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Abstract

Within the last decade, organolead halide perovskites such as methylammonium legd/id&ibk),

have established themselvesaggomisingmaterial choice for developing highly efficient and eost
effective photosensitivedevices ranging from solar cells to photodetectors, display devighs,
emitting diodes I(EDs), selfpowered devices, sensors and beyond. Despite exhibiting impeccable
electreoptical properties and ease of solution processibility, the instability rofvgldte underan
ambient atmosphere hinders their commercial viabilitye key issue lies in the degradation of the
perovskite material in presence of light, @oisture and high temperatur@along withthe migration

of the constituent ion@speciallyMA* and | owing to their low activation energynderanelectrical

field.

In addition to abundant gases such as oxygen, nitrogen, and carbon diexidgeraction with
omnipresent gas such as carbon monoxide (CO) at the perovskite interface calty cafiect the
electreoptical and mechanical properties and stability of the resylantskitedevices. It is observed

that exposure to the CO environment can displace adsogsei@eads to a lowering of work function

and induces seffioping in tle MAPDk film. Interaction with CO at the perovskite film interface leads

to layerby-layer depletion of the organic moiety leaving behind: Bht this also softens the film over
time. While longduration exposure is detrimental to the eleciptical prgerties of the perovskite

film, short exposure to the CO causes a 122% enhancement in theweted capacity of these films,
which has significant implications for their applications in photodetectors, electrochemical cells, and

Sensors.

To addresdhe® instability issues several strategieare being activelyesearchedThese involve
compositional engineeringihe addition of interfacial layers, encapsulation of the entire dewvica
combination oimultiple of these. These strategies however mandate additional res@ndas;nert
atmosphere and may lead an undesirable blue shift of the absorption specttampeing the
feasibility of the deice fabrication. Further, these fail at alleviating the intemhedradation of

perovskitecaused byon migration.

The stability issues in perovskites canitteadaddresedby material engineering strategy, based on
the specific chemical interaction of polymadditivewith the perovskite precursorsspired by tle
direct interaction between organic molecules and inorgamiietiesin biological and bienspired

systems where the addition of organic molecules (primarily amino acids, &NRNA) may alter
Vi



the crystallization kineticgndcrystal phase switching &rientation, morphology, and other structural

properties of the inorganiarganic compositdead iodide (Pb) facilitatedin-situ crosdinking of PS

chains in the perovskite precursor solutisrpresentedrhe catioR” i nt er acti omandoet weer
long-order PS molecules at the grain boundaries and at inteftaibtmtes the formation of a three

dimensional molecular network in tihdAPDI; film with uniform morphology enhanced grain size,

mobility, and carrier lifetime with reduced ion migration, charge recombinatimhdark 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 pites precursors owing to the
difference in polarity. Hence, to understand which characteristics of the polymer might be more
important for achieving stable perovskjielymer composite films without compromising the device
performance, the strong inter@t capabilities of the hydrophilic polar polyethylene glycol (PEG) and
hydrophobic nospolar PS polymers in a PEBS block cepolymer system have been utilized. Such

an approach provides a better understanding of the effective contribution of each alyrerpart

when mixed alongside perovskite precursors. It is realized that while the presence of PS enhances the
average grain size, the presence of merely PEG amdditive leadsto enhanced heterogeneous
nucleationwhich increases thdensity of grairboundaries and trap sites within the perovskite films
and proves insufficient to reduce ior@onductivity. Further,the fabrication of ambient atmosphere
stable perovskite filmmandates the presence of hydrophobic PS chains.

It is observed that thimtegration of PS chains with organolead halide perovskite films, leading to
enhanced stability and electoptical performance, is critically affected by the molecular weight of
chains. The molecular weight determines the mobility and volume of the chaiich, a¥fects the
crystallization kinetics and, hence, perovskite grain size. The insulating nature BS$ tiains is
another critical factor that affects both ion migration #melconduction of electronic chargeThe
combined effect of these factorsdsao optimal performance with the use of mediemgth chains.

A simple model integrating the two effects accurately fits the response of the pighgmosskite
composite. Further characterization results show that the palgerewskite films have a thedayer
architecture consisting of nanoscale polymeh top and bottom layers. These combined results show
that the optimization of performance in polyiineerovskite devicedependgritically on the size of

the chains due to their multiple effects oa fferovskite matrix.
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The rigid and brittle nature of MAPbpolycrystalline films limits their application in stretchable
devices due to rapid deterioration in performancmenhanicatycling. By incorporation oPSchains

in the MAPDk films, the mechaical modulus and the viscoelastic nature of the fiansaltered
Combining this with flexible nanochain electrodes, highly stretchable and stable perovskite devices
have been fabricated. The result@&MAPDbI; photodetector exhibits ultralow dark curte ©10

11 A) and high light switching ratiosD10®) and maintains 75% of performance after 30 days. The
viscoelastic nature and lower modulus of the polymer improve the energy dissipation in the polymer
MAPDI; devices; as a result, they maintain 52%hefdevice 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 MARibhs, the intensity and size of such

crack formation are highly limited in polym@&iAPDblI; films, which prevergtheir failure.

ThePSintegration strategy provides a route for scalable manufacturing of perovskite films by utilizing
the roomtemperature blade coating technique. This serves tla¢ gurpose of addressing the
challenges of developing largeea perovskite filnbased devices which can survive in the ambient
atmosphere without compromising on efficiency. It can thus phgaevay for the coseffective
commercialization of perovskiieased electroptical devices with a larger active area.

Overall, he findings of this research wolkighlight the ability totune the characteristics of the
perovskitebasedphotosensitivelevice andextend thenbeyond rigid substratde realize stretcible
devices by a singlstep method of integrating a commodity scale polymer in the perovskite films. This
work also provides a deep insight irtee improved stability andrchitecture of perovskitgolymer
hybrid films which will be of significant intexst to the research community. Such a facile polymer
additive strategy combined with an ambient atmosphere compatible blade coating technipaeewill
theway for the development gllymerperovskite hybrid assembfgr long-term device applications

andtheir scalable manufacturing.
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Figure 4.5 Variation in the number of polymer chains present at the (a) PS rich top interface and (b)
perovskite layer, as a function of an inverse of viscosity. Dependence of (c) dark curremtic(d) io
current, and (e) photocurrent over the volume of PS chains spanning actbBsPBE films. (f)

Pristine and 35 kDa PBIAPDI; device stability and performance pattern for the duration of 7 days.
The OFF and ON conditions represent measurements pedaunger light and dark conditions,
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Figure 5.1 Fabrication and characterization of the perovbkised stretchable photodetector. (a)
Vacuum filtration assisted deposition of electrodes on polycarbonate filter membrane using self
assembled PAu nanochains solution, transfer printing of/ARt electrodes on PET pasted over & pre
stretched elastomeric substrate followed by spin coating of perovskite solution and annealing. (b)
HRTEM image of the metallic PAu nanochains. (c) FSEM images of the PAu electrodes transfer
printed on flexible ET substrate. (d}V curve of PtAu electrodes transfer printed on PET exhibiting
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Figure 5.2(a) Crosssectional FESEM image of wrinkles developed in the photodetector assembly
upon relaxation (to 0% strain). FEEM image of (b) PS1APbI; and (c) pristine MAPRI (d) X-ray
diffraction (XRD) pattern and JeUVi visible absorption spectra of pristine and 1 wt/v % PS
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Figure 5.3 Performance, operation mechanism, anfigcwation of the stretchable photodetector. (a)
Photocurrent response of pristine andNP&Pbl; films stretched under variable lateral strain at 3.5 V
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switching ratio of photocurrent to dark current, (f) responsivity, and (g) detectivity of pristine and PS
MAPDbIs; devices under various illumination intensgiat 3.5 V under 50% strain. The distinct colors
used in Figures 2a and 2d are meant to clearly distinguish between the photoresponse cycles measured
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Figure 5.4Wavelength sensitive response and speed of response of the stretchable photodetector under
50% strain. (a) Photocurrent response, (b) responsivit/(@ detectivity of pristine and A8APDI;

devices under different wavelength illumination. (d) The response speedMPSI; photodetector

under 1 mW cm 650 nm light irradiation. The different colors used in Figure 5.3a are meant to
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Chapter 1

l ntroducti on

Proper tuning of composition yielding a wide variation in electronic properties including capacitive,
ferroelectric, piezoelectriguperconductive, metallic, catalytic, and magnetic properties has been the
primary reason for perovskite compounds being a widely researched class of chemicals. The word
Operovskited is der i ve dandisoamedtatieetherRussiammeralogistt or m o
Lev Perovski in honor of his contribution towards the structural characterization of the calcium titanium
mineral, whileits discoveryin the Ural Mountains of Russia in 1839 is accredited to Gustav'Rose.

the context of the stoichiometry of the ionic composition in the parent mineral farfprthula of

ABX3 is generally deployed to refer to the family of materials expressing adhmemsional (D)

crystal structure similar to CaTiOwhere A and B sites represent cations of dissimilar sizes while the

X site is occupied bgounterbalancing 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 coordinatitzhvitiile the BX (i.e., BXs) forms
cornersharing octahedraConsideringhe 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 Goldschmidtés Tolerance Factc

0 _— (1.1)

where R, Rg, and R represent the empirical ionic radii of A, B, and X site elements, respectively.
Mostly, the perovskite systems where the tolerar
while the crystal framework exhibitngar i ati on in 6t6é6 as 0.813 O t O
ideal cubic phasglt is due to these disrtions 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 ABX charge balancing fa+ f + 3¢ = 0) in the perovskites can

be achieved in a variety of ways. For metal oxide perovskites gABia2 formal oxidation states of

the two metals must sum to siX\(g of = -3¢° = 6). Hence,V-O;, II-1V-Oz and III-IIl -O3 perovskites
1



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 thtree = -3¢* = 3) leaving he only

possible ternary combination a#l 1Xs.# In a typical case of orgarinorganic 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 elementshd 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 RpbCs, CHsNHs* and HC(NH),", it acquires a-® framework, whereas in the case

of a larger cation such as @EH;NH3*, two-dimensional (2D) or onedimensional (4D) structures

are obtained with relatively larger energy band gap (2.2eV fe€8ENHs"). Thus, it haveen reported
that an excessively |l arge A cation is detriment
reduced dimensionalif§lt has been reported that the central A moiety does not influence themiectr
properties of the perovskite compounds but may adversely affect the symmetry by distortirg the B
bond. Further, external factors such as heat/temperature variation, oxidizing/reducing environment,
moisture, etc. may cause compositional changescthatibute to the distortion of the perovskite
symmetry? Hence, overall, external effects and compositional ionic species largely determine the
symmetry, and the properties of the perovskite material could b#icaibctailored depending upon
intended applications.

1.2 Methylammonium lead iodide (MAPbI  3)

Among the organiinorganic halide perovskite systems, methylammonium lead iodide (MAPbDI
serves as the most widely researched and prototypical example, ovigifatmiable tunable band gap

and optoelectronic properties making it suitable for photovoltaic applications. In 1978, Weber was a
pioneer in reporting the organic group, methylammon(iMA), at the A site and the Srased trihalide
perovskite family CHNH3SnBKls« (x = 0-3) possessing a cubic struct@®oon afterward, he reported

the Pbbased trihalide perovskites, which revolutionized, in particular, photovoltaics and solar cell
applications’ Miyasaka et. al. were the first ones to utilizes8HsPbk as a photosensitive material in

a dyesensitized solar cell demonstrating 3.8% efficiency. The efficiency of the same configuration of
this perogkite sensitized solar cell was further increased to 6.5% by Park anevinislears. However,

the liquidbased perovskite solar cell did not attract much attention owing to the instant dissolution of

the perovskite ionic crystal in the polar liquid elebtte, which led to rapid degradation of device

2



performance. In 2012, Park et. al. substituted the liquid electrolyte with ehsetdidonductor material

to address this issue and were able to enhance the efficiency to 9.7%. Since then, the orgadelead hal
perovskites and MAPBI in particular have attracted enormous worldwide attention and prompted a
dramatic increase in the power conversion efficigfRiQE) of perovskitebased solar cells to 25.2%.
These are now being applied in other optoelectroeidcgs such as sensors, photodetectors, lasers,

displays, lightemitting diodes (LEDSs), fiel@gffect transistors, and resistive switching memory devices.

The small size of methylammonium cation (K)Aaccounts for the formation of a stable tetragonal
phaseof MAPDI; at room temperature. The tetragonal phase exhibits a bandgap &f113&leV
corresponding to an 820 nm absorption edge, and thus exceeds the opbnialte¥ band gap range
governed by the ShockleQueisser limit for a single juncticsolar cell® ® However, it forms a ®
framework and g devoid of distortion in the X interaction, as otherwise observed in systems
involving ethyl ammonium (CECH:NHs") and formamidinium cation (HC(N#:*). Moreover, using

t = 1 as the tolerance factor, and more importantly having the largest valugafat R (i.e., Shannon

ionic radii Rp = 1.19 A and R= 2.20 A), the limit on R is found to be approximately 2.6 A for
traditional BX ' frameworks with B being the divalent metal and X representing the halbgen.
Assuming the noispherical symmetric organic cations are free to rotate around their centers of mass,
the effective ionic radius of tHdA cation (2.17 A) satisfies the requisites for forming a stable MAPbI
compound-! In the context of occupying the B site in the ABX¥stem, lead has been reported as the
superior constituent in comparison to its IVA talecounterparts such as tin, both in terms of stability

and performance, and consequentially has been the most widely employed métadéatly,
utilization of lower atomic number elements (such as Ge or Sn) may result in a lower energy band gap
since upon moving down the | VA groupaagreedand!| s ( G¢
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 étfébts.

halide anion X provides much more freedom of variation in its composition. lodide, lyirgiciodPb

in the periodic table, shares a similar covalent character and thus, results in the most stable structure.
Upon progressing down the VIIA group elements (
constituent elements, shifting of absiwp 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 coasdet¢tHence,

considering methylammonium lead iodide (MAERs 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

Figure 1.1 Theideal cubic unit cell of perovskite: (a) A cations (blue) occupy the lattice corn
cations (green) occupy the interstitial site, and X anions (red) occupy lattice faces. (b) An al
view showing B cations gathered around X anions to formdg¥hedra, as& bonds are responsil
for determining electrical properties. (c) Tilting of Bactahedraccuisfrom nonideal size effects al
other factors, inducing strain on thexBbonds andd) The ideal tetragonal unit cell of MARbSource
Ref (5)

The MAPbE 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 MARIhethyl(CHsNH3*) occupies the A site while lead Pb

and I occupy the B and X site, respectively. Figure 1.1 d) represents the ideal tetragonal unit cell of
MAPDI; based on ICSD #241477 data. The orthorhombic perovskite structure acuintaga Dsn

point groyp) phase is the lomemperature ground state of MARBhd maintains its stability up to 165
4



K after which it undergoes a firsrder transformation to the tetragonal phidgégecm(Dan point group),

which continuously undergoes a secamder phase trangin to the cubic phademomby 327K The

| ower temperature states could be accounted for
perovskite cell unit. However, interestingly it has been noted in the current work and previous reports,
that even after annealing samples at a teaipee 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@formance of organimorganic 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 miedmecombination rate, high carrier

mobility, and high tolerance towards intrinsic defecthafémi cr on t hi ck perovskite

absorption across the entire visible spectrum w

r equi ereeds an active layer in solar cells. A typical MARIbotovoltaic device is reported to

achieve absorption up to nearly 800 hwiith proper tuning of halide, divalent metal ion, and organic

ion composition, th optical absorbance could be further extended in the infrared ¥afige.carrier

diffusion length for MAPbjhas been reported up to 100 nm for ¢k
m in mixed hal isd@kvipthertransisnk photatumimescBricd measurefielt.

However, it has been observed that electron extraction poses a limitation in the case aof lmilRbI

MAPbDI; ; Glx where both holes and electrons could be extdaatithout needing electron transport

material’” In terms of carrier mobility, almost an instant charge generatidnighbly mobile (25

cn?/Vs) balanced free charge carriers is reported in MARIIin 2 picoseconds of illumination which

may extend up to tens of microsecofts.

1.5 Challenges

High efficiency and londerm stability are lte 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 ad compete with the existing silicdrased photovoltaic technology. To guarantee the warrantee
period of thephotovoltaicmodules (with encapsulation) for at least 25 years, the modules should be

able to retain a power output O 80% of their in
5



electreoptical properties and henceforth high power conversion efficien2g.afo in solar cellghe

high responsivity of 0A W' *and detectivity of 3.7 x 20 Jones in photodetectors, and high
photoluminescence quantum efficiency of more than 90% in quantum dots, theerongtability
issues and lack ambient atmosphere aibfe scalable coating techniques for developing large area
perovskitebased devices, hinder the commercial viability of the perovbkised optoelectronic

devices.

1.5.1 Stability

As per theinternationaktandards (IEC 61646 climatic chamber tests), {tangn stability at 358K is
needed for a materidlased device to compete with other solarsf@iotovoltaic technologies.
However, stability and material degradation issues are still a major concern for the-orgegdaic

halide perovskites for their optum utilization. Researchers have proposed multiple degradation
pathways for MAPRIwhich result in substantial degradation of its excellent light harvesting properties
over time when exposed to prolonged humidity, heat, light, oxygen, etc. owing tortfatiém of Pbi

after the loss of ChNH3l.2® 2° The degradation of CINIHsPbk into its initial reactant species i.e.,
CHsNHsl and Pblis 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 degradatibieP Qi

and CHNHal asfollows:

y
o}

60000 ®° 'O 600 U (1.3)

y
6000"® 'O 600 (1.4)

Owing to the evolution of different gases during the degradation of MARSkEarchers have proposed

several interpretations of the degradation pathways.d€geadation study conducted in the dry and

inert gaseous environment by Fan et al. revealed that no hydrates of M#ébtleased during the

process, confirming the intrinsic hygroscopicity of the constituerdNEHcations are not responsible

for the MAPDL phase transition to PbIThey instead proposed that the degradation of MABLa
surfacedominated phenomenon and is kinetically prefeftéddi u and co wor kers repc
chemical reactions ek responsible for the degradation of £HHsPbk in moisture in the following

equations:

50000 ®F 0 ® 60000 (1.5)
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1000 §# 0 ¢O0 (1.7)
CO® 0 O (1.8)

Therefore, degradation of perovskitee to moisture occurs with the MARKansforming to MAI salt

and metal halides, which could be accelerated by further decomposition of metafhalideother
report, Wal s h and co workers thtermexliats tcongplexe d t h
[(CH3NH3")w (CHsNH2).Pbk][H30] once the perovskite was exposed to Lewis ba€eddbsequently
resulting in reduced stability of perovskifésThe 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 th
migration and interdiffusion of each component, resulting in perovskite degradation upon thermal
treatment® Abdelmageed et al. disclosed that light exposure in the air oxidizes iodide anions that
transfer electrons to-type species such as @1d CQ in the atmosphere and form free radicals (O

and CQ) which deprotonate the ammonium group, fipaksulting into the formation of highly
volatile methylamine and leaving behind RPbBlhey proposed that MAPhfilms are insensitive to
oxygen in the dark and stable under highly intense light in the absence of oxygen. Hence, light exposure

and oxygen @ combinedly responsible for the degradation of the perov&kite.

(600700 -6 (8060 00 O (2.9)

80000 60 8000 'O& -0 (1.10)

It has been observed that CO, an omnipresent gas undergoes a strong interaction with MyPbl
exposure of perovskite film to the CO atmosphere leads to a lowering of work function and induces
self-doping in the MAPKJfilm. Interaction wth CO at the perovskite film interface leads to lalyer

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

in Chapter 3).

Apart from the degradation induced by the external environment, MARtObther organohalide lead
perovskites are also subject to significant degradation in presence of an external electric field. When an
external biass applied across a perovskltased device, three important phenomena may occur. First,

owing to their low agvation energy, primarily the land organic cation may migrate towards the
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electrodes of opposite polarit§The theoretical and experimental studies reveal that thed migrate

al ong t he | 1gbctakredrgneandddve thehosvastvatibn energyEa) of 0.08 0.58 eV;

the MA" ions migrate through the unit cell face comprising fouors and have higherabof 0.46

0.84 eV; and the Pbions migrate along the diagonal of the cubic unit cell and have the higheft E
0.802.31 eV. Secondly, owing toghchange in the internal electric field due to the ion migration or
dipole orientation, hysteresis in the lighirrentvoltage (lightl-V) characteristics of perovskite solar
cells is observed. Finally, the photovoltaic effect is observed due to trtopatl effects of perovskite
caused by the migration of internal idfi§.he biasing test results have shown that the performance of
the perovskite solar cells is severely degraded at voltages greater than tire fmiintial oropen

circuit voltage (\).?’

1.5.1.1 Strategies toward enhancing stability

As discussed above, as the adsorption of water, oxygenc@nolsive 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 occung. Though strategies involving substrate modification or perovskite layer
passivation via an interfacial or a b ahis¢i er | ay
butylphenyl}N , -bis@henyl)benzidine) (polyTPD)), encapsulation of the coraptigvice (e.g.
thermosetting epoxy glue), variation in charge transport layers (e.g:-Me®3 AD, PEDOT: PSS)

and compositional engineering via alteration in the constituent species of the hybrid perovskites (e.g.
mixed cation and halide doping) have besad, these are limited to use of inert operating conditions

or need special fabrication steps and chemials. these special measures of preventing perovskite
degradation mostly dondét take into account, the

consideration, such strategies are at times too complex to carry out in d labreravironment.

Instead, solution chemistry engineering, involving molecules that may lead to van der Waals
interactions, Lewis acidase interactigror formation of hydrogen or halogen bond, etc. could serve

as a simpler and better alternative to @ivevementioned 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 enhancemeahidftthe st

and the photovoltaic performance of the hybrid perovskite devAdeswis acidbase 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 dativaddi.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 ra
constant for the perovskit®imethyl 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 Pbl
which lowers the rate of perovskite formation andstleads 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
perovskitee | ar cel |l s with an average dq@ of 18.3%. The
S=0 vibrational peak in DMS®&.Other polar aprotic small molecules such as ureaNankthyl2-
pyrrolidone NNMP) has been investigated as well. Besides these, Lewidbasidadducts, including
HPbk, Pbb-thiourea, and PBIDMSO,.«thiourea have been reported in the literature as precursors for

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

The addition of several types of chemical additives such as inorganic or ammonium salts, organic
molecules, ionic liquids, fulirenes, 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 dynamigdlas change the overall

film morphology3! The variation in functional mechanism and interaction of each additive with
perovskite precursors may affect the resultant perovskite matesievénal 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 changthe surface energy to control the crystal growth directions or combination of all these.

During the degradation process, owing to the low activation energy of primaaihd IMA', the
perovskite precursors Blaind CHNH3* startmigrating within the material, especially across the grain
boundaries. The individual perovskite moieties need to be kept bound to limit such ion midgration.
Since Pbi and CHNHzsl 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 intexction 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 gNBE to provide resistance

against humidity. The electron lone pairs from some atoms (e.g., S and N atoms) in the polymer may
9



strongly interact with Pb ions, which in turn may stabilize #izfBamework of perovskite. There exist
numerous reports of polymer atide-based MAPKJ 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 perovski
precursor aid in uniform high surface coverage, congralrystallization kinetics of perovskite
formation and enhanséevice characteristics and stabifi®> Overall, polymer additives are reported

to significantly enhance the stability & device characteristics of the resultant perepcliteer

composite material.

1.5.1.2 Polystyrene: an efficient polymer additive for inducing stability in MAPbI;

As discussed above, the challenge of enhanced stability of perovskite material while operating MAPbI
based devices in ambient conditions, needs to be addressed more simply. To address this atallenge,
research group has developed a soluéingineering strategy for stabilizing the orgaimorganic lead

halide perovskitesWhile the Lewis acid charastistics of the Pbimediates crosknking of PS, a

caton” i nteraction exists be tconbieeal effedh afheiMekdctioraoh d P S
PS with both perovskite precursors results in a-a@dirdinated longange 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 afterliirggtan at high temperatures and a

longer annealing time.

1.5.1.2.1 Mechanism of Pbl; initiated PS cross-linking in PS-MAPbI;

The previous work based on polystyrene interaction with Lewis acid, suggestsdeldted PS cross
linking at the perovskite grain boundss in PSMAPDbIs, by the mechanism shown in Figure ¥Pue

to limited moisture available in thperovskite precursosolvents and also, absorbed from the
atmosphere, the PHlewis acid hydrolyzes and leads to the simultaneous formation of hydrogen iodide
(HI) in the perovskite. The HI then combinedly intésawith the Plland PS to form a cation complex

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

a cationic complex leads to an upshift in Nuclear Magnetic Resonance (NMR) resonance for both
aliphatic and aromatic regions of PSThe complex cation complex further loses the did is

converted to carbonium ions, subsequently causing -irdssg of the polymer chain. It is
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hypothesized thaheformation ofsuchcarbonium cation and subsequent cilaggsing of PS may take
pl ace at either U or b carbon atoms of the PS

H. _H Pbl,
~~CH,—CH—CH,»~ + Pbl, + H ——» CH,

,

C —CH,—

H.. H Pbly .
“~CH, CHy>» — «"CH,—C —CHy + H, + Pbl

N e

C

Cross-linked — CHz—C —CH,-~

+
" CH,~—C —CH,w~ + —~CH,— CH—CH,—~ =22

«“r CH—C —CH,+~

Figure 1.2 Mechanism of Pbimediated crosinking of PS in PSVAPbIs. Source Ref(37)

Although in the presence of moisture, other than Pifiated crosdinking of PS, another potential
mechanism may exist in the polystyrene system that may instead lead to its degradation.,Hosvever
NMR and the Gel Permeation Chromatography (GPC) results confirm thdinkisg mechanism is

a favorable reaction. The GPC results confirmed an increase in average Mw inNt#A&PBS while

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

thus, elucidating the intact nature of the polymeric backbone.

1.5.1.2.2 Cation-’ el ectron interaction between MAI and
11
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Other than Phlinitiated crosdinking of the PS, PS chains can also coordinate witbysiite crystal
defects of CENH3" at the grain boundaries and interfaces owinget@ctroncation interactiorfFigure
1.3)which is well illustrated in natural biological systef&s?® It has been reported that, although the
grain boundaries are not the dominant location for-naalietive recombination, they may result in
electronic trap states which may limit the charge carrier lifetime and photoluminescence (P19 yield.
In addition, these grain boundariest aspreferred channels for moisture diffusion and ion migration,
ultimately leading to grain degradation and reduced stability of perovskite material. Owing to the low
activation enayy of MA*and I, ion migration of these ionic species occurs first. The specific chemical

interaction between the MAand the polystyrene can efficiently control this migration.

- H
- H

s H|III|> @ /
| C“‘:—N-.”””H
7 H { \

| H
H

——
c—C
Figure 1.3 Cation” i ntibnebetvmeen polystyrene and methylammonium cation.

1.5.2 Scalable manufacturing of perovskite optoelectronics

The price per unit of energy referred to asltbeelizedcost ofenergy (LCOE) can be effectively used

to capture the cosbmpetitiveness of perovskite photovoltaitSeveral cost model cal@tlons have
shown that perovskite LCOE can compete with the eniertgysive silicon and cadmium telluride
(CdTe) photovoltaic technology, given that the requirements of high efficiency, low cost, and long

lifetime, can be concurrently m&.The solution processible nature of perovskites provides the
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opportunity to greatly reduce the capitapenditure 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 requirement® Eifisigthcy
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 larg@rea modules. Lastlyheé method needs to be compatible with high throughput
production processes, either shesheet or rolto-roll manufacturing. Therefore, techniques such as
doctorblade coating, sledie coating, spray coating, and inkjet printing, are now being widsdyl

and are considered more appropriate candidates than spin coating for upscaling perovskite
manufacturing? However, most of the reported devices fabricated by such large area coating methods

involve energyconsuming heating gteduring the coating or/and inert atmosplére.

Thus, developing ambient atmosphere stable perovskite optoelectronics by large area coating
techniges such as blade coating at room temperature Pass@seat potential for scalable

manufacturing of perovskite optoelectronics (details in Chapter 6).
1.6 PS-MAPDbDI 3 strategy towards advanced optoelectronics

1.6.1 Photodetectors

A photodetector converts an opticaput such as visible light photons into an electrical signdlhas
wide-ranging applications in the detection of light intensity, spectral range detéhtomal
imaging,remote imagingand so forth. The significant figures of merit for photodetecitockide
responsivity, detectivity, light switching ratio (on/off ratio), spectral selectivity, linear dynamic range,
and response tim€urrently, most commercial photodetectors are based on crystalline GaN, Si, and
InGaAs.The underlying mechanism drignthe photodetector operation is either ian gpi'ii n)
junction, Schottky based, or a photoconductive effect, where the conductivity of the active material
increases on interaction with the incident photons. Broad spectral rangd 1080nm) commercial
phaodetectors based on the Sinpjunction (photodiodes)e(g, Hamamatsu S1336) exhibit peak
responsivities of 0.12 and 0.5 A"Wat 200 and 960 nm, respectively, and those designed especially
for the visible range (34020 nm) photometrye(g, Hamamatsu S8265) exhibit a responsivity of 0.3

A W' 1at the peak sensitivity wavelength of 540 nm, with a dark curredd20fpA. These commercial
photodetectors usually require an external power supply and hence need an integrated assembly in the

device vhich 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, highvalue markets. To overcome the existing ¢ratfs between performance, form
factor, cost, and most importantly, power consumption,-E@ifered photodetectors are being
investigated with intense intereSelf-driven photodetectors can be obtained when photodiodes work

at zero bias, similar to salaells working under shodircuit conditions. Currently, most sgdbwered
photodetectors are demonstrated through the integration of the photodetectors with external power
sources such as piezoelectric and/or triboelectric nanogenerators to operagdf-gpowered 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 tHiasiém selpowered
photodetectors can offer the ledih of being lightweight with small device size, without compromising

on device performance. Owing to the inherent semiconducting nature and the electiidfietst]

effects in MAPhY, these can further exhibit sgdbwered operation. In this pursuigwkloping sel
powered continuously operable photodetectors with enhanced stability is mandat@®@irtkegrated

MAPDI; 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 substsateh as silicgrflexible electronics
have wider applications in the field of wearable and portable devices owing talfiy to bend,
stretch, and haareduced weighfTheirpromising applicationarein the fields othealthcare, robotics,
epidermal sensing, armb 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 surfaéeMore importantly, mass production and
throughputs of such perovskite thin films can be achieved by continuods-roll or sheetto-sheet
technology contributing to reduced industrial costs. Despite exhibiting the promise-teinfhmerature
solution processig, the rigid and brittle nature tife perovskite layer hinders their advancement in the
field of flexible electronics. The high mechanical modulus of the perovskite mdiasrapared to
polymers)coupled with low fracture toughneasd straineads tolimited dissipation of mechanical
energy*® This may result irthe development andrppagation of cracks across the film leading to
catastrophic mechanical failure and loss of device performépeet 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 layeesd electrode materiats However, three issues still challenge the
further development of flexible perovskib@sed devices for practical application: limited flexibility
terms ofunfavorable bending and stretching durabilityntned with environmental stability issues,
and reduced efficiency on a large sc¢éle.

The motivation is to utilize the lowemperature solutieprocessing and light absorption characteristics
of the perovskite thin films to develop a stretchable photodetector. Seprtossed P#Au
nanochains have been utilized to serve as mechanically durable and highly conductive gldarode
address the rigid and brittle nature of the polycrystalline MARbich otherwise serves as a bottleneck

in the longterm operation of such stohable devices, the viscoelastic and low modulus of PS additive
is utilized to ensure that the REAPDI; photodetector sustains appreciable performance despite being
subjected to 1000 stretching cycles and exhibits enhanced stabilitydambient atmsphere (details

in Chapter 5).

1.6.3 Solar cells

Abiding by the United Nationds sustainable devel
as we look forward to fulfilling the aims of ensuring access to reliable, sustainable, and modern energy
for dl, solar energy harvesting through photovoltaic conversion has emerged as of the most promising
technologies for longerm renewable energy productitinhile multiple policies are being rolled out

to try and achieve natero carbon emission in the next few decades, the use of solar panels continues
to grow around the world. In this pursuit of photovoltaics, crystalliiea has served as the 4o

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 tget rid of the impurities. Hence, silicon solar cells are highly energy intensive to
produce with considerably higher energy payback thiurther, silicon solar panels do not fare well

on the fron of the greenhouse gas emission factor either, representative of fleen@@d per unit of

energy generated Other materials like copper indium gallium selenide (CIGS) and cadmium telluride
(CdTe) have popd up, but they only cover a small piece of the mar&bbut 5% owing to their nen

feasible and expensive production methdds.

Amid this, the solutiorprocessed, cosffective yet highly efficient perovskitdsased solar cells are
revolutionizing photovoltaic tectology owing to their excellent electoptical propertieswithin a

short span of the past decade, the power conversion efficiency of perdaséid solar cells has
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surpassed 25% owing to the combined efforts in material optimization, device archjtestdr
interfacial engineering>®>’ However, these higbfficiency devices have naecessarily been stable or
possible to fabricate at a large scale (as discussed in section 1.5.2). For widespread deployment of
perovskitebased solar cells, maintaining high efficiencies while simultaneously achievingelong

stability for perovskite a@lar cells with a large active area, remains a critical hdédldne room
temperature blade coating technique utilizing PS additive strategy to coat ambient atmosphere stable
perovskite films over large area substrates can tearee 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 Zocuses on the lonterm adverse effect of exposure to organolead halide perovskite under
carban monoxidg(CO), an omnipresent gas in the atmosphere. The strong interaction of the CO at the
perovskite (MAPh]) interface leading tohe desorption of @and softening of the films due to the
formation of the Pblrich 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 bCO in enhancing the seffowered performance of a perovsKitesed photodetector is
highlighted.

Chapter mphasizes utilizing the strong interaction capabilities of polymers with contrasting nature,
independently and in form of block gmlymers for ehancing the stability and efficiency of the
perovskite thirfilm-based electroptical devices. The hydrophilic polar PEG and hydrophobic non
polar PS polymers in a PEBS block cepolymer system have been investigated to better understand
the effective ontribution of each polymer counterpart when mixed alongside perovskite precursors.
The inevitability of achieving longerm ambient atmosphere stable films in absence of the hydrophobic

PScounterpart is argued.

Chapter 4 highlights the optimization oétmolecular chain length of the PS additive and the nanoscale
tri-layer architecture of the polymeerovskite films involving polymerich top and bottom layers and
the ubiquitous presence of polymer across the perowsgiténterlayer. This understamdj is further
correlated with molecular weigllriven 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. Rart the resultant electaptical characteristics especially ion
migration and conduction of electronic charge modeled as a function of the polymer chains is discussed.

Chapter Ss focused on the extension of perovskitsed devices beyond rigid substgato realize
perovskite thin filmbased stretchable photodetector. By incorporating polymer chains in the MAPDI
films, the strategy to alter the mechanical modulus and the viscoelastic nature of the films is presented.
Moreover, the utilization of solistn-processed nano chains to form flexible electrodes is highlighted.
The superior electroptical response of the perovskjielymer device with minimal decay in
performance over 10000 stretching cycles owing to the fundamental difference in the dissipite

mechanical energy between the pristine perovskite afldArhl; device, is conferred.

Chapter 6 showcases the upscaling of perovskite film fabrication totpaweay for roll-to-roll
manufacturing of perovskite films. The advantages of replatimgy conventional spigoating
technique with an ambient atmosphere blade coating technique and combining it \WiSathditive
strategy to ensure compact {hinle-free perovskite film deposition are highlighted. Structural,
morphological, and spectroguoal data along with G=-SIMS depth profiling of the resultant pristine
perovskite and R$IAPDI; films is analyzed. Initial-V characteristics of the prototype large area solar
cell with stability test in the ambient atmosphere are shown.

The results othis thesis are summarised in Chapter 7, along with suggestions for future work.
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Chapter 2
Carbon Monoxi de-DbpdogednSB#®Ef hyl ammoni
| odi de Fi |l ms and -TResrsno cDeagtreadd alLtoinogn Ef

2.1 Introduction

Processing and operationadéctreoptical 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 theirompeshce®>®? 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
methyammonium lead iodide (MAPB)I due to their higiperformance electroptical characteristics

are being applied in commercial photovoltaics and are also intensely researched in devices such as
photodetectors, lightmitting diodes, and seffowered sensof$! Their structural stability is affected

by interaction with a variety of gas molecules such aard water vapor which has led to preventive
steps in processing to limit their exposure to these sp&c¢reBhe key is the mobility and the stability

of the CH-NHs" (methylammonium) and thespecies, which interact with such molecules and lead to

the decomposition of the MAPRI®"® However, the effect of gases that are present in #elim
concentration in the atmosphere and many controlled conditions, can be detrimental owing to their
strong interaction with MAPRI® &Limited research has been conducted in this area which can provide

critical insights into increasing the stability and performance of the perovsidtd device¥: &2

In this work, we show through the use of a variety of gases that carbon monoxide (CO) has strong
interaction with MAPh]. Due to this strong interaction, CO can displace thad@orbed on the surface,
and causea rapid change in the characteristics of the MAPExposure to CO leads to increased
surface roughness, change in grain size, and redistribution of organic and inorganic moieties causing
the layerby-layer formation of Pblstarting at the top inteace, 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.bformed, as a result, the shertcuit current
(Is) of theperovskite device polg@vhen an external bias is appliea)dark and under CO environment
shows 122% enhancement in comparison to devices poled in ambiant] & and CQ 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 speciesm the surface, in addition to the formation of insulating. Pbl
clusters. Such a detailed understanding of the effects of CO exposure will enable the design and
optimization of perovskitéased optoelectronic devices for their application in not justopbltaics

but also for emerging applications in sptiwered and piezoelectric devicé®>
2.2 Experimental Secti on

2.2.1 Synthesis of CH 3NHsl precursor

Methylammonium iodide (MAI) was synthesized by dropwise addition of 30 mL of hydroiodic acid
(57 wt. % in water, Sigmaldrich) to 27.8 mL of methylamine (33 wt. % in absolute ethanol, Sigma
Aldrich) under constant stirrgnat O °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 ettespactively, 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, SigAldrich) in the solvent comprising 53.3 ul of dimethyl sulfoxide
(anhydrous, -AUéich).aedyd17.5SliofyNndlimethylformamide (anhydrous, 99.8%,
SigmaAldrich). Further, 1 wiv % PSwith apolydispersity index (PDI) of 1.0®.0037g PS chverage

Mw 35,000and SigmaAldrich) was added to the precursor solution to ensure resultant films stay
stable and avoid moisteinduced degradation before exposure to CO. The solution was stirred on a

magnetic stirrer for 30 minutes before spiating.

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

based photodetector

The perovskite films were spitpated on Si/Si@chips having equidistant gold electrodes at 200 um
to fabricate the lateral configuration of a getfwered photodetector devi¢Eigure 2.1) The chips
were initially washed with Millipore water and later ultrasonicated in acetone apb=nol for 5
minutes each and finally, v@ashed with Millipore water. The chips were then Piranha treated (3

H>SQ::1 H,O,) for 3 minutes, washed with copious Millipore water, and finally dried with sguN.
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The precursor perovskite solution wesincoated on the cleaned chips at 4000 rpm for 30 seconds.
Upon reaching 6 seconds of rotations, 200 pl of diethyl ether was added. The obtained films were
annealed stepwise at 65 C for 2 minutes follo

perowskite phase formation.

]
L

Figure 2.1 Schematidgllustration of thelateral device configuratioof Au/perovskitéAu.

2.2.4 Structural, microscopic, and spectroscopic characterization

Thegrazingincidence Xray diffraction (GIXRD) patterns of obtained samples were measured using a
PANal ytical X6Pert Pro MRD diffractometer with
of 0.4°.The X-ray diffractionfrom the bulk materialvas characterized using PANalytidanpyrean

di ffractometer with Thesamkplkesusaddor-baytdiffraction \(ese exposdd. 54 | )
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 bigsoling). A Zeiss Ultraplus field emission scanning electron
microscopy (FESEM) equipped with energgispersive Xray spectroscopy (EDX) was used to

examine the surface topology and grain size distribution of the pristine arekjg2Sed perovskite

films. Furthe, Raman spectroscopy was performed over Horiba HR800 spectrometer in the
20



backscattering configuration. All Raman spectra were recorded at 532 nm excitation wavelength at a
power of 6 mW. The samples used forEEM and Raman spectroscopy consisted ofyshite 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 gdetgode 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 tima-flight ion mass spectroscopy by employing & @8 source (500 eV)of
sputtering and Bi (30 keV) for analysis overdF-SIMS 5, IONToF 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 capillaiube (175 pumnner diametérwas inserted o the beaker to
monitor the change observed in the partial pressures, ™:Oand CO upon opening the outlet valve.

The Young's Modulus maps were acquired using RTESPA 525 probes (Bruker) with a nonrgal spri
constant of 200 N/m and resonant frequency of 525 kHz on a Bruker Dimension Icon in PeakForce
Quantum Nanomechanical (FPNM) mode. The spring constant and deflection sensitivity of the
probes were calibrated using a sapphire standard sample beforeesmthing session. The tip radius

was estimated to be ZD nm, using a Titanium sample of known roughness. The elastic modulus for
the sample surface was calculated following the Derjalylitier-Toropov (DMT) model for tip

sample contact. Theontact peential differencéV cpp) maps were acquired with the topographic signal
simultaneously at an effective tgample lift height of 80 nm on a Bruker Dimension Icon in Amplitude
Modulated- Kelvin Potential Force Microscopy (AMPFM) mode using SCM PIT prol{8ruker).

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. dhends then determined

by compensating the ac componentofthealestt at i ¢ f orce at angul ar fr ec
voltage (= |\épo|) in a feedback control loop. To separate the topographic signal fronzghsighal,
enhance the sensitivity and minimize the premple convolution effects, th#ernating curnet (AC)

electrostatic force component was generated at the cantile¥egs@ance frequency of 411 kHz.

2.2.5 Electrical measurements

The electrical measurement on the planar lateral device configuration of the Au//MPbeél:
powered photodetector was clutted using a probing station. A typoobe 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 5@Vatt system power supply with a maximum voltage output of 100 V wadarsed
applying an external bias. For carrying out optoelectronic measurements of a peiftasgdeself
powered photodetector device, an external bias of 2 V was applied (referred to as poling) for 5 min
underexposure of various gases,(®l;, CO,, 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 theiopgitivoltage (V¢ and the
shortcircuit current (d) 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 simulaitexiass 1.5 global irradiation (100
mW/cn¥), generated using a Xerdamp 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 sectral mismatch.
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2.3 Results and Discussion
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Figure 2.2 (a) XRD pattern of pristine MAPblnNd films exposed to dry air and CO under dark and
light. Here, * corresponds to the Rdiffraction peak. FESEM images of (b) pristine MAPbBfilm.
Striations begin appearing in the perovskite film exposed to CO in dark foh@)riand (d) 3 hours
without poling and they further intensify after (e) poling fondur. Pitting and merging of grains is
observed in E-SEM images of (f) unpoled perovskite film. Neetdlke Pblk flakes and pinholes
develop in (g) poled MAPbfilm exposed to CO in light for iour. (h)The tulk Pbk phase is observed

in the FESEM image of the perovskite film exposed to CO for 3 haufight without poling.

Thegrazingangle Xray diffraction (GIXRD) pattern of MAPBfilms is shown in Figure 2.2a. Due to
the sensitivity of the GIXRD to surface layers, the change and decomposition of MiksRIslurface
on exposure to specific gasesiserved. The presence of the tetragonal phase of MARtdnfirmed
by the intense diffraction peaks of (1 1 0), (2 2 0), and (3 1 0) h k | planes. Noh@bk is observed
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in pristine MAPb} or in films that have been exposed to dry air (hence agsanQlark conditions.
However, the perovskite film exposed to dry air
corresponding to the (0 0 1) h k | plane of It has been previously established that the emergence

of the Pb} peak in MAPb} is due to the combined effect of illumination a@¢®” % The phote

oxidative degradation of the MAPb$urface involves iodide anions undergoing oxidation with the
surrounding electron acceptor molecules (such gdeading to the generation of superoxide free

radicals followed by deprotonation of amniam group, and eventually, evaporation of volatile species

such as methylamine and iodine gas from the perovskite satféte.

In the case of CO exposure, even in dark conditithesPb} peak is observed. This signifies that light
illumination is not required for the interaction between CO and MARMWiich leads tothe
decompsition of the perovskite. This is a significant difference from the effectbah@® indicates a
strong interaction between CO and MARbThe XRD of the C@xposed perovskite film,
representative of diffraction by the bulk film material, does not exltiigt additional Pbl peak,
confirming that the degradation of perovskite films for the given duration is limited to the top interface
(Figure A2.1a). MAPRIfilms stored in the Blatmosphere do not show the Ptdégradation at the top
interface (Figure A2b)*°

The effect of CO exposure under different conditions was further characterized by a Field emission
scanning electron microscope @ESEM). Constering the naturally formed grooves on top of
perovskite films representative of the grain boundariesasfabricated films show an average grain

size of 145 nm and the absence of pinholes (Figutie @d Figure A2.2a). The duration of CO
exposure, ilimination condition, and presence of an external electric field heavily influence the grain
size distribution (Figure 2c-h & Figure A2.2bg) and morphology of the perovskite films. Exposure

of the perovskite films to CO in dark for a short duratiohddr) and without an electric field reduces

the average grain size to 90 nm (Figu2eand Figure A2.2b). The reduction in grain size is attributed

to the interaction of CO with the perovskite interface leading to the formation of defects. On longer
exposue (3 hours) under the same conditions, the average grain size increases slightly to 106 nm
(Figure 22d & S2c). This occurs as continued degradation of the perovskite causes roughening of the
surface and formation of striations (Figur&d), which leadsto the merging of the grains. On
application of an external electrical field (applied bias of 2V) fdrolr in dark and undex CO
atmosphere, the striation pattern is even more pronoyRagpae 22e), and average grain size of 105

nm is observedFigure A2.2d) The rearrangement of grains and formation of striations points to the
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degradation of the MAPbs$urface due to strong interaction with CO and preferential loss of a particular
component, MA, frm the films leading to the formation of Rlak the grain boundaries and on the top
interface®! This is supported by the GRO results of Figure 2a as the MAions line up and the Pb

and I ions form a natural passage for CO molecules alongside the [0 0 1] axis (the?t Bxés)CO
molecules (kinetic diameter of 0.376 nm) mayerefore, easily infiltrate the 0.88 nm wide [0 0 1]
passage and anisotropically erode the organic moiety across the perovskite film depth similar to the

penetration of ambient moisture reported in earlier we#Rs.

A similar change in grain texture along with pitting and formation ot Rbbbserved when CO
exposureis performed under illumination. The effect is further enhanced in presence of an external
electric field. When the perovskite films are exposed to CO fehaut duration under light, besides
striations, pitting and merging of the grais®bserved. As result, the average grain size of 318 nm

is observed (Figure Z. and Figure A2.2e). Upon applying an external field under similar conditions,
large pinholes accompanied by micrometer nebkiteflakes start appearing over the perovskite
surface and # average grain size enhances to 480 nm (Fig@g @hd Figure A2.2f}* % Upon
prolonged exposure (3 hours) to CO in light but in absence of an external field, the average grain size
further increases to 520m (Figure A2.2g) and a separate phase with considerable contrast starts
appearing (Figure 2h). This could be ascribed to the formation of bulk.PH1°
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Figure 2.3 Raman Spectra of poled and unpoled MAFbhs exposed to dry air and CO in (a) dark

and (b) under light for hour. (¢) ToF-SIMS depthprofile of pristine MAPb{ and perovskite films
exposed to CO for 6 hours. (d) Gas analysis plot of perovskite film stored in CO atmosphere in a sealed
beaker showcasing increase in partial pressure;ah@® CO signals in comparison to the ambient
atmosplere.

Raman spectroscopy was conducted to characterize the ssefasive interaction of CO over
perovskite surface (Fig 2a&b). The sharp characteristic band at 8sepmesents the Pbliberation
mode and the broad band centered at 288israssiged to the MA torsional mode of MAPR! Under
dark conditions (Figure 2a), the airexposed MAPh!films (1 hour) show a higlntensity Pibl and
MA™ band with a relative intensity ratio ogdlss = 0.546. The MA band decreases on both, poling in
air ard exposure to CO, however, there are critical differences. On exposure to CO in daho(or 1

without any electric field) the MAband intensity decreases while thé Piiand remains unchanged
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leading to a decrease igdlss to 0.376. A similar effeicis observed when the film is exposed to air

and under poling (for hour) where thesd/lss decreases to 0.371. A drastic change is observed when
the film is exposed to CO and is also poled (fbolir) leading to anddlss of 0.07. This shows that in

dark, CO has a strong interaction with the MAFidlin and under prolonged exposure leadshe
formation of Pbj. This process is further accelerated in presence of an electric field. A similar trend is
observed when the films are exposed to air and CO (with and without poling) in presence of 1.0 sun
illumination (Figure 23b). To further asceain that the degradation of the film is from the loss of the
organic species due to its interaction with CO, and can proliferate across the whole film depth, Time of
Flight Secondary lon Mass SpectroscoppHISIMS) depth profiling was performed (FigureS@.

The depth profiling data reveals a reduced §ihal (representative of MAacross the depth of the
perovskite film exposed titne CO atmosphere (6 hours). On the other hand, thediiial (due to the

PbkL component) is maintained at the samelas that in the reference (pristine MABIsample. The

shape of the CN\signal with an initial slow increase (after ~ 10 sec.) and rapid increase after 275 sec.,
is attributed to the effect of beam damage from both the primary beam (500 eV) andrgpb&am

(30 keV)% The degradation of MAPbIn presence of CO can follow multiple paths (8e@endix for
Chapter 2 These can include interaction with reactive oxygen specésth known to form on the
perovskite surface in presence of oxygen, and/or direct reaction between the CO anel NASRitéo
possible that a limited loss of the organic moiety from the perovskite film on exposure to CO can be
(partially) replenishethy annealing the film in a methylamine vagih atmosphere.

The strength of CO interaction with the MARBhId its ability to displacthe adsorbed £pn the film
surface was measured using a residual gas zmrasystem equipped with a mass spectrometer. A
MAPDI3 film was initially exposed to dry air to adsorbk.@ollowing that, the film was placed in a
sealed quartz beaker irC&-exclusive atmosphere. After 4 hours of equilibration, the gas in the sealed
beaker was analyzed with the system. As seen in FigBaletBe gas analysis shows an obvious signal
from CO, but a rise in the £Zignal is also observed. Control experimearaaducted with a blank
substrate without a MAPbHfilm do not show such a rise in the €ignal (Figure A2.3a). Hence, the
rise in the @signal in the presence of MARKIIM confirms that CO has a very strong interaction with
the perovskite film surfacend can displace the adsorbeddéading to an increase in the corresponding
signal intensity. To further verify this, a MARIIM exposed to air (for @adsorption) was placed in

the chamber in an MNexclusive atmosphere. After 4 hours of equilibratigpon analysis of the gas,
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only arise in the Nsignal is observed (Figure A2.3b). Thegiynal shows a decrease, further attesting
to the strong interaction between CO and the MABbiface.

(a) ] (b) 7 (c)

50.0 GPa 50.0 GPa 50.0 GPa

-1.050 v/ -1.050 vV —0.550 vV

-1.080 -1.080 S
=0.600
-1.100 =1.100 0,620

-1.120 ~1.120 —0.640

=1.140 =1.140 —0.680
-0.680
~-0.700

-0.720

-1.160 —1.160

-1.180 -1.180

-1200 -1.200

-0.740

-1.220 -1.220 -0.760

-1.250 -1.250 -0.800

Figure24Youngbs modul us maps of ( a) thdfimegpbstdtoCODr epar e
for (b) 6 hours and (c) 24 hours. Contact potential difference maps of (d) pristine MABpkrovskite
film exposed to CO for (e) 6 hours and (f) 24 hours.

The effet¢ on mechanical properties of the MARfIms due to interaction with CO was characterized

by mapping the surface modulus using the PeakForce Quantum Nanomechar@aIMPFmode in

an Atomic Force Microscope (AFM). The average modulus (23 GPa) obsawetief pristine
perovskite films (Figure 2a) is consistent with the previous repdft$°While the peroskite grains

are softer with an average modulus value of 14.65 GPa, the grain boundaries are rigid with a higher
modulus value of 25.5 GPa. On exposure to CO for 6 hours in the dark, significant changes in the film
modulus are observed (Figurell2). The aerage modulus of the film decreases to 17.5 GPa, and a
significant contrast in modulus is observed across the film. Regions with low modulus (dark green) and
some with significantly lower modulus (blue regions in FigudbPare observed. The low modulus
regions indicate the formation of Rlgélastic modulus of 17 GPa), while the extremely low modulus
regions indicate the formation of striations as observed in tR8ENE images in Figure 2.1°* Under
prolonged CO exposure, the overall surface softens (12.6 GPa) asipesBént on the top interface
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starts dominating the mechanical characteristics (dark green regions in Figyt&Zurther, a much
higher proportion of the very low modulus regions is observed (blue regions in Fidce 2.

The effect of the CO exposure was further characterized by Amplitude Modulated Kelvin Potential
Force Microscopy (AMKPFM). The contact potential differencedp#) maps shown in Figure 43-f

can be used to calculate the work function of the perovskite surface (see details and Figure A2.4 in
Appendix for Chapter)2° The freshly prepared MAPbHfilm exhibits an average work function of
4.70 eV (Figure 2d), indicating Q doping (ptype) of film in the ambient atmosphéefél% After
exposure to CO for 6 hourthe average work function lowers to 4.66 eV (FigudeR.Prolonged
exposure to CO (24 hrs) further lowers the work function to 4.25 eV (Figdile Quch lowering of

the work function can be attributed to the combined effect ofd@@n desorption of @ molecules

(as observed in Figure3l) and the positively charged iodine vacancies at therkehl top interface
acting as rtype dopants$?’ Moreover, significant inhomogeneity is observed across the perovskite film
as the surface roughness (height differemmueleases over time with CO exposure (Figure AZ2)pa

The interfacial layer of Pbrich ntype MAPDE leads to the formation of a verticalnpjunction with

the underlying gype MAPDbE layer, which affects the electaptical properties of the films as
discussed below?

The effect of CO on the electaptical properties and polarization effects in perovskite films was
studied in a lateral device configuration of Au/MAEBU on Si/SiQ substrate, to avoid any
interference fromcharge transport layers. The photocurrent response of the device in ambient
conditions (referred to as reference) and under CO atmosphere under 1.0 sun illumination and 2V
applied bias is shown in Figuresa. The photocurrent under the CO atmospher@@sn® compared

to 1306 nA under ambient conditions.
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Figure 2.5 (a) Photocurrent and (b) dark current response of MAfittm exposed to the ambient
(reference) and C@xclusive atmosphere. (ctand(d) Vocresponse of perovskite film measured in

the ambient environment after being poled under various gaseous environments. (e) Normalized
photocurrent observed for the devices aged continuously in ambient (reference) and CO atmosphere, in
dark for 24 hars. The 25 sec., 5/5 sec., 10425 seg.and 150175 sec. cycles in (a), (c) and (d)
represent the time duration when the device wésddark while the 250 sec., 78,00 sec., 12850

sec. cycles represent the time when the device was illuminategair massAM) 1.5globall sun.

The extent of decay in the dark current characterizes the ion migration effect in the perovskite films.
Under external bias in dark, the mobile ions with low activation energy will drift toward metal
electrodes. As theppositely charged ions accumulate at the metal electrodes, tmeliared electric

field opposes the applied external field and hence, a transient decay in current is observed until the ion
accumulation reaches an equilibrium conditih!°The initial dark current for the device ine CO
atmosphere is 1.24 nA, which lower thanthe 3.38 nA observed under ambient conditions (Figure
2.5b). With time, the current in ambient conditions decays monotonically to 2.36 nA. In contrast, the
dark current for films under CO conditions decays rapidly to 1.03 nA within 55%aseseen in Figure

2.5b. This rapid decay in the perovskite films untlexr CO atmosphere is attributed to their higher
density of ionic defects (which will affect the mobility and density of mobile ions). The dark current

reaches a minimum value of 1.01 aA120 sec and then starts to increase in a monotonic fashion and
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reaches 1.12 nA after 275 sec. This increase in dark current is attributed to the rapid degradation of the
MAPDI; film under COwhichleads to enhanced ion migration effeléts.

Under both light and dark conditions, the current increases with externdl-biasKigure A2.6). The
significantly lower dark currents initially observed under CO can be attributed to the formation of Pbl

at the top surface and the grain boundaries. The large bandgap (2.3 eV) and higher activation energy
required for ionic conductio (0.53 eV) in Pkl compared to MAPRI(1.57 eV and 0D.4 eV
respectively), increase the activation energy for ion migration at thepBédivated perovskite grain
boundaries!? 113The formation of the Pbirich top surface also reduces the photocurrent values under

the CO atmospheréue to its poor electroptical propertiesg!4 115

An internal electric field is induced in MAPHfilms (in the lateral direction) on poling due to ion
migration and polarization effect¥: 1*'Briefly, as explained above, due to applied external field (bias)
MA™* and I ions migrate to oppositely charged metal electrodes. This leads to the formation of ion
depletion regions in theerovskite film and the generation of an internal field (formation of a lateral p

n junction). The direction of this internal field (frafmeion migration effect) is opposite to the applied
field during poling. Subsequently, the charge carriers genasatadillumination are separated by the
induced electric field leading to shanircuit current ({) and opercircuit voltage (), forming the

basis of sepowered device¥?In the case of polarization effects, howeihke, resulting V. is of the

same polarity as that of the poling bias (fiedde to the formation of a chargempensating layer at

the metal electrodes (because of the free electrons in the PA&ath ion migration and polarization
effects may existiswultaneously in the perovskite film and either one may dominate based on the poling
conditions. The reversal of the sign observed foand V. distinguishes between the dominance of

the respective effects.

Improving the power capacity of sedbwered provskite devices (based on ion migration and
polarization effects) through simple methods is crucial for expanding their application and
performancé?!® Based on the effect of CO on the MAPfms, we show its ability to enhance the |
generation in thesiims by ~122% on poling in dark. Figure5g.and d show thedand V,c behavior

of these films in an Au/MAPBIAu lateral device after poling under different gases in the dark and
measuring in ambient conditions. Poling was done in all the cases fériuisutes at 2V in dark to

limit degradation in the films. Post CO poling, the device shows a stabledl \,c of ~60 nA and-

110 mV, respectively. While post GQoling, the . value reaches ~4.9 nA while thg-\Ns -19.5 mV.
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For the films poled in abient conditions and Dthe k. settles to a final value of 27 nA and 7 nA while
the Voc values reachd1l mV and-14 mV, respectively. However, under both these conditions, the initial
Isc is negative, and slowly over the first cycle changes sign toiymsRost poling in N the kcis
negative and gradually decreases over the course of 3 cycles from an initial va@ldendfto-4.8 nA.

The corresponding ¥ reduces from 42.6 mV ficycle) to 22.8 mV by the end of th& 8ycle.

This difference in bth the magnitude ofsdand V. and its change in sign reflects differences in
interaction between the MAPHfilm and CO, compared to other gases. The previously discussed
characterization results show the strong interaction between CO and dakieldrethe basis of this
improved k. performance. Specifically, we note that among all the gases CO has a strong dipole and
leads to the rapid formation of Bl these films:2° Hence, positivestis maintained across all cycles
similar to that observed in G@xclusive atmosphere representing the dominance gfdlagization

effect. In comparison, theclchanges direction and gradually turns from negative to positive in O
exclusive and ambient atmosphere. This suggests that the polarization effect eventually dominates over
the ion migration, as the ions that yirusly diffused under the influence of applied bias (poling) begin

to rehomogenize. The negativgih the N exclusive atmosphere suggests that the ion migration effect
dominates over the polarization effect &onger time.

Due to the limited polingluration only the formation of a thin top layer of Pblexpected, along with

its possible formation at the grain boundaries. This is supported by the GIXRD data and the significantly
reduced dark and ionic current observed in thee@fosed films. Baskon the band structure of
MAPbDI3; and Pbi two effects can lead to the enhancement in dhygetformance: (1) the formation of

type | semiconductor junctions between MAP&hd Pbi passivated grain boundaries will limit the
recombination at defect sitasd hence improve the performancé?! 12(2) the top layer of Pbrich

MAPDbI; (n-type) forms a vertical4m junction with the underlying-type MAPbg layer1?Under shor

circuit conditions, the photogeneratdthoge carriers within this junction will be effectively separated

and contribute tosd.

Short duration exposure to CO, therefore, improves thgeelered performance of MAPHlIms due

to the formation of a limited amount of RbBuch improved perfarance with a limited amount of Bbl
has been previously reported for MAPbblar cellst?#12¢ However, prolonged exposure which leads
to largescaledegradation of the MAPbfilms into Pbk is detrimental to the devisgperformancé?”

129 This can be seen in the photocurrent response of Figbee Phe photocurrent response of the
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MAPDIs films is reduced to 55.8% within 5 hours and 5.7% within 24 hours as the perovskite film
suffers accelerated degradation to  Riile to interaction withCO. In comparison, the reference
perovskite film stored in ambient and under dark conditions maintains 75.2% of its performance even
after 24 hours.

2.4 Conclusions

In conclusion, it has been established that CO gas molecules interact with the top infeviaBbia

film, facilitate & desorption, and induce considerable changes in its inherent physicochemical
properties and energy level alignment. A short exposure of the perovskite films to CO indygaes n
doping at the top interface, while longer expodeaels to MA deficient and Phlrich phase across the

depth of the entire film. The stoichiometric change across the perovskite films leads to the generation
of an internal electric field in the film near the top interface due to the formation of aal/grtic
junction. On illumination, this leads to more effective charge carrier separation undecishitt
conditions. Moreover, the passivation of defects and trap states at the perovskite grain boundaries by
the Pb} initially results in reduced ion miation. However,continuous exposure to CO results in
significant deterioration of electraptical performance following the destruction of the inherent
perovskite structure. This is due to the increased degradation of Ma&Rbéxcessiveormation and

phase segregation of the Pphase in bulk. The presence of Ablno longer restricted at the grain
boundaries and top surface and instead spreads out across the entire perovskite film forming a relatively
insulating barrier. This preventie flow of electronic current and reduces overall elegptical
performance. Such observations also call for deeper studies otitn@rginic leaechalide counterparts

to research if similar Cahduced degradation is observed. Irrespective, undelistarthe changes
induced by CO molecules at the perovskite interface calls for precise CO exposure protocols and
research intothe interaction of perovskites with other gases that may be present in limited

concentrations.
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Chapter 3

Hy dr op htbybdircophi | i poBlymek ®edi ated Tun

Hal i de Perovskite Photosensitive Devi

3.1 Introduction

Halide perovskitebased photosensitive devices are being actively researched in the photovoltaic world
amid the power conversion efficiency of the patate-based single junction solar cells reaching
beyond 25%3° The lowcost solutiorprocessibility along with excellent electoptical
characteristics, lightweight, and mechanical flexibility has led toys&ite photosensitive applications

to reach beyond conventional solar cells to LEDs, display devices, sensors, -pasveetfd device¥,

Despite the success in achieving high efficietiog stability issues of halide perovskites in the ambient
atmosphere serve as the toughest challenge to the commercial viability of these'éfelicaddress

the degradation issues, polymer additivgieeering has been realized as a facile way of fabricating
high-quality perovskite films with improved stability without compromising the performance of
photoactive devices? The perovskite grain boundaries and interface primarily serve as trap states for
recombinatiort®® These further act as the preferred site for the leaching of moisturetaratfion

with external degradation factof®¥. Due to their high molecular weightthe polymers do not
evaporate during the annealing of the perovskite films and can effectively passivate the defect centers
present at the grain boundaries and interface of the perovskit&filmaddition, the presence of
polymer can alter the crystallization kinetics and retard the growth of perovskite grains leading to
alteration in the grain siZ€% 13" Over the years, several esgsch groups have attempted to utilize
polymers containing atoms or functional groups with the potential of interacting with perovskite
precursors. Several works have been reported using different polymer additives such as polystyrene
(PS), polyethylene gtol (PEG), polymethyl methacrylate (PMMA), polyethylenimine (PEI), and
polyvinylpyrrolidone (PVP) which inherently differ not only in terms of their hydrophobicity but also

in the interaction mechanism with the perovskite precursors owing to the diffarepolarity3” 11°

138144 Hence, owing to such contrasting nature of the different polymer additives, there is a need to
understand the characteristics of the polymer that are important for achieving stable pepolgkits
composite films without compromising the device perfance. In this regard, block copolymer
additive systems can be useful systems for establishing the influence and dominance of each individual

polymer component!>152
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The current work henceforth aims to utilize the strong interaction capabilities of the hydrophilic and
polar PEG, andhydrophobic nospolar PS polymers in a PEBS block copolymer system to better
understand the effective contribution of each polymer when mixed alongside perovskite precursors. We
systematically show that while the presence of the polymer additive esttleeh@mopolymer or as a

block copolymer does not interfere with the inherent perovskite phase, it does affect the microstructural
evolution of the MAPKigrains. It has been observed that the presence of PEG and PS leads to reduced
ion migration and defedites due to the passivation of grain boundaries and device interfaces. While
the presence of PS enhances the average grain size, in contrast, the presence of just PEG increases
heterogeneous nucleation within the perovskite films leading to an enharosily dof grain
boundaries and trap sites and proving insufficient to reduce ion migration. Among the polymer
perovskite composite films, the 36 B9.4 PEG copolymer additive effectively enhances the
photocurrent to 1420 nA in comparison to 957 nA obesgiix pristine MAPKI Moreover, it maintains

80% performance over 7 days. Another critical observation is the limitation of achievintgtang

ambient atmosphere stable films in absence of the hydrophobic PS counterpart.
3.2 Experimental Section

3.2.1 Synthesis of perovskite precursor solution

A 1.35 M pristine MAPK] solution was prepared by mixing 79.4 mg of methylammonium iodide
(>99.99%, Greatcell Solar Materials) and 230.5 mg of lead iodide (>99.999% trace metals basis, Sigma
Aldrich) in 53.3 pL of dimethylsuf o xi de ( an hy d r-Adich),and@HS pldfX, N Si g ma
dimethylformamide (anhydrous, 99.8%, Sigaldrich). To fabricate PS/1APDIsfilm, a previously

optimized concentration of 1 wt/v % of 35 kDa P was introduced in the perovskite precursonsoluti
separately. An optimized concentrationlsfl0* wt/v % of different polymers (21.5 RB-20 PEG, 36

PSb-1.4 PEG, and 35 kDa PEG; Polymer Source) wsed to prepare the rest of the polymer
perovskite precursor solutionBhe PDI valuefor the 35kDa PS, 21.5 R$20 PEG, 36 P$®-1.4 PEG,

and 35 kDa PEG polymersas1.02, 1.09, 1.02and 1.08 respectiveli{the solutions were later stirred

on a magnetic stirrer to allow sufficient interaction, before-spiting in the ambient atmosphere

3.2.2 Fabrication of perovskite -based samples for electro -optical characterization

To understand the influence of individual contribution of PS and PEG polymers in-piadyacer

system and also, independently over the optoelectronic properties of thentgsedtarskitepolymer
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composite films, planar lateral devices with MARP@@r polymerMAPDI3) sandwiched between gold

(Au) electrodes, were fabricated. The typical fabrication involved spin coating of respective precursor
solutions over Si/Si@chips withgold electrodes being 200 pm apart (Au chips). The Au chips were
sequentially washed and ultrasonicated in Millipore water, acetone, and isopropanol for 10 minutes
each. After rewashing with Millipore water and drying withoNthe Au chips were treated twiUV

Ozone to remove organic moieties. The precursor perovskite solution was thewagpith on the

cleaned chips at 4000 rpm for 30 seconds. Aft8rsgconds of rotations, 200 ul of diethyl ether was
dropped over the continuously rotating films to rem@&xcess solvents. The sioated films were
ultimately annealed stepwise at 65 C for 2 mi

perovskite phase formation.

3.2.3 Structural, microscopic, spectroscopic, and contact angle characterization

The X-ray diffraction (XRD) was characterized using PANalytical Empyrean diffractometer with Cu

KU radiat i oAZeigsaltraplud fiel§ dmission scanning electron microscopySEM)

equipped with energglispersive Xray spectroscopy (EDX) was used tomiae the surface topology

and average grain size distribution in the pristine and polymer integrated perovskite films. All Raman
spectra were recorded with 6 mW power at an excitation wavelength of 532 nm using a Horiba HR800
spectrometer in a backscattayi configuration. The timef-flight ion mass spectroscopy was
performed to analyze depth profiling of freshly prepared perovskite and pebparmrskite films using

Cs' ion source (500 eV) for sputtering and®B(30 keV) for analysis over dF-SIMS 5, IONToF

GmbH. The contact angles were measured using a standard automated contact angle goniometer
(RameHart, Model 190 CA) with deionized water.

3.2.4 Electrical measurements

The electrical measurement on the planar lateral device configuration of Au/MAgaymer
MAPDbI3)/Au photodetector was conducted using a probing station. Atalee method was employed
by connecting a single probe to one of the gold electrodes and the other probe was grounded to the
second gold electrode. A Keysight 6614G\WWatt system paer supply was used for applying an
external voltage. For carrying out electrptical measurements of the pristine and polyperovskite
photodetector device, an external bias of 2 V was applied. The cualeade (-V) characteristics,
photocurrents,and dark currents were sequentially measured using a Keysight 3458A Digital
multimeter. The perovskite film was connected in series with the multimeter and power supply to
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complete the circuit. Simulated AM 1.5 global irradiation (100 m\W)awas generateusing a Xenon

lamp based solar simulator (Newport Oriel Instrument 67005, 150 W Solar Simulator). An NREL
calibrated KGS5 silicon reference cell was used to calibrate light intensity to minimize any spectral
mismatch. All measurements were conducted ihiant conditions. The lonterm stability test of the
devices was tested by directly exposing the devices tombient atmosphere under room light with

35140% relative humidity. Th elativauhomiidity shspr. was me a s L

3.3 Results and Discussion

The schematic in Figure 3.1a represents the chemical structure of RERPES and PEG. To
understand the effect of the individual contribution of each constituent polymer in a block copolymer
additive system, two RB-PEG polymers with diffemt individual chain length contributions (21.5PS

b-20 PEG and 36 RPB-1.4 PEG), were utilized to prepare the polysperovskite films (details in
Appendix of Chapter)3 This was also coupled with the use of homopolymers of PS and PEG to make
the perovske samples. The Xay diffraction (XRD) pattern shown in FiguBlb confirms that the
addition of either of the polymers independently or as the block copolymers in the perovskite film does
not alter the tetragonal phase of MARBIIhe dominanpeaks of (1 1 0), (2 2 0), and (3 1 0) lattice
planes are evident with the absence of any obvious impurity phase. Owing to its hydrophilic nature,
utilization of excessive PEG (1 wt/v %) leads to degradation of the perovskite phase with a noticeable
PbL impurity phase (see XRD pattern and SEM image in Figtgdab). The FESEM images
(Figure 3.1c-g) of the polymeiperovskite films show that the incorporation of PS and PEG in the
perovskite matrix leads to modulation of the nucleation and the growtbfratgstal graing This

can be attributed to the direct interaction of PS and PEG chains with Mp#ebursors. The average
grain size observed in pristine MARId 120 nm (Figure 3.1c and Figud&.2a) which reduces to 70

nm in 35 kDa PEGMAPDI; film (Figure 3.1d and-igure A32b) owing to increased heterogeneous
nucleation in the PE®@erovskite film leading to enhanced grain boundaries and trap & defecdfites.
The adition of PS as a copolymer and also as a homopolymer leads to a progressive trend in the
average grain size as its value increases from 108 nm in 2b288EGMAPDI; films (Figure3.1e
andFigure A32c) to 190 nm in 36 RB-1.4 PEGMAPDI; (Figure3.1f andFigure A32d). The largest

grain size of 195 nm is observed in the 35 kDaM?8bl; film (Figure 3.1g andFigure A32e)
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suggesting that the presence of PS modulates crystallization kinetics favorably to allow improved grain
growth.
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Figure 3.1 (a) Structure of polystyrene (PS), polystyrdnpolyethylene glycol (P$-PEG), and
polyethylene glycol (PEG). XRD pattern of pristine and polypenovskite films. Scanning electron
micrographs of (cpristine MAPbg and polymeiperovskite films made with (d) PEG, (e) 21.5BS
20 PEG, (f) 36 P$H-1.4 PEG and (g) PS as additivekere, the naturally formed grooves on top of
perovskite films have been considered representative of grain boundaries.

The spcific moleculaflevel interaction between perovskite precursors and polymer additive was
characterized by Raman spectroscopy. The pristine M#drial polymefMAPDI; films exhibit sharp
characteristic peaks of Plcage at 74, 95, and 110 diand a broatbrsional mode corresponding to
organic cations between 1:@80 cm?, as seen ifrigure A33a. As observed iRigure A33b, the Pb

| liberation mode shifts to a higher wavenumber with the inclusion of increasing PS content in the
copolymer system and alas a homopolymer. Typicalcation i nt er act i*and PSckainsve e n
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also leads to variation in MAmodes in the polymevAPbls films (Figure A33c). Such variation in
perovskiteds Raman acti ve miteldderactiondgtveeh pogrser an e n |
and perovskite precursors which forms the basis of the inclusion of a polymer in the perovskite layers.

The interaction between PS and the perovskite precursors has been previously confirmed by gel
permeation chromatography and the growthsioigle perovskite crystafé. ”®> On the other hand,
spectroscopic techniques have been effectively utilizedrmodstrate the coordination of the lone pair

of -O in PEG with PB ions®® Further, the upshift in N# and MA" peak inH nuclear magnetic

resonance data indicating strong hydrogen bond interaction between the oxygen atom of PEG and MAI
precursor has beepreviously reported in the literatufeThe strong interaction of the polymer

additives with perovskite precursors leads to interfacing between the polymer chains and perovskite

phase at the grain boundaries in the resultant polpmevskite films.

To ascertain the presence of polymer additicross the depth of the perovskite film, Time of Flight
Secondary lon Mass Spectroscopy (FRIMS) depth profiling was performed (Figude). The GH-

and Osignals are representative of PS and PEG respectively. The corresponding first derivative curve
of C;H and O signak with respect to the normalized depth of the perovskite film are presented in
Figure A34a andFigure A34b. The InO; signal arising from the indium tin oxide (ITO) substrate
shows a sudden increase at ~300 sputtering sec ianafiles signifying that the sputtering beam has
reached the substrate. Thesi@gnal (due to ITO) in the pristine MAPKFigure3.2a) and PSVAPDI;

films follows the trend of the WO, signal and is confined to the substrate. While in the MARlbis

with PEG, the Osignal due to PEG can be observed at the top and bottom interface and across the
whole film. Hence, the Osignal from PEG can unambiguously be distinguished from ti@,In
(representative of ITO substrate exclusively). The depth profilaig teveals a high intensity of the

C.H  signals in the P8ontaining samples (FiguBe2c, Figure3.2d, and Figur&.2e) across the whole

film and an even higher intensity at the top and bottom interface. This signifies that PS chains are
incorporated aass the whole perovskite film and further are preferentially located at the top and
bottom interfacesfigure A34a)1° The O signal in the PE@JAPDbI;film is higher across the whole

film (Figure 3.2b, compared to pristine perovskite film). Howewatike the preferential accumulation

of the PS signal at the top and bottom interface, the intensity of the PEG signal is high only at the
bottom interfaceKigure A34b). This can be accredited to the difference in mobility of the PS and PEG
polymer chaig, the strength of interaction with the perovskite precursors, and the adherence of polymer

chains to the substrate during spin coatiflgis signifies that PEG as a homopolymer is distributed
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uniformly across the whole perovskite film, with preferent@dwanulation at the bottom interface. In

the block copolymeMAPDI; films (Figure3.2c and Figur@.2d), while the distribution of PS and PEG

is observed across the whole perovskite film, now not just PS but also PEG has a higher concentration
at both thedp and bottom interfaces. This is expected as the PS and PEG are now covalently linked
and the accumulation of PS chains at the top interface is also accompanied by that of the PEG chains.
It also signifies that the PS has a strong structural influentteedriockcopolymerMAPDI; films and

can alter the distribution of the PEG (Figures S4a and S4b).
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Figure 3.2 ToF-SIMS plots of (a)pristine MAPbg and polymeiperovskite films made with (b) PEG,
(c) 21.5 PSb-20 PEG, (d) 36 P$-1.4 PEG and (e) PS as additives.
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The ambient atmosphere stability serves as a critical factor in thédomgpperation of the perovskite

based device¥® Hence, contact angle measurements were utilized to assess the hydrophobicity of the
pristine MAPbg and peovskitepolymer composite films to determine their ability to survive in
ambient moisture. The contact angle (Fig®iB) and thus the hydrophobicity of the polyrparovskite

films was observed to increase in the following order: 35 kDa PEG (56.05%tm@&MAPb} (60.1°)

a4 21 -b®0 FEG (61.6°) < 36 PB1.4 PEG (66.7°) < 35 kDa PS (76.7°). The contrasting
hygroscopic and hydrophobic nature of PEG and PS respectively can ascribe to such observation.
Although the good solubility of the PEG polymerapolar solvent can be advantageous in spreading

the precursor solution leading to even coverage of perovskite film over the bare substrate, there is also
a tradeoff as its hydrophilic nature limits the ambient atmosphere stability of the preparedkiterovs
polymer films!®": 1%8|n contrast, the improved contact angles in the perovskite films with the presence
of PS additive suggest that its hydrophobic nature dominates and can effectively provide a barrier

function for perovskite film to suppss moisture invasion.

Figure 3.3 Contact angle images of (a) pristine MARKb) PEGMAPbI3, (c) 21.5 P$-20 PEG
MAPbIs, (d) 36 PSb-1.4 PEGMAPbI; and (e) PSVIAPbIs.

Theeffect of polymer additives on thleectrooptical properties and polarization effects in perovskite
films was studied in a lateral device configuration of Au/MARKI on Si/SiQ substrate without any
charge transport layers. The photocurrent response of the pristine MieRlzie in ambiet conditions
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and polymeiperovskite devices under 1.0 sun illumination and 2V applied bias is shown in F#pure

The average photocurrent of the pristine MARIgvice is 957 nA which enhances with the integration

of polymer in the polymeperovskite omposite films. While the 35 kDa PEBAPDI; film shows a
photocurrent of 1282 nA, the current increases for the 21-bHBEPEGMAPDI; films to 1375 nA

and 1420 nA in the 36 Pi$1.4 PEG block copolymer perovskite hybrid film. The insulating nature of
PSleads to a drop in photocurrent to 1291 nA in the 35 kDMRSBDbIsfilm. The extent of decay in

the dark current directly represents the magnitude of the ion migration effect in the perovskite films
(Figure3.4b). Under external bias in dark, the mobile v&hd I ions with low activation energy drift
towards metal electrodes. As the oppositely charged ions accumulate at the metal electrodes, an ion
induced electric field is generated in the opposite direction of the applied external field. Hence, the
compding fields lead to a transient decay in the overall current until the ion accumulation reaches an
equilibrium condition. The pristine MAPbshows the highest ionic current starting at 8.5 nA which
rapidly decays by 20% to 6.8 nA within 10 seconds. PEG@séxl as an ionic conductor in battery
electrolytest®16! |t is hence not surprising to note that the PEGPbI; films show an increase in

ionic current over time as the dark current value starts at 5.4 nA and ends at 5.6 nA. On the contrary,
the magnitude of ionic currents progressively decreases in thenggherovskite films with an
increase in PS chains owing to its poor ionic conductivity. The minimum dark current of 2.2 nA is
exhibited in PSMAPDIs which steadily decreases to 1.6 nA after 24 seconds. Despite exhibiting a lower
average photocurrent, ttsggnificant reduction in ionic currenfigure A35) leads the 35 kDa PS
MAPDIs-based film to achieve the highest light switching rafigre A36).

Owing to the combined effects of the electric field poling that leads to polarization jretineskite

films and the inherent semiconducting nature of MAPbon illumination, a selpowered response

is observed in these filn18? Subsequently, once the external bias is removed, the charge carriers
generated upon illumination can be separated by the induced electric field leatimgidservance of
shortcircuit current (i) response and the opeincuit voltage (M) in the pristine MAPH] and
polymerperovskite films (Figur&.4c and Figure8.4d). Similar to the photocurrent response, Isc and
Voc values increase sequentially for the pristine MAP®® kDa PEG, 21.5 R&20 PEGMAPDI;,

36 PSb-1.4 PE5-MAPDI; and 35 kDa PS1APbDIsfilm (Figure A37). The best Isc (100 nA) and Voc
(130 mV) are observed for 35 kDa ®RB\Pblz as it exhibits more than 2f5ld enhancement with
respect to the pristine MAPQ30 nA and 52 mV, respectively). Degradation inopskite films results

from two primary factors, the first from exposure to environmental elements such as oxygen and

42



moisture and the second due to internal degradation via ion migration. Upon exposiniathizat®d
films to an ambient atmosphere @mweek in darkthe normalized photocurrent in pristine MARbI
reduces to 81% within a day and 30% within 7 days (Figu4re).It has been previously hypothesized
thatin presence of a humid environment, although perovskite undergoes hydrolysis, nmoasture
soaked by the surrounding PEG molecules angaPdIMAI may recombine isitu to form MAPb4.163
However, the rapid decay of device performance to 81% within 2 days in theVIRPGI; device
suggests otherwise. On the contrary, the 3823l PEGMAPbI; and PSMAPDIsfilms maintain 80%

of their initial performance until 7 dayis.can be seen that the presence of PEG in the block copolymer
governs the initial decay pattern in the performance. The top PS (hydrophoiigyer is crucial for
acting as a barrier against o)yygand moisture, while the density of grain boundaries in the perovskite
rich layer determines the ion migration effet8s a result of the combined effect of these two factors

and consistent with the electoptical performance, the best stability is eh®d for PSich films.
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Figure 3.4 (a) Photocurrent, (b) dark current, (c) shoirtcuit current (Isc), (d) opeaircuit voltage
(Voc) plots of pristine and polymgrerovskite photodetector devices. (e) Operational stability of the

asfabricated pristine and polymgerovskite composite films in terms of their photocurrent.
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3.4 Conclusion

In conclusion, the current work presents a detailed investigation of integrating hydrophobic and
hydrophilic polymer additives in form of both homopolgmand also as block copolymer with
perovskite films. Their difference in chemical structure (leading to hydrophobic vs hydrophilic nature)
and interaction with perovskite components leads to critical differences in the respective polymer
perovskite films.The structural differences in the films are observed in the results fronsM&

where the polymer distribution changes across the films. As a result, the-elgtatad performance

and stability of the films are affected. The hydrophobic polymer iatedrperovskite devices PS
MAPDbI3, 36 PSb-1.4 PEGMAPDI3 and 21.5 P$-20 PEGMAPbI; outperform hydrophilic polymer
perovskite (PEGVIAPDI3) and pristine MAPhIdevices and exhibit high photocurrent, lower dark
currents, and relatively highstability. The PSVIAPbI;device exhibits a photocurrent of 1291 nA and

a reduced dark current value of 1.6 nA, respectively. The hydrophobic nature of PS enables prevention
against moisture seepage in the ambient atmosphere as thebadbPPBEGMAPbDI; and PSMAPDI;
photodetector maintain 80% of its initial device performance. The discussed facile copolymer additive
strategy involving polymers of contrasting nature will serve as a strong foundation for effective tuning
and careful selection of polymers fdeveloping polymeperovskite thin films based on portable

optoelectronic devices such as LEDs, solar cells, photodetectors, apdvseted applications.
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Chapter 4
Nanoscale ArchiteOtgarobéa®oHgmede Pe
Films and the EfChactn dMobRPoliymemn De

Perfor mance

4.1 Introduction

Polymer incorporation into films of organolead halide perovskite such as methylammonium lead iodide
(MAPDI3) has been shown to improve their structural stability and elegtioal properties, by
reducingion migration effects, improving grain size, and alleviating hysteresis characte¥isfit's®

In this aspect, the use of polymers for developing-pgtiormance inorganic composites is also well
illustrated in naturé’®1’2 Molecular weight (Mw) of the polymer chain is a fundamental property that
influences critical aspects such as its viscosity, mobility, solubility, and’éiZeThese aspects of the
chains directly impact their ability to interact with an inorganic matrix and hence affects the final
properties of the polyménorganic composite¥%1’8 We specifically show, using polystyrene (PS)

and MAPDE, that the molecular weight of the chains directly affects the structure of the composite thin
films at the nanoscale, their electyptical properties, anitheir stability. Characterization results show

that the PSMAPDI; films have a thredayered structure with a nanometsale top and bottom
polymerrich phase and an interlaying perovskiteh phase. The extent of incorporation of the PS in
the perovskite maik is critically affected by the molecular weight of the chains. This variation in the
incorporation of PS directly impacts the eleatqutical properties of the PBAPDI; films compared

to plain MAPbg films and better performance is observed at a lodvraedium molecular weight of

PS, with the best performance at Mw ~35,000 kDa. This is supported by the crystal grain size
modulation of the films and their stabilityhich follows a similar trend. Polarization effects that have
been reported in MAPbFilms also show a similar dependence on the Mw of the PS chains, where
shortcircuit currents () and opertircuit voltage (\¢), both significantly increase for low to medium

Mw PS chains.

Further, a linear relationship is observed betweenmerse of polymer chain viscosity (in confined
spaces, which depends on the polymer!¥and the extent to which the PS is incorporated into the
perovskite mati.1”® Viscosity is a key factor that affects the abilitiithe chains to reorganize as the

perovskite crystallization occurs, directly affecting their incorporation in the perovskite layer at the
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grain boundaries. The inverse of ionic current and dark current (which is proportional to film resistance)
is relaed to the Mw of the PS chains based on two terms. One of the terms accounts for the effect of
PS on the rate of nucleation of the perovskite in the film, which affects the grain size (and hence also
the density of grain boundaries). The other exponemtial torresponds to an increase in the charge
transport barrier at the grain boundaries due to the inclusion of the PS chains which are insulating in
nature. Both terms lead to a decrease in the ionic currents and dark curreatsvitbase in the Mw

of the chains. In comparison, the change in the photeent of the P$1APbI; shows optimal
performance with the use of PS of Mw 35,000 due to the critical effect of grain boundaries that act as

charge recombination centers.
4.2 Experimental Section

4.2.1 Synthesis of CH3NHal

A typical synthesis of methylammonium iodide (MAI) involves drop wises addition of 30 ml
hydroiodic acid (57 wt. % in water) to 27.8 ml methylamine (33 wt. % in absolute ethanol) under
continuous stirring for 2 hours. A dark yellow precipitates recovered by rotary evaporation of this
solution at 60 °C for 1 hour. The solid precipitate was subjected to multiple cycles of washing and
recrystallization by a copious amount of diethyl ether and ethanol, respectively until the powder turned

white. The resultant white precipitate waacuumdried overnight to obtain the pure MAI powder.

4.2.2 Synthesis of perovskite precursor solution

The control 1.35M MAPhRIsolution was prepared by adding 79.4 mg ofsiHsl and 230.5 mg of

Pbk (99.999% trace metals basis) to a combined solvent of 53.3 ul of dimethyl sulfoxide (anhydrous,
099. 9%) and dimé&thyBormarhide ¢ahhydkous, 99.8%). The synthesis eMRBbI;
precursor solution involved an additional introduction of a fis@acentration (1 viw %) of PS (99.9%)

of different Mw (2.5, 11, 35, 61, 10&nd 190 kDa)The PDI value for the 2.5 kDa P®as 1.03and

for therest of the different Mw polymers (11, 35, 61, 105, and 190 kDatR&PDI valuavas 1.02.

The solution was stirred on a magnetic stirrer for 30 minutes to ensure adequate dissolution of precursor

salts and interaction with PS additive.
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4.2.3 Fabrication of p erovskite -based samples for electro -optical characterization

To understand the influence of variation in Mw of PS additive over optoelectronic properties, lateral
devices with MAPK (or PSMAPDI3) sandwiched between gold (Au) electrodes, were fabricated.
typical fabrication involved spin coating of respective precursor solutions over Sol§ii3 having

equidistant gold electrodes at 200 um (Au chips) as follows:

Au chips were first washed with Millipore water and were then ultrasonicated in acatdne
isopropanol for 10 minutes each. Afterwashing with Millipore water, the Au chips were put in

Piranha solution (3 ¥$Qi:1 H.O5) for 3 minutes to remove organic moieties. To remove the acid traces,

the chips were washed with copious Millipore wated &nally dried with @ N> gun. The precursor

perovskite solution was then sginated on the cleaned chips at 4000 rpm for 30 seconds. Within the

initial 6-8 seconds of rotations, 200 pl of diethyl ether was dropped over the continuously rotating films

to remove excess solvents. The obtained fil ms we

foll owed by 100 C for 3 minutes to ensure compl

4.2.4 Structural, microscopic , and spectroscopic characterization

The X-ray diffradion pattern of pristine MAPbland PSMAPDI3 perovskite films was measured ay
PANalytical Empyrean diffractometer with Cu KU
emission scanning electron microscopy {&EM) equipped with energgispersive X-ray
spectroscopy (EDX) was used to examine the surface morphology and grain size distribution of freshly
prepared samples. A Horiba HR800 spectrometer was us#t imackscattering configuration to

perform Raman spectroscopy. All Raman spectra wergdedovith 6 mW power at an excitation
wavelength of 532 nm. The depth profile of freshly prepared perovskite films was analyzed using time
of-flight ion mass spectroscopy by employia@s' ion source (500 eV) for sputtering ancf'Bi30

keV) for analysisover ToF-SIMS 5, IONToF GmbH.

4.2.5 Electrical measurements

Electrical measurement on the planar lateral device configuration of Au|MRBBIAPDIs|Au self

powered photodetector was conducted using a probing station.-grolse method was employed by
connecting one probe to a gold electrode on the chip and another probe connected to the ground. A
Keysight 6614C 5@Vatt system power supply with a niexim voltage output of 100 V was used for

applying an external bias. For generating an optimum inherent polarization in perovskite film without
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incurring material degradation, an external bias of 2 V was applied for 5 min. Post poling,
optoelectronic measements including the openircuit voltage (Voc) and shedircuit current (Isc)

were sequentially measured using a Keysight 3458A Digital multimeter. The perdyeskee
photodetector device was connected in series with the multimeter and power supptyptete the

circuit. A simulated airmass 1.5 global irradiation (100 m\W)agenerated using a Xendamp based

solar simulator (Newport Oriel Instrument 67005, 150 W Solar Simulator) was utilized for performing
measurements under illuminatioh Nationd Renewable Energy LaboratofREL) calibrated KG5

silicon reference cell was used to calibrate light intensity to minimize any spectral mismatch. The long
term stability test was performed over devices
humidity (RH) and measured in 1 day. The humidity was measured by a pdrididensor and was

controlled by adjusting the flow rate of the carrier gas (dijy N

4.3 Results and Discussion

The structural characterization of the polymerovskite (with varyingolymer chain length) and plain
perovskite material by Xay diffraction (Figure 4.1a) show that the typical tetragonal phase is observed
in all cases. All P3/APbDI; films are made by using a previously optimized concentration of 1 wt. %
PS in the precues solution!'® The change in Mw (chain length) of the PS (or its presence) does not
alter the structure of the perovskite films, as sharp diffraction peaks corresponding to (1 1 0), (2 2 0)
and (2 2 2h k I planes remain intact across all diffraction patterns and parity phase is observed
(Figure A4.1). However, as seen in Figure 4clhbhe intensity of dominant (1 1 0) and (2 2 0)
diffraction peaks change as a function of PS Mw. Primarily, the introduction of lower Mw members of
the PS family (2.5, 11, and 35 kDagds to a successive increase in diffraction peak intensity with the
highest being observed for 35 kDa-R&Pbls. However, a further increase in Mw of PS (61, 105, and
190 kDa) results in a progressive reduction of peak intensity.

The full width at halimaximum (FWHM), which is a measure of the crystallite quality, likewise varies

as a function of PS chain length. In general, smaller FWHM values correspond to a larger crystallite
size®The FWHM (Figure 4.1d) values decrease successively with an increase in Mw of PS additive,
with the lowest being observed for 35 kDa, MISMAPDbI; and starts increasing again for thgher

Mw PSMAPDI;. The incorporation of PS of varying Mw into the perovskite solution thus assists in
controlling the nucleation rate and growth and hence the grain size of the polycrystalline perovskite

film due to the interaction of the polymer with MARkand its precursor$! The most intense
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diffraction peaks and smallest FWHM values arsesbed for the 35 kDa PEAPbI; which should
lead to the largest crystallite size and better quality of the peroysKigener hybrid film owing to

optimum crystallization kinetic§! The average crystallite size corresponding to pristine and PS

MAPDbIzc al cul ated using
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Figure 4.1 (a) X-ray diffraction pattern of pristine MAPband PSMAPDIs with varying polymer Mw
exhibiting tetragonal phase. Variation in intensity of (b) (110) h k | plane and (c) (220) h k | plane as a

function of additive PS chaiength. (d) Dependence of (110) and (220) h k | planes FWHM values on

Mw of PS.
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The effect on the grain size in the perovskite films due to variation in Mw of polymer is confirmed by
Field emission scanning electron micrographs-§HM) (Figure 4.2a). Considering the naturally
formed grooves on top of perovskite films representative of the grain boundagieserage size of

the grain in the samples is presented in Figure 4n2@general, a larger grain size with uniform films

is observed with internaiéate polymer Mw, with the best films being observed for the 35 kDa sample.
However, with higheMw members of PS (105 and 190 kDa), aoriform grain morphology is
observed. Longer polymer chains have reduced mobility and occupy a larger volume whith hind
their ability to orient as the perovskite crystals grow, this limits the size of the crystal grains and
enhances the nucleation evelitsSince the increase in grain boundary density and defects may act as
trap and recombination centers for charge carriers, tuning of polymer chain length could be effectively
utilized to manipulate the opt@saitronic characteristics of perovskiiased device$? 18The FESEM
analysis provides a qualitative comparison of the grain sizes in the perovskitafitithe trend with

the inclusion of PS of varying Mw, is corroborated by the XRD data discussed&béve.
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Figure 4.2 Scanning Electron Micrographs of (a) pristine MAP() 2.5 kDa PSVIAPDI3, (c) 11 kDa
PSMAPDI; (d) 35 kDa PSVIAPDI;, (e). 61 kDa PSVIAPDIs, (f). 105 kDa PSMAPDI; and (g). 190
kDa PSMAPDbIs. (h) Average grain size in pristine and-FI&Pbls films. Here, the cracks ascribe to

e-bean induced localized widening of grain boundaries due to prolonged scanning time.

The specific moleculatevel interaction between perovskite precursors and PS of different Mw is
characterized by Raman spectroscopy. The pristine Mysiddldifferent Mw PSVIAPDIz films exhibit

sharp characteristic peaks of-Pliberation mode and MAliberaion mode peaks at 91 and 155tm
respectively, and a broad MAorsional mode peak centered at 260'dffigure A4.2a). As observed

in Figure A4.2b, the Rbliberation mode shifts to a higher wavenumber with the inclusion of the PS.
Typical cation”  eractton between MAand PS chains also leads to variation in"NMBeration and
torsional modes in the P8APbIzf i | ms ( Fi gure A4.2c). Such wvariat
modes signifies an enhanced molecidgae! interaction between PS and peskite precursof$ which

forms the basis of the inclusion of PS in the perovskiyens. The interaction between PS and the
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perovskite precursors was also confirmed by gel permeation chromatogemhthe growth of single
perovskite crystal$!

A key factor that will affect the perovskite performance is the structure of the material distribution and
the concentration of the PS material across these filB:SIMS depth profiling on the plain
perovskite films and those with varying Mw of PS is conduftiethis purpose. ThedSIMS profile

of plain MAPbk (Figure 4.3a), 2.5 kDa PEIAPDI; (Figure 4.3b), 11 kDa RBIAPbI; (Figure 4.3c),

35 kDa PSVIAPDI3 (Figure 4.3d), 61 kDa R$IAPDIz (Figure 4.3e), 105 kDa PEAPDI; (Figure 4.3f)

and 190 kDa PSIAPbI; (Figure 4.3g) films show that the typical PbCN, I, signals, indicative of
MAPbI; are detected spanning the entire perovskite filt¥° Moreover, the intensity of the signals
remains constant during the sputtering process. In contrasgHheu@ G signals, indicative oPS°°

191 (Figure A4.3), are only observed in ®B\Pbl; films and are negligible in pristine MAP)I
Common amongst all PBAPDI; films, the PS signals gradually drop withifl5 sec of sputter time,
signifying a very thin P8ich layer at the top interfaces of all ®R8\Pbl; polycrystalline films.
Similarly, a relatively PSich layer is observed at th@tom interface between the perovskite layer

and the substrate. The thickness of both thei¢tSnterfacial layers decreases with the Mw of the PS.
Further, the signal strength of the PS which is directly proportional to its concentration also decreases
with the Mw of the PS and stabilizes at the higher Mw. In the middle layer of the film, which is the
relatively perovskiteich layer, PS concentration decreases as a function of the PS Mw. Such variation
in PS concentration across perovskite film couldcbesidered a direct measure of the ability of PS
chains to orient, stretch and undergo motion to successfully get incorporated into the perovskite
structure at the grain boundaries. Such adjustments are required from the PS chains to accommodate
the perogkite grains as they nucleate and grow in the film. Lower Mw PS chains due to their lower
viscosity can more easily undergo such adjustments compared to higher Mw chains and hence can get

incorporated into the film at a greater concentratién.
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Figure 4.3 ToF-SIMS depth profiling of (a) pristine MAPKI(b) 2.5 kDa P9MAPbDIs, (c)11 kDa PS
MAPDI;, (d) 35 kDa PSVIAPDI;, (e) 61 kDa PS/MAPDIs;, (f) 105 kDa PSVIAPDI; and (g) 190 kDa
PSMAPDIs. The blue and pink colored region distinguishes between perovskite film and ITO substrate,
respectively, while the yellow region represents the sputter time frame where relatively high PS
concentration is observed.

The PSMAPDI; films are further characteed to evaluate the effect of PS Mw, and the structure of
the films on their electroptical properties. In the configuration Ati|MAPDbIs/PSMAPDI3|Au, the
photoresponse, dark current, and ionic currents (due to ion migration effects) of the plaikifgerovs
andPSMAPDIsfilms are characterized. The results from the optoelectronic measurements suggest that

the PSMAPDIz devices with varying polymer Mw, exhibit high photocurrent and low dark current
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compared to pristine MAPbIWhen the lower MWPS is intially introduced in the perovskite films,

the photocurrent response (Figure 4.4a) increases sequentially in,2bd Bb kDa PS/1APbI; and

later decreases successively in 61,105 and 190 kBAaAFDIs. On the contrary, as observed in Figure
4.4b and Figre A4.4 respectively, the dark current and the ionic current decrease successively with

increasing Mw of the PS.

The extent of decay in the dark current from the initial value to a final stable value characterizes the
ionic current due to ion migratiom ithe films (Figure A4.4). This transient decay behavior can be
explained by the movement of mobile ions in the perovskite film taswaedal electrodes due to the
applied bias. The accumulating ions lead to an electric field that opposes the applieal éztdrand

hence a transient decay in current is observed. The rate of decay in current will depend on the mobility
of the ions, and the extent of the decay characterizes the magnitude of ion migration effects.
Consequently, perovskite films with highen mobility and density of ionic defects will exhibit faster
decay under an applied bi#s'*°Specifically, the initial dark current at t = 0 sec for pristine MAPbI

is 9.8 nA which suffers a rapid decay (55.1%) and is reduced to 4wdthih 10 sec (Figure A4.5).

On the other hand, the decay of dark current in 35 kD&MRBDbI3z is much slower (7.6% within 10

sec). The net drop in dark current after 275 sec for 35 kDElA&R=bI3 (0.18 nA) is less by a factor of

37 compared to pristine MAP6.61 nA) which reveals that the ion migration effects are significantly
reduced in PS/4APDI;. The significant reduction in the magnitude and the rate of decay, of the dark
current (Figure A4.6 & 4.4b) for high Mw PBAPDI; films (105kDa and 19(&Da) and also their low
photocurrent response (Figure 4.4a), can be attributed to the decrease in ion mobility and higher overall
film resistance with the use of large chain'®®ue to the combined effeaté photocurrats and dark
currents, the highest ratio of photocurrent to dark current is for thk®83F SMAPbIs films (Figure

A4.7). Also, a higher value of photocurrent is observed in tHéDhl 35kDa, and 61kDa PSMAPbI;

films compared to plain MAPBbfilms. Comrbined with the reduced ion migration effects in the PS
MAPbDIsfilms, it should alleviate the hysteresis effects in perovskite solar cells, without compromising

their performance.
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Figure 4.4 (a) Photocurrent response of pristine aneM?gbl; with varying PS Mw. (b) Dark current

decay in pristine and PEAPDIs. (¢) lsc and (d) \bc response for pristine and BBAPDI; films of
varying Mw.

Owing to the combinatiomf the effects of electric field poling that leads to polarization in the
perovskite filma!é: 117 1%and the inherent semiconding naturé®>*%? of MAPblIs, upon illumination
aself-powered response is observed in these fififiEhe resultant shoxtircuit current (§c) response
and the opeircuit voltage (\bc) are measured for the plain MARI@nd PSMAPDI; films (Figure
4.4¢d). Like thephotocurrent responsecland Voc values increase sequentially for the 2.5, drid

35 kDa PSMAPDIzand reduce for the higher MA&MAPDIsdevice. The bestt (96.6 nA) and ¥c
(162.5 mV)areobserved for 35 kDa PBAPbDI; as it exhibits a 3old enhanceent compared to that
observed for the pristine MAPXB1.1 nA and 52.3 mV, respectively).

The influence of PS on the properties of MAPklIdependent on multiple factors. Among them, the

first is the extent to which the PS chains get integrated into the perovskite films. To accommodate the
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nucleation and growth of perovskite grains, the PS chains must rearrange at the grain boundaries and
the interface. The viscosity of the PS chains hence will critically affect their ability to undergo this
rearrangement. Considering that as the perovskite grains grow the PS chains will be confined in space,
their viscosity ('Q dmweelandoé(Me)t (EquationtAdh.ein Agpendixo | | ows
of Chapter 4}/°The ToF-SIMS PS signal (€) in the perovskite layer is analyzed for this purpose. As

the PS signal (& from G) is directly proportional to theoncentration of the PS groups in the
perovskite film, the number of chains of the polymer (n) being incorporated will be proportional to
Cp/Mw (Equation A4.2 in Appendix of Chapter 4). A linear dependence is observed between n and
Mw-14for both the todPSrich layer and the main perovskite layer (Figure 4b&Equation A4.3 in
Appendix of Chapter 4). This signifies that with increasing Mw of the PS chains, as the viscosity of the
polymer chains increases while their mobility redué@as expected, the number density of polymer

chains in the perovskite matrix decreases.

The inclusion of PS chains in the perovskite matrix affects the electrical conductivity based on two
factors. First, the PS chains lead to modulation of thetaltization kinetics and affect the size of the
crystal grains (Figure 4.1d and Figure 4.2) and hence also, the density of grain boundaries (and defects
associated with them) in the film. Second, the inclusion of PS due to its electrically insulatirgy nat
increases the resistance of the-M&Pbls film. The effect of PS on the perovskite grain size is
illustrated by the rate of nucleation (Equation A4.4 in Appendix of Chapter 4). The viscosity of the
solution increases with Mt (Equation A4.5 in Apperig of Chapter 4), which decreases the rate of
nucleation and hence increases the grain size. However, with an increase in the Mw of the chains their
volume increases (n.MwW*)!%, and due to their interaction with the perovskite it decreases the surface
energy for the crystals (Equation A4.6 in Appendix of Chapter 4) and hence increases tfe rate
nucleation. These two competing effects lead to first a decrease in the nucleation rate and then an
increase, with the Mw of the PS, as observed in the final Equation A4.9 (in Appendix of Chapter 4).
The effect will bethe oppositeof the grain size (wigh is inversely proportional to the nucleation rate)
which will first increase and then decrease with the Mw of the PS, consistent with the experimental
observations (Figure 4.1d and Figure 4.2). The initial increase in grain size will reduce the grain
boundaries and hence improve the electptical properties of the film at the same tiffThis is due

to the grain boundaries serving as scattering and recombination sites bemder for electrical

conductior®® 2°2while serving as conducive pathways for ion migrations due to défe#.ollowing
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that at higher Mw of PS as the rate of nucleation increases, the grain size becomes smaller and increases
the gain boundarie8* which degrades the electoptical properties.
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Figure 4.5 Variation in the number of polymer chains present at the (a) PS rich top interface and (b)
perovskite layer, as function of an inverse of viscosity. Dependence of (c) dark current, (d) ionic
current and (e) photocurrent over the volume of PS chains spanning acrdd&\M3s films. (f)
Pristine and 35 kDa PBIAPDI; device stability and performance pattern for theadan of 7 days.
The OFF and ON conditions represent measurements performed under light and dark conditions,
respectively.

This effect is coupled with the inclusion of the PS chains into the conducting perovskite matrix. The
inclusion of insulating PS che increases the energy barrier for charge transport at the grain
boundaries (Equation A4.10 in Appendix of Chapter 4). The energy barrier scales with the volume of
the PS chains n*MW*(Equation A4.7 in Appendix of Chapter 4), as PS is an insulattwotbrcharge
conduction mechanissifdark current due to electronic charges and ionic current due to ion migration).
The final model that combines both the effects (Equation A43LIn Appendix of Chapter 4) fits
accurately the monotonic decrease in th& darrent and ionic currents (ion migration) with increasing

Mw (Figure 4.5ed). The model also fits the response observed in the photocurrent which initially

increases and then decreases with PS Mw (Figugs. 4Be combined model signifies the roleR$
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in modulating the crystallization dynamics of the perovskite grains and its inherent insulating nature
that alters the conductivity of the films. The combined effect from these two factors is effectively
illustrated in the model and hence it can ac@&lyadcale the behavior of the RBAPDIs films.

Degradation in perovskite films results from two primary factors, one from exposure to environmental
elements such as oxygen and moisture and the second due to the internal factor of ion migration. The
top PS (hydrophobic) rich layer is crucial for acting as a barrier against oxygen and ri8isthite

the density ofyrain boundaries in the perovskiieh layer will determine the ion migration effeéts.

As a result of the combined effeof these two factors and consistent with the elegoptical
performancethe best stability is observed for films with PS of M kDa in comparison to the plain

and the 190 kDa films (Figure 4.5f).

4.4 Conclusion

Three major effects are observed by optimizing the Mw of the PS for inclusion in the perovskite films:
1. It leads to improved stability of the perovskite films; 2. Theteeaptical performance of the films

is improved; 3. The dark currents and ion migration effects are reduced. These effects from the inclusion
of a polymer in the perovskite films result from multiple factors that include, the formation of nanoscale
strucured layers with polymerich layers at the top and bottom interface sandwiching a middle
perovskiterich phase. The thrdayered architecture of tiRSMAPDI; films should also enable better
alignment of the energy bands and charge extraction at thiaggte in photovoltaic devicé®2° The
viscosity of the chains (which depends on their Mw) is the key factor that dietsrthe extent to

which they get incorporated into the perovskite structure. This is due to the need for the chains to
rearrange during the growth of the perovskite grains. The modulation of the perovskite crystallization
kinetics and the insulating natuof PS chains towards both charge and ion transport affect the-electro
optical properties of the perovskite film. The combined effect results in optimized edetital
performance with the use of PS of Mw ~ 35,000. These results show that the Mypalf/ther chains

is a key factor to considé@r the use of perovskitpolymer devices, as it governs critical aspects of the
interaction between the perovskite and the polymer. The strategy presented here also leads to a path for
other polymer inorganic coposites to optimize the performance based on the characteristics of the

polymer.
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Chapter 5
Soft PeQryg@aenrol ead Hali de Perovskite

Stretchabl e and Dur wibtiP®RA uP hNoatnoodcehtae cnt o

Based El ectrodes

5.1 Introduction

The development of strdtable optoelectronic devices with higkrformance organimorganic
materials such as methylammonium lead iodide (MARbkchallenging owing to their rigid and brittle
nature?® 210 2Therefore, strategies are being actively researched to enable such stretchable devices as
they will provide a combination of high performance with low form factor and flexibility of funétfon.

214 Their direct application is in fields sucls &olar cells, lightmitting diodes, nexgeneration
displays, and photodetectdfs?15220 Designing a stable perovskibmsed stretchable device mandate
meeting two basic requirements 1) a photosensitive perovskite layer capable of enduring strain due to
stretching without degrading in ambient atmosphere, and 2) anielly durable and highly
conductive underlying electrod&3: 222In addition, fatiguedriven degradation of the perovskite layer
during repeated deformations must be limitedtfarlong-term practical viability of such stretchable
optoelectronic device®?® 224Most of the past research work has been limited to bendable perovskite
devices and little success has been achieved in making stable and stretchable perovskité*@&vices.
The challenge has primarily been due to the limited mechanical durability of the devices, lasting only
a few hundred stretching cycles under small strains, combined with poor environmentgi.$staBif

239 Therefore, there is an urgent need to address these issues in order to utilize the excellent electro

optical properties of perovskites for the development of stretchable devices.

In this work, we show a stretchable, polystyrene (PS) incatpd MAPb (PSMAPDI3) photodetector

that can sustain 98%, 90%, 62%, and 52% of its initial photocurrent value after 5, 100, 5000, and 10,000
stretching cycles, respectively, at 50% strain. In comparison, the performance in pristines MAPDI
photodetectordrops to 80% after 5 cycles and to just 22% after 10,000 cycles. The stretchable
photodetector is made by introducing a wrinkled structure in the device. This is achieved by depositing
the device on a prstretched flexible substrate and then releasingttae, inducing a regular wrinkled
pattern. The pristine MAPpbevice shows significant cracking after just 5 stretching cycles, leading

to a drastic loss in performance. In comparison, th#IR8bl; has significantly reduced crack density
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with a much maller size of the cracks. Instead, small flakes are observed in response to the stretching,
leading to sustained device performance. The key is the introduction of the PS in thes MiRiH
reduces the modulus of the film by ~38%. The measured surfaaelus of pristine MAPRIis ~11.7

GPa, while in P@MAPbIs this is reduced to 7.1 GPa. The presence of insulating hydrophobic PS chains
also leads to a thrdayer structure, which reduces ion migration across grain boundaries and
simultaneously protects against the ambient environiEha address the equally impant issue of
fabrication of lowcost electrodes which can survive extreme bending, twisting, and stretching
conditions, the current work demonstrates the utilization of room temperature sphait@ssed
platinumgold (PtAu) nanoparticle chaind® The mesh of metallic PAu nanochains has high
conductivity and offers resistance againgtation over the conventionally used Ag and Cu nanowire
electrodes in flexible devicé$:2* Further, the nanochain electrodes are deposited by a simple vacuum
filtration-based method, a cestfective alternative to sputtering and thermally evaporated metal
electrodeg?®> 2%The stretchable photodetector assembly of/% %t PSMAPbI; film with underlying

PtAu nanochains electrodes exhibits, ultralow dark currents in the range @t Alhigh light
switching ratio of the order ~%0and can sustainigh lateral strain up to 100%.

5.2 Experimental Section

5.2.1 Preparation of Pt -Au and Au -Ca?* solution

1 mL of citrate capped gold nanoparticle solution (~10 nm, BBI Solutions OEM Limited) was mixed
with 135uL of 4.5 mg/mL PtC{ (99.9%, Sigma&Aldrich) and kept on a shaker at 300 rpm until the
color of the solution changed to dark blue indicating® Rins assisted selissembly of Au
nanoparticles. To reduce*Pibnstometallic Pt, 75uL of 4 mg/mL NaBH (99%, SigmaAldrich) was

later added to the solution leading the solution color to turn to a dark brown color indicating the
formation of metallic PAu nanoparticle chains. The ADa* nanoparticle chain solution was prepared
similarly. Briefly, 1 ml of gold solution was mixed with 1Q& of 1 mg/mL Cad (99.0%, ACP

chemicals Inc.) and left on the shaker until the solution color changed to dark blue.

5.2.2 Fabrication of PDMS mask

2.0 g of silicone elastomer base (Dow Inc.) was mixed with 0.2 g elastomer curing agent (Dow Inc.)
and degassed under vacuum to remove air bubbles. The mixed solution was later cured at 75 °C for one

hour. A5 mm long and 2 mm spacgldctrode pattern was obtained using laser cutting.
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5.2.3 Preparation and transfer print of Pt -Au electrodes on PET

The fabrication process of the stretchableARtnanochain electrodes on PET is schematically
illustrated in Figure 5.1a. To ensure the formatéra smooth interfacial layer and enable efficient
transfer, 0.6 ml of AtCa&* solution was first vacuum filtered through a 200 nm gmized
polycarbonate filter membrane (WATMAN) kept on top of the patterned PDMS. 0.8 mtAu Pt
solution was then vacuum filtered to obtain the bleglored Pi{Au nanoparticle chain electrodes.
Simultaneously, a 0.5x0-Bich piece of 12.5m thinPET film was cleaned with acetone, asapropyl
alcoholwas treated with UVbzone for 15 min. The FAu nanopatrticle chainbased electrodes were
finally transfer printed from the filter membrane to thelRth the assistance of water.

5.2.4 Synthesis of CH sNHzsl precursor

Methylammonium iodide (MAI) was synthesized by dropwise addition of 30 mL of hydroiodic acid
(57 wt. % in water, Sigmaldrich) 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 amodrdiethyl ether and ethanol, respectively, until it
turned white. The resultant white precipitate was dried overnight to obtain pure MAI.

5.2.5 Synthesis of perovskite precursor solution

A 1.35 M pristine MAPK] solution was prepared by mixing 79.4 mg of MAI &%D.5 mg of lead
iodide (99.999% trace metals basis, Sightdrich) in 53.3 uL of dimethyl sulfoxide (anhydrous,
09 9. 9 %,-AldSch)yganta317.5 pl of N, Nimethylformamide (anhydrous, 99.8%, Sigma
Aldrich). To obtainthe PSMAPbI;solution, 1 witv % PS(0.0037g PS ofiverage Mw 35 kDand PDI

of 1.02 SigmaAldrich) was additionally introduced in the perovskite precursor solution. The solution
was later stirred on a magnetic stirrer for 30 minutes to allow-tirdseg in PS, before sphsoating

in ambent conditions.

5.2.6 Fabrication of stretchable perovskite -based photodetector

The PET film carrying PAu nanochain electrodes was pasted on sspetched elastomeric adhesive

(3ME VHBE 4910) tape. A small amount of eutectic gallium indium was brushedtiose?PtAu

electrode ends to enhance the availabilitthetontact area and avoid perforation of thin PET by sharp

probe tips while performing electaptical measurements. Pl of perovskite precursor solution was
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then spincoated on the prstretched ssembly at 3500 rpm for 30 seconds. Upon reaching 6 seconds

of rotations, 150 Ol of diethyl ether was drop ¢
for 5 minutes followed by 100 C for 8 skid nut es
phase. Finally, a transparent satfhesive tape was used to cover the perovskite films during

optoelectronic measurements.

5.2.7 Structural, microscopic, and spectroscopic characterization

Thegrazingincidence Xray diffraction (GIXRD) patterns of obtaéd samples were measured using a
PANal ytical X6Pert Pro MRD diffractometer with
of 0.4°. A Zeiss Ultraplus field emission scanning electron microscopys@¥#) was used to examine

the surface topology argtain size distribution of the pristine and polyrirgegrated perovskite films.

The optical absorption spectra were recorded using BMisible spectrophotometer (Perkin Elmer
Lambda 750). Young's Modulus and dissipation energy maps were acquired us®B/&R%25 probes
(Bruker) with a nominal spring constant of 200 N/m and resonant frequency of 525 kHz on a Bruker
Dimension Icon in PeakForce QNM mode. The spring constant and deflection sensitivity of the probes
were calibrated using a sapphire standardpda before each measuring session. The tip radius was
estimated to be 280 nm, using a Titanium sample of known roughness. The elastic modulus for the
sample surface was calculated following the Derjagiitler-Toropov (DMT) model for tipsample

contact®*’

5.2.8 Electrical measurem ents

The electrical measurement on the planar lateral device configuration-Adi/lAPDbI; (PS
MAPDI3)/Pt-Au photodetector was conducted using a probing station. Apteloe method was
employed by connecting a single probe to one of th&euRtlectrodes and the other prdb¢he second
PtAu electrode. A Keysight 6614C BWFatt system power supply was dser applying an external
bias. For carrying out optoelectrical measurementh®perovskitebased stretchable photodetector
device, an external bias of 3.5 V was applied. The cuu@iage (-V) characteristics, photocurrent,
dark current, spectralesponse, responsivitgnd detectivity were sequentially measured using a
Keysight 3458A Digital multimeter. The perovskite film was connected in series with the multimeter
and power supply to complete the circuit. Simulated AM 1.5 global irradiation {80 cn?)
generated using a Xentemp based solar simulator (Newport Oriel Instrument 67005, 150 W Solar
Simulator) was used for illuminating the sample, unless stated otherwise. The Newport optical bandpass
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and neutral density filters were used to vagident light intensities and spectral selectivity. An NREL

calibrated KGS5 silicon reference cell was used to calibrate light intensity to minimize any spectral
mismatch. All measurements were conducted in ambient conditions. The active area of thevdsvices

0 . 1 6. Far the stretching cycles, an MFA motorized miniature linear stage was used to stretch the
flexible deviceat50% of its initial relaxed position and to perform 10,000 stretching cycles at a constant

speed. The longerm stability test of thdevices was tested by directly exposing the dev@ambient

air with 35T40% relative humidity and under roon

sensor and was controlled by adjusting the flow rate of the carrier gaszjdry N

5.3 Results and Discussion

The schematic in Figure 5.1a represents the fabrication process of the stretchable organolead halide
perovskite films. The detailed process is described in the Experimental section. Briefly, first for making
the electrodes, a solution consigtiof Pf* ions mediated selissembled microesized long Au
nanoparticle chains eveinitially reduced to obtain a continuous network ofbnm wide metallic

PtAu nanochains (Highesolution transmission electron microscop}RTEM) and field emission
sanning electron microscopy (FEEM) images in Figure Soland Figure 5.1c, respectivilylhe
metallic PtAu nanochains solution was vacuum filtered through a polycarbonate filter membrane using
patterned polydimethylsiloxane (PDMS) mask to obtain a fdiighly conductive electrodes (Figure
5.1d). The lateral electrode assembly was then transfer printed or@zdNe prereated polyethylene
terephthalate (PET) film that was finally pasted over asmetched (under 100% lateral strain) very
high bondiig (VHB) elastomeric adhesive. The MARayer is formed by spin coating and a tatep
annealing procedure, following that, the jsteetched substrate when released, undergoes buckling to
ultimately yield a wrinkled perovskite film (at 0% strain). Thdypeer-organolead halide perovskite
films (PSMAPDI3) were prepared similarly by utilizing a previously optimized concentration ofvl wt

% 35 kDa PS! 119
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Wrinkled photodetector assembly Spin coating of perovskite solution PET pasted on pre-stretched
followed by annealing elastomeric adhesive
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Figure 5.1 Fabrication and characterization of the perovskésed stretchable photodetector. (a)
Vacuum filtration assisted deposition efectrodes on polycarbonate filter membrane using self
assembled PAuU nanochains solution, transfer printing ofARt electrodes on PET pasted over a pre
stretched elastomeric substrate followed by spin coating of perovskite solution and annealing. (b)
HRTEM image of the metallic PAu nanochains. (c) FISEM images of the PAu electrodes transfer
printed on flexible PET substrate. (dY curve of P{Au electrodes transfer printed on PET exhibiting

high conductivity.

The crosssection FESEM image in Figte 5.2aconfirms the wrinkled structure of the photodetector.
The thickness of the perovskite absorber layer is 400 nm while th&t Aanochains electrode is 710

nm thick (Figure AS5l). The amplitude and the wavelength of the pattern match closely to the
theoretical model, as being determined by the flexible substrate (VHB) and the PET films (details in

Appendix for Chapter 58 24°The lateral FESEM images showcase the presence of relatively larger
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grains in the PS/APbDIs films (Figure 52b) in comparison to pristine MAPH(Figure 52c). The
corresponding grain size distribution for pristine andMP&Pbls is presented in Figure AZa and

Figure A52Db, respectively. Previous studies validate thatincorporation of PS in the perovskite
matrix leads to modulation of the nucleation and the growth rate of crystal grains, along with reduced
defect density!" ® This is attributed to the direct interaction of PS chains with MAPBhdcursors

which has previously been confirmé&d® The X-ray diffraction (XRD) pattern (Figure Zd) shows

the formation of a single tetragonal phase in both MARDH PSMAPDI; films, with dominant peaks
corresponding to (1 1 0) (2 2 0) and (3 1 0) lattice plane and no obvioustieg As represented in
Figure 52e, the U\-Visible absorption spectra of both MAREnd PSMAPDI; films demonstrate

their excellent lightharvesting characteristics with broad absorption spanning acro§88a@tn, with

the inherent absorption proped of MAPb being conserved in the presence of the polymer additive.

200 nm!

1.2
d ) . Pristine MAPbl, PS-MAPbI, e) . —— Pristine MAPbl,—— PS-MAPbI,
1.0-
o

& B o

= \J g 2 084
s ; 2
¥ 1 o

g & P £ 054
c [ 2
2 P ]

= Iz ! 2 04-
' <

0.2

0.0

350 450 550 650 750 850
Wavelength (nm)

Figure 5.2 (a) Crosssectional FESEM image of wrinkles developed in the photodetector assembly
upon relaxation (to 0% strainfE-SEM image of (b) PS1APbI; and (c) pristine MAPRI (d) X-ray
diffraction (XRD) pattern and (e) UWisible absorption spectra of pristine and /wwo PS
MAPDI; films.
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The operating principle of the twerminal stretchable perovskite device is based tloa
photoconductive effect. In presence of an external bias, an electric field is induced within the perovskite
film which drives the separation of photogenerated charge carriers. Owing to energy level alignment,
holes are preferentially collected at thegative P#u electrode in the symmetric-RAU/MAPDbI3 (or
PSMAPDI3)/Pt-Au lateral device configuratioft® The photoresponse of the photodetectors under the
variable lateral strain of 0, 50, and 100 % at an applied bias of 3.5 V with the illumination of 1.0 sun is
presented in Figure 3a. The corresponding lighiviiching ratio of photocurrent to dark current
(Ipw/ldany is illustrated in Figure AB. An increase in the wrinkle radius with a decrease in height is
observed on stretching the device (Figu@bh.The relaxed photodetector (under 0% strain) exhibits
the highest photocurrent owing to better trapping of photons within the wrinkled structures (Figure
5.3c).2% 251The effective photon trapping, and absorption proficiency are reduced when the device is
stretched to 50 and 100% of the relaxed position. ThéVIRBbl; photodetector exhibits better
photocurrent in comparison to the pristine MAPddross all strain pasins The pristine MAPH
photodetector exhibits ultralow dark currentsti@10* A range) with the values being further reduced

for the PSMAPDIz device. The stretchable MBAPDI; photodetector maintains ~85% (60.32 nA) of

its initial photocurrent (.28 nA) under 50% strain and this is reduced to ~38% (27.57 nA) upon
stretching the device to 100%. Specifically, at 50% strain, tABIRBbI; device exhibits ~1.4 times
higher photocurrent (60.32 nA) in comparison to the pristine MA@BL77 nA). Meanwile, the dark
current is reduced to more than draf (28.11 pA) in PSMAPDbI; with respect to the pristine MAPDI

film (66.39 pA).The improved optoelectronic characteristics inRNPAPblz can be attributed to higher
carrier lifetime and mobility, reducedcombinationand ion migration, owing to larger grain size and
lower density of associated defet¢tg\s the PSMAPbI; device still maintains 85% of the efficiency

at 50% stretching, the rest of the measurements were carried out at similar lateraéAseajpected,

an increase in the applied potential leads to both higher dark and photocurrent in; APIFS
MAPDbI; photodetectors (Figure A8. The photoresponse of both types of photodetectors under 50%
lateral strain, as a function of different illumaition intensity, is presented in Figur&d.where an
increase in photocurrent with higher photon flux (higher intensity) is observed. As seen in RBgure 5.
an bi/lqark ratio of ~6000s exhibited at 1.0 sun illumination which is reduced to ~20 @&1000W cm

2, Owing to the reduced dark currents theN2&Pbl; device exhibits ~4 folds improvement in the
Ipi/ldark Value in comparison to pristine MARDIThe corresponding responsivity (R) and detectivity

(D*) values were calculated using tfilowing equations:
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Y (1)

o @)

where by, ldaark Pn, g, and A represent photocurrent, dark current, incident illumination power,
elementary charge, and effective active area of the photodetector, respéttiVee PSMAPbDI;
photodetector exhibit a maximum responsivity Figu@f)5sof 2.05 mA W* and detectivity (Figure
5.3g) of 0.36x1&” Jones at 0.001 mW chillumination The pristine MAPKJ device achieves a

relatively lower responsivity and detectivity of 1.8\ W and 0.13x18 Jones, respectively.

The photoresponse cycles for the-lBPbls; and pristine MAPhKJ photodetectorsvererecorded at
different wavelengthspanning across the visible light spectrum while the devices were held at 50%
strain, follow he pattern of the absorpti@pectraand is presented in Figure4d. The small current
observed at 800 nm can be ascribed to the £1GWHM of the band pass filter used to record the
photoresponseThe corresponding responsivity addtectivity are presented in Figerg.4b and c,
respectively. The R8APDI; films exhibit relatively higher responsivity and detectivity than that
observed in pristine MAPbFilms. The PSMAPDI; photodetector attains maximum responsivity and
detectivityvalues of 86.48 uA Wand 12.47 x10Jones at 400 nm. The performance is limited by the
large active area of the device, the absence of charge transport daygktbe smaller average grain
size due tahepoor wettability of the PET substrafene respase time based on the rise and fall time

of the 1 wtv % PSMAPDI; photodetector was determined to be 2.22 and 2.96 ms, respectively (Figure
5.4d).
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Figure 5.3 Performance, operation mechanism, aodfiguration of the stretchable photodetector. (a)
Photocurrent response of pristine andNP&Pbl; films stretched under variable lateral strain at 3.5 V

under 1.0 sun illumination. (b) Optical images and schematic representation of variation in wrinkle
radius and height as a function of lateral strain. (c) Schematic diagram showing enhanced photon
trapping within hills and valleys of wrinkled photodetector at 0% strain. (d) Photocurrent, (e) light
switching ratio of photocurrent to dark current, (f) resgpeity, and (g) detectivity of pristine and PS

MAPbDIz; devices under various illumination intensities at 3.5 V under 50% siraendistinct colors

used in Figures 2a and 2d are meant to clearly distinguish between the photoresponse cycles measured

undervarying lateral strain and illumination intensity, respectively.

69




























































































































































































































































