cross signifies that the 

trend is not desirable. The side (towards more tensile or towards strain free state) with highest 

number of green ticks is the direction towards which the strain must be modulated to obtain better 

performing perovskite solar cells. 

 

 

Figure 6.2: The comparison of performance of solar cells with strain free perovskite layer with 

the tensile strained perovskite layer.26 
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For cubic phase (figure 6.1a) the left column (towards strain free) has the maximum 

number of green ticks. And although the formation energy decreases on decreasing tensile strain, 

the decrease is only about 20-30 meV hence is negligible. Therefore, for cubic phase, moving 

towards the strain free state is expected to increase the performance of the solar cells. For the 

orthorhombic phase, clearly, modulating strain towards the 0% strain or towards the compressive 

strain state is desirable. Based on the above results it can be concluded that perovskite layer in 

solar cell must be modulated towards the 0% strain state or towards compressive strain state. This 

is because by reducing tensile strain and moving towards the strain free or compressive strain 

regime the band gap decreases, the effective carrier mass decreases, the ion migration barrier 

increases and the vacancy defect formation energy increases. All of these factors will increase both 

PCE and stability of the perovskite solar cells. A recent experimental study also showed that the 

strain free perovskite solar cells on an average has at least 1% higher PCE when compared to the 

tensile strained perovskite solar cells26 (see figure 6.2). However, more independent studies need 

to be done to confirm these findings.  

Based on the above results and evidence, it can be suggested that the perovskite solar cell 

fabrication process must be tweaked such that the perovskite layer is closer to the strain free state.   

6.2 Future Work 

There are two possible directions in which the current work can be extended. In chapter 4, 

it was found that the lattice softness and the degree of octahedral rotation strongly affect the halide 

ion migration barrier in inorganic perovskites. This work can be further extended to study ion 

migration mechanism in hybrid perovskite. The orientation of the organic cation in hybrid 

perovskite has been shown to lower the ion migration barrier in hybrid perovskites61. Hence the 
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result of this study can be used to decouple the effect of orientation of organic cation and the 

octahedral rotation on the halide ion migration barrier in hybrid perovskites. 

This work also gives us a better understanding of what strain does to the various properties 

of inorganic perovskites and what is the desirable value of strain to maximize the performance. 

However, the hybrid perovskites have without doubt proven to be the superior solar energy 

absorber layer. As mentioned in section 1.6, the choice of inorganic perovskite for this study was 

to eliminate the complexities that arise due to the presence of organic cation and study the impact 

of strain in the absence of organic cation in the structure. Now, with the renewed understanding of 

impact of strain on the various properties of inorganic perovskites, a similar study on hybrid 

perovskite structure can be performed and the results of this study can be used to better understand 

and interpret the results obtained for the hybrid perovskites. 
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