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Abstract  

Within the last decade, organolead halide perovskites such as methylammonium lead iodide (MAPbI3), 

have established themselves as a promising material choice for developing highly efficient and cost-

effective photosensitive devices ranging from solar cells to photodetectors, display devices, light-

emitting diodes (LEDs), self-powered devices, sensors and beyond. Despite exhibiting impeccable 

electro-optical properties and ease of solution processibility, the instability of perovskite under an 

ambient atmosphere hinders their commercial viability. The key issue lies in the degradation of the 

perovskite material in presence of light, O2, moisture, and high temperature, along with the migration 

of the constituent ions (especially MA+ and Iī owing to their low activation energy) under an electrical 

field. 

In addition to abundant gases such as oxygen, nitrogen, and carbon dioxide, the interaction with 

omnipresent gas such as carbon monoxide (CO) at the perovskite interface can critically affect the 

electro-optical and mechanical properties and stability of the resultant perovskite devices. It is observed 

that exposure to the CO environment can displace adsorbed O2 and leads to a lowering of work function 

and induces self-doping in the MAPbI3 film. Interaction with CO at the perovskite film interface leads 

to layer-by-layer depletion of the organic moiety leaving behind PbI2 and this also softens the film over 

time. While long-duration exposure is detrimental to the electro-optical properties of the perovskite 

film, short exposure to the CO causes a 122% enhancement in the self-powered capacity of these films, 

which has significant implications for their applications in photodetectors, electrochemical cells, and 

sensors. 

To address these instability issues, several strategies are being actively researched. These involve 

compositional engineering, the addition of interfacial layers, encapsulation of the entire device, or a 

combination of multiple of these. These strategies however mandate additional resources, and an inert 

atmosphere and may lead to an undesirable blue shift of the absorption spectrum hampering the 

feasibility of the device fabrication. Further, these fail at alleviating the internal degradation of 

perovskite caused by ion migration.  

The stability issues in perovskites can be instead addressed by material engineering strategy, based on 

the specific chemical interaction of polymer additive with the perovskite precursors. Inspired by the 

direct interaction between organic molecules and inorganic moieties in biological and bio-inspired 

systems where the addition of organic molecules (primarily amino acids, DNA, and RNA) may alter 
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the crystallization kinetics, and crystal phase switching & orientation, morphology, and other structural 

properties of the inorganic-organic composite, lead iodide (PbI2) facilitated in-situ cross-linking of PS 

chains in the perovskite precursor solution, is presented. The cation-ˊ interaction between the MA+ and 

long-order PS molecules at the grain boundaries and at interfaces facilitates the formation of a three-

dimensional molecular network in the MAPbI3 film with uniform morphology, enhanced grain size, 

mobility, and carrier lifetime with reduced ion migration, charge recombination, and dark currents. 

Different polymer additives may inherently differ not only in terms of their affinity for water and 

conductivity but also in the interaction mechanism with the perovskite precursors owing to the 

difference in polarity. Hence, to understand which characteristics of the polymer might be more 

important for achieving stable perovskite-polymer composite films without compromising the device 

performance, the strong interaction capabilities of the hydrophilic polar polyethylene glycol (PEG) and 

hydrophobic non-polar PS polymers in a PEG-PS block co-polymer system have been utilized. Such 

an approach provides a better understanding of the effective contribution of each polymer counterpart 

when mixed alongside perovskite precursors. It is realized that while the presence of PS enhances the 

average grain size, the presence of merely PEG as an additive leads to enhanced heterogeneous 

nucleation which increases the density of grain boundaries and trap sites within the perovskite films 

and proves insufficient to reduce ionic conductivity. Further, the fabrication of ambient atmosphere 

stable perovskite films mandates the presence of hydrophobic PS chains. 

It is observed that the integration of PS chains with organolead halide perovskite films, leading to 

enhanced stability and electro-optical performance, is critically affected by the molecular weight of 

chains. The molecular weight determines the mobility and volume of the chains, which affects the 

crystallization kinetics and, hence, perovskite grain size. The insulating nature of the PS chains is 

another critical factor that affects both ion migration and the conduction of electronic charges. The 

combined effect of these factors leads to optimal performance with the use of medium-length chains. 

A simple model integrating the two effects accurately fits the response of the polymerïperovskite 

composite. Further characterization results show that the polymerïperovskite films have a three-layer 

architecture consisting of nanoscale polymer-rich top and bottom layers. These combined results show 

that the optimization of performance in polymerïperovskite devices depends critically on the size of 

the chains due to their multiple effects on the perovskite matrix.  
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The rigid and brittle nature of MAPbI3 polycrystalline films limits their application in stretchable 

devices due to rapid deterioration in performance on mechanical cycling. By incorporation of PS chains 

in the MAPbI3 films, the mechanical modulus and the viscoelastic nature of the films are altered. 

Combining this with flexible nanochain electrodes, highly stretchable and stable perovskite devices 

have been fabricated. The resultant PS-MAPbI3 photodetector exhibits ultralow dark currents (Ḑ10ï

11 A) and high light switching ratios (Ḑ103) and maintains 75% of performance after 30 days. The 

viscoelastic nature and lower modulus of the polymer improve the energy dissipation in the polymer-

MAPbI3 devices; as a result, they maintain 52% of the device performance after 10000 stretching cycles 

at 50% strain. The difference in the mechanical behavior is observed in the failure mode of the two 

films. While rapid catastrophic cracking is observed in MAPbI3 films, the intensity and size of such 

crack formation are highly limited in polymer-MAPbI3 films, which prevents their failure. 

The PS integration strategy provides a route for scalable manufacturing of perovskite films by utilizing 

the room-temperature blade coating technique. This serves the dual purpose of addressing the 

challenges of developing large area perovskite film-based devices which can survive in the ambient 

atmosphere without compromising on efficiency. It can thus pave the way for the cost-effective 

commercialization of perovskite-based electro-optical devices with a larger active area.  

Overall, the findings of this research work highlight the ability to tune the characteristics of the 

perovskite-based photosensitive device and extend them beyond rigid substrates to realize stretchable 

devices by a single-step method of integrating a commodity scale polymer in the perovskite films. This 

work also provides a deep insight into the improved stability and architecture of perovskite-polymer 

hybrid films which will be of significant interest to the research community. Such a facile polymer 

additive strategy combined with an ambient atmosphere compatible blade coating technique will pave 

the way for the development of polymer-perovskite hybrid assembly for long-term device applications 

and their scalable manufacturing. 
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Chapter 1  

Introduction 

Proper tuning of composition yielding a wide variation in electronic properties including capacitive, 

ferroelectric, piezoelectric, superconductive, metallic, catalytic, and magnetic properties has been the 

primary reason for perovskite compounds being a widely researched class of chemicals. The word 

óperovskiteô is derived from the mineral form of CaTiO3 and is named after the Russian mineralogist 

Lev Perovski in honor of his contribution towards the structural characterization of the calcium titanium 

mineral, while its discovery in the Ural Mountains of Russia in 1839 is accredited to Gustav Rose.1 In 

the context of the stoichiometry of the ionic composition in the parent mineral form, the formula of 

ABX 3 is generally deployed to refer to the family of materials expressing a three-dimensional (3-D) 

crystal structure similar to CaTiO3, where A and B sites represent cations of dissimilar sizes while the 

X site is occupied by counterbalancing anionic species. The A, B, and X ions exhibit an overall valency 

ratio of 1:2:1. In a typical perovskite cubic unit cell composed of five atoms, the A cation occupies a 

12-fold central coordination site and B cation forms 6 coordination fold while the BX6 (i.e., BX3) forms 

corner-sharing octahedra.2 Considering the involved atoms as closely packed rigid spheres, the stability 

of the perovskite crystal structure at room temperature largely depends upon the sizes of the spheres 

and is dictated by Goldschmidtôs Tolerance Factor concept (Formula 1.1):  

Ô
Ѝ

 (1.1) 

where RA, RB, and RX represent the empirical ionic radii of A, B, and X site elements, respectively. 

Mostly, the perovskite systems where the tolerance factor satisfies t å 1 exhibit cubic crystal structure, 

while the crystal framework exhibiting variation in ótô as 0.813 Ò t Ò 1.107 show distortion from the 

ideal cubic phase.3 It is due to these distortions that the perovskite systems vary largely in terms of their 

intrinsic physical properties, particularly the electronic, magnetic, and dielectric properties, and account 

for varied applications of the respective materials.  

1.1 Organic -inorganic halide perovskites  

Within the formal stoichiometry of ABX3, charge balancing (qA + qB + 3qX = 0) in the perovskites can 

be achieved in a variety of ways. For metal oxide perovskites (ABO3), the formal oxidation states of 

the two metals must sum to six (qA + qB = -3qO = 6). Hence, I-V-O3, II-IV-O3 and III-III -O3 perovskites 
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are the common viable metal oxide systems. On the other hand, in the case of halide perovskites, the 

oxidation states of the cations should instead sum up to three (qA + qB = -3qX = 3) leaving the only 

possible ternary combination as I-II -X3.4 In a typical case of organic-inorganic hybrid perovskites, the 

A site is occupied by a monovalent organic species while the B and X sites are occupied by a divalent 

metal (mostly IVA group elements) and halide, respectively.  

The differences in the relative size of the ionic species forming the perovskite may result in the 

exhibition of different dimensionalities. For instance, when the A site is occupied by monovalent 

cations, such as Rb+, Cs+, CH3NH3
+ and HC(NH2)2

+, it acquires a 3-D framework, whereas in the case 

of a larger cation such as CH3CH2NH3
+, two-dimensional (2-D) or one-dimensional (1-D) structures 

are obtained with relatively larger energy band gap (2.2eV for CH3CH2NH3
+). Thus, it has been reported 

that an excessively large A cation is detrimental to the 3D framework, corresponding to t ᾽᾽ 1 and 

reduced dimensionality.5 It has been reported that the central A moiety does not influence the electronic 

properties of the perovskite compounds but may adversely affect the symmetry by distorting the B-X 

bond. Further, external factors such as heat/temperature variation, oxidizing/reducing environment, 

moisture, etc. may cause compositional changes that contribute to the distortion of the perovskite 

symmetry.5 Hence, overall, external effects and compositional ionic species largely determine the 

symmetry, and the properties of the perovskite material could be specifically tailored depending upon 

intended applications. 

1.2 Methylammonium lead iodide (MAPbI 3) 

Among the organic-inorganic halide perovskite systems, methylammonium lead iodide (MAPbI3) 

serves as the most widely researched and prototypical example, owing to its favorable tunable band gap 

and optoelectronic properties making it suitable for photovoltaic applications. In 1978, Weber was a 

pioneer in reporting the organic group, methylammonium (MA), at the A site and the Sn-based trihalide 

perovskite family CH3NH3SnBrxI3-x (x = 0-3) possessing a cubic structure.6 Soon afterward, he reported 

the Pb-based trihalide perovskites, which revolutionized, in particular, photovoltaics and solar cell 

applications.7 Miyasaka et. al. were the first ones to utilize CH3NH3PbI3 as a photosensitive material in 

a dye-sensitized solar cell demonstrating 3.8% efficiency. The efficiency of the same configuration of 

this perovskite sensitized solar cell was further increased to 6.5% by Park and his co-workers. However, 

the liquid-based perovskite solar cell did not attract much attention owing to the instant dissolution of 

the perovskite ionic crystal in the polar liquid electrolyte, which led to rapid degradation of device 
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performance. In 2012, Park et. al. substituted the liquid electrolyte with a solid-hole conductor material 

to address this issue and were able to enhance the efficiency to 9.7%. Since then, the organolead halide 

perovskites and MAPbI3, in particular, have attracted enormous worldwide attention and prompted a 

dramatic increase in the power conversion efficiency (PCE) of perovskite-based solar cells to 25.2%. 

These are now being applied in other optoelectronic devices such as sensors, photodetectors, lasers, 

displays, light-emitting diodes (LEDs), field-effect transistors, and resistive switching memory devices. 

The small size of methylammonium cation (MA+) accounts for the formation of a stable tetragonal 

phase of MAPbI3 at room temperature. The tetragonal phase exhibits a bandgap of 1.51ð1.55 eV 

corresponding to an 820 nm absorption edge, and thus exceeds the optimal 1.1ð1.4 eV band gap range 

governed by the Shockley-Queisser limit for a single junction solar cell.8, 9 However, it forms a 3-D 

framework and is devoid of distortion in the A-X interaction, as otherwise observed in systems 

involving ethyl ammonium (CH3CH2NH3
+) and formamidinium cation (HC(NH2)2

+). Moreover, using 

t = 1 as the tolerance factor, and more importantly having the largest values for RB and RX (i.e., Shannon 

ionic radii RPb = 1.19 Å and RI = 2.20 Å), the limit on RA is found to be approximately 2.6 Å for 

traditional BX3ī frameworks with B being the divalent metal and X representing the halogen.10 

Assuming the non-spherical symmetric organic cations are free to rotate around their centers of mass, 

the effective ionic radius of the MA cation (2.17 Å) satisfies the requisites for forming a stable MAPbI3 

compound.11 In the context of occupying the B site in the ABX3 system, lead has been reported as the 

superior constituent in comparison to its IVA metal counterparts such as tin, both in terms of stability 

and performance, and consequentially has been the most widely employed metal ion.12 Ideally, 

utilization of lower atomic number elements (such as Ge or Sn) may result in a lower energy band gap 

since upon moving down the IVA group metals (GeŸPb), the decrease in covalent character and 

electronegatively increases the band gap. However, the lower atomic number elements also exhibit low 

ionic stability in the divalent oxidation state owing to the reduced inert electron pair effects.13 The 

halide anion X provides much more freedom of variation in its composition. Iodide, lying closest to Pb 

in the periodic table, shares a similar covalent character and thus, results in the most stable structure. 

Upon progressing down the VIIA group elements (Cl Ÿ I), with an increase in the atomic size of the 

constituent elements, shifting of absorption spectra towards longer wavelength (red shift) attributing to 

a decrease in electronegativity is observed. Such nature matches with the counterpart Pb ion at the B 

site and thus effectively reduces the ionic behavior and instead enhances the covalent character.5 Hence, 

considering methylammonium lead iodide (MAPbI3) as the prototypical example of the organolead 
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halide perovskites, it has been utilized as the material of interest for the entirety of my research work 

leading to this doctoral dissertation,  

1.3 Symmetry and phase  

 

The MAPbI3 exhibits three Bravais lattices i.e., orthorhombic, tetragonal, and cubic, stable in order of 

increasing temperature. Figure 1.1 a) b) and c) represent the crystal structure of an ideal cubic unit cell 

of a perovskite; where in the case of MAPbI3, methyl (CH3NH3
+) occupies the A site while lead Pb2+ 

and I- occupy the B and X site, respectively. Figure 1.1 d) represents the ideal tetragonal unit cell of 

MAPbI3 based on ICSD #241477 data. The orthorhombic perovskite structure acquiring Pnma (a D2h 

point group) phase is the low-temperature ground state of MAPbI3 and maintains its stability up to 165 

d). 

a). b) c)

Figure 1.1 The ideal cubic unit cell of perovskite: (a) A cations (blue) occupy the lattice corners, B 

cations (green) occupy the interstitial site, and X anions (red) occupy lattice faces. (b) An alternative 

view showing B cations gathered around X anions to form BX6 octahedra, as B-X bonds are responsible 

for determining electrical properties. (c) Tilting of BX6 octahedra occurs from non-ideal size effects and 

other factors, inducing strain on the B-X bonds and (d) The ideal tetragonal unit cell of MAPbI3. Source: 

Ref (5) 
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K after which it undergoes a first-order transformation to the tetragonal phase I4/mcm (D4h point group), 

which continuously undergoes a second-order phase transition to the cubic phase Pmσm by 327K.1 The 

lower temperature states could be accounted for by a ã2Ĭã2Ĭã2 supercell expansion of the simple cubic 

perovskite cell unit. However, interestingly it has been noted in the current work and previous reports, 

that even after annealing samples at a temperature as high as 373K, the tetragonal phase may still 

surprisingly exist in thin films leading to ambiguity about the nature and the exact phase transition 

temperature between the tetragonal and the cubic phase. 

1.4 Optoelectronic properties  

The exceptional performance of organic-inorganic halide perovskites can be attributed to its substantial 

characteristics including but not limited to strong optical absorption with an adjustable band gap, 

ambipolar charge transport, long diffusion lengths, and thus minimized recombination rate, high carrier 

mobility, and high tolerance towards intrinsic defects. A half-micron thick perovskite film can achieve 

absorption across the entire visible spectrum which is substantially lower than the limitation of 2 m 

required to serve as an active layer in solar cells. A typical MAPbI3 photovoltaic device is reported to 

achieve absorption up to nearly 800 nm.5 With proper tuning of halide, divalent metal ion, and organic 

ion composition, the optical absorbance could be further extended in the infrared range.14 The carrier 

diffusion length for MAPbI3 has been reported up to 100 nm for both holes and electrons and up to 1 

m in mixed halide perovskite MAPbI3īxClx via the transient photoluminescence measurement.15, 16 

However, it has been observed that electron extraction poses a limitation in the case of MAPbI3, unlike 

MAPbI3īxClx where both holes and electrons could be extracted without needing electron transport 

material.17 In terms of carrier mobility, almost an instant charge generation of highly mobile (25 

cm2/Vs) balanced free charge carriers is reported in MAPbI3 within 2 picoseconds of illumination which 

may extend up to tens of microseconds.18  

1.5 Challenges  

High efficiency and long-term stability are the two key criteria for assessing any photovoltaic 

technology. The photovoltaic modules must complete the standard International Electrotechnical 

Commission (IEC) 61215 or 61646 design qualification testing protocols to be considered reliable and 

stable and compete with the existing silicon-based photovoltaic technology. To guarantee the warrantee 

period of the photovoltaic modules (with encapsulation) for at least 25 years, the modules should be 

able to retain a power output Ó 80% of their initial output after 25 years. Despite exhibiting excellent 
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electro-optical properties and henceforth high power conversion efficiency of 25.2% in solar cells, the 

high responsivity of 104 A Wī1 and detectivity of 3.7 x 1014 Jones in photodetectors, and high 

photoluminescence quantum efficiency of more than 90% in quantum dots, the long-term stability 

issues and lack ambient atmosphere compatible scalable coating techniques for developing large area 

perovskite-based devices, hinder the commercial viability of the perovskite-based optoelectronic 

devices.  

1.5.1 Stability  

As per the international standards (IEC 61646 climatic chamber tests), long-term stability at 358K is 

needed for a material-based device to compete with other solar cells/photovoltaic technologies. 

However, stability and material degradation issues are still a major concern for the organic-inorganic 

halide perovskites for their optimum utilization. Researchers have proposed multiple degradation 

pathways for MAPbI3 which result in substantial degradation of its excellent light harvesting properties 

over time when exposed to prolonged humidity, heat, light, oxygen, etc. owing to the formation of PbI2 

after the loss of CH3NH3I.19, 20 The degradation of CH3NH3PbI3 into its initial reactant species i.e., 

CH3NH3I and PbI2 is accompanied by the release of gases by a sublimation process. The first step of 

mass loss under an inert atmosphere is reported to occur during the thermal degradation of CH3NH3PbI3 

and CH3NH3I as follows: 

ὅὌὔὌὖὦὍ
Ў
ᴼὔὌ ὅὌὍ ὖὦὍ  (1.3) 

ὅὌὔὌὍ
Ў
ᴼὔὌ ὅὌὍ  (1.4) 

Owing to the evolution of different gases during the degradation of MAPbI3, researchers have proposed 

several interpretations of the degradation pathways. The degradation study conducted in the dry and 

inert gaseous environment by Fan et al. revealed that no hydrates of MAPbI3 are released during the 

process, confirming the intrinsic hygroscopicity of the constituent CH3NH3 cations are not responsible 

for the MAPbI3 phase transition to PbI2. They instead proposed that the degradation of MAPbI3 is a 

surface-dominated phenomenon and is kinetically preferred.21 Niu and co workers reported a series of 

chemical reactions held responsible for the degradation of CH3NH3PbI3 in moisture in the following 

equations: 

ὅὌὔὌὖὦὍᵮὖὦὍ ὅὌὔὌὍ  (1.5) 
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ὅὌὔὌὍᵮὅὌὔὌ ὌὍ  (1.6) 

τὌὍ ὕ ᵮὍ ςὌὕ  (1.7) 

ςὌὍᵮὌ Ὅ (1.8) 

Therefore, degradation of perovskite due to moisture occurs with the MAPbI3 transforming to MAI salt 

and metal halides, which could be accelerated by further decomposition of metal halide.20 In another 

report, Walsh and co workers demonstrated the formation of an intermediate complex 

[(CH3NH3
+)nī1(CH3NH2)nPbI3][H 3O] once the perovskite was exposed to Lewis base H2O subsequently 

resulting in reduced stability of perovskites.22 The interaction of water molecules with the highly 

hygroscopic MA+ via hydrogen bond formation in the crystal structure of perovskite leads to the bond 

dissociation between the constituent of the crystal structure. Further, Philippe et al. demonstrated the 

migration and interdiffusion of each component, resulting in perovskite degradation upon thermal 

treatment.23 Abdelmageed et al. disclosed that light exposure in the air oxidizes iodide anions that 

transfer electrons to p-type species such as O2 and CO2 in the atmosphere and form free radicals (O2
- 

and CO2
-) which deprotonate the ammonium group, finally resulting into the formation of highly 

volatile methylamine and leaving behind PbI2. They proposed that MAPbI3 films are insensitive to 

oxygen in the dark and stable under highly intense light in the absence of oxygen. Hence, light exposure 

and oxygen are combinedly responsible for the degradation of the perovskite.24 

ςὅὌὔὌὍ ὕ ςὅὌὔὌ Ὄὕ Ὅ  (1.9) 

ὅὌὔὌὍ ὅὕ ὅὌὔὌ Ὄὅὕ Ὅ  (1.10) 

It has been observed that CO, an omnipresent gas undergoes a strong interaction with MAPbI3. The 

exposure of perovskite film to the CO atmosphere leads to a lowering of work function and induces 

self-doping in the MAPbI3 film. Interaction with CO at the perovskite film interface leads to layer-by-

layer depletion of the organic moiety leaving behind PbI2 and this also softens the film over time (details 

in Chapter 3). 

Apart from the degradation induced by the external environment, MAPbI3 and other organohalide lead 

perovskites are also subject to significant degradation in presence of an external electric field. When an 

external bias is applied across a perovskite-based device, three important phenomena may occur. First, 

owing to their low activation energy, primarily the I- and organic cation may migrate towards the 
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electrodes of opposite polarity.25 The theoretical and experimental studies reveal that the Iī ions migrate 

along the IīI edge of the PbI6 octahedron and have the lowest activation energy (EA) of 0.08ï0.58 eV; 

the MA+ ions migrate through the unit cell face comprising four Iī ions and have higher EA of 0.46ï

0.84 eV; and the Pb2+ ions migrate along the diagonal of the cubic unit cell and have the highest EA of 

0.80ï2.31 eV. Secondly, owing to the change in the internal electric field due to the ion migration or 

dipole orientation, hysteresis in the light-current-voltage (light I-V) characteristics of perovskite solar 

cells is observed. Finally, the photovoltaic effect is observed due to the self-doping effects of perovskite 

caused by the migration of internal ions.26 The biasing test results have shown that the performance of 

the perovskite solar cells is severely degraded at voltages greater than the built-in potential or open-

circuit voltage (Voc).27  

1.5.1.1 Strategies toward enhancing stability 

As discussed above, as the adsorption of water, oxygen, and corrosive molecules proves to be 

detrimental to the stability of the perovskite material and leads to a substantial loss in its photovoltaic 

performance, a sensible material engineering is required to prevent such surface dominated 

phenomenon from occurring. Though strategies involving substrate modification or perovskite layer 

passivation via an interfacial or a barrier layer made of specific chemicals (e.g. poly(N, Nô-bis(4-

butylphenyl)-N, Nô-bis(phenyl)benzidine) (polyTPD)), encapsulation of the complete device (e.g. 

thermosetting epoxy glue), variation in charge transport layers (e.g. spiro-MeOTAD, PEDOT: PSS) 

and compositional engineering via alteration in the constituent species of the hybrid perovskites (e.g. 

mixed cation and halide doping) have been used, these are limited to use of inert operating conditions 

or need special fabrication steps and chemicals.28 As these special measures of preventing perovskite 

degradation mostly donôt take into account, the specific interaction between the constituent ions into 

consideration, such strategies are at times too complex to carry out in a normal lab environment.  

Instead, solution chemistry engineering, involving molecules that may lead to van der Waals 

interactions, Lewis acid-base interaction, or formation of hydrogen or halogen bond, etc. could serve 

as a simpler and better alternative to the above-mentioned techniques. These have been successfully 

deployed to passivate perovskite surfaces and prevent the interaction of the perovskite surface with 

unfavorable chemical species. Such wise solution engineering results in the enhancement of the stability 

and the photovoltaic performance of the hybrid perovskite devices. A Lewis acid-base interaction leads 

to either an adduct formation or a redox reaction. The adduct formation reaction involves the linking 
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of the acid and base moiety via a dative bond (i.e., shared electrons originating from the Lewis base). 

This intermediate adduct facilitates a homogeneous crystal growth of the perovskite due to the 

supplementary removal of the Lewis base from the adduct film, which in turn retards the formation rate 

constant for the perovskite. Dimethyl sulfoxide (DMSO), a polar aprotic solvent is one such typical 

Lewis base, possessing a lone pair rich oxygen atom. It forms an adduct with the Lewis acid of PbI2 

which lowers the rate of perovskite formation and thus leads to higher crystallinity in the resulting 

organohalide lead perovskite. The formation of such an adduct also aids in the formation of a larger 

crystal grain size. The initial work based on DMSO adduct formation reported highly efficient 

perovskite solar cells with an average ɖ of 18.3%. The adduct formation is revealed by the shift of the 

S=O vibrational peak in DMSO.29 Other polar aprotic small molecules such as urea, and N-methyl-2- 

pyrrolidone (NMP) has been investigated as well. Besides these, Lewis acid-base adducts, including 

HPbI3, PbI2-thiourea, and PbI2-DMSO1-xthioureax have been reported in the literature as precursors for 

the formation of perovskite films with large grain size and low defect density.30 

The addition of several types of chemical additives such as inorganic or ammonium salts, organic 

molecules, ionic liquids, fullerenes, and polymers have been also attempted in the perovskite precursor 

solution. Based on the classic crystallization theory, the addition of an additive into the perovskite 

precursor solution is a viable way to modulate the crystallization dynamics as well as change the overall 

film morphology.31 The variation in functional mechanism and interaction of each additive with 

perovskite precursors may affect the resultant perovskite material in several ways. The introduction of 

an additive may provide reduced heterogeneous nucleation sites to improve the uniformity or may aid 

in coordinating with metal ions to decrease the crystallization rate and enlarge crystal grain size or may 

instead change the surface energy to control the crystal growth directions or combination of all these.  

During the degradation process, owing to the low activation energy of primarily I- and MA+, the 

perovskite precursors PbI2 and CH3NH3
+  start migrating within the material, especially across the grain 

boundaries. The individual perovskite moieties need to be kept bound to limit such ion migration.27 

Since PbI2 and CH3NH3I provide Lewis acid characteristics and a cationic interaction, respectively,  

specific chemical interaction of each of the perovskite precursors with a polymer additive is possible.  

Such chemical interaction between the polymer and individual perovskite precursors may keep the 

material intact by limiting ion migration. Further, the presence of atoms such as oxygen, in a polymer 

could lead to the formation of hydrogen bonds with the H atoms in CH3NH3
+ to provide resistance 

against humidity. The electron lone pairs from some atoms (e.g., S and N atoms) in the polymer may 
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strongly interact with Pb ions, which in turn may stabilize the 3-D framework of perovskite. There exist 

numerous reports of polymer additive-based MAPbI3 devices e.g. poly(ethylene glycol) (PEG), 

polyvinylpyrrolidone (PVP), polyacrylonitrile (PAN) polyacrylic acid (PAA), trimethylolpropane 

triacrylate (TMTA), etc. where the specific interaction between the polymer additive and the perovskite 

precursor aids in uniform high surface coverage, controls crystallization kinetics of perovskite 

formation and enhances device characteristics and stability.32-35 Overall, polymer additives are reported 

to significantly enhance the stability & device characteristics of the resultant perovskite-polymer 

composite material.  

1.5.1.2 Polystyrene: an efficient polymer additive for inducing stability in MAPbI3 

As discussed above, the challenge of enhanced stability of perovskite material while operating MAPbI3-

based devices in ambient conditions, needs to be addressed more simply. To address this challenge, our 

research group has developed a solution-engineering strategy for stabilizing the organic-inorganic lead 

halide perovskites. While the Lewis acid characteristics of the PbI2 mediates cross-linking of PS, a 

cation-ˊ interaction exists between the MAI and PS chains. Such combined effect of the interaction of 

PS with both perovskite precursors results in a well-coordinated long-range molecular ordering of the 

polymer chains along perovskite grain boundaries and at the interfaces. Also, PS is miscible in 

perovskite solvent and does not evaporate, unlike DMSO which has a comparatively high vapor 

pressure. Thus, PS remains in the perovskite film even after crystallization at high temperatures and a 

longer annealing time. 

1.5.1.2.1 Mechanism of PbI2 initiated PS cross-linking in PS-MAPbI3 

The previous work based on polystyrene interaction with Lewis acid, suggests PbI2 mediated PS cross-

linking at the perovskite grain boundaries in PS-MAPbI3, by the mechanism shown in Figure 1.2.36 Due 

to limited moisture available in the perovskite precursor solvents and also, absorbed from the 

atmosphere, the PbI2 Lewis acid hydrolyzes and leads to the simultaneous formation of hydrogen iodide 

(HI) in the perovskite. The HI then combinedly interacts with the PbI2 and PS to form a cation complex 

on the aliphatic chain of the polymer i.e., polymeric cation complex with PbI3
-. The formation of such 

a cationic complex leads to an upshift in Nuclear Magnetic Resonance (NMR) resonance for both 

aliphatic and aromatic regions of PS.37 The complex cation complex further loses the H2 and is 

converted to carbonium ions, subsequently causing cross-linking of the polymer chain. It is 



 

11 

hypothesized that the formation of such carbonium cation and subsequent cross-linking of PS may take 

place at either Ŭ or ɓ carbon atoms of the PS aliphatic chain (Details in Chapter 7). 

 

Figure 1.2 Mechanism of PbI2 mediated cross-linking of PS in PS-MAPbI3. Source: Ref (37) 

Although in the presence of moisture, other than PbI2 initiated cross-linking of PS, another potential 

mechanism may exist in the polystyrene system that may instead lead to its degradation. However, the 

NMR and the Gel Permeation Chromatography (GPC) results confirm the cross-linking mechanism is 

a favorable reaction. The GPC results confirmed an increase in average Mw in the PS-MAPbI3 while 

no change is observed in relative intensities of the aromatic and aliphatic regions in the NMR spectra, 

thus, elucidating the intact nature of the polymeric backbone. 

1.5.1.2.2 Cation-ˊ electron interaction between MAI and polystyrene 
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Other than PbI2 initiated cross-linking of the PS, PS chains can also coordinate with perovskite crystal 

defects of CH3NH3
+ at the grain boundaries and interfaces owing to ˊ electron-cation interaction (Figure 

1.3) which is well illustrated in natural biological systems.38, 39  It has been reported that, although the 

grain boundaries are not the dominant location for non-radiative recombination, they may result in 

electronic trap states which may limit the charge carrier lifetime and photoluminescence (PL) yield.40 

In addition, these grain boundaries act as preferred channels for moisture diffusion and ion migration, 

ultimately leading to grain degradation and reduced stability of perovskite material. Owing to the low 

activation energy of MA+ and I-, ion migration of these ionic species occurs first. The specific chemical 

interaction between the MAI and the polystyrene can efficiently control this migration. 

 

Figure 1.3 Cation-ˊ interaction between polystyrene and methylammonium cation. 

1.5.2 Scalable manufacturing of perovskite optoelectronics  

The price per unit of energy referred to as the Levelized cost of energy (LCOE) can be effectively used 

to capture the cost competitiveness of perovskite photovoltaics.41 Several cost model calculations have 

shown that perovskite LCOE can compete with the energy-intensive silicon and cadmium telluride 

(CdTe) photovoltaic technology, given that the requirements of high efficiency, low cost, and long 

lifetime, can be concurrently met.42 The solution processible nature of perovskites provides the 
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opportunity to greatly reduce the capital expenditure for scalable manufacturing. Although to exploit 

this potential, solution methods that are compatible with high throughput manufacturing are needed. In 

this pursuit, the scalable deposition methods need to meet three major requirements. First, the efficiency 

achieved with the scalable deposition method needs to match with that obtained by the conventional 

spin coating technique. Second, there should be a minimal drop in efficiency when moving from lab-

scale devices to large area modules. Lastly, the method needs to be compatible with high throughput 

production processes, either sheet-to-sheet or roll-to-roll manufacturing. Therefore, techniques such as 

doctor-blade coating, slot-die coating, spray coating, and inkjet printing, are now being widely used 

and are considered more appropriate candidates than spin coating for upscaling perovskite 

manufacturing.43 However, most of the reported devices fabricated by such large area coating methods 

involve energy-consuming heating step during the coating or/and inert atmosphere.44  

Thus, developing ambient atmosphere stable perovskite optoelectronics by large area coating 

techniques such as blade coating at room temperature possesses great potential for scalable 

manufacturing of perovskite optoelectronics (details in Chapter 6). 

1.6 PS-MAPbI 3 strategy towards advanced optoelectronics  

1.6.1 Photodetectors  

A photodetector converts an optical input such as visible light photons into an electrical signal and has 

wide-ranging applications in the detection of light intensity, spectral range detection, thermal 

imaging, remote imaging, and so forth. The significant figures of merit for photodetectors include 

responsivity, detectivity, light switching ratio (on/off ratio), spectral selectivity, linear dynamic range, 

and response time. Currently, most commercial photodetectors are based on crystalline GaN, Si, and 

InGaAs. The underlying mechanism driving the photodetector operation is either a pïn (pïiïn) 

junction, Schottky based, or a photoconductive effect, where the conductivity of the active material 

increases on interaction with the incident photons. Broad spectral range (190ï1100 nm) commercial 

photodetectors based on the Si pïn junction (photodiodes) (e.g., Hamamatsu S1336) exhibit peak 

responsivities of 0.12 and 0.5 A Wī1 at 200 and 960 nm, respectively, and those designed especially 

for the visible range (340ï720 nm) photometry (e.g., Hamamatsu S8265) exhibit a responsivity of 0.3 

A Wī1 at the peak sensitivity wavelength of 540 nm, with a dark current of Ḑ20 pA. These commercial 

photodetectors usually require an external power supply and hence need an integrated assembly in the 

device which can make the device bulky and serve as a bottleneck for utilization in a remote location. 
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Furthermore, these commercial photodiodes need stringent manufacturing controls which limit them to 

low-volume, high-value markets. To overcome the existing trade-offs between performance, form 

factor, cost, and most importantly, power consumption, self-powered photodetectors are being 

investigated with intense interest. Self-driven photodetectors can be obtained when photodiodes work 

at zero bias, similar to solar cells working under short-circuit conditions. Currently, most self-powered 

photodetectors are demonstrated through the integration of the photodetectors with external power 

sources such as piezoelectric and/or triboelectric nanogenerators to operate in a self-powered mode. 

However, since these devices work only in the presence of continuously varying mechanical input, their 

measurement is intermittent. To address, this challenge, the perovskite thin film-based self-powered 

photodetectors can offer the benefit of being lightweight with small device size, without compromising 

on device performance. Owing to the inherent semiconducting nature and the electric field-induced 

effects in MAPbI3, these can further exhibit self-powered operation. In this pursuit, developing self-

powered continuously operable photodetectors with enhanced stability is mandatory. The PS integrated 

MAPbI3 photodetectors fabricated as part of this dissertation work show enhanced performance and 

stability (details in Chapters 2, 3, and 4). 

1.6.2 Flexible device application  

Compared with the traditional devices based on rigid substrates such as silicon, flexible electronics 

have wider applications in the field of wearable and portable devices owing to their ability to bend, 

stretch, and have a reduced weight. Their promising applications are in the fields of healthcare, robotics, 

epidermal sensing, and so forth. Flexible solar cells and photodetectors based on perovskite thin films 

are therefore receiving more and more attention for their favorable traits, including flexibility, light 

weight, portability, and compatibility with curved surfaces.45 More importantly, mass production and 

throughputs of such perovskite thin films can be achieved by continuous roll-to-roll or sheet-to-sheet 

technology contributing to reduced industrial costs. Despite exhibiting the promise of low-temperature 

solution processing, the rigid and brittle nature of the perovskite layer hinders their advancement in the 

field of flexible electronics. The high mechanical modulus of the perovskite material (compared to 

polymers) coupled with low fracture toughness and strain leads to limited dissipation of mechanical 

energy.46 This may result in the development and propagation of cracks across the film leading to 

catastrophic mechanical failure and loss of device performance. Apart from the absorber material, the 

deterioration of the electrodes upon cycling also plays an indispensable role in determining the overall 

performance of such flexible devices. Researchers have made great efforts to optimize perovskite 
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material, charge transport layers, and electrode materials.47 However, three issues still challenge the 

further development of flexible perovskite-based devices for practical application: limited flexibility in 

terms of unfavorable bending and stretching durability combined with environmental stability issues, 

and reduced efficiency on a large scale.48 

The motivation is to utilize the low-temperature solution-processing and light absorption characteristics 

of the perovskite thin films to develop a stretchable photodetector. Solution-processed Pt-Au 

nanochains have been utilized to serve as mechanically durable and highly conductive electrodes. To 

address the rigid and brittle nature of the polycrystalline MAPbI3 which otherwise serves as a bottleneck 

in the long-term operation of such stretchable devices, the viscoelastic and low modulus of PS additive 

is utilized to ensure that the PS-MAPbI3 photodetector sustains appreciable performance despite being 

subjected to 10,000 stretching cycles and exhibits enhanced stability in the ambient atmosphere (details 

in Chapter 5). 

1.6.3 Solar cells  

Abiding by the United Nationôs sustainable development goal no. 7 i.e., affordable, and clean energy, 

as we look forward to fulfilling the aims of ensuring access to reliable, sustainable, and modern energy 

for all, solar energy harvesting through photovoltaic conversion has emerged as of the most promising 

technologies for long-term renewable energy production.49 While multiple policies are being rolled out 

to try and achieve net-zero carbon emission in the next few decades, the use of solar panels continues 

to grow around the world. In this pursuit of photovoltaics, crystalline silicon has served as the go-to-

choice material for decades.  However, getting the purest silicon wafer for fabricating a solar cell is a 

costly affair. Not only a thick silicon wafer is required but it also needs to be manufactured at high 

temperatures to get rid of the impurities. Hence, silicon solar cells are highly energy intensive to 

produce with considerably higher energy payback time.50 Further, silicon solar panels do not fare well 

on the front of the greenhouse gas emission factor either, representative of the CO2 emitted per unit of 

energy generated.51 Other materials like copper indium gallium selenide (CIGS) and cadmium telluride 

(CdTe) have popped up, but they only cover a small piece of the market - about 5% owing to their non-

feasible and expensive production methods.52  

Amid this, the solution-processed, cost-effective yet highly efficient perovskites-based solar cells are 

revolutionizing photovoltaic technology owing to their excellent electro-optical properties. Within a 

short span of the past decade, the power conversion efficiency of perovskite-based solar cells has 
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surpassed 25% owing to the combined efforts in material optimization, device architecture, and 

interfacial engineering.53-57 However, these high-efficiency devices have not necessarily been stable or 

possible to fabricate at a large scale (as discussed in section 1.5.2). For widespread deployment of 

perovskite-based solar cells, maintaining high efficiencies while simultaneously achieving long-term 

stability for perovskite solar cells with a large active area, remains a critical hurdle.58 The room 

temperature blade coating technique utilizing PS additive strategy to coat ambient atmosphere stable 

perovskite films over large area substrates can hence serve as a pioneering step towards addressing this 

dual challenge (details in Chapter 6). 

1.7 Thesis Outline  

The thesis chapters are organized as follows: 

Chapter 2 focuses on the long-term adverse effect of exposure to organolead halide perovskite under 

carbon monoxide (CO), an omnipresent gas in the atmosphere. The strong interaction of the CO at the 

perovskite (MAPbI3) interface leading to the desorption of O2 and softening of the films due to the 

formation of the PbI2 rich phase is investigated. The lowering of the work function and formation of a 

p-n junction at the top interface of perovskite film is presented. The effective utilization of limited 

exposure of CO in enhancing the self-powered performance of a perovskite-based photodetector is 

highlighted.  

Chapter 3 emphasizes utilizing the strong interaction capabilities of polymers with contrasting nature, 

independently and in form of block co-polymers for enhancing the stability and efficiency of the 

perovskite thin-film-based electro-optical devices. The hydrophilic polar PEG and hydrophobic non-

polar PS polymers in a PEG-PS block co-polymer system have been investigated to better understand 

the effective contribution of each polymer counterpart when mixed alongside perovskite precursors. 

The inevitability of achieving long-term ambient atmosphere stable films in absence of the hydrophobic 

PS counterpart is argued. 

Chapter 4 highlights the optimization of the molecular chain length of the PS additive and the nanoscale 

tri-layer architecture of the polymer-perovskite films involving polymer-rich top and bottom layers and 

the ubiquitous presence of polymer across the perovskite-rich interlayer. This understanding is further 

correlated with molecular weight-driven mobility and volume of the polymer chains leading to the 

rearrangement of the polymer chains within the perovskite film which affects the crystallization kinetics 
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and, hence, perovskite grain size. Further, the resultant electro-optical characteristics especially ion 

migration and conduction of electronic charge modeled as a function of the polymer chains is discussed. 

Chapter 5 is focused on the extension of perovskite-based devices beyond rigid substrates to realize 

perovskite thin film-based stretchable photodetector. By incorporating polymer chains in the MAPbI3 

films, the strategy to alter the mechanical modulus and the viscoelastic nature of the films is presented. 

Moreover, the utilization of solution-processed nano chains to form flexible electrodes is highlighted. 

The superior electro-optical response of the perovskite-polymer device with minimal decay in 

performance over 10000 stretching cycles owing to the fundamental difference in the dissipation of the 

mechanical energy between the pristine perovskite and PS-MAPbI3 device, is conferred. 

Chapter 6 showcases the upscaling of perovskite film fabrication to pave the way for roll-to-roll 

manufacturing of perovskite films. The advantages of replacing the conventional spin-coating 

technique with an ambient atmosphere blade coating technique and combining it with the PS additive 

strategy to ensure compact pin-hole-free perovskite film deposition are highlighted. Structural, 

morphological, and spectroscopical data along with ToF-SIMS depth profiling of the resultant pristine 

perovskite and PS-MAPbI3 films is analyzed. Initial J-V characteristics of the prototype large area solar 

cell with stability test in the ambient atmosphere are shown.  

The results of this thesis are summarised in Chapter 7, along with suggestions for future work. 
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Chapter 2  

Carbon Monoxide Induced Self-Doping in Methylammonium Lead 

Iodide Films and Associated Long-Term Degradation Effects 

2.1 Introduction  

Processing and operation of electro-optical devices, in general, leads to their exposure to different gases 

either in a controlled setting or in ambient conditions. The interaction with gas molecules can critically 

affect the interfaces in the devices and hence will impact their performance.59-62 Therefore, 

understanding such interactions and their effects is required for developing proper device processing 

conditions and the physics governing their operation. Organolead halide perovskites such as 

methylammonium lead iodide (MAPbI3) due to their high-performance electro-optical characteristics 

are being applied in commercial photovoltaics and are also intensely researched in devices such as 

photodetectors, light-emitting diodes, and self-powered sensors.63-71 Their structural stability is affected 

by interaction with a variety of gas molecules such as O2 and water vapor which has led to preventive 

steps in processing to limit their exposure to these species.72-75 The key is the mobility and the stability 

of the CH3-NH3
+ (methylammonium) and the I- species, which interact with such molecules and lead to 

the decomposition of the MAPbI3.76-78 However, the effect of gases that are present in a limited 

concentration in the atmosphere and many controlled conditions, can be detrimental owing to their 

strong interaction with MAPbI3.79, 80 Limited research has been conducted in this area which can provide 

critical insights into increasing the stability and performance of the perovskite-based devices.81, 82 

In this work, we show through the use of a variety of gases that carbon monoxide (CO) has strong 

interaction with MAPbI3. Due to this strong interaction, CO can displace the O2 adsorbed on the surface, 

and cause a rapid change in the characteristics of the MAPbI3. Exposure to CO leads to increased 

surface roughness, change in grain size, and redistribution of organic and inorganic moieties causing 

the layer-by-layer formation of PbI2 starting at the top interface, and softening of the film over time. 

Two contrasting effects in terms of device performance are observed based on the extent of CO 

exposure. At limited exposure, a thin top layer of PbI2 is formed, as a result, the short-circuit current 

(Isc) of the perovskite device poled (when an external bias is applied) in dark and under CO environment 

shows 122% enhancement in comparison to devices poled in ambient, O2, and N2, and CO2 atmosphere. 

However, prolonged exposure to the CO environment in combination with light and electrical bias leads 
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to catastrophic degradation of perovskite films. This can be attributed to the formation of pinholes and 

accelerated loss of volatile species from the surface, in addition to the formation of insulating PbI2 

clusters. Such a detailed understanding of the effects of CO exposure will enable the design and 

optimization of perovskite-based optoelectronic devices for their application in not just photovoltaics 

but also for emerging applications in self-powered and piezoelectric devices.83-85 

2.2 Experimental Secti on 

2.2.1 Synthesis of CH 3NH3I precursor  

Methylammonium iodide (MAI) was synthesized by dropwise addition of 30 mL of hydroiodic acid 

(57 wt. % in water, Sigma-Aldrich) to 27.8 mL of methylamine (33 wt. % in absolute ethanol, Sigma-

Aldrich) under constant stirring at 0 °C. This solution was stirred for 2 hours and later, a dark yellow 

precipitate was recovered using a rotary evaporator at 60 °C for 1 hour. The solid precipitate was then 

washed and recrystallized with a copious amount of diethyl ether and ethanol, respectively, until it 

turned white. The resultant white precipitate was dried overnight to obtain pure MAI. 

2.2.2 Synthesis of perovskite precursor solution  

The 1.35M perovskite solution was prepared by mixing 79.4 mg of MAI and 230.5 mg of lead iodide 

(99.999% trace metals basis, Sigma-Aldrich) in the solvent comprising 53.3 ul of dimethyl sulfoxide 

(anhydrous, Ó99.9%, Sigma-Aldrich) and 317.5 ul of N, N-dimethylformamide (anhydrous, 99.8%, 

Sigma-Aldrich). Further, 1 wt/v % PS with a polydispersity index (PDI) of 1.02 (0.0037g PS of average 

Mw 35,000 and, Sigma-Aldrich) was added to the precursor solution to ensure resultant films stay 

stable and avoid moisture-induced degradation before exposure to CO. The solution was stirred on a 

magnetic stirrer for 30 minutes before spin-coating. 

2.2.3 Spin coating of perovskite precursor solution and fabrication of perovskite -

based photodetector  

The perovskite films were spin-coated on Si/SiO2 chips having equidistant gold electrodes at 200 µm 

to fabricate the lateral configuration of a self-powered photodetector device (Figure 2.1). The chips 

were initially washed with Millipore water and later ultrasonicated in acetone and isopropanol for 5 

minutes each and finally, re-washed with Millipore water. The chips were then Piranha treated (3 

H2SO4:1 H2O2) for 3 minutes, washed with copious Millipore water, and finally dried with an N2 gun. 
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The precursor perovskite solution was spin-coated on the cleaned chips at 4000 rpm for 30 seconds. 

Upon reaching 6 seconds of rotations, 200 µl of diethyl ether was added. The obtained films were 

annealed stepwise at 65 C for 2 minutes followed by 100 C for 3 minutes to ensure complete 

perovskite phase formation. 

 

Figure 2.1 Schematic illustration of the lateral device configuration of Au/perovskite/Au. 

2.2.4 Structural, microscopic, and spectroscopic characterization  

The grazing incidence X-ray diffraction (GIXRD) patterns of obtained samples were measured using a 

PANalytical XôPert Pro MRD diffractometer with Cu KŬ radiation (ɚ = 1.54 ¡) at an incidence angle 

of 0.4°. The X-ray diffraction from the bulk material was characterized using PANalytical Empyrean 

diffractometer with Cu KŬ radiation (ɚ = 1.54 ¡). The samples used for X-ray diffraction were exposed 

to a steady rate of dry air and CO under dark and light conditions, independently for 3 hours, and were 

not subjected to any external bias (poling). A Zeiss Ultraplus field emission scanning electron 

microscopy (FE-SEM) equipped with energy-dispersive X-ray spectroscopy (EDX) was used to 

examine the surface topology and grain size distribution of the pristine and CO-exposed perovskite 

films. Further, Raman spectroscopy was performed over Horiba HR800 spectrometer in the 
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backscattering configuration. All Raman spectra were recorded at 532 nm excitation wavelength at a 

power of 6 mW. The samples used for FE-SEM and Raman spectroscopy consisted of perovskite films 

exposed to a steady flow of dry air and CO. This exposure to gases was either carried out in dark or 

under light for 60 minutes each. The poled perovskite films refer to the samples where a constant 

voltage of 2 V was applied across the gold electrode and ground, during the 60 minutes of exposure to 

requisite gases. The depth profile of freshly prepared and perovskite films exposed to CO for 6 hours 

was analyzed using time-of-flight ion mass spectroscopy by employing a Cs+ ion source (500 eV) for 

sputtering and Bi3+ (30 keV) for analysis over ToF-SIMS 5, ION-ToF GmbH. A Stanford Research 

Systems Universal Gas Analyzer (UGA) system was used to analyze the gases present in a custom-

made sealed quartz beaker. The required gas was initially purged and maintained within the sealed 

beaker. Later, a 1.8 m long capillary tube (175 µm inner diameter) was inserted into the beaker to 

monitor the change observed in the partial pressures of O2, N2, and CO upon opening the outlet valve. 

The Young's Modulus maps were acquired using RTESPA 525 probes (Bruker) with a nominal spring 

constant of 200 N/m and resonant frequency of 525 kHz on a Bruker Dimension Icon in PeakForce 

Quantum Nanomechanical (PF-QNM) mode. The spring constant and deflection sensitivity of the 

probes were calibrated using a sapphire standard sample before each measuring session. The tip radius 

was estimated to be 20-30 nm, using a Titanium sample of known roughness. The elastic modulus for 

the sample surface was calculated following the Derjaguin-Muller-Toropov (DMT) model for tip-

sample contact. The contact potential difference (VCPD) maps were acquired with the topographic signal 

simultaneously at an effective tip-sample lift height of 80 nm on a Bruker Dimension Icon in Amplitude 

Modulated - Kelvin Potential Force Microscopy (AM-KPFM) mode using SCM PIT probe (Bruker). 

The topographic height was obtained by maintaining the amplitude of the first cantilever resonance at 

65.8 kHz at a predefined amplitude setpoint of approximately 30 nm. The VCPD was then determined 

by compensating the ac component of the electrostatic force at angular frequency ά with an applied dc 

voltage (= |VCPD|) in a feedback control loop. To separate the topographic signal from the VCPD signal, 

enhance the sensitivity and minimize the probe-sample convolution effects, the alternating current (AC) 

electrostatic force component was generated at the cantilever's 2nd resonance frequency of 411 kHz. 

2.2.5 Electrical measurements  

The electrical measurement on the planar lateral device configuration of the Au/MAPbI3/Au self-

powered photodetector was conducted using a probing station. A two-probe method was employed by 

connecting one probe to a gold electrode on the chip and another probe connected to the ground. A 
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Keysight 6614C 50-Watt system power supply with a maximum voltage output of 100 V was used for 

applying an external bias. For carrying out optoelectronic measurements of a perovskite-based self-

powered photodetector device, an external bias of 2 V was applied (referred to as poling) for 5 min 

under exposure of various gases (O2, N2, CO2, and CO) and in ambient atmosphere. This poling time 

was chosen to induce optimum polarization in perovskite film without incurring spontaneous material 

degradation. Post poling, optoelectronic measurements including the open-circuit voltage (Voc) and the 

short-circuit current (Isc) were sequentially measured using a Keysight 3458A Digital multimeter. The 

film was connected in series with the multimeter and power supply to complete the circuit. The 

illumination/light exposure, wherever reported, refers to simulated airmass 1.5 global irradiation (100 

mW/cm2), generated using a Xenon-lamp based solar simulator (Newport Oriel Instrument 67005, 150 

W Solar Simulator). An NREL calibrated KG5 silicon reference cell was used to calibrate light intensity 

to minimize any spectral mismatch. 
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2.3 Results and Discussion  

 

Figure 2.2 (a) XRD pattern of pristine MAPbI3 and films exposed to dry air and CO under dark and 

light. Here, * corresponds to the PbI2 diffraction peak. FE-SEM images of (b) pristine MAPbI3 film. 

Striations begin appearing in the perovskite film exposed to CO in dark for (c) 1 hour and (d) 3 hours 

without poling and they further intensify after (e) poling for 1 hour. Pitting and merging of grains is 

observed in FE-SEM images of (f) unpoled perovskite film. Needle-like PbI2 flakes and pinholes 

develop in (g) poled MAPbI3 film exposed to CO in light for 1 hour. (h) The bulk PbI2 phase is observed 

in the FE-SEM image of the perovskite film exposed to CO for 3 hours in light without poling. 

The grazing angle X-ray diffraction (GIXRD) pattern of MAPbI3 films is shown in Figure 2.2a. Due to 

the sensitivity of the GIXRD to surface layers, the change and decomposition of MAPbI3 film surface 

on exposure to specific gases is observed. The presence of the tetragonal phase of MAPbI3 is confirmed 

by the intense diffraction peaks of (1 1 0), (2 2 0), and (3 1 0) h k l planes. No PbI2 phase is observed 




































































































































































































































































