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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.

viii



Acknowledgments

First, |1 would like to express my sincere gratitude to adyisor Professor Vivek Maheshwari, for
allowing meto conduct my doctoral research under his supervision@indguable experience at the
University of Waterloo. | am deeply gratefid him for giving me freedom in choosing my Ph.D.
research topic anir showingtrust inmy ability to work independelyt His unbounded commitment
and overwhelming suppdnmaveenabled me to complete my PhtBesis | profusely thank him for his
excellent guidance, encouragemeamid endusncethroughout my graduate study. His amicable nature
will always be a pleasant mmery in my life.

Besides my advisor, | would like to thank the rest of my thesis comnftef=ssor Kam Tong Leung,
Professor Derek Schippesind Professor Kevif?. Musselman for their encouragement, insightful
comments, feedback, and excellent discussions dorindoctoral research

| am grateful to my fellowab matesDr. Rohit Sa&f, Dr. Hua Fan,Saikiran Khamgaonka&and
Mohamed Okashdor stimulating discussian and their continuous support. Special thanks to
Alexander Lifor assisting mén multiple research projects would also like to thank all my friends
outside the University for making my stay in Waterloo a memorable one. | would like to thank

CatrerineVan Eschand Kim Rawsoffior all theiradministrative assistance and kindness.

| appreciate Dr. Joseph P. Thomas, Dr. Nina Heidig,Nathan Nelsotfritzpatrick andDr. Sandra
Gibson for helping me with materials characterization. This work would haweeantpossible without

the utilization of the characterization facilities at WATLab and QNFCF. Special thanks to Vladimir
Miskovic and Sarah Mark for helping me with the procurement of lab supplies, whenever in need. It
would be unfair to not thank Hiruy Ha and Chris Kleven fotheirinvaluable support throughout my

Ph.D. journey.

Last but not the least, | owe more than thanks to my family members for their blessings, moral support,

encouragement, and motivation.



Dedication

This thesis work isledicated to my parents, Vinay Mathur and Shashi Kala Mathur, whedbkan a
constant source of support and encouragement throughout my life and have always loved me
unconditionally. Seeing them work hard to fliliny career aspirations hagrved as myiggest
motivation throughout my doctoreg¢searclendeavor.



Table of Contents

Examining Committee Membership...........oooii i eeeee e raeeee ] ii
Aut hor 0s .DecC.l.af.al a0 e jit
Statement Of CONtIDULIONS........uuueiiiiie e e e e eeeees iv
Y 01 1 T S Vi
ACKNOWIEAGMENTS ... rme ettt e e e e e e s s mm e s r e e e e e e e e e e e ix
37T [ To3= 11 [0} o 1P X
LISt Of FIQUIES ...ttt e e e e e e e s rmmee e s et e e e e e e e e e e e e mnn s XV
] 0 =0 [P PPPPPPPP XXi
IS o Y o] o] =Y o0 LRSS XXii
Chapter 1 INTrOQUCTION........eiiiiiiiiii et eeer e e e e e e e e e e et s eeer e e e e e e e e e e e nnnneeeees 1
1.1 Organieinorganic halide PerovsKIteS............ueeiiiiiiiiiiicen e 1
1.2 Methylammonium lead iodide (MARIDL...........ooooi e 2
1.3SYMMELry and PRASE......coviiiiiieeeeeeeeer et eeee e nnne e e e e e eeeee s B
(@0 (o1=1[=To i fo] a1 Tol o] f0] o L=] 1= PR 5
ST @1 0 F= 1= o = 5
ST TS 7= o 1 Y PP PPPPPP 6
1.5.1.1 Strategies toward enhancing stahility...................ooireeeiiiiii e 8
1.5.1.2 Polystyrene: an efficient polymer additive for inducing stability in MARDI....... 10
1.5.1.2.1 Mechanism of Phhitiated PS crosinking in PSMAPDIs...........ccccccvvvvinne. 10
1.5.1.2.2 Catioi e | e tertaatian betwean MAI and polystyrene.............cccccuue... 11
1.5.2 Scalable manufacturing of perovskite optoelectronics.............evvvvevieeeeiiieiiiiiennnenn. 12
1.6 PSMAPDI; strategy towards advanced optoelectrOmniCs............uvvvvvvviimeieeeieeeieeeeeeeeennn. 13
G I o) 00 = .o = P 13
1.6.2 Flexible device appliCatiON...........cciiiiiiiiiiieeeiiie e reei e 14
T RS Yo 1 = T o= PP 15
R A I 1= TS 3 LU =SSR 16
Chapter ZZarbon Monoxide Induced Sdlfoping in Methylammonium Lead lodide Films and
Associated Longrerm Degradation Effects............ccoooiiiiiiii e 18
2200 11 0T [T £ o 1 18

Xi



2.2 EXPerimental SECHOM ..........uuiiiiiiieeii et rmmee e e e e e 19
2.2.1Synthesis Of CENHal PrECUISOL.........uuiiiiieiiiiiiiiiree e e e enens e e e e e e e 19
2.2.2 Synthesis of perovskite precursor SOIULIOM............c.uviiiiieeeiiiie e 19
2.2.3 Spin coating of perovskite precursor solution and fabrication of perclskiel

0] T0] (00 =Y (=T o 1 P 19
2.2.4 Structural, microscopic, and spectroscopic characterization...................cceeevvnnnnes 20
2.2.5 Electrical MeasUIEMEINTS.........ccuuiiiiiieie ettt e e e e 21
2.3 RESUILS AN DISCUSSION. ... ..uuuiiiiiiieeeiiiiimeee ettt e e e e e e s s eens s bbb e e e e e e e e e s s s nnessnnbeeees 23
P ©o)] o3 011 o £ PP PPPRRPP 33

Chapter 3 Hydrophobitlydrophilic Block Copolymer Mediated Tuning of Halide Perovskite

Photosensitive Device Stability and EffiCiency.............ccccoo e 34
0 A [ o T [T 1o T o PP PPPRRPP 34
3.2 EXPEriMEN Al SECHOM......vvtiiiiiiiiiiiiiireee e e e eeee e e e e e e e e e e e e e 35

3.2.1 Synthesis of perovskite precursor SOIULIONL..........cceeiiiiiererriiiie e eeeeees 35
3.2.2Fabrication of perovskitbased samples for electoptical characterization................ 35
3.2.3 Structural, microscopic, spectroscopic, and contact angle characterization.......... 36
3.2.4 Electrical MEASUIEMENTS.........uueiiiieiiiiiiirreeeeeeeeeeeeeeeeeeaaeeeeessmenaneennnrnnnnnnnnnnnnnnnnmnnees 36
3.3 RESUIS ANU DISCUSSION. ... .uuuuuetieuetiineiimmmreeeeeeeteeeeteeeeeeeeeeseeaessaaa s saassaassaasssssmmmreeeeeeeees 37
G2 o] o o3 013 T o PP 45

Chapter 4 Nanoscale Architecture of Polyreganolead Halide Perovskite Films and the Effect of

Polymer Chain Mobility on Device PerflaNCEe.............oiiiiiiiiiiiiieeeieece e 46
0 1 1 o o U T4 1T o T 46
4.2 EXPEriMENTAl SECHONL. .. .uuiiiieiieee ettt e e e e e e e e e e e e e e eaeeaaeeaaessasnreeresnrennned 47

4.2.1 Synthesis of CINIHal ......oooiiiie e e a7
4.2.2 Synthesis of perovskite precursor SOIUtiON...............coooevveeeviiiicciiiiieeeeeeee e AT
4.2.3 Fabrication of perovskiteased samples for electoptical characterization................48
4.2.4 Structural, microscopic, and spectroscopic characterization...............cccceceeeeeeeennn. 48
4.2.5 Electrical MeaSUreMENTS . .........uiiiiiiiiiiiiiiree e e e e e e et e e e e e e e e e e e e e eeeeeeee e s 48
4.3 RESUILS AN DISCUSSION. ... iiii ittt mmee e e e e eeaeeeaaeaaaaeaeeeeeaaansennnnnnnns 49
O o] o U] [0 o PP 59

Xii



Chapter 550ft PolymerOrganolead Halide Perovskite Films for Highly Stretchable and Durable

Photodetector with PAu Nanochain Based Electrodes...............cooooiiiiiceciiiiiiii e 60
LS00 11 0T [T £ o 60
5.2 EXperimental SECHOM..........uuiiiiiiiiii it rmmee e mene e 61

5.2.1 Preparation of AU and AUCE" SOIULION...........cooviieiiiieiiiiieee e 61
5.2.2 Fabrication of PDMS MASK..........coiiiiiiiiiiiieeeiiiiieeee e eeeii e n 61
5.2.3 Preparation and transfer print ofARt electrodes on PET...........ccccoveiviiiiiiiiceeeeeeeee, 62
5.2.4 SyntheSiSFACH3NH3l PrECUISOL........ccvvvieiieiiiiiiiiteeee e eeee s 62
5.2.5 Synthesis of perovskite precursor SOIULION...............oooiiiireci e 62
5.2.6 Fabrication of stretchable perovsiitssed photodetector............iciiiiiiiiccceeeeeeeee, 62
5.2.7 Structural, microscopic, angestroscopic characterization.....................cccceeevvnnnnns 63
5.2.8 Electrical MeasUIrEMEINTS.........ccuuiiiiiiiiiceeeee e e ettt e et e e e e e s s e e e e e eemme s 63
5.3 RESUILS AN DISCUSSION. ......uuuiiiiiiieeeiiiiieee ettt e e e e e e s s s imens s bbrs e e e e e e e e e s s asnnnssnnsseeees 64
LS o] o o3 13 T o PP 75

Chapter 6 Polymer Stabilized Halider®eskite Based Large Area Solar Cells with Improved Device

(O =T = T = 1[0 UURRSSRRN 76
L 200 I 11 0T [T £ 1RSSO 4 o
6.2 EXperimental SECHOM..........uuuiiiiiiiii e nn e 78

6.2.1Synthesis of perovskite precursor SOIULION............oiuiiiiiieeeiiii e 78
6.2.2 Fabrication of perovskiteased large area solar cells...........ccoooiiiiiieeeiiiiiiies 78
6.2.3 Structural, microscopic, and contact angle characterizatian................ccceeeceeeeeinnns 79
6.2.4 Electrical MeasUrEmMENIS . ........ooiiiiiiiiee e ceeeee s s e e e e e e e e e eeeeeeeeeeeeeannenns 79
6.3 RESUILS AN DISCUSSIOIN.....ciiiiieiiiiiiiiiitieeeeiieeeeeeeeeeessanteeesaneesseeeeeeeeesssansssseeessnnnseeeeeeens 79
L @0 o3 111 o PO 86

Chapter 7 Conclusion and FUtUIE WOIK...........iiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeer et 88
485 T o o3 111 o PSSP 88
T2 FULUIE WOTK. ..ottt ettt e e e e e e e e e e e e e e eeeeeees 89

Letters of Copyright PermiSSIQIl.......cccoiiiiiioi e eee e e e e e e e e e e e e e e e e e e e e e e e e e eeenaennnes 91

] (=] = T L 95

Y 0] o 1< T Lo =3 114

PN o o1 T Dt (0] g O g =T o] = 114



APPENIX TOr ChAPLEE 3. ..t eme e e e e e e e e s e e e e e 122

APPENIX TOr CRAPLET ...t e e e e e e s e e e e 129
APPENIX TOr ChAPLEE B..... e eme e e e e e s s e e 140
APPENIX TOr CRAPLET B....cceiiie ettt eme e e e e e e s s e e e e 151

XV



List of Figures

Figure 1.1The ideal cubic unit cell of perovskite: (a) A cations (blue) occupy the lattice corners, B
cations (green) occupy the interstitial site, and X anions (red) occupy lattice faces. (b) An alternative
view showing B cations gathered around X anions to fokndgtahedra, as-& bonds are responsible

for determining electrical properties. (c) Tilting of B¥ctahedra occurs from nodeal size effects

and other factors, inducing strain on theXBbonds and (d) The ideal tetragonal unit cell of MAPDI

SOUICEIRET (5) . tiiieiiiiii ettt ettt et e e e et e e e e s smmme e e e e e r e e e e e e e amnne e 4
Figure 1.2Mechanism of Phimediated cros8nking of PS in PSMAPDIs. Source: Ref (37)....... 11
Figure 1.3Cation” i nt eraction between pol ys.ty.r.enel2and me

Figure 2.1Schematic illustration of the lateral device configuration of Au/perovskite/Au........ 20

Figure 2.2(a) XRD pattern of pristine MAPbland films exposed to dry air and CO under dark and
light. Here, * corresponds to the Rdiffraction peak. FESEM images of (b) pristine MAPbfilm.
Striations begin appearing in the perovskite film exposed to CO in dark for (c) 1 hour and (d) 3 hours
without poling and they further intensify after (e) poling for 1 hour. Pitting and merging of grains is
observedn FESEM images of (f) unpoled perovskite film. Neetlke Pbk flakes and pinholes
develop in (g) poled MAPbfilm exposed to CO in light for 1 hour. (h) The bulk Ritfiase is observed

in the FESEM image of the perovskite film exposed to CO for 3 kantight without poling......23

Figure 2.3Raman Spectra of poled and unpoled MARbhs exposed to dry air and CO in (a) dark

and (b) under light for 1 hour. (c) TEHMS depth profile of pristine MAPbland 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
ALMOSPNEIE.. .. et e e e e e nnne e 26
Figure24Youngdés modul us maps of (maahdtHe filra sxpokegtog® e par e
for (b) 6 hours and (c) 24 hours. Contact potential difference maps of (d) pristine MA&Ppkrovskite

film exposed to CO for (€) 6 hours and (f) 24 NOUIS..........cccuiiiiiiiiieee e 28

Figure 2.5(a) Photocurrent and (b) dark current response of MAfiRinl exposed to the ambient
(reference) and C@xclusive atmosphere. (ctdnd (d) \bcresponse 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 hours. The-25 sec., 5/5 sec., 10425 sec., and 15075 sec. cycles in (a), (c) and (d)

XV


file:///E:/Research/Thesis/Chapters/Revised/Combined%20Version%20of%20Thesis/Version%20post%20PhD%20defence/Avi%20Revised%20Thesis-post%20defence-1.docm%23_Toc117008945
file:///E:/Research/Thesis/Chapters/Revised/Combined%20Version%20of%20Thesis/Version%20post%20PhD%20defence/Avi%20Revised%20Thesis-post%20defence-1.docm%23_Toc117008945
file:///E:/Research/Thesis/Chapters/Revised/Combined%20Version%20of%20Thesis/Version%20post%20PhD%20defence/Avi%20Revised%20Thesis-post%20defence-1.docm%23_Toc117008945
file:///E:/Research/Thesis/Chapters/Revised/Combined%20Version%20of%20Thesis/Version%20post%20PhD%20defence/Avi%20Revised%20Thesis-post%20defence-1.docm%23_Toc117008945
file:///E:/Research/Thesis/Chapters/Revised/Combined%20Version%20of%20Thesis/Version%20post%20PhD%20defence/Avi%20Revised%20Thesis-post%20defence-1.docm%23_Toc117008945
file:///E:/Research/Thesis/Chapters/Revised/Combined%20Version%20of%20Thesis/Version%20post%20PhD%20defence/Avi%20Revised%20Thesis-post%20defence-1.docm%23_Toc117008945

represent the time duration when the device was in the dark while-8@ <., 75,00 sec., 12850
sec. cycles represent the time when the device was illuminated undexrsai (AM) 1.5 global 1 sun.
............................................................................................................................................... 30
Figure 3.1 (a) Structure of polystyrene (PS), polystyepelyethylene glycol (P$-PEG), and
polyethylene glycol (PEG). XRD pattern of pristine and polymenovskite films. Scanning electron
micrographs of (c) pristine MAPband polymetperovskite films made with (d) PEG, (e) 21.5RS
20 PEG, (f) 36 P$H-1.4 PEG and (g) PS as additivetere, he naturally formed grooves on top of
perovskite films have been considered representative of grain boundaries...............cceee..... 38
Figure 3.2To~SIMS plots of (a)pristine MAPb} and polymetperovskite films made with (b) PEG,
(c) 21.5 PSb-20 PEG, (d) 36 PB-1.4 PEG and (e) PS as additives..............ccoeeeeiireeecinvinnnnnns 40
Figure 3.3Contact angle images of (a) pristine MARKb) PEGMAPDI;, (c) 21.5 P$h-20 PEG
MAPDI;, (d) 36 PSb-1.4 PEGMAPDIz and (€) POVIAPDIa. ......cccvvvvieiiiiiieeeeceeeiiiee e A1
Figure 3.4(a) Photocurrent, (b) dark current, (c) shoircuit current (Isc), (d) opeaircuit voltage
(Voc) plots of pristine and polymgrerovskite photodetector devices. (@)erational stability of the
asfabricated pristine and polymgerovskite composite films in terms of their photocurrent...44
Figure 4.1(a) X-ray diffraction pattern of pristine MAPband PSMAPDI; 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 chain length. (d) Dependerfidd 1t0) and (220) h k | planes FWHM values on
ATV o = PSSR 50
Figure 4.2Scanning Electron Micrographs of (a) pristine MAR() 2.5 kDa PSMIAPDI;, (c) 11 kDa
PSMAPDbIs, (d) 35 kDa PSVIAPDIs, (e). 61 kDa P9VIAPDIs (f). 105 kDa PSMAPbI; and (g). 190
kDa PSMAPDIs. (h) Average grain size in pristine and-B®&Pbls films. Here, the cracks ascribe to
e-beam induced localized widigg of grain boundaries due to prolonged scanning time......... 52
Figure 4.3 ToFSIMS depth profiling of (a) pristine MAPYI(b) 2.5 kka PSMAPbI;, (¢) 11 kDa PS
MAPDI;, (d) 35 kDa PSVIAPDI;, (e) 61 kDa PS/1APbIs;, (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 regiorepresents the sputter time frame where relatively high PS
concCentration iS ODSEIVEA. ... e 54
Figure 4.4 (a) Photocurrergsponse of pristine and RAPDI; with varying PS Mw. (b) Dark current
decay in pristine and PEAPDIs. (c) Isc and (d) \bc response for pristine and BBAPDI; films of

172 LY 1 o PP 56

XVi



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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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

18



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
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backscattering configuration. All Raman spectra were recorded at 532 nm excitation wavelength at a
power of 6 mW. The samples used 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

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 MAPhkIfilms is shown in Figure 2.2a. Due to
the sensitivity of the GIXRD to surface layers, the change and decomposition of MifiRIslurface
on exposure to specific gasesiserved. The presence of the tetragonal phase of MARignfirmed
by the intense diffraction peaks of (1 1 0), (2 2 0), and (3 1 0) h k | planes. Noh@be is observed
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